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Field strength correlators and dual effective dynamics in QCD
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We establish a relation between the two-point field strength correlator in QCD and the dual field propagator
of an effective dual Abelian Higgs model describing the infrared behavior of QCD. We find an analytic
approximation to the dual field propagator without sources and in the presence of quark sources. In the latter
situation we also obtain an expression for the stthppotentiaI. Our derivation sheds some light on the
dominance and phenomenological relevance of the two-point field strength correlator.
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I. INTRODUCTION a
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The gauge invariant field strength vacuum correlators

b
<FM1V1(X1)U (X1 uXZ)F,uZVZ(X2) Dl(xz) = Be*|x|/Tg+ FeiIXIITp’

XU(X21X3)' t F,u,nvn(xn)u(xn !X1)>1 (11)
A=128 Ge\}, B=27 Ge\!, a=0.69, b=0.46,

where
Tyg=0.22 fm, T,=0.42 fm, (1.9

yields a very good fit to thécooled lattice data[2] in the
range 0.1 frex<<1 fm. At short distances the X¥ term,
which is of perturbative origin, dominates, while at distances

U(x,y)zPexp( igfyxdz/iAM(z)

is the Schwinger color string, play a relevant role in gluody- ~0.4 fm th turbative t tonalaoT
namics with and without quark sources. We know that in the™ ~- m the nonperturba |v|e ermAErolpor |ohna €0 .g'h
infrared region these correlators are dominated by their nor2€6OMes more Important. In an Abelian theory without

perturbative behavior. In particular the nonperturbative “glu_monopoles the Bia}nchi identities yields=0. o
on condensate” In the stochastic vacuum modé&ébVM) [4-7] it is as-

sumed that for processes which can be reduced to the calcu-
o nonpert lation of Wilson loops with quasi-static sourcésuch as
<—SFZV(0)F§”(0)> =F,, (1.2 heavy quark potentials and soft high energy scattering am-
m plitudes in the eikonal approximatipthe infrared behavior
. . of QCD can be approximated by a Gaussian stochastic pro-
plays a crucial role n the QCD sum rule metk{d@. ._cess in the field strength and is thus determined approxi-
__The nonperturbative part of the gauge invariant two-pointyaseiy by the correlatofl.3). In particular also the Wilson
field strength correlatofF ,,(x)U(x,0)F,,(0)U(0x)) has loop average is given only in terms of E4.3).
been calculgted on the lattice, with th_e cooling method in We know from strong coupling expansion and lattice
Ref.[2] and in the presence of sources in R&]. We define i, jjations that the Wilson loop is an order parameter for
(in Euclidean space-time, as in the rest of this Wotie ¢, tinement. The confining area law behavior of the Wilson
gauge invariant correlatgd] loop is reproduced by the stochastic vacuum model provided
that the form factoD is different from zero and is domi-
<92FMV(X)U(X’O)FXP(O)U(O'X» nated in the infrared region by a decreasing behavior with
=(8,08,p— 8,,8,)9°D(X?) the fall off controlled by a finitg corre!ation lengih, . These
features oD are compatible with lattice dafaee Eq(1.4)].
d d Furthermore this model gives a good description of certain
aTﬂ(XﬁVP_XP&WH (9_XV(XP5M features of high-energy scatterittg.g.,[8]). We will come
back to this point in Sec. II.

It is the goal of this paper to relate the gluon correlator to
the Mandelstam—"t Hooft dual superconductor mechanism of
confinemen{9]. In this picture the physical essence of con-
A parametrization of the form finement is the formation of color-electric flux tubes between

1

3

g%D1(x?). (1.3

- X)\(S,up)

0556-2821/98/5)/03401Q10)/$15.00 58 034010-1 © 1998 The American Physical Society



M. BAKER, N. BRAMBILLA, H. G. DOSCH, AND A. VAIRO PHYSICAL REVIEW D 58 034010

qguarks due to a dual Meissner effect. The monopoles combtain an analytic approximation for the static heavy quark
dense and lead to a dual superconductor which forces thgotential given by the dual theory.
color-electric field lines in flux tubes which are the dual ana- There are two more arguments which motivate such an
logue to the Abrikosov-Olesen strings. The formation of aninvestigation. First, as we will discuss briefly in Sec. II, the
electric flux tube is also the consequence of the stochastiXistence of a nonvanishing form factdrin the two-point
vacuum mode[10]. field strength correlator of QCD seems to suggest quite natu-
Furthermore, in an Abelian projection of QCD, mono- fally the existence of an effective free dual Abelian theory
poles are the degrees of freedom responsible for confineP€hind” the long-range dynamics of QCD. Second, a re-
ment. Monopole condensation has been observed on the I€Nt comparison between the complete semirelativistic po-
tice (for a review see Ref11]) and when confinement can tentials obtained in DQCD and in the Gaussian stochastic

be derived analyticallycompact electrodynamics, Georgi- approximation of QCD in the limit of large interquark dis-

