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Abstract:ItispointedoutthatiftheQGPSU(2)chiralphasetransitionintheLHCPb灢Pbcolli灢
sionprocessistakenplaceandthephasetransitionisinthesecondorder,thenpionstringswillbe
formed,anddecay.Thesephenomenaleadtothepionenhancementinthelowmomentumregion
(p災150—400MeV)andthenumberofpionsproducedfrompionstringdecaycanbeestimated
aboutNt曋270,150,60fordifferentfreezetemperatureTf=130,120,110MeVrespectively.
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1暋Introduction
Topologicaldefectsformedduringtherapid

symmetry breaking phasetransition[1] are very
generalphenomenainphysics.Theyarestudied
fromboththeoryandexperimentinmanyfields,
suchasintheevolutionofearlyuniverse,incon灢
densedmattersystem,insuperfluid4He,3He,in
thesecondclassofsuperconductor,inBECsystem
andliquidcrystal.

Intheearlyuniverse[2—4],topologicaldefects,
suchasthecosmicstring,mayhavebeenformed
duringthephasetransitionsinBigBangandmay
stillplayanimportantroleinthelargescalestruc灢
tureseenintheuniverse.Theoreticallystringcan
beformedinphasetransitionsanywhere,suchas
theGUTscalestringswhichinducedensitypertur灢
bationsinthemicrowavebackground.Lightcos灢
micstringswouldonlybeobservablesincetheir
gravitationalinteractions are so weak. Axion
string,formedatanintermediatescale,hasthe
excitingpossibilityofgeneratingasubstantialden灢

sityofcolddarkmatterintheformofaxion.The
cosmologicalmagneticfields maybeinducedby
globalanomalousstring,the毿string[5,6].Ifallof
thestringsexist,theywillprovidethedirectlinks
betweentheobservationalfeaturesofourpresent
universeandthedramaticeventsoftheimmediate
aftermathoftheBigBang.

Uptonowtheexperimentalstudyoftopologi灢
caldefectsisonlycarriedoutincondensedmatter,

inwhichtheclassicexampleofformationofvortex
linesinthenontrivialbrokensymmetryphaseis
thesuperfluidhelium.Basedonthepointofview
ofZurek[7],thephenomenawhichoccurintheex灢
pandingandcoolingofuniversemaybesimilarto
whattakeplaceinthelaboratory,suchasinsuper灢
fluidheliumandinliquidcrystals.Oneofthemain
goalinthisfieldisthediscoveryofthephenome灢
noninsuperfluid3He灢Bphase[8]:theformationof
vorticeswithinbulkliquidinthepresenceofioni灢
zingradiation.This “minibang暠allowsoneto
studytheformationofdefectsquantitativelyina
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timedependentsecondorderphasetransition.Itis
pointedoutthatthevorticesin 3He灢Bphaseare
similartothe毿stringsformedin highenergy
physics,asthetwo systems havethe similar
breakingsymmetry.Soitisinterestingtoobserve
the毿stringinnucleus灢nucleuscollisions.

Inrelativisticheavyioncollisions,asispoint灢
edoutbyRajantie[9],theexperimentsaresocom灢
plicatedthatveryreliableandaccuratetheoretical
calculationsareneededinordertoconfronttheex灢
perimentalresults,butourpresentunderstanding
ofthetheoryistoorudimentaryforthat.Experi灢
mentalresultsshowthatsomephenomenahave
beenobservedwhichlikewhathappensintheBig
BangandiscalledtheLittleBang[10].Sothestudy
ofLittleBangfromrelativisticnucleus灢nucleuscol灢
lisionsmaybeconstructingabridgebetweenhigh
energyparticlephysicsandthecosmology.Itisin灢
terestingtodiscusstheformationoftopologicalde灢
fectsinrelativisticheavyioncollisions.

