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1. Motivations

Ultimately, we wouldlik e to studythefinite temperatur@hasdransitionin QCD andtheprop-
ertiesof the plasmaphasg(QGP),with physicalvaluesof the quarkmassesndin the continuum
limit. The presenprojectattemptgo setthe stagefor sucha completestudy

In this studywe consideiQCD with two degeneratdlavors. A crosscheckof thelatticeresults
obtainedwith staggeredand Wilson fermion actionwill help controlling discretizationartifacts,
while atwistedmasstermis expectedo facilitatethe continuumandchiral limits.

Considetthe phaseadiagramof two-flavor QCD in thetemperature-magdane:thefirst order
deconfinementransitionstemmingrom theinfinite masgor quenchedyheorywealenswith lower
guarkmassesuntil it turnsinto a smoothcrosseer for intermediatequark masses.n the chiral
limit therehasto beatrue phasdransitionagain,but its natureis still underinvestigation[1].

As a first stepof our program,we wish to find the location of the phaseboundarybetween
hadronicand plasmaphase,i.e. the pseudo-criticatemperatureand masscombinationswhile
takingadwantageof the propertiesf twistedmassQCD. This meanghatwe will have to explorea
three-dimensionapaceof temperaturd, barequarkmassm, andtwistedmassparametey.

2. Why Twisted Mass QCD Thermodynamics ?

Wilson fermionshave several advantagesver staggeredermions,but they alsohave amore
subtlechiral behaior, anda complicatedphasestructure pothat T = 0 [2, 3] andatfinite temper
ature[4, 5, 6, 7]. Thetwistedmassapproachmprovesover the standard/Vilson behaior in two
ways: first, it preventsthe occurrenceof exceptionalconfigurationsandshouldmale it relatively
easyto reachmassvaluesof thelight pseudoscalanesongloseto thephysicalpion masssecond,
oncetheWilson hoppingparametek is setto its critical value,thetwistedmassermbehaesasa
corventionalquarkmassand,atthesametime,anO(a) improvementis automaticallyguaranteed.
For recentresultsseeRefs.[8, 9] andfor areview Ref.[10].

In this first reportwe searchfor the transitionsbetweernthe hadronicand plasmaregimesby
varyingthe Wilson hoppingparametek relatedto thebarequarkmassby k = 1/(2m+ 8) atfixed
B andfixedtwistedmassparametey.

3. Strategy and simulations

The simulationswere performedon a 16° x 8 lattice with animproved versionof the HMC
algorithmasdetailedin Ref.[11] andwith a Symanziktree-level improved gaugeaction. They
usedapproximatiely threemonths< crateof apeNEXT[12]. We chooseao work at 8 = 3.75and
B = 3.9 in orderto take advantageof the T = 0 results[8, 9]. In principle, we canthencrossthe
(pseudo-)criticaline at a fixed temperaturdoy tuningthe quarkmass.eitherby varying k and/or
H.

For this stratgy to be successfulthe simulationparameter$\; and needto satisfy:

-I-Cchiral ~ Tsimubtion _ 1/(Nea(B)) < -I-Cquend:led . (3.2)

For Tsimuktion -, Tauentied i hadronicphasecannotexist, while for Tsimuttion - Tchiral the QGP
cannotexist, irrespecte of the massvalue.
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Figure1: (P) asafunctionof k (left diagram);ConjugateGradient(CG) Iterationssuperimposeavith
% (magnified)asafunctionof k atfixed3 = 3.75andu = 0.005(right diagram).Theresultsindicatea
thermaltransitionor crosswerat k; = 0.165(1).

We fixed N; = 8 by taking into accountthe lattice spacingfrom the T = 0 studies,namely

a(3.75) ~ 0.12 fm, a(3.9) ~ 0.095 fm, aswell asthe known critical temperaturesJ 3, ., = 170
MeV andTé, . peq = 270MeV.

In thefirst setof runsreportedherewe fixed u = 0.005andvariedthe hoppingparametek.

4. Resultsat B =3.75

At B = 3.75, the T = 0 resultsshav that the minimum pion masswhich can be reached
with our twisted massparameteru = 0.005 is m; ~ 400MeV extrapolatingexisting resultsat
u = 0.005[8]. Our first goal hereis merelyto checkwhethera thermal phasetransitionor a
crosseer canbefoundin therequiredrangek; < Kc.

Figurel (left) shavs a scanof the averageplaquetteasa functionof k. The steepesslopeof
theplaquetteaswell astheincreasef thenumberof CGiterationsneededor theinversionshavn
in Figurel (right), bothsuggest crosseer or phasdransitionat [8]

k(B = 3.75, 14 = 0.005) = 0.165(1) . (4.1)

Hencek; < k(T = 0) = 0.1669,asrequired.

5. Resultsat =39

After the exploratorystudyat 8 = 3.75, thechoicef8 = 3.9 bringsuscloserto thecontinuum
limit. Resultdor T = 0 atthis 8 areavailableatanumberof valuesfor thetwistedmassparameter
U, seeRef.[9]. Theminimumpionmassat T = 0 for our u = 0.005, inferredfrom theseresults,
is about350MeV.