Glashow model, and some supersymmetric Yang-Mills theo'—[ances showed quite striking and surprising similarifess

ries), it is due to the condensation of monopoles. The monoﬁﬁft'h[azto])' The following analysis wants to shed some light
pole potential can be measured in the Abelian projection an8 '

: hat in th fini h it has the Hi f The plan of the paper is the following. In Sec. Il we
It turns out that In the confining phase it has the Higgs 1ormyq o) 16ct some essential features of the gauge invariant two-
[12]. Lattice measurements of the distribution of monopole

e ) 'PY%point correlator in QCD and we establish a relation with the
currents indicate that at large distances gluodynamics i§yiison loop. In Sec. Il we investigate the analogous quan-

equivalent to a dual Abelian Higgs model, the Higgs par-ity in the dual Abelian Higgs model without sources. For a

ticles are Abelian monopoles and these are condensed in th@nstant Higgs field we reproduce a two-point correlator

confining phase. In the maximal Abelian gauge the structur@aving the same behavior as obtained by other authors by

of the interquark flux tube was intensively studied and highstudying the London limit of a dual Abelian Higgs model. In

precision measurements of the color fields and the monopolgec. IV we introduce sources and obtain an analytic expres-

currents recently allowed for a detailed check of the duakion for the static potential. This suggests a connection be-

superconductor scenario with respect to the Ginzburgtween the parameters of the two-point field strength cor-

Landau equationfgl3]. relator in QCD and those of the dual Abelian Higgs model.
Analytic models of the infrared dynamics of dual QCD Finally, Sec. V contains some conclusions.

with monopoles were construct¢di4,15 and their phenom-

enological consequences intensively investigated. In the ef-

fective dual model of Baker, Ball, and Zachariagetual Il. GAUGE-INVARIANT TWO-POINT GLUON

QCD (DQCD)], the complete semirelativistic quark- CORRELATOR AND WILSON LOOP IN QCD

antiquark potential, the flux tube distribution and the energy \ye consider the correlator of two gluon field strengths in
density were obtained from the numerical solution of theqcp at different space-time points, connected by a
coupled nonlinear equations of motion and compared vergchwinger string. This string can either consist of two strings
favorably with recent lattice da{d6-18. Although the La-  in the fundamental representation or one string in the adjoint
grangian of this effective dual theory for long distance QCDone. For definiteness in notation we choose the first possibil-
is based on a non-Abelian gauge group, the results fogthe ity and consider the quantity

potentials aside from an overall color factor can to a very
good approximation be described bydual) Abelian Higgs
model. Therefore, the results are in this case largely insensi-
tive to the details of the dual gauge group and the quarks

select out only Abelian configurations of the dual potentialthe [ orentz decomposition of this correlator is given by Eq.
[19]-_ _ ) o ) (1.3 and the results of the lattice measurements are collected
_ _Slnce an e_ffect|ve Abelian description of the infrared con-j, Eq. (1.4). The leading(tree leve) perturbative contribu-
fining dynamics of QCOat least for heavy quarkemerges tion js contained in the form factdd,. In an Abelian gauge
either from QCD(via Gaussian approximation and bilocal theory without monopoles the Bianchi identity implies that
strength tensor correlatdjsor via an effective Abelian the form factorD vanishes identicallj4]. In a non-Abelian
nggs model it becomes _extremely |r_1terest|ng to_explore iNtheory or in an Abelian theory with monopols can be
which sense the two Abelian descriptions are equivalent angjitferent from zero. Let us briefly review how a nonvanish-
once we assume an equivalence, what kind of constraints th|ﬁg D leads to confinemerid].
imposes on the form of the QCD field strength correlators. In "y, the presence of heavy quark sources the relevant object
the present work we will obtain from the dual Abelian Higgs i, QCD is the Wilson loop average/(T'), whereT is a
model information on the form of the gauge invariant two- ¢josed curve built up by the trajectories of external sources
point field strength correlatafl.3) and in addition we will 54 some Schwinger strings connecting the end points. By
means of the non-Abelian Stokes theorg2d] one can ex-
press the Wilson loop avera§®(I') in terms of an integral
!n the treatment of two Wilson loops, however, the non-Abelianover a surfaceS(I") enclosed by the contodr. A way to
characteristics of QCD become very importf8i10]. evaluate analytically this quantity consists in expanding this

(9%F () U(X,00F),(0)U(0x)).
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expression via a cluster expansion and keeping only the bilo- While lattice data confirm the existence of a nonvanishing
cal cluster(i.e., in assuming that the vacuum fluctuations areform factorD with exponential fall off, up to now there is no

of a Gaussian typé analytic tool which allows us to calculate and to interpret the
nonperturbative contributions @ in the long-range regime.
W(F)E< P exp( igf dzMAM(z))> We observe, however, that a nonvanishing functibn
r emerges naturally if we assume that there exists an effective

“dual” Lagrangian describing an Abelian gauge theory for
which the dual two-point field strength correlator coincides
= <Pexp{igf dSW(u)FW(u,xo))> (2.2 in the long-range limit with the bilocal cumulant given by
Stokes S(I) Eq. (1.3 Let us callG,,, the (Abelian) field strength of the
dual theory. Since we assume this theory to observe the Bi-
anchi identities we have, in general,

= ex;{—lf ds V(u)f ds, ,(v)
SVM 2 s " (T P 1l 4
<QZG,MV(X)G)\;)(O)>E§ IX (X)\avp_xpav)\)

n

X<ng,uV(u1XO)F)\p(U1XO)>)’ (22)
g2A(x?).

