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TakingthreeorthonormalbasisstatesandconstructingtheLagrangian,we have obtained
theunitarytransformationmatrixandmasssquaredmatrixof η � η� andι. Thetemperature
dependenceof thesepseudoscalarmesonmasseshasbeenstudiedwhile gettingthevalue
of themassof oneof thebasisstatesη1 by takinginto accountthegluoncondensatevalue
which yieldsthepuregluoniummassestimate.Variationof their masseswith thetemper-
aturehasalsobeenstudied.Thecalculationsfor theradiativedecaysof thesepseudoscalar
mesonshavealsobeencarriedoutandtheresultsareencouraging.

1. Introduction

Thephasetransitionin quantumchromodynamicsis a well known phenomenon[1,2]
and it is arguedthat the Hamiltonianis chiral invariantat high temperature.Variation
with temperatureof themassesof thepseudoscalarmesonswasstudied,andit hasbeen
found that η� -massvariesmorerapidly with temperaturethanη-mass,whereasπ0-mass
remainsalmostconstant,whichindicatesthatη andη� aremixedstatesof quarkoniumand
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gluonium,i.e., thevariationof themassof thatmesonis largewith temperaturewhichhas
largecontentof gluoniumasits constituent.

OneshouldemphasisethatPisarsky andWilczek [1] haddiscussedUL � R � 1� symme-
try restorationat high temperatureanddiscussedtheeffectsfor spectrumof pseudoscalar
mesonsπ0 � η � η	 . They pointedout that the massesof the pseudoscalarmesonswith
highergluoniumcontentdecreaserapidlywith temperature.

SenandGautam[2] have shown thatUL � R � 1� breakingis associatedwith the emer-
genceof the gluon enrichedmeson.They have shown the effect of gluon contentfor
π0 � η � η	 systemsin theiranalysis.

In our approach,describedin the following section,we dealwith the massterm of
theLagrangian.In theprocess,theconnectionof thephysicalstatesto thepuregluonium
andquarkoniumstateshasbeenevaluatednumerically, andout of a numberof solutions
obtained,the bestchoicehasbeenutilised in our analysis.By this mixing process,we
constructthemasssquarematrix.

2. Theory

To studythegluoncontentin η 
 η	 andι, we startwith threeorthonormalbasisstates
η8 
 η1 andι0, whereη8 is a memberof theSU � 3� octet,η1 is SU � 3� singletandι0 is two
gluoncoloursingletstate� gg � . Thus,herethebasisstatesare

� η8 �� 1
6
� ūu � d̄d � 2s̄s ��


� η1 �� 1
3
� ūu � d̄d � s̄s ��
 (1)

� ι0 ���� gg ���
Thethreephysicalstatesareη 
 η	 andι, which arethemixedstatesof η8 
 η1 andι0. The
mixing anglesaretheEuleriananglesandthesestatesarerelatedby matrixequation,��

η
η	
ι

��  �� A B C
D E F
K L I

�����
η8
η1
ι0

�� 
 (2)

where

A  cosαcosβcosγ � sinαsinγ 

B  cosβsinαcosγ � cosαsinγ 


C  � sinβcosγ 
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D ��� cosαcosβsinγ � sinαcosγ �
E ��� sinαcosβsinγ � cosαcosγ �

F � sinβsinγ � (3)

K � cosαsinβ �
L � sinαsinβ �

I � cosβ �
For thephysicalmassesof η � η� andι, theLagrangiandensityis of theform� Lm � m2

ηη2 � m2
η η� 2 � m2

ι ι2 � (4)

Expressingphysicalstatesin termsof thebasisstatesfrom Eq.(2), wefind Eq.(4) as� Lm � m2
η ! Aη8 � Bη1 � Cι0 " 2 � m2

η ! Dη8 �
Eη1 � Fι0 " 2 � m2

ι ! Kη8 � Lη1 � I ι0 " 2 � (5)

wheremassesof thebasisstatesaregivenby

m2
η8
� m2

ηA2 � m2
η D2 � m2

ι K2 � ! 6a"
m2

η1
� m2

ηB2 � m2
η E2 � m2

ι L2 � ! 6b"
m2

ι0 � m2
ηC2 � m2

η F2 � m2
ι I2 � ! 6c"

Heremη � mη andmι aremassesof η � η� andι. We have takenmη8 � 0 � 571GeV [3]. So,
wegettherequiredmasssquarematrixas

M2 �$#% m2
η8

m2
81 m2

8g
m2

81 m2
η1

m2
1g

m2
8g m2

1g m2
ι0

&' � (7)