As adirectcomparisorbetweertheresultsatthetwo 8 valueswe shav in Figure2 thenumber
of ConjugateGradientiterationsrequiredfor the inversion— which is anindicatorof criticality —
asafunctionof k.
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Figure 2: Thenumberof ConjugateGradientiterationsasa function of k for thetwo f3-values.The solid
linesarea smoothinterpolationto guidetheeye.

Figure 3 (left) shaws a collection of resultsfor the expectationvalue of the plaquette(P).
The errorsare smallerthanthe symbol, the solid line is a Bezierinterpolationto guidethe eye.
We performedocal fits to a straightline (P) = a+ bk within subsequerintenals of width Ak =
0.002,andwe shaw in the samediagramthe tangentin theinflection point. The parameterd are
usedasestimatorsof the derivative of the Plaquetten.r.t. to k andareshawn in Figure 3 (right).
Theseresultsindicatea phasedransitionor crosseer aroundk = 0.1597locatedaccordingto the
maximal slopebmax.  TO make this prediction more quantitatve, our statisticswas enhancedo
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Figure 3: (P) asafunctionof k (left diagram);%'j> asfunctionof k atfixedf3 = 3.9 andu = 0.005(right
diagram)

0O(10009 HMC trajectorieson a selectedsampleof points: k = 0.15860.15910.1593 0.1597
in the candidatecritical region at 8 = 3.9. Theresults(Figure4) suggest long autocorrelation
time in the critical region. Giventheseautocorrelationspur resultsarevery preliminary Most
probablythe errorsare underestimatedyut still the plots may sene asindicatorsfor the location
of acrosswer or transition.

Figureb shavs theresultsfor the Polyalov loop: the steepenings clearlyseenmostlythanks
to thelatest,high statisticsresults. The Polyalov loop increasesn the samek intenal asthe one
obseredfor the plaquette.The Polyalov loop histogramsof the HMC resultsafterthermalization
arenarrav in thetwo purephasesandbroaderaroundat k = 0.1597 ,indicatinganincreaseof the
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Figure 4. HMC evolution anderroranalysisfor the high statisticsrunsat 3 = 3.9 : binnedaverageqleft)
asafunctionof the HMC trajectoriesandresultsanderrorsasa functionof thediscardedHMC trajectories

(right).

fluctuationsanda critical behaior. We seenotwo-statesignal(two peaksn thehistograms)which
seemdo excludea first ordertransition,but only a finite sizeanalysiscanassessvith confidence
the natureof thecritical behaior. The steepesslopeof the plaguetteandof the Polyalov loop, as
well asthe broadeningf the probability distributionssuggest crosseer or phasdransitionat ; :

Ki(B =3.9,u = 0.005) = 0.15975) (5.1)
and,asit wasalsoobseredat 8 = 3.75,
Kt < K¢(T =0) =0.16085. (5.2)

Althoughwe postponea detailedanalysisof the spectrumandrelatedobserablesto our on-
going high statisticsstudy[13], we have collectedafew resultsfor the pion propagatar
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Figure 5: The real part of the Polyalov loop as a function of k (left diagram),and the Polyalov loop
histogramg(right diagram)at 8 = 3.9 and u = 0.005. The datasetis the sameasin Figure 2, with the
inclusionof somehigh statisticsresults. Both diagramsare consistenwith a critical point or crosseer at

ki = 0.1597(5).
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The (zeromomentum)pion propagatoiG(t) is measuredat a selectedsampleof couplings,
andis fitted to a standarchyperboliccosineform

N
G(t)=A cosh{M <t ) (5.3)
in thetime intenal [2:6].
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Figure 6: ThepionpropagatofG(t) for selectedk values.Thesolid linesarethe simplefits describedn the
text. Theright figure shavs a subsebf the samedatapointsasin theleft figure on adifferentscale.

We shaw the quality of the results,with thefits themselessuperimposedn Fig. 6 (left and
right, noteadifferentscalebetweerthetwo). Theresultingfit parametersi(mplitude)andM(ass),
arecollectedin Fig. 7. They indicatethatthe effective pion massdecreasewhile approachindghe
thermaltransitionfrom below, while theamplitudeof the propagatoincreasesfollowing thetrend
of theaverageplaquette.

6. Summary and Outlook

We have studiedQCD with two flavorsof dynamicaMWilsonfermionsincludingatwistedmass
termona16® x 8 latticeattwo valuesof thetemperaturef = 3.75 correspondingo T ~ 205MeV
andf = 3.9 correspondingo T ~ 259MeV.
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Figure 7: Amplitude of the propagatoandeffective pion massfrom the hyperboliccosinefits asa function
of K.
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In eithercasesve have simulatedO(10) valuesof barequarkmassesby varyingthe hopping
parametek atconstaniu = 0.005. We have obsered a behaior consistentvith a crosseer (and
notexcludingarealtransition)atacritical valueof k, whichwe denotedask;, whichis lessthanthe
critical k at T = 0. Thisbehaior is similar to thatobsered with ordinaryWilson fermions[4, 5].

In ourcurrentstudy[13] ontheapeNEXTmachinesat DESY andINFN we have to studynext
the u dependencef ourresults.To this end,we arerepeatinga Kk scanatalarger u value. At the
sametime we wantto take full adwvantageof the twisted massapproachby working at full twist
with K = K¢(B, T = 0). In this casethe phaseransitionwill be crossedy tuningthetwistedmass
. Model studiesalongthelinesof Ref.[6] will be mostusefulto guideour simulations.
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