MP)

J
+ K(Xﬁm\—xﬁ
where PF,,(u,Xg)=P U(u,Xo)F ,,(u)U(Xg,u). Assump-
tion (2.2) corresponds to the so-called stochastic vacuunThe expectation value of the dual of the dual fie§V
model[4]. The pointx, is an arbitrary reference point on the =1,
surfaceS(I') needed for surface ordering. Of course the final
result in the full theory does not depend on the reference (926 ,,(x)G, ,(0))
pointx,. The results obtained in the Gaussian approximation, r g
however, will generally depend on it. This dependence is
minimized by choosing(I") to be the minimal area surface
with contourI’ [22]. Under this condition one may neglect
the x, dependence O(QZFMV(U,XO)FMJ(U,XO» and recover
in this way translational invariance. Then, the decomposition
of Eq. (1.3 can be usedby replacingx?® with (u—uv)?].

uvapCagp IS

d
:(5,4.0\51/;)_ 5,up51))\)gz(A(XZ)_XZWA(X2)>

d
E(X)\avp_ Xpav)\)

+2

All the spin- and velocity-dependent potentials up to order i _ ,d d 2
1/m? in the quark mass can be expressed in terms of the * r?xy(x"a’“ X\Oup) |9 djxd_fo(X )-
functionsD andD; [5,20,23. In particular the static poten-
tial is given by It shows a tensor structure such as the one multipl{dnig
g2 14| Eqg. (1.3). The existence of such a correlator therefore seems
Vo(R) = _f d2x(R—|x,|)D(X?) + —1D1(x2), to suggest the existence of a dual Abelian gauge theory for
2 Jixy|<R 2 which at big distances the field strength correlator behaves as
(2.3 the corresponding correlator of the dual theory:
H 2y — 2_ 2 2 . H - -
with d“x=dx;dx,, X“=x{+X;. The string tension emerges <92FMV(X!XO)F)\p(O!XO)>~<QZGMV(X)G)\p(0)>- (2.5)

for large qa distanceR as

) In the next section we want to explore some consequences
o= g_f d2xD(x2) 2.4 of Eqg.(2.5. In Sec. IV Eq.(2.5 will be replaced by a better
2 ' ' founded assumption on the Wilson loop. Nevertheless the
basic idea behind Ed2.5) will remain.
Therefore a nonvanishing function leads to confinement.

Ill. DUAL ABELIAN HIGGS MODEL
WITHOUT SOURCES OR VORTICES

2For an extensive discussion on the validity of this assumption see The aim of this section is essentially pedagoaical. We will
Ref.[7]. Moreover, recent lattice calculations seem to confirm that yp 909 .

heavy quark potentials are really dominated by the two-point gluor{ep_roduce in a clear _and economlca.l way some of the results
field strength correlatof3]. v_vh!ch can be founo_l in th_e existing Ilteratur_e on the _Lon(_jon
3The 1k* term inD in Eq. (1.4) is a one-loop perturbative con- lIMit Of & dual Abelian Higgs model. We will prove in this
tribution [24] and must not be considered in the calculation of theWay that assumptiof®.5) is reasonable, i.e., compatible with
string tensiorw. Preliminary results indicate that these perturbative Ed. (1.4). We will also show the drawbacks of this approach
contributions toD appearing at one loop and higher orders are@nd try to justify why we need to take into account external
cancelled by higher order correlator contributig@s]. This is not ~ charge sources. This will lead to the results of Sec. IV.
surprising since in a non-Abelian theory perturbative contributions Let us consider a very naive context, i.e., a “dual” vector
beyond the tree level are surely not of a Gaussian type. gauge fieldC,, minimally coupled with some external scalar
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field ¢ which we could call a Higgs field. The action is given Gomp(X=Y)=(8150,,= 61,0,0) D [ (Xx—Y)?]
by

1
1 __[(X y)(r py (X_y)ytsp(r]
76,006, (%)

S(Cﬂ,cﬁ):f d*x 5
1 +ﬁ[(X_Y)y5>\o_(X_Y)05M]
+5(Dud)* ()(D,d) () +VI* ()¢ (0] |, :

(3.2

x DI (x=y)?], (35
with
where  G,,(X)=d,C,(xX)—d,C,(x) and V(¢* )

