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1. Introduction

We are interested in extensions of the standard model which have a stinteghcting Higgs
sector. The most popular of such theories are known as Technicolorigbdl, 2]. These are
QCD-like theories in which the techni-pions give mass toWhandZ through the Higgs mech-
anism. Such theories need to be extended in order to also give masses tatke and lep-
tons. Phenomenological difficulties with such theories can be avoided ifutih@ng coupling
constant ‘walks’, that is evolves very slowly. Such theories are callalk§ Technicolor models
[3,4,5,6].

The evolution of the coupling constamin QCD-like theories is described 8(g) defined by

(1.1)

wherep is the momentum scale at which the running coupling congtgnt is defined. Bo,B1...

are given by perturbation theory. If the number of flavolsis small enoughf, 31 > 0 and

the theory is asymptotically free and confining. Chiral symmetry is spontahebroken. FOIN;
sufficiently largeBy < 0 and asymptotic freedom and confinement are lost. Between these extremes
there is a range di; for which 3o > 0, B1 < 0. If these 2 terms describe the physics, there is a
second fixed point which is infrared attractive. The massless theorynsctir@ormally invariant.
There is, however, an alternative scenario; the coupling constatd beaome large enough that
a chiral condensate forms before the would-be infrared (IR) fixa@dtp® reached. This reduces
the screening of the colour ‘charge’, and the coupling increases ,agjging confinement. Near
the would-be IR fixed point the coupling walks. Perturbation theory cedei@rmine whether the
theory is conformal or walking. Lattice gauge theory simulations provide tihereliable method

for studying these non-perturbative questions.

The advent of the LHC and increased computing power have reviveg#ti@ using lattice
gauge theory simulations to study candidate conformal and walking gaugigetheA number of
studies have been made of QCD with flavours of fundamental quarks, witi large (as large
as 17 [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. There hiae lzeen studies of QCD
with N¢ = 2 color-sextet (symmetric tensor) quarks [21, 22, 23], and of 2-¢c@ddLD with Ny = 2
adjoint fermions [24, 25, 26, 27, 28].

We are studying a particular candidate theory, QCD with 2 colour-sexsekguOn the lattice,
we are using unimproved staggered quarks and a simple Wilson plaguetfe getion for our
simulations. Exact RHMC simulations are used to tune to 2 quark flavours.

For QCD with sextet quarks, asymptotic freedom is losNat= 31—30. B1 changes sign at
N = 112785. A rainbow graph approximation predicts that a condensate formsfer Zé—gg. (See
[29] for a summary of such perturbative results 8J(N) For recent estimates of this boundary
using other techniques, see for example [30, 31]). However, preligiatice results of DeGrand,
Shamir and Svetitsky using Wilson quarks sugdést 2 is conformal [21].

We are simulating thermodynamics of this theory to better understand how eowin and
chiral symmetry are realized. Low statistics lattice studies of the same theony,iogroved Wil-
son quarks have been performed by DeGrand, Shamir and Svetitdkyy22reas they find coin-
cident deconfinement and chiral-symmetry restoration transitions, we fibthiachiral-symmetry
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restoration transition occurs at a much higher temperature than the desnafibtransition. Both
transitions appear to be finite temperature transitions and not bulk transitiftes tis we intend
to simulate at zero temperature to further clarify whether it is a conformaltheldry, or if it walks.

2. Simulations and results

We are simulating the thermodynamics of QCD with 2 sextet-quark flavourd ed 812 x 4
and 12 x 6 lattices. On each lattice we run at quark masses0.02, m= 0.01 andm= 0.005 in
an attempt to access the chiral limit. We run at a number of couplings in the 5ahge8 = 6/g° <
7.0 to cover both the expected transitions (as well as one unexpected trgngttorach S, m) we
run for a minimum of 10,000 length-1 trajectories, increasing this to 50,000900 trajectories
close to the deconfinement and additional non-chiral transitions. In addioused different
starts in the deconfined region to study the remnants dfileentre symmetry. The deconfinement
transition is identified by an abrupt increase in the colour-triplet Wilson Lirady@kov Loop). The
chiral phase transition occurs where the chiral condensggitgy)) vanishes in the massless limit.

For ourN; = 4 runs, we find consistency between odr84 and 13 x 4 simulations for the
masses we have considered, indicating that finite size effects are smallefoth present only
our 12 x 4 measurements.
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rE’ngure 2: Evolution of the triplet Wilson line as a
function of trajectory number on a i 4 lattice at
B =5.42,m=0.02.

Figure 1: Wilson Lines and chiral condensates o
128 x 4 lattice as functions o8 = 6/g°.

Figure 1 shows the colour-triplet Wilson Line(Polyakov Loop) and theatksondensatéys))
as functions of3 = 6/g?, for each of the 3 quark masses on & %24 lattice. There is clearly an
abrupt transition in the Wilson Line fg8 just above 4. Figure 2 shows the ‘time’ evolution of
the triplet Wilson Line af3 = 5.42, m= 0.02. The apparent 2-state signal, which is born out by
histogramming, allows us to conclude that deconfinement occys-a6.420(5) for m = 0.02
andN; = 4. Similarly we find that the deconfinement transition fior= 0.01 is atf3 = 5.412(1).
Because the chiral-symmetry restoration phase transition is only expectadg$sless quarks, it is
less easy to pinpoint. Our estimate for the position of this transitionfs:a6.5.



QCD thermodynamics with colour-sextet quarks D. K. Sinclair

Above the deconfinement transition, in addition to the state where the Wilsond jrositive,
there are additional states in which the Wilson line is oriented in the directioneobbthe non-
trivial cube roots of unity, the remnant of tifg centre symmetry. However, these states are only
metastable, eventually decaying into the state with a real positive Wilson Line lifEimes of
these states increasefass increased away from the transition, so that on %42 lattice, we have
yet to observe such a decay beyghe- 5.46. Abovef3 ~ 5.9 these states with complex Wilson
Lines transition to states with negative Wilson Lines.

