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GLUON SQUEEZED STATES IN QCD JETV. Kuvshinov and V. ShaporovInstitute of Physi
s, National A
ademy of S
ien
es of Belarus220072, Minsk, Belaruse-mail: kuvshino�dragon.bas-net.by(Re
eived January 9, 1998; revised version re
eived July 22, 1998)We study evolution of 
olour gluons and prove the possibility of gluonsqueezed states at the nonperturbative QCD jet stage. Angular and rapid-ity dependen
es of squeezed gluon se
ond 
orrelation fun
tion are studied.We demonstrate that the new gluon states 
an have both sub-poissonianand super-poissonian statisti
s 
orresponding to antibun
hing and bun
h-ing of gluons.PACS numbers: 14.70.Dj 1. Introdu
tionAnalogies between multiple hadron and photon produ
tion in quantumopti
s (QO) were dis
ussed long ago [1, 2℄.In parti
ular, Squeezed States (SS), introdu
ed by Stoler [3℄ and namedby Hollenhorst [4℄, provoke great interest. These states 
an have redu
edun
ertainties 
ompared with 
oherent ones, sub-poissonian (for 
oin
idephases) and super-poissonian (for antiphases) statisti
s 
orresponding to an-tibun
hing and bun
hing of photons, 
an de
rease quantum noise [5℄. Thesqueezed light is generated from 
oherent one by nonlinear devi
es and ispure quantum nonperturbative phenomenon [5�8℄.In parti
le physi
s the study of SS was stimulated by sub-poissonianMultipli
ity Distributions (MD) for low energy lepton-hadron, e+e�; pp-
ollisions. There were also a number of phenomenologi
al attempts to de-s
ribe os
illatory behaviour of hadron MD for di�erent high-energy pro
essesby general squeezed state MD by analogy with QO [9�14℄. Weakness of theseapproa
hes was in its isolation from QCD.Studying 
orrelations in subsystems of hadrons in di�erent high-energypro
esses led to the 
on
lusion that for the MD des
ription we should takeinto a

ount of both QCD perturbative stage whi
h gives wide distribution(59)



60 V. Kuvshinov, V. Shaporovwith super-poissonian MD [15℄ and nonperturbative stage, whi
h must havesub-poissonian MD [16℄ that is typi
al for the SS distribution.Quark and gluon jets in e+e�, hadron�hadron, ep s
attering pro
essesgive good possibility for experimental tests of both perturbative and non-perturbative QCD.The ne
essity of taking into a

ount of nonperturbative QCD stage wasdisplayed also parti
ularly in lo
al parton�hadron duality, fragmentationpart of Monte-Carlo generators, power 
orre
tions, instanton 
ontributions.QCD jet perturbative evolution prepares some �eld of gluons [17℄ whi
hthen sel�ntera
ts nonperturbatively in 
onsequen
e of nonlinearities of Ham-iltonian. Our hint is that nonperturbative sel�ntera
tion during jet evolution
an be a sour
e of gluon SS by analogy with nonlinear devi
es in QED forphoton SS.In this paper we study 
olour evolution of gluon states at the nonpertur-bative stage of QCD for the jet ring. We 
he
k the ful�lment of the 
onditionof squeezing for evolved gluon state and study the dependen
es of the se
ond
orrelation fun
tion on jet 
one angle and rapidity. Some preliminary resultswere dis
ussed in [18, 19℄.2. The nonperturbative evolution of gluonsLet us 
onsider QCD gluon jet. At the end of perturbative QCD 
as
adethe fa
torial moments Fq in jet are 
lose to those of a negative binomialdistribution [20℄. Therefore gluon multipli
ity distribution is like to negativebinomial one whi
h 
orresponds to spe
i�
 superposition of 
oherent stateswith poissonian multipli
ity distribution [21℄. Sin
e at this moment thereare gluons with di�erent 
olours and ve
tor 
omponents then at initial timethere is superposition of produ
ts of gluon 
oherent states with di�erent the
olour index b and the ve
tor 
omponent l of the next form 8Qb=1 3Ql=1 j�bl (0)i:Let us 
onsider at �rst the time evolution of gluon 
oherent state j�bl (0)ide�ned by the S
hr�odinger equation with the Hamiltonian Ĥg whi
h has thestandard QCD form [18, 22℄Ĥg = Ĥ0 + V̂ = Z �12� ~̂Ea ~̂Ea + ~̂Ba ~̂Ba�� g ~̂Ea Cab
 ~̂AbÂ0
 + g2 ~̂Ba Cab
h ~̂Ab ~̂A
i+ g22 �Cab
 ~̂Ab Â0
�2 + g22 �12Cab
h ~̂Ab ~̂A
i�2� d3x ; (1)where Ĥ0 = 12 Z �� ~̂Ea ~̂Ea + ~̂Ba ~̂Ba�� d3x is the Hamiltonian of the �free�



Gluon Squeezed States in QCD Jet 61gluons, ~̂Ea = �~rÂ0a � � ~̂Aa�t ; ~̂Ba = h~r ~̂Aai; ~̂Aa � ve
tor potential of thegluon �eld, Cab
 are stru
ture 
onstants of the SU
(3) group.Let the X-axis 
oin
ides with the jet axis and the origin of 
oordinatesis at the beginning of the perturbative 
as
ade. Then gluon momentumhas next spheri
al 
oordinates: ~k = (j~kj 
os �; j~kj sin � sin'; j~kj sin � 
os');where 0 � � � �max is the angle between ~k and jet axis, �max is a half of thejet 
one angle; ' is the azimuth angle (0 � ' � 2�). Assume for simpli
itythat the gluons at the end of the perturbative stage of jet evolution have
lose energies. This assumption does not 
hange the results.Then it is easy to �nd that the Hamiltonian of gluon sel�ntera
tion forthe jet ring with 
one angle � in momentum representation (with taking intoa

ount of the Lorenz gauge 
ondition1 ) is equalV̂ = k404(2�)3 �1� q20k20�3=2 g2�Cab
Cadf(�2� q20k20�hab
df1212 + ab
df1313i+ ab
df2323+sin2 �2 �1� q20k20�h2ab
df2323 � ab
df1212 � ab
df1313i) sin � : (2)Here ab
dfijkj = âb+i â
+j âdkâfj + âb+i â
j âd+k âfj + âbi â
+j âd+k âfj + 
:
:; âbi �âb+i � areannihilation (produ
tion) operators of gluons, k0 and q0 are gluon energyand virtuality at the end of perturbative 
as
ade. Integration over � givesthe total jet 
one Hamiltonian.The solution of the S
hr�odinger evolution equation for small time hasthe evident form j�bl (t)i ' j�bl (0)i � iĤgj�bl (0)it : (3)It gives possibility to study 
olour evolution of the gluon �eld within a shorttime. As an example 
onsider the evolution of the gluon 
oherent state withthe 
olour index b=1 and the ve
tor 
omponent l = 1j�11(t)i ' �1 � 2it� sin � �u3 + u4 j�11j2�	 j�11(0)i� 2it� sin � u4 �11D̂(�11)ja11(0)i� 2it� u2(1 + u1) sin � ��11�2 7X0k=2 �j�11(0); 2ak2i+ j�11(0); 2ak3i�+ it� u2u1 sin3 � ��11�2 7X0k=2�j�11(0); 2ak2i + j�11(0); 2ak3i� ; (4)1 Gluon squeezing is due to the Hamiltonian nonliniarities and does not depend ongauge �xing.