M
= (\4)(¢* b ¢0)2 (with ¢g different from zero. The  D* (x2) = %) + 2= (x2) = M2K =(x2) = _2 Ka( X)’
Higgs field is coupled to the gauge fielj, via the covariant (3 6
derivativeD ,¢=(d,+ieC,) ¢. '
We choose a gauge in which the regular part of the phase d M
of ¢> vanishes, the so-called unitary gauge. The propagatoiph® T(x))=—4-—K*(X}) =55
,=(C,C,) of the fieldC,, satisfies the equation dx? 2mX
Ki(Mx) M
[&Zéw—&V&ﬂ—e2¢2(x)5,,M]IC,,a(X,y)=—5ﬂa64(x—y). X +?[KO(MX)+K2(MX)] .
(3.2
(3.7

The quantity in which we are interested is what we could caII

the “dual” of the field strength two-point correlator in the |nerefore, the assumption thé,,,, has the same long-
theory described by the actidB.1): range behavior of the gauge invariant two-point field

strength correlator in QCDsee Eq(2.5)] is compatible with
_ the parametrizatiofil.4) and leads to a correlation lengtiy
GompY)=(8r 8y Bry ) 8 (X—Y) equal to the inverse of the dual gluon magsIn particular,

— € p€pacyPs T ua(X,y). (3.3 the asymptotic behaviors &~ are

For a matter of convenience we prefer to defihg, , with K*(x?) — , (3.9
the delta contribution subtracted out explicitly. In this model X0 (2 (2m?x

Gopp IS the equivalent of the quantityg®G,,(x)G, ,(y))

introduced at the end of the last section. Equati@? and ) 1 1 1

(2.5 then give the correlatgil.3) in terms of the propagator K= (x )‘ e 2 (277)3/2 \/—Xs/ze

of the dual theory. T (3.9

Let us study now the case where the Higgs field has the

constant valuep,. Then, Eq.(3.2) can be written as The results shown here coincide with those obtained from
the London limit of a dual Abelian Higgs model in RE26)].
2 2,2\ 1m0 B 1 The seeming difference as far as the functidis concerned
(0" €K a(XY) =~ | Spa— 242 S (x=y). is due to the fact that we have subtracted out explicitly in our
(3.4  definition ofG, ), the delta singularity which in the referred
work is taken into account in a regularized form. One may
wonder how the result of a topologically trivial modglo
smgular Higgs phageagrees with results which take into
account properly the internal Abrikosov-Nielsen-Olesen
Py strings. This is due to the fact thgt,,, , is sensitive to the
Kﬁa(x,y)= ( Py ﬁz—) K*(x—y), string only via the strength of the Higgs field and this is fixed

This is simply the equation defining the free propagator of a
massive vector boson with mabs=edgp,:

to a constant here as well as in the London limit of a dual
Abelian Higgs model.
with The agreement between both approaches reveals a com-
mon weakness: the missing treatment of the interaction be-
1 M Ky (MX) tween the internal strings present in the dual Abelian Higgs
K*(x—y)= f se” Py — = 5 , model and the string between external quark sources. In Ref.
(27) p+M=  (2m) X [26] no external sources were introduced and the ré8u8,
(3.7) for the correlator was obtained in the following way.
whereK,, (n=0,1,2...) areBessel functions. As a conse- The functional integral for the Abelian Higgs model was
guence we can write rewritten in such a form as to exhibit integration over the
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closed surfaces of thgnterna) strings. From the form of the nates if we assume thatp depends only on somérans-

contribution of a single closed surface in the London limit it verse coordinates. This last situation will be examined in the

was deduced that it could be obtained by a correlator such agext section.

Egs. (3.6), (3.7) in the Gaussian approximation. Implicitly

this form was assumed to be valid also for external sources.|v. DUAL ABELIAN HIGGS MODEL WITH EXTERNAL

When external quark sources are introduced however, the QUARK SOURCES

strings of those sources will interfere with the internal ) )

strings. Some aspects of that phenomenon have been treated!n this section, for the reasons stated above, we want to

in Ref. [27], but to our knowledge there exists no analytic consider a dual Abelian Higgs model with external quark

attempt to evaluate the influence on the phenomenologicall§ources. In particular we want to make a duality assumption

relevant parameters. on the Iong-ran_ge behavior of the Wilson loop assomate_d
We notice that due to the short-range behav®®), Eq. with the _dynar_mcs of a two heavy quark bOL_md state. This

(3.7) reproduces the expected short-range behavior of th@ssumption will take the place of our previous statement

function D[ ~ 1/x*, see Eq(1.4)]. Due to the short-distance (2.5. We will see that some general features will, neverthe-

behavior of the functioD, such as 2, the string tension €SS, be preserved.

we obtained using Eq$2.5), (3.6), and (2.4, is logarithmi- Following Ref.[19] we assume that the long-range behav-
cally divergent: ior of the Wilson loop averag@/(I') associated with a two

heavy quark bound state is described by the functional gen-

9’ . erator of a dual Abelian Higgs model with external quark
o= lim f d?xD”*(x?) = ¢ imKo(e) sources:
e—0 ‘X‘>E e—0
~(a=S(C,.¢)
~ 72N 2—1n e~ ), (3.10 W)~ (e ==, “.1

