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Does the QCD plasma contain gluons?
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A comparison of two appropriately chosen screening masses of color singlet operators in the pure glue QCD
plasma indicates that at sufficiently high temperature it contains a weakly interacting massive quasiparticle
with the quantum numbers of the electric gluon. Still in the deconfined phase, but cldserttte same mass
ratio is similar to that at zero temperature, indicating that the propagating modes are more glueball-like, albeit
with a lower scale for the masses. We observe a continuity between these two regimes.

DOI: 10.1103/PhysRevD.67.054503 PACS nuntderll.15.Ha, 12.38.Gc

With the BNL Relativistic Heavy lon CollidefRHIC) lattice artifacts, and the continuum limit of the fermion bi-
fully operational and busy taking data, certain questiondinear screening masses are consistent with weakly coupled
about the treatment of the QCD plasma have become urgerfermions|[6].

One of the most basic is about the modes of excitation in a Since screening masses involve the transfer matrix in a
plasma: does it contain weakly interacting quark and gluorspatial direction, they are classified by the symmetry group
quasiparticles, or some more complicated collective excitaef the lattice sliced perpendicular to a spatial direcfior9].
tions? We show here that lattice computations yield detailedror the thermodynamics of a (31)-dimensional field
answers to this question. theory realized on a hypercubic Euclidean lattice, since the

Perturbation theory starts with the assumption that gluonguclidean time direction is distinguished from the spatial
are the propagating modes in the plasma, and predicts ttdirections, this is the group X Z,(T)XZ,(C), whereD,
Debye screening massp in pure gauge QCD, at tempera- is the tetragonal groupZ,(C) is the charge-conjugation
turesT>T,, as an expansion in the strong couplimgf the  symmetry of the fields, and th&,(T) factor arises from the
form symmetryt— —t [7,8]. The transfer matrix can be block
diagonalized in irreps of this group.

Extensive thermodynamic quantities depend only on the
lowest eigenvalue of the transfer matrix, and the phase struc-
ture is determined by the degeneracies and symmetries of the
where the leading term is well known, the second term has corresponding eigenvectors. In high temperature QCD, these
been extracted in perturbation thedfy and the nonpertur- are the scalatA; * irrep. In the confined phase, the unique
bative coefficientsh and ¢ have been computed in lattice ground state is scalar under tAg symmetry of the center of
simulations of dimensionally reduced QC[2]. Sinceg  the colorSU(3) group. In the deconfined phase the ground
=0O(1) for T/T,=3 [3], the error due to the neglect of the state is threefold degenerate and corresponds to the three
g* term is about 38%, whered is the coefficient of this irreps ofZz. On any finite lattice the degeneracy is lifted by
term. As a result, it becomes difficult to validate perturbationan exponentially small quantity due to tunnelings between
theory purely by comparing this screening mass to latticehese states. In thé; © sector, therefore, an unphysical
data[4]. small “tunneling” mass,my, may dominate the screening.

We examine the modes of excitations by comparingwe show later that we can control this and obtain the correct
screening massen obtained from correlations of two gauge physical screening mass.
invariant operators with different symmetry properties. They Since the link variable,U~exy fdxigAl~exdiagA]
are chosen in such a way that one would be obtained by thgherea is the lattice spacing one can turn this around and
exchange of two electric gluons while the other would needjefine a lattice gluon field of momentuknby the relation
three, if indeed such gluons are the lightest excitations in the
plasma. As a result, the two screening masses would be .
roughly in the ratio 3/2. FoT=1.5T, we do see such a Aﬂ(k)=i2 e'k'X[U#(x)—UL(x)—Im TrU, ()], (2
pattern, which validates perturbation theory, for screening X
masses. For electric gluons, therefore, the situation is similar
to that in the quark sector, where early observations of dewhere the sum is over all lattice sites in a slice, the compo-
partures from perturbation theofp] are now seen to be nents ofk run over the set 2I/N where I<I<N andN is N,

for the temporal momenta and, for the spatial momenta

(we assume ahl;x N? lattice). This definition gives an ele-
*Electronic address: saumen@Physik.Uni-Bielefeld.de ment of theSU(N) algebra which goes over into the con-
"Electronic address: sgupta@tifr.res.in tinuum definition of the color octet gluon field in the limit of

Mp

——g— —q? 2 3 4
T =97 1,971099+bg"+cg’+O(g") (1)
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zero lattice spacing. The electric gluéq(0) is in theA, ~ TABLE I. For these runs olN;=4 lattices, measurements were
irrep, Since A, ®A, =A]" and A, ®A, @A, taken every 5th sweep, where every sweep was dorte avé hit
pseudo heat-battexcept for the runs at., where measurements

=A, , screening correlators in the color sin * and A
A,f tors w ?d be dominated by tw ndgf:% lectri were taken every 10th sweep, eachhndt 6 hit pseudo heat-bath
2  Sectors wou € do ated by two a €e electnq, each case, an initial 1000—-3000 sweeps were discarded for ther-

gluon exchange respectively. We discuss the influence of thﬁwalization, and masses were extracted by a jack-knife analysis with

magnetic sector later. 100 bins.