Wewill latershow how thetemperaturedependenceof massesof thepseudoscalarmesons
havebeenincorporatedin ouranalysis.Next, wehavetriedto find theboundonthemasses
of mη1 andmι0 andthuswewill beableto gettheunitarymatrix.
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3. Determinationof themassesof theη1 andι0 states

Equations(6a)and(6b) give

m2
η8 ( m2

η1 ) m2
η * cos2 α cos2 β cos2 γ ( sin2 α sin2 γ ( cos2 β sin2 α cos2 γ( cos2 α sin2 γ + ( m2

η, * cos2 α cos2 β sin2 γ ( sin2 α cos2 γ( sin2 α cos2 β sin2 γ ( cos2 α cos2 γ + ( m2
ι * cos2 α sin2 β ( sin2 α sin2 β +)�- * m2

η cos2 γ ( m2
η, sin2 γ +/. m2

ι 0 cos2 β (1-m2
η sin2 γ ( m2

η, cos2 γ ( m2
ι 0 2 (8)

cos2 β ) m2
η8 ( m2

η1
. * m2

η sin2 γ ( m2
η, cos2 γ +/. m2

ι

m2
η cos2 γ ( m2

η, sin2 γ . m2
ι 3 (9)

Assumingboththenumeratoranddenominatorto benegative,we gettheconstraintfrom
Eq.(9)

mη1 4 0 3 95GeV3 (10)

Eq.(6c)mayberearrangedto give

cos2 β ) * m2
η cos2 γ ( m2

η, sin2 γ ( m2
ι . m2

ι0 +/. m2
ι* m2

η cos2 γ ( m2
η, sin2 γ +/. m2

ι 3 (11)

ComparingEqs.(9) and(11),weget

m2
ι0 ) 2 3 977 . m2

η1 3 (12)

Therefore,
mη1 5 1 3 7253 (13)

FromEqs.(10)and(13),wegetboundsonthemassof mη1 as

0 3 95 5 mη1 5 1 3 7253 (14)

FromRefs.[4] and[5], weget

5 0 6 2π
3

Gµν
a Ga

µν 6 0 4 ) 0 3 11GeV4 3 (15)

Thedecayconstantof thepuregluoniumstatein termsof themassof puregluoniumstate
andgluoncondensateG0 canbeestimatedfrom [6]

fι ) 1
mι
* 12bG0 + 17 2 2 (16)

216 FIZIKA B 6 (1997)4, 213–220



NANDY ET AL .: TEMPERATURE DEPENDENCE OF PHYSICAL PSEUDOSCALAR . . .

where

b 8 11
3

Nc 9 2
3

Nf :
Nc andNf beingthenumbersof coloursandflavours,respectively, and

G0 8�; 0 < Gµν
a Ga

µν < 0 =?> (17)

Eq. (15) providesthevaluesof mι0 andthusfixesmη1. In this way, thecondensatevalue
providesmι0 8 1 > 43 GeV with fι 8 0 > 2 GeV [7] andthemassof η1 turnsout to be0.96
GeV. So,thesetwo valuesbecomeapparentlyfixedif gluoncondensateis fixedatthevalue
givenabove(Eq.(15)).

4. Incorporationof temperature in themassmatrixandstudy
of its effect

Our motive is to studythetemperaturedependenceof themassesof thepseudoscalar
mesons.For this purpose,in our approach,it is essentialto have a knowledgeaboutthe
valuesof theanglesα : β andγ. We have taken theangleγ asvariableandsolved for the
anglesα andβ . As alreadyexplainedin theearliersection,mη1 turnsout to be0.96GeV.
The otherunknown parameterwhich remainsto be determined,γ, hasalsobeenfound.
Thevaluesof γ in therangeof 350 to 450 canreproducemassesof theη : η@ andι mesons
correctlywhensolvedfor masssquaredmatrix.So,thesetsof unitarymatriceshavebeen
chosencorrespondingto thesevaluesof γ. We have alsonotedthatwithin this rangeof γ
values,theonly choiceof mη1 8 0 > 96 GeV reproducesthecorrectmassesof η : η@ andι.
Thesesetsaregivenin Table1. Fromtheseresults,it is clearthatι is gluoniumdominating

TABLE 1. Setsof unitarymatricesandvaluesof Eulerianangles.