) o N where( ) means the average over the gauge fi€lgsand
where we have used the Dirac quantization condit®n the Higgs field¢. The Abelian Higgs model is dual in the
=2mlg, relatingg to the coupling constant of the dual  sense that it is weakly coupled. Therefore the right-hand side
theory. The divergence is a short-distance effect and appeags £q. (4.1) can be evaluated via a classical expansion.
to be a result of the freezing of the Higgs field to the vacuum  Thge actionS is given by Eq.(3.1), but since we want that
value ¢, i.e.,' in' terms of _the dual Ab.elian Higgs model,. of in theA=0 limit S describes the dual of a() Yang-Mills
the London limit. Assuming a coordinate-dependent Higgsheory with two external pointlike charge sourceg (par-
mass going to zero 4s| near the origin, would yield a finite {jcje) andg (antiparticld, we define the field strength tensor
short-range behavior of the functi@* while preserving the L, now, in such a way that it contains not only the dual
perturbative short-range behavior of the funct@§i. There nguge fieldsC, but also the field of the external sources
is, however, no motivation for such an anisotropic behavior2gj:
of the Higgs field unless we introduce some charges into the
vacuum. Only in such a context can we expect that near the Gw(x)z&#Cy(x)—ayCM(X)JrGiv(x), (4.2
sources and on the connecting flux tube string the Higgs field
vanishes while far away it assumes the vacuum vapge Where
This will be precisely the subject of the next section, where 1 1 av. 3
we will consider a dual Abelian Higgs model with external &S (y)—ge J dTJ’ doﬁﬁﬁ“[x—y(r )]
charges and where we will also change our intuitive duality — *" wreB o Jo do dt T
assumption(2.5) to a more physically justified one. More- 4.9
over, we recall here that recent lattice dgt8] confirm that . o
in the presence of external quark sources the distribution dtNdY.(7,0) is a parametrization of a surfa&l’) swept by

electric fields and monopoles currents does not fulfill theth® Dirac string connecting the chargeg andg. Therefore

London limit. S(I') is a surface with a fixed contour given by[y,(7,1)
To conclude this section we comment briefly on the trans=Z1x @andy,(7,0)=2,,, wherez,, andz,, are the charge

lational invariance of the considered correlators. As long aS-c€ trajectorigsNotice that the divergence of the dual of

¢ is considered as an external field in E8.2), G,,,, is not Gy, is just the current carried by a chargemoving along

translational invariant and therefore in order to take advanthe pathl: &BGiﬁ(x)= —g$rdz,8*(x—z). The chargey is

tage of the decompositiofl.3) we have to fix our reference related toe by the usual Dirac quantization conditicn

frame in such a way that the point coincides with the =2s«/g.

origin. This fact is by itself not in contradiction with the  The leading long-distance approximation to the dual

duality assumptiofi2.5) since also the correlator in the direct theory is the classical approximation

theory (F .. (x,Xo) F,(Y,Xo)) is in general not translational 0 g

invariant, and only by choosing the reference painbn the (e7S(C.9)y g S(C,. 6% (4.9

straight line connectingg with y is invariance recovered.

Finally, we notice thatgG,.,, is translational invariant in whereCZ' and ¢° are solutions of the equations of motion

some particular cases: if we assugheonstant, as we have ) 5,2 s

done in this section, or partiallgin the longitudinal coordi- ~ [90,,—3d,d,—€°$%(x)6,,]C,(x)==3,G/.(x), (4.5
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[0, +ieCL(x)][9,+ieC,L(x)]d(X) =N $*(x)— ¢S]¢((X)-)
4.6

i ; it ; c 4l
Using these equations it is possible to wiS€C, ,¢) as

PHYSICAL REVIEW D 58 034010

ters the components of belonging tox; (e.9.,Xa,Xp, - - -)
and with capital letters the componentsxobelonging tox;
(e.9.,Xp,Xg, . .. ). Inorder to simplify the problem and to
allow us to give an analytic evaluation of E¢4.8) we

choose the surfac&(I') [see Eq.(4.3)] to belong to the
planex, =0. It is reasonable in this case to assume, at least
far away from the charge sourcé<e., in the middle of the

1
sics )= [ atx[ ay3 65,0
flux tube), that the Higgs field depends only on the transverse

1 coordinatex, :
X E5ﬁ#5avé“(x—y)—a}’;&;ICm(x,y) G>,(X) +
L d=d(x,). (4.9
+j d*X 5[0¢(x)]1*+ VI$*(x)]], (4.7 we will make this crucial assumption for the rest of this

section.