Inapreviouspaperweproposeda modelof
thepionstringformationandevolutioninheavy
ioncollisionsatLHC[11].Itisshownthatthe毿
stringswoulddecayintopionswhichgiveaneffec灢
tiveresultinthelowmomentumregioninthefinal
state.毿stringsforminKibble灢Zurekmechanism,

andevoluteduringthehotquark matterexpan灢
sion,atlastdecayintopionsatfreezeouttempera灢
ture.Herewewillgiveadifferentpictureofpion
stringformingandevolution.Theproducedpic灢
tureisbasedonthefollowingsteps:(a)RHICex灢
perimentshowsthatBjorkenhydrodynamicalmod灢
elworkswellwhenthetemperatureisabovethe
systemfreezeouttemperatureTf.Weexpectthat
thisisalsorightforthatinLHCPb灢Pbcollisions;
(b)Pionstringnetworkisformedwhenthesys灢
temiscoolingdowntothecriticaltemperatureTc

=170 MeV,andatHagedorntemperatureTH =
160MeVthenumberofthestringscanbecoun灢
ted,according to Kibble灢Zurek mechanism.It
meansthatthe Zurek temperatureisequalto
HagedorntemperatureTZ =TH;(c)Following

Ref.[12]weassumethatbelowthefreezeouttem灢
peraturethedynamicsofshrinkingofthestring
loophappens,theshrinkingwillbelessdissipa灢
tive.Finallythestringloopswillbeshrinkingto
thesmallnestsize,withitsenergydeposinginthe
smallregion,thenitfragmentsto氁and毿0 mes灢
ons.

TheKibble灢Zurek mechanism[1—7]statesthat
inasecondorderphasetransitionastheQGPfire灢
ballcoolsthroughthetemperatureofphasetransi灢
tionwherethechiralsymmetryisspontaneously
broken,domainsofsimilarorientationscouldbe
formed.Attheboundaries,wheredifferentcausal灢
itydisconnectedregionsmeet,theorderparameter
doesnotnecessarilymatchandadomainstructure
isformedleadingtotheformationoftopological
defectssuchasstrings.Innon灢equilibriumtransi灢
tionthenewlow灢temperaturephasestartstoform,

duetofluctuationsoftheorderparameter,simul灢
taneouslyandindependentlyinmanypartsofthe
system. Subsequently during further cooling,

theseregionsgrowtogethertoformthenewbro灢
ken灢symmetryphase.Thefluctuatingconfigura灢
tionoftheorderparameterisfrozenoutat毰Z=(1
-TZ/Tc)>0,which meansthatthesymmetry
breakinghasalreadyoccurredandtopologicalde灢
fectsareformed.

2暋GeneralFormalism
Thechiralsymmetrybreakinghasalreadyoc灢

curredandthetopologicaldefects,the毿stringsare
produced.Thecorrelationlengthorthedomain
sizehasreachedthevalue.Thecharacteristiccor灢
relationlength毼Zcorrespondingto毰Zabovewillde灢
cidetheinitialdensityofthestring.Attempera灢
ture

TZ=Tc 1- 氂0
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the毿stringwillbeformed.IfwechooseQGPcrit灢
icaltemperatureTc =170 MeV,TH =TZ =160
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where毼0曋氂0曋1/m氁.m氁=600MeV,毼Z曋1.26fm,

attheZurektemperature.Forsimplicity,inthe
followingdiscussionweusetheparameters:f毿=
93MeV,毸=20.Inheavyioncollisions,thestring
isformedinvariousindependentdomains,eachdo灢
mainhasthesizeof~毼2

Z,the毿stringenergyin
eachdomaininunitlengthisgivenby[5]

E0={0.75+log[毺毼z]}毿f2
毿, (3)

where毺= 89毸f毿/12曋327MeV,E0曋205MeV/

fm.Ifthesystemofstringsisinequilibrium,the
loopsdonotinteract,itcanbetreatedasparticles
inanidealgas[13—16],andloopsmaybedescribed
bya Bosedistribution.Thedistributionofthe
stringloopis

dn(E)=f(E) exp(毬HE)
[exp(毬E)-1]dE暋暋暋

災f(E)exp[(毬H -毬)E]dE, (4)

where毬=1/T,Tisthetemperatureofthesys灢
tem,毬H =1/TH,TH 曋160 MeVistheHagedorn
temperature,atwhichthedistributionisgiven灢
by[16]

f(E)= K
毼3/2

Z E5/2 , (5)

whereK曋(E0)3/2.Inheavy灢ioncollisionsonlythe
loopstringwillbeformed.Theshorteststringwill
bethelengthofl0=2毿/毺曋3.79fm.Thenumber
oftheloopstringatfreezeouttemperatureTfis