Now let us turn our attention tdy = 6. On the 12 x 6 lattices, theZs centre symmetry
is again manifest, above the deconfinement transition, and the Wilson Lines sholear 3-state
signal. Figure 3 demonstrates thigdat 5.58, m= 0.02, which is above this transition. This graph
is a scatterplot of the Wilson Lines for 100,000 trajectories. Tunnelingardeetween these 3
states in all 6 directions, implying that all 3 states are stable, in contrast tovehsdaw forl\; = 4.
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Figure 3: Scatterplot of triplet Wilson Lines g8 = 5.58, m= 0.02, in the deconfined regime on a31:26
lattice.

We bin our observables according to whether the arguments of the Wilsas Limin the
range(—r,—11/3), (—1/3,1/3), (11/3,M). The ‘data’ in the first and last bins (corresponding to
complex Wilson Lines) are combined, complex conjugating where necesBmuyres 4,5 show
the Wilson Lines (Polyakov Loops) and the chiral condensates. Thegfaph is for the states
with real positive Wilson Lines. The second is for those with complex (oatreg) Wilson Lines.
From these graphs we conclude that the deconfinement transitian £010.02 occurs a3 =
5.54(4) and the chiral symmetry restoration transition isBatz 6.8. The increase in thgs for
each of these transitions is what would be expected if they are finite temgetetnositions for
an asymptotically free theory. We note that the fact thasymmetry is broken by the quarks
manifests itself in the difference in magnitudes of the Wilson Line for the state witisitive and
those with complex/negative Wilson Lines.
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Figure4: Triplet Wilson Line and ¢/¢) as functionsFigure5: Triplet Wilson Line and /) as functions
of 8 for the state with a real positive Wilson Line. of 3 for states with complex or negative Wilson Line.

The states with complex Wilson lines show a transition to states with real negaiisenwW
lines atf ~ 6.5. This increase over the valueMt= 4 is much larger than for the deconfinement
and chiral-symmetry restoration transitions. This apparent inconsisteady l&s to suspect that
this particular transition is a lattice artifact.

3. Discussion and Conclusions

In our studies of the thermodynamics of lattice QCD with 2-flavours of codextet quarks
we find well separated deconfinement and chiral-symmetry restoraticsitioss. This contrasts
with the situation with fundamental quarks where these two transitions appgaident, but is
similar to the case of adjoint quarks where again these two transitions amated32, 33]

The increase in thBs for both transitions from\; = 4 toN; = 6 is consistent with them being
finite temperature transitions for an asymptotically free theory rather thanttaulkitions. If this
theory has an infrared stable fixed point, we have yet to observe it. Si@e@xpect thaly > Tq,
the fact thaiB, > f34 is also what would be expected for an asymptotically free field theory.eThes
very preliminary results would suggest a walking rather than a conforetaiour.

The phase structure we observe is very different from that obdevit Wilson quarks by De-
Grand, Shamir and Svetitsky, who found coincident deconfinementrarad symmetry restoration
transitions. It would be possible for two different actions to give sucteft results if there is
an infrared fixed point (as these authors find) and we are on the starging side of it. Alter-
natively, our quark masses might be too large to let us access the chiral liedauBe of these
differences it will be interesting when simulations with sextet overlap qua&®sare extended to
larger lattices.

Let us summarise our preliminary results. KWt = 4, By(m = 0.02) = 5.420(5), Bg(m =
0.01) = 5.412(1); deconfinement appears to be first ordéf.~ 6.5. At Ny = 6, Bg(m=0.02) =
5.54(4). By ~ 6.8.
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For the deconfined phase there is a 3-state signal, the remnant of okenBdg symmetry. For
N; = 4 the states with complex Polyakov Loops appear metastabld\;Fe6 all 3 states appear
stable. Breaking oZ3 symmetry is seen in the magnitudes of the Wilson Lines for the states with
positive real versus those with complex/negative Wilson lines. The exsstgfthe 3-state signal
is presumably because the formation of the chiral condensates at stariogs suppresses the
contribution of the quarks at the confinement scale, so the deconfinethibally broken phase is
more similar to the deconfined phase of the quenched theory. (It woulddyesting to compare
this to deconfined phase with heavy colour-triplet quarks).

Between the deconfinement and chiral transitions, we find a third transitieresthe Wilson
Lines in the directions of the 2 non-trivial roots of unity change to realatieg Wilson Lines.
This transition occurs foff ~ 5.9 (N; = 4) andf3 ~ 6.5 (N; = 6). This rapid increase suggests
that the transition is a lattice artifact. If this third transition is real, the fact thattagnitude of
the negative Wilson line is roughly one third of that for the positive Wilson lsuggests that this
transition might be associated with colour symmetry brealdbg3) — SU(2) x U (1).

We need larger lattices — & 6 to study finite volume effects & = 6 and 16 x 8 to see that
the N: dependence g8y and 3y which we observe is not a lattice artifact of these coarse lattices.
Smaller quark masses are needed to access the chiral limit unambiguousiynddistand this
theory more fully, we need to study its zero temperature behaviour, megsigispectrum, string
tension, potentialf;... . Measurement of the running of the coupling constant for weak cayplin
is needed.

It would be useful to repeat these simulations for 3 flavours of sextatkguwhere it is be-
lieved that there should be an infrared stable fixed point, to see if we findlgatively different
phase diagram. Lattice simulations should be applied to other candidate theories
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