From Egs. (4.9 and (3.2 we have K,,(xy)
=K, o(X=Y| X, ,Y1). In this situation we have that Eq.
(4.8) can be written as

where the propagatdc,, was defined by Eq.3.2). Finally,
integrating by parts, we obtain

g2
S(CS, ¢ :?Js(r)dsay(v) JS(F>dSAp(u)gay)\p(viu)

+fd4x

where the tensdg, ,, , is the same as that given by Eg.3).
Comparing with Eq(2.2) we conclude thag,,,, plays the
same role in the dual theory as the two point correlator in the

stochastic vacuum model if we neglect the contribution ofs¢ar some simple manipulations it is possible to obtain from

the Higgs field to the action in E¢4.8) . In the London limit g4 (3 2) an equation only for the transverse components of
the contribution of the Higgs field to E¢4.8) vanishes and 4 gauge field propagator:

the identification is exact.

In the general case we are considering here also the Higgs ;2 Sce— dpdc— €2 $A(X,) Scal Kea(X|— Y| XL Y1)
part gives a contribution to the nonperturbative dynamics.
But let us neglect the dependence of the Higgs field, via the
equations of motion, on the strings and take into account the

o 4oy 9
S(CY ¢ ')ZEL(F)dsm(X)L{r)dsm(y)gmix—y)

1
5[8¢(X)]2+V[¢2(X)] (48 (4.10

+ Higgs sector,

Gra1d X =Y = 8* (X~ Y)) — €14ap€14cDIEIAK D

XOG= Y XY 1), =y, =o-

(4.1)

+0f Scp— dp(d% —€®H*(x,)) dc]

contribution coming from the Higgs part as a finite contribu- XKealX|=Y) X1 Y1) == gad (x=y), (4.12
tion to the string tension. Then, also in the general case, 2 2

; ; wheredi=d,d, and d7 =dpda .
Gsynp Can be considered equivalent to the QCD two-point [~ %a% LT OA%A
nonlocal condensate and in principle gives information on Ve look for a solution of Eq(4.12) of the type
the validity of the decompositiofiL.3) and on the existence y
and the behavior of th® and D functions. €1ac09cKep(X|~ Y| X0 .Y 1)ly, =0

Notice that in the derivation of Eq4.8) we have not
a9 = ercxcK Y| X). (413

considered surfacelike contributions which would arise from

the fun'ctlonal |n.tegral on the rlg.ht-h.and side of Eq.'l) This is reasonable since in the transverse plane we have ro-
once singular Higgs phase contnbu'u_ons are _taken Into AGational invariance. The functioki is unknown, but from Eq
count (these are also called Abrikosov-Nielsen-Olesen L i L ’
; ) . (4.12 we have that it satisfies the equation
string9. These surface terms would interfere with the surface
terms coming from the external quarks loop. We make the 2242 __ 2 2
. . . ; J°—e X1 ) IXA (X, X ) = — 8°(X)) a0 (X, ).
assumption that these interference terms are unimportant in [ PXu) Ixaklx) 1) (X)) a0 L)(4_14)
order to evaluate the long-range behavior of {teavy
quark Wilson loop average after the duality assumption | the limit for x, —0, we look for a solutioak of the
(4.1. In this way all the contributions coming from the sin- ype
gular Higgs phase factorize in the functional integral to a
constant and play no role in the dynamisge also the dis-
cussion on this assumption made in the context of the Lon-
don limit in Sec. Il). where P is defined by
We now evaluate Eq4.8) beyond the London limit. Let
us write a pointx in the four-dimensional Minkowski space
asx=(X,X,), wherex;=(X1,Xs) andx, =(X,,X3) are now
two-dimensional vectors. Let us indicate with lower case lettherefore

XaK (X, X ) =aKP(X) +xaf(XD(X,),  (4.19

PKP=—6%x),
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TABLE I. Some values of the dimensionless quantigs S, ,
and o{, as a function of the Ginzburg-Landau parametés?, ob-

PHYSICAL REVIEW [38 034010

the dimensionless quantitie®,=S;/M? and S,=S,/M?>.
The numerical solution of the equations of motion shows that

tained by solving the static equations of motions with quark sourcegoth S, and S, exist, are real and positii@9]. Expanding

at infinities.
Type of superconductor ~ A/€? St S, ol
| 1/32 0.1125 0.2516 1.142
between | and Il 1/2 0.25 0.6 /2
1 2 0.38 1.017 1.82
1 8 0.568 1.823 2.06
1 16 0.685 2.49 2.16

P 1 1

T (2m)2 X2

and we normalizef by imposingfdszf(x”)zl. The un-
known functionsg andf satisfy the equation

IEFxP[XaG(X ) T+ F(x)) 3 [xa0(X, )]~ €22(x ) (X))
X[XaQ(X,)]=€%p(X, ) I P(X). (4.16

Integrating over the longitudinal coordinates on both sides of

the equation, we get
2_ 242 1 242 XA
[07—e“¢ (XL)][XAg(XL)]:_%e ¢ (Xi)gv

where we useddzx”aAlC p(x)=—(1/27r)(xA/xf). This is

exactly Eq.(A5) of the Appendix. Moreover, the boundary

conditions are also the same since

C.(x)= J d*YK ,a(X,Y)3,G5u(Y).