SETI γ 8 40A : α 8 37> 42A : β 8 6 > 35A< η =�8 0 > 91 < N =?B 0 > 38 < S = 9 0 > 08 < gg =< η@ =�8 9 0 > 49 < N =1B 0 > 83 < S =1B 0 > 07 < gg =< ι =�8 0 > 11 < N =1C 0 > 03 < S =?B 0 > 99 < gg =
SETII γ 8 45A : α 8 41> 42A : β 8 6 > 47A< η =�8 0 > 84 < N =?B 0 > 52 < S = 9 0 > 07 < gg =< η@ =�8 9 0 > 64 < N =1B 0 > 76 < S =1B 0 > 08 < gg =< ι =�8 0 > 11 < N =?C 0 > 02 < S =?B 0 > 99 < gg =
SETIII γ 8 35A : α 8 33> 71A : β 8 6 > 25A< η =�8 0 > 99 < N =?B 0 > 24 < S = 9 0 > 08 < gg =< η@ =�8 9 0 > 33 < N =1B 0 > 89 < S =1B 0 > 06 < gg =< ι =�8 0 > 10 < N =?C 0 > 03 < S =?B 0 > 99 < gg =
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statethoughηD is enrichedwith gluonium,but percentageof gluoniumin ηD stateis less
than that of ι state. In order to study the presentproblem,we usethe following mass
matrix,whichis ageneralizationof thequarkoniummassmatrixof DeRujula,Georgi and
Glashow [8] andIsgur[9] andseveralotherauthors[10–12].We haveusedthis to discuss
the0E η F ηD F ι mixing. Themasssquarematrix is

M2 G$HI m2
88 J λ88 K 2λ81 K 2λ8gK 2λ81 m2

11 J λ11 λ1gK 2λ8g λ1g m2
g J λgg L

MN
(18)

which is sameasgivenin Eq. (7), wheretheparametersλ88 L λ11 andλ81 denotetheinter-
actioneffectsbetween(8,1)and O 8 L 1P Q λ8g L λ1g aretheinteractioneffectsbetween(8,1)and
G. Theparameterλgg denotesthepossibleinteractionbetweengg. Themassof thepure
glueballis denotedmg. Following Wilczek andPisarsky [1], the temperaturedependence
of themassmatrix hasbeenincorporatedby addingthetemperaturedependenttermP in
the (3,3) elementsof the massmatrix given in Eq. (18) relatedto the anomalycontent
appearingin the theory. From SenandGautam[2], we get the functional form of P by
definingP G CD F C0 , whereCD G�R coshO βMP PSF 1T M2

P U 2V , andβ G 1W T, whereT is the
temperatureandMP is the pseudoscalarmesonmass.For the tuningof thezerotemper-
ature,massesof η, ηD and ι (i.e., their physicalmasses)our constantC0 turnsout to be
1.95GeV2. Thefunction U coshO MPβ F 1P M2

PV decreaseswith the increaseof thetempera-
ture(givenin Fig. 2) andfinally vanishesathigh temperaturewhichsignifiestheeffective
restorationof theUL E R O 1P symmetry. We arenow examiningthenatureof thevariationof
themassesof η, ηD andι with temperature.Introductionof P gives

Fig. 1. Variationof pseudoscalarmesonmasseswith CD .
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usa clearpictureon thevariationof thesepseudoscalarmasseswith temperature(Fig.1).
We have plottedthe massesof the pseudoscalarmesonsagainstCX . We observe that for
CX Y 1 Z ι massincreasesmuchrapidlythanthemassesof ηX andη. Ontheotherhand,when
CX [ 1, increasingrateof mη\ is quitelarge.At CX ] 0,wegetmη\ ] 0 ^ 606GeV, mη ] 0 ^ 213
GeV andmι ] 0 ^ 969GeV. Below CX/] 0 ^ 5 Z mη decreasesrapidly, but mι remainsnearly
constant.At CX ] 1 ^ 95Z mη\ ] 0 ^ 958GeV, mη ] 0 ^ 558GeVandmι ] 1 ^ 46GeV.

Fig. 2. Variationof CX with temperature.

Now, we observe thevariationof thefunctionCX with temperature(Fig. 2). Thenatureof
thegraph(Fig. 1) depictsηX astheclosestgluonenrichedcandidateto beidentifiednext to
ι amongstthepseudoscalarmesons.
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TEMPERATURNA OVISNOSTMASA FIZIČKIH PSEUDOSKALARNIHMEZONA
(η _ ὴ i ι) UZ KONZISTENTNUMATRICU MASE I UNITARNU MATRICU

Polazéci od tri ortonormiranaosnovnastanjai konstruiranoglagraňzijana,izveli smouni-
tarnupretvorbenumatricui matricukvadratnihmasamezonaη _ ὴ i ι. Proǔcavali smotem-
peraturnuovisnostmasatih pseudoskalarnihmezona.Dobili smovrijednostmasejednog
odosnovnih stanjaη1 uzimajúci u obzir iznosgluonskogkondenzatakoji daječistuocjenu
masegluonijuma.Promjenenjihovemasestemperaturomsmotakod–erproǔcili. Izračunali
smoi radijativni raspadtih pseudoskalarnihmezonai rezultatisuohrabrujúci.
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