In this work we use two classes &, © operators—
Wilson loops, specifically several linear combinations of the N, B TIT, Statistics
plaguette and the planar 6-link lodgometimes called the
fenstey, and the trace of the real part of the Wilson line. For 24 5.6500 0.841) 11370
the A, ~ operator we use the imaginary part of the trace of 24 5.6800 0.971) 12080
the Wilson line. The zero momentum projection is obtained 16 5.6908 1.00 20000
as usual by summing over all sites in the slice. Since the 20 5.6918 1.00 20000
Wilson lines are nontrivial undeZ, transformations, they 24 5.6920 1.00 20000
are evaluated in the phase where the expectation value is 16 5.7010 1.021) 10000
real, by a global; rotation if necessar}9,10]. 20 5.7010 1.021) 10000

Due to theZ; symmetry of the vacua, there are only two 24 5.7010 1.021) 20020
tunneling masses of relevance—one in the vicinityrgidue 24 5.7100 1.041) 10160
to tunneling between the disordered state and any of the or- 24 5.7200 1.071) 18010
dered states, and the other for @&=T, due to tunneling 24 5.8000 1.272) 32220
between any two of the ordered statd® latter are relevant 24 5.8941 1.50 15130
only to operators which are non-trivial undés). Each mass 24 6.0625 2.00 31350
has very specific dependence on the volu\me,a3N§Nt , of 24 6.3500 3.00 31630

a slice orthogonal to the direction of propagation

. C . tunneling mass. Evidence for this is the good fit to E).
m(V)= V_) exp —aV), (3 shown in Fig. 1; the fit gave?=1.005 per degree of free-
“ dom.

To stabilize the pure phases we move away ffiyn The
whereC, a and o are constants. In d-dimensional scalar distance from criticalityA 3=|8— B/, needed to remain in
theory a one-loop computation gives=d/2 [11]. Tunneling @ single phase for arbitrarily long runs dependshan A8
arises when, on a finite system, simulations start exploringan decrease exponentially willy. In the confined phase
the non-Gaussian part of the free energy away from locaive have estimatedn(T;) by a measurement with\3
minima. Clearly, an appropriate correlation function can give=0.0125, corresponding to at31% shift of T below T.. A
my only when the order parameter distribution shows mul-

tiple peaks. A consequence of E§) is that one can perform 4.8 . . . .
a finite size scaling study to check whether the lowest screen
ing mass obtained is a tunneling mass. 40l +
Details of our runs with the pure gauge Wils&U(3) ' T
action are summarized in Table I. The critical coupligg, f
and its shift on finite lattices, is known f&t, =4 with high &2r + é

precision[12,13. Since the finite-size shift o; on the g2
smallest latticeN =16, is less than 2 parts in 40the tem- £ 24t
perature scale is known with high precisionTat. It is also €

known at similar precision at 1T, 2T, and 3T from mea- 1.6+

surements wittN,=6, 8 and 12. At other points the tempera- \\@K

ture scale is interpolated through the QCD beta function anc 0.8} - _
has errorg 3], which are indicated in the table. Loop opera- \@\@‘

tors are measured at five levels of single link fuzz[i8g. 0 5 - . 50 ‘“\2%\

Cross correlations between all loops in the same irrep are
measured and the lowest screening mass obtained by a variw-
tional procedure. Other details of measurements and analysis g5 1. A;* screening masses & and their dependence on

remain as ir{8]. o the lattice size. The lowest masgsnfilled circles is a tunneling
At T=T,, the statistics collected are large enough thatyass, as evidenced by the good fit to the form in &). Also

tunnelings between the deconfined and confined phases 0ghown are estimates of the second variational nffiéed circles
cur many times, as do those between different deconfineéihd a comparison with a measurement of the lowest mag4Tat

phases. As a result, it is only to be expected that the lowest 0.97 on a 4 24° lattice (horizontal banyl Data forNg= 8 is from
screening mass that we can extract in ,ﬁhfe* sector is the [8].
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FIG. 2. A; * andA, ~ screening masses as a function of tem-  FIG. 3. Ratio of the screening masses in the~ and A;
perature on % 24° lattices. Note the discontinuity in tha; ™ sectors as a function of temperature.
screening mass &t .

_— ) _ The rough agreement between the measurement af 1.02
4X24° |attice was observed to sta_y in the confined phasgng that afT, in the deconfined phase, displayed in Fig. 2,
throughout the run. The second variational level was seen 19,4 also be noted. We also draw attention to the feature

++ ; _ ;
ment of the A; = screening mass al/T.=0.97 gives nearT,. If the dip persists, then it cannot be understood in