Therefore, a solution existfor small x, ) and is given by

_ € C"P(x,)
g(XL)—E X,

(4.17

Eq. (4.16 for smallx, and keeping only the leading terms,
we get an equation for the functidn

azf(x)=s—‘2/’f(x)—s—$’52(x) (4.18
A =s, I s, I :
A solution of this equation is
f(X) = ! 7l Ko(_|X|) ) (4.19
2a/ /

where /=1/SJ/S,. We remember that<o(|x|//)~—y
+In 2—In(|x///) in the short-range region|¥|—0) and
Ko(|x|/2)~(=I2)(Z1]x[)e" ™" in the long-range region
(|x|—<°). Since a solution exists our technical assumptions
(4.13 and(4.15 are self-consistent.

Putting Eqg.(4.13 into Eq. (4.11) we obtain

Sc
Grard X =y == F L=y + —F(x=y)).
(4.20

The long-distance exponential falls off and the weakly sin-
gular[~In(|x])] short-range behavior of the nonperturbative
contribution t0 G414 in Eq. (4.20 is compatible with the
lattice parametrizatiofil.4). This fact provides an extremely
interesting consistency check to the validity of the duality
assumptior{4.1). Moreover this suggests the identification of
the correlation lengtff;, associated with the longrange be-
havior of the QCD nonlocal condensate with the dual quan-
tity / [see Eq(4.19]. Notice that at variance with respect to
the London limit result, here the correlation length is not
simply given by the masM of the dual gluon.

Because of the almost regular short-range behavior of the
nonperturbative part of Ed4.20 the static potential can be
calculated exactly without the use of an ultraviolet cutaff
variance with respect to the London limit case, see Eq.

For the definition ofC"P see the Appendix. Using the expan- (3.10], and it is given by

sion (A7), for smallx, we have

S S,
A A T

Se
XaQ(X, )= EXAWL R

S}
FxpQ(X,) =~ Sa XAt
where S; and S, are some constants defined &
EIimXL_,OeC”p(xi)/xl and S,=limy __e¢(x,)/x, . By
solving numerically the static equations of motigh5) and

(4.6) (with quark sources at infinitigshese constants can be
calculated as a function of the Ginzburg-Landau parameter
N/ €e?, see Table I, where for convenience we have introduced

Vo(R)= lim %S(c;',(pd)

Tow

92 R + o0 1
= ESCJO dX12(R—X1) Jiw dX4 _2277_/ KO

patxi| g1 bt
X — | 7R iggs contributions
2 2 2
Ry w9 g, 92
_R2778°+(e 1)27-rS°/ yp R+R0H
(4.2
gz
— RESC-F Roy . (4.22

R— o
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V(R (een sional gauge and Lorentz-invariant operator has dimension 4
.. / and its vacuum expectation value is the gluon condensate. In
Abelian Dual Higgs _ the dual model we have a relevant condensate, the Higgs
/ condensateb(z), of dimension 2. This could yield some inter-
: o o o i R esting consequences in renormalon phyg&d.

Using the numerical solution of the coupled equations for
C, and ¢ and subsequent numerical interpolation, it is also

possible to calculate the form of all semirelativistiq po-
tentials[19,2§. In principle, we could obtain an analytic
solution also for the spin-dependent and velocity-dependent
potentials following the same line of this paper. However, to
e this aim the calculation of different components of the tensor
_ _ Goyp IS Necessary and some technical difficulties arise due
FIG. 1. The static potential of E(q42]) for a superconductor to the fact that the Simp|e assumptim_la is no |Onger
on the border between type | and type Il wigh=210 MeV,”  q|id, In the present situation we can try to gain some indi-
=0.22 fm, and;g?/4m = 0.32 in comparison with the lattice fit of cations from the London limit result. Although, as we have
Ref. [30]. seen, this is not the right limit in which to calculate the