N 曋Vf曇
¥

Emin
n(E)dE暋暋暋暋暋暋暋暋

=Vf曇
¥

Emin
Kexp[(毬H -毬f)E]

毼3/2
Z E5/2 dE , (6)

whereEmin= E0l0曋777 MeV,Rfistheradiusof
thehadronicphase.InthePb+Pbcollisions,Rf曋
10fmatRHIC,andRf曋18fmatLHC[17—19],and
thevolumeofhadronicphaseisaboutVf曋4暳103

fm3,2.4暳104fm3atRHICandLHCrespectively.
IfthefreezeouttemperatureisTf=130,120,110
MeVthetotalnumberofstringloopsisthenNt曋
90,50,20inLHCand15,8,3inRHICPb灢Pb
collisionsrespectively.

Nowweconstructthepictureofdecayofpion

stringinthefollowing.From thefieldofpion

string,毤=(氁+i毿0)/2,thesolutionofpionstring
is

(氁+i毿0)=f毿[1-exp(-毺r)]exp(i毴),

毿暲=0. (7)

暋暋Intheevolutionperiod (tZ 曑t曑tf)ofpion
string,毿0isequivalentto氁.Soaftertimetfthepi灢
onstringequaldecaysto毿0 andsigmaparticles,

andwecanapproximatelyassumethateachhas
halfofthepionstringenergy.Thesigmaparticle
producedbystringwillsoondecayto2毿.Themo灢
mentum distribution of 毿 from the processes,

string曻氁曻2毿is
dN毿(p)=2dN(p)暋暋暋暋暋暋暋暋暋暋暋暋

暋 曍exp[4(毬H -毬f) p2+m2
毿]

[p2+m毿]7/4
. (8)

Themeanmomentumisthengivenby

暣p暤=曇pdN毿(p)

曇dN毿(p)
災154MeV . (9)

Similarly毿0fromtheprocesses,string曻毿0is
dN毿0(p)=dN(p)暋暋暋暋暋暋暋暋暋暋暋暋

暋 曍exp[2(毬H -毬f) p2+m2
毿]

[p2+m毿]7/4
. (10)

Themeanmomentumisthengivenby

暣p毿0暤=曇pdN毿0(p)

曇dN毿0(p)
災394MeV . (11)

暋暋Fromtheabovediscussion,itgivesoutthat
eachstringloopdecaystothreepions.Sointhe

processPb+Pb,withs=5500AGeVatLHC,if
thenumberofpionstringloopsisNt曋90,50,20
fordifferentfreezetemperatureTf=130,120,110
MeVrespectively,thenumberofpionsproduced
bystringloopswillbe270,150and60.Thispion
enhancementeffectmaybeobserved.

3暋Conclusion

Atthe LHC Pb灢Pb collision energies,the
QGPSU(2)chiralphasetransitionistakenplace.
Ifthechiralphasetransitionisinasecondorder,
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thenpionstringswillbeformed,anddecayintopi灢
onsatfreezeouttemperature.Wefindthatthe
maineffectofthisphenomenonwillinduceapion
enhancementinthelow momentum region(p災
150—400 MeV),andthenumberofpionspro灢
ducedfrompionstringsdecayisaboutNt曋270,

150,60fordifferentfreezetemperatureTf=130,

120,110MeV,respectively.
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QCD手征相变中的毿介子增强*
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摘暋要:讨论了在LHC的Pb灢Pb碰撞过程中,如果 QGPSU(2)手征相变出现二级相变,那么系统将会有毿
弦产生,并且毿弦最终将衰变为毿介子。于是以上效应将导致在低动量区域(p災150—400MeV)内的毿介

子增强。对应于不同的冷却温度Tf=130,120,110MeV,产生于毿弦衰变的毿介子的数量分别是 Nt曋
270,150,60.
关 键 词:毿弦;线性氁模型;手征相变
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