T(T)/Tc:3'4li 0.08 [at T/T.=0.89 we havem(T)/Tc e context of the perturbation theory leading to EQ. An
=3.52£0.07]. In comparison, a zero temperatur(_a measu_reéttempt to capture this effect in a model has been made in
ment of the scalar glueball mass at a similar lattice spacin

gives m(T=0)/T,=3.93-0.05 [14]. At T=0, glueball ?17]. We plan a more detailed study in both phases of the

masses depend strongly on the lattice spacing, whereas marggion neare.
' In [4] screening masses have been extracted from the free

ratios are less sensitive. In this phase, we may then expect . . o
that the ratiom(T)/m(T=0) may scale better than the ratio energy change due to the addition of a static quark pair in the

m(T)/T as the lattice spacing goes to zero. Our measureF_)Iasma, i.e., the logarithm of the point-to-point Wilson-line
ments show tham(T)/m(T=0)~0.8 in the scalar channel correlation. Our measurements i T)/T for the scalar in

nearT,, in agreement with recent measurements from tem'_ﬁhe deconfined phase are completely compatible with their

pors Corealort 15 e e e et e
Another method of extracting the physical correlation Y g ’

length is to pick out the configurations in which the whole Our results for theé\, — screening mass are also shown in
lattice is in a single phase. We do this through the distribu19: 2[16]. These are extracte_d from effective mass plateaus
tion of the action density, which has peaks corresponding t§Ve' the range £az<5. In Fig. 3 we have displayed the
each of the phases. By restricting measurements of correl$2Me data in the form of the ratio of the two screening
tion functions to configurations with son®>S,,, suitably =~ masses. Clearly, already at temperatures a little above
chosen, we can isolate the deconfined phase and measure thé' ¢, the ratio is close to the perturbative value of 3/2,
physical screening mass. This procedure on the largest latti@Proaching it from above. Aty perturbation theory is
gavem(T.)/T.~1 in the deconfined phase. However with supported at a (;onf|dence level of bgtter than 95%. It has
increasingS,, statistics become poorer: consequently, error€€n shown earligig] that no mass assignment for magnetic
increase rapidly, and it is hard to quote a more precise valug!uons simultaneously satisfies tBé andB, * screening

We worked in the deconfined phase by takidg3 masses, both of which should arise due to the exchange of
>0.0085 forN,=16, 20 and 24, corresponding to moving two su_ch gluons..lf these color ;mglet channel; are treated as
off from T. by 2=1% or more. None of oufr>T, runs collective excitations, _then their large screening mass pre-
showed any tunnelings between the different ordered staté&$nts them from contributing through a pair exchange to the
except the run af/T,=1.02 on the & 16° lattice, where we Al correlz.ito'rs. Even if we choose to d|sregard this argu-
found one tunneling event between two deconfined vacuff'€nt, and insist on the existence of magnetic gluons, their
(which forced us to use only the correlations of loop opera-Screening mass is very hign this temperature rangsim-
tors here. Within the precision of our measurement, the Ply because of the large screening mass of Bje . The
screening masses @ T.=1.02 are independent of the lat- simple fact that theA; * has the smallest screening mass
tice size: an indication that they are not tunneling masseqrotects the argument of electric gluon exchange when the
For all our measurements of tie *, shown in Fig. 2, the ratio m(A, ~)/m(A; ") is seen to be 3/2 as in Fig. 3.
masses extracted from the Wilson loops and those from the We have not extended our measurement of #he
Wilson line agree at the 95% confidence level. screening mass beloily, since previous studies have shown
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that in the confined phase the degeneracies of the screenitige propagating electric gluons can contribute significantly to
mass are those expected from fie 0 symmetries of the the entropy{19].

transfer matri{7]. At T=0 theA, ~ is just one component ~ In summary, we have shown that the screening in the
of a very heavy vector glueballT{ ~ in the usualT=0 scalalr.(Af*) sector is discontinuous across the pure Q.CD
notation, and the measurement of its screening mass wouldansition atT¢ and falls abruptly by a factor of nearly 3 in
require large numbers of operators and a significantly largeg©ing from the confined to the deconfined phase. At larger
data set. It is interesting, though, tHBE0 measurements, temperatures, this screening mass rises faster than linearly in

made over a broad range of lattice spacings, show that the: APOVE Tc, the ratio of theA, — to the scalar screening

ratio of this vector mass to the scalar is roughlji8]. The =~ Mass interpolates smoothly from a value close to _|eO

ratio m(A: *)/m(A; ) for T>T, seems to interpolate ratio to the value 3/2 expected when these correlations are
1 2 c

_ T saturated by electric gluon exchange. The agreement with the
smoothly between thé=0 and the infinite temperature val- latter value forT>1.25T, indicates the presence of weakly

ues, crossing over rapidly from one regime to another in th%oupled, massive quasiparticles with the quantum numbers

temperature range betwedg and 1.29. _ of the electric gluon as the lightest excitations of the QCD
It is interesting to recall that the entropy density of the yiasma. Closer td, the mass ratio is more similar to i

plasma is relatively low foff/Tc<<1.1, and begins to satu- —q yalue. Taken together with the smallness of the entropy

rate only f?r T/T.>1.25 [1_3]. While thermodynamicslis density, this indicates that excitations are more nearly
more sensitive to short distance modes and screening Queball-like.

long-distance modes in the plasma, the two observations can

nevertheless be due to a single cause, if the partition function We would like to thank Rob Pisarski for correspondence
for T/T,<1.1 were essentially saturated by the color singleton the temperature variation of th& © screening mass.
modes that we have seen. At sufficiently high temperaturess.D. is supported by GSI under project number BI-KAR.
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