For the simple case ab= ¢(x,) the Higgs contribution to potentials, the qua!itative long-range beh_avior f(_)r f[he field-
the static potential turns out to be given by a linear term With_strength c_:orrelator is reasonable. In fact, in that I|m|t|r_19 case
string tensionoy .4 Taking explicitly into account this con- itis pQSS|bIe to calculate the_whole tenshy,,, unambigu-
tribution, the total string tension isr=(g%/2m)S.+ oy ously in terms of some functior® andD; [see Eq.(3.5].
_ qu(ZTrS[:JroL') where o,=,,/M?. For some values of Once we accept that in th.e presence of the quark§ the short-
, ) range behavior of the Higgs field would regularize these
oy See T""E'e I In particular, for a superconductor2 on thefunctions on the flux-tube string, using the formulas of Ref.
borgeigle =1/2) fzrom Table | we havé/o(R)=7¢o[R  [50] we can express all the heavy-quark potentials in terms
+/(e” ™" —1)]—(g*/4m)(1/R). In order to compare this ¢ inteqrals over these functio andD;. Since these func-
potential with the heavy quark static potential we have jong are reasonably compatible with the lattice(fit4) this
multiply it by the color faACtor 24/3' For a tyglcal value of \oud explain the striking similarities in the long-distance
$o=210 MeV we geto=3m¢h;=(430 MeVy. In Fig. 1 penavior of the potentials obtained in DQCD and in the
we compare the static potential of H¢.21) for a supercon-  Gayssian approximation of QCI20].
ductor on the border between type | and type Il for some Ag 3 final remark, we notice that the flux tube structure
typical values of the parameters with the lattice fit of Ref. hatween two heavy quarks has been obtained in DQTAD
[30]. ) _ o ) as well as in the Gaussian approximation of Q{ID| and
. One of the most interesting points is to relate the dimenyhe results compare very favorably in both cases with the
sional parameter, and Ty, the gluon condensate and the |attice calculatior{32]. The profile of the longitudinal elec-
correlation length of QCD, to the dimensional parametgys  tric field, i.e., along the string between the quarks, as a func-
and/, the Higgs condensate and this characteristic length ifion of the transversal distance from the string is controlled
the dual Abelian Higgs model. Our derivation identifi€s  py the penetration length in one case and by the correlation
with the correlation lengthry and eventually explains the length in the other.
existence of a finite correlation length in terms of an under-
lying dual Meissner effect that gives a mass to the dual field.
In the dual theonyf28] using trace anomaly it is possible to
relate the Higgs condensate to the gluon condengaje, Under the assumption that the infrared behavior of QCD
~\¢j. Using the above value o, and \/e’=1/2, one is described by an effective Abelian Higgs model we have
obtains for the gluon condensate the value found by Réf. related the nonperturbative behavior of the gauge
F,=0.013 Gef. This is how it was originally shown in invariant two-point field strength correlator
DQCD that the QCD vacuum is compatible with a dual su-(ngW(x)U(x,y)FAp(y)U(y,x)> in QCD with the dual
perconductor on the border between type | anfll¥]. Fi-  field propagator in the Abelian Higgs model of infrared
nally, we notice that in pure gluodynamics the lowest dimen-QCD. In this way the origin of the nonlocal gluon conden-
sate is traced back to an underlying Meissner effect and the
phenomenological relevance of the Gaussian approximation
“The comparison between E@.21) and Eq.(2.3) suggests that on the Wilso_n Iogp i.S understood as following f_rom the clas-
we identify D(x;) with f(x))S,/. The same string tensid@s far sical approxmatlon in thq dual theory of Iong-d|sta_nce QCD.
as the non-Higgs part is concernadould, then, be obtained by [N Particular the correlation lengtfiy of QCD, which we
using Eq.(2.4). We see, therefore, that the string tension is alwaysknow from direct lattice measurements, can be expressed
emerging in the limit of large interquark distances and via an inte.COMpletely in terms of the dual theory parametef$.(As a
gral on a function depending on the correlation length. Therefordurther check we have calculated analytically the static po-
our calculation confirms the existence of the nonlocal condensattential and the string tension which are quantities directly
and traces their origin back to a dual Meissner effect. related to phenomenology. It turns out that the string tension

V. CONCLUSION

034010-8
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is given by an integral over a function of the correlation = —Qgegaradp82(X, ).

length which can be identified with the nonlocal gluon con-

densate. There is no cutoff introduced in this calculationlt is convenient to split the field into the sum of two parts,
since it is not performed in the London limit. We have Ca=CR+CyP, satisfying the equations

shown that this limit is quite unphysical in the presence of

2ecp - _ 2
sources and is valid only in the case of large distance from I CA(X) = ~geparadad(X,), (A2)
the chromoelectric stringwhich is different from largegq 92 Snn— Inda— 22X, ) Sar]CP(x
distances Finally, these results shed some light also on the L7 0a8 = 9nds 2¢2( 1) ’;B] 5 (x1)
fact that the heavy quark potentials turn out to be equivalent =e"¢7(x,)CA(X,). (A3)
in the SVM and in DQCD at larggq distances. The solution of Eq(A2) is
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X X
APPENDIX [52 _e2¢2(xi)]<fc“p(xg> = —e¢2(xl)x—§ (A5)
1L

In this appendix we study the equation of moti@n5) in
the presence of two static souragsnd — g evolving from  or
time —T/2 to timeT/2 in the positiondR/2 and— R/2 of the q q
i = 1 1
X1 axes, respectively. Thereforg =(x5,X3). Under these ( [XLC”p(Xi)]> =e2<C“p(xi)—J) HA(X,).
N

(A6)

conditions the Dirac string is given by dx, | x, dx,

G}, (X) =0€,,140%(X ) 0(Xa+T/2) = 0(x, = T/2)] .
We can solve Eq(A6) for small values ok, , assuming

X[6(x;+RI2)— 6(x;—R/2)]. (A1) ¢(x,)=S4x, e+ -, obtaining
Defining Ca(x,)=(1/RT)[d?*)Ca(x), Eq. (4.5 can be 1 7 .
written as CP(x)=gx —gXit (A7)
[9F Sap— Inds—€*B*(X, ) Sap]Ca(X.) whereS; and S, are some constants.
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