62 V. Kuvshinov, V. Shaporovwhere jabl (0)i is a single gluon ve
tor, D̂(�) = expf�â+ � ��âg is thedispla
ement operator of amplitude �, the expli
it forms of the 
onstantsu1; u2; u3; u4 and 7P0k=2( ) are given in the Appendix.Analogously we 
an also investigate the evolution of 
oherent gluon stateswith any other 
olour 
harges and ve
tor 
omponents.As the result the following 
on
lusion has been obtained:1) for the initial ve
tors with the 
olour indexes b = 1; 2; 3 the ve
torswith another 
olour indexes k = 4; 7 appear;2) if the initial ve
tors have the 
olour indexes b = 4; 7 then the newve
tors with 
olour indexes k = 1; 2; 3; 8 and the ve
tors with the
ombination of the 
olour indexes 3,8: j�bl ; a3; a8i appear;3) as the result of the evolution of 
olour 
oherent state with b = 8 themixed 
olour states with 
olour indexes 4,5,6,7 appear.It is 
lear that namely the di�eren
e among the stru
ture 
onstants of theSU
(3)-group for di�erent 
olour indexes leads to the di�erent evolution ofthe 
orresponding 
olours.3. Gluon squeezed stateTo prove that the evolved state jfi is the Gluon Squeezed State (GSS)we must 
he
k by analogy with QO the ful�lment of the squeezing 
onditionwhi
h has in parti
ular the form [8℄DN �4(X̂bl ) 12�2E = D�4(X̂bl ) 12�2E� 14 < 0 ; (5)where ��4(X̂bl ) 12�2� = D�(X̂bl ) 12 � D(X̂bl ) 12E�2�; averaging is made overjfi; real and imaginary 
omponents of the 
omplex amplitude of the gluon�eld are de�ned by the operators (X̂bl )1 = [âbl + (âbl )+℄=2 and (X̂bl )2 =[âbl � (âbl )+℄=2i; the operator of normal ordering N isDN �4(X̂bl ) 12�2E = 14(� �D�âbl�2E� DâblE2�� �D�âb+l �2E� Dâb+l E2�+ 2 hDâb+l âblE � Dâb+l EDâblEi) : (6)
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he
k the squeezing of the �nal evolved state it is su�
ient to makeaveraging of the N �4(X̂bl ) 12�2 over the ve
tor 8Qb=1 3Ql=1 j�bl (t)i: In this 
aseit is easy to see that there 
an be DN �4(X̂bl ) 12�2E 6= 0: From the expli
itform of DN �4(X̂bl ) 12�2E for the 
olour index b = 1 and an arbitrary ve
tor
omponent lDN �4(X̂1l ) 12�2E = �4� u2 t d��(1 + u1) sin �hÆl1(Z33+Z22)+(1�Æl1)Z11i+(1� Æl1) sin �hÆl2Z33 + Æl3Z22i+ u1 sin3 ��h�12Æl1(Z22 + Z33) + Æl2 (Z33 � 12Z11) + Æl3 (Z22 � 12Z11)i� ; (7)(Zmn = 7P0k=2h(X̂km)1ih(X̂kn)2i; m; n = 1; 2; 3) one 
an see that the squeezing
ondition (5) is ful�led with un
ertainties 4(X̂1l )2 < 14 < 4(X̂1l )1 under thenext 
onditions: h(X̂1l )1i < 0, h(X̂11 )2i < 0 or h(X̂1l )1i > 0, h(X̂1l )2i > 0 andwith un
ertainties 4(X̂1l )1 < 14 < 4(X̂1l )2 under the next 
onditions:h(X̂1l )1i > 0, h(X̂1l )2i < 0 or h(X̂1l )1i < 0, h(X̂1l )2i > 0:Thus the evolved ve
tor 8Qb=1 3Ql=1 j�bl (t)i or its 
ombinations 
an des
ribethe GSS.Note that if we make averaging over the superposition of the gluon 
o-herent states with �xed 
olour and ve
tor 
omponents, or the superpositionof the gluon 
oherent states with �xed 
olour, or �xed ve
tor 
omponent, orsuperposition of the single gluon states, then we 
an see that the quantityDN �4(X̂bl ) 12�2E is equal zero, the 
ondition (5) is not ful�led and thesestates are not GSS.4. Two gluon 
orrelation fun
tionWhat 
ould be an experimental indi
ation on GSS? To answer this ques-tion, we 
an study the angular dependen
e of squeezed gluon se
ond 
orre-lation fun
tion by well-known methods of QO.



64 V. Kuvshinov, V. ShaporovBy analogy with QO we 
an write the se
ond normalized 
orrelationfun
tion of gluons in the formKbl(2)(�1; �2) = Dâb+l âb+l âbl âblEDâb+l âblE2 � 1 : (8)The averaging here, as it must, is 
arried out over the state ve
tor8Yb=1 3Yl=1 j�bl (�1; t); �bl (�2; t)iat the moment t. If Kbl(2) > 0 then bun
hing of gluons takes pla
e and thegluon antibun
hing 
an o

ur in the 
ase Kbl(2) < 0: For a 
oherent �eldwith a poissonian distribution of gluons Kbl(2) is equal 0. At the beginningof the nonperturbative region Kbl(2) = 0 be
ause the gluon state ve
tor atthe initial moment is the produ
t of the gluon 
oherent states.Averaging over the evolved ve
tor 8Qb=1 3Ql=1 j�bl (�1; t); �bl (�2; t)i whi
h alsodes
ribes gluon squeezed state, we obtainKbl(2)(�1; �2) = � M1(�1; �2)j�bl j4 � 2j�bl j2M1(�1; �2) +M2(�1; �2) ; (9)where for the 
olour 1 and an arbitrary ve
tor 
omponent lM1(�1; �2) = 24 t u2 �j�j2j�j2 sin(2Æ + �=2)n(1 + Æl1)(2 + u1 � Æl1)�(sin �1 + sin �2)� 12u1(3Æl1 � 1)(sin3 �1 + sin3 �2)o;(10)M2(�1; �2) = 80 t u2 �j�j3j�j3 sin(Æ + �=4)n(1 + Æl1)(2 + u1 � Æl1)�(sin �1 + sin �2)� 12 u1(3Æl1 � 1)(sin3 �1 + sin3 �2)o:(11)Here for simpli
ity we supposed that �1l = j�j ei
1 for 8l and �bl = j�j ei
2 ;when b 6= 1; for 8 l; 
1�
2 = Æ+�4 (phase Æ de�nes the dire
tion of squeezingmaximum [5℄).



Gluon Squeezed States in QCD Jet 65At the same time for the squeezed state of photons the se
ond nor-malized 
orrelation fun
tion at 0 < rl < 14 (rl is squeezing parameter for
omponent l) is [5, 8℄Kl(2) = � rl[�2l e�2iÆ +(��l )2 e2iÆ ℄j�lj4 � 2rlj�lj2[�2l e�2iÆ +(��l )2 e2iÆ℄ : (12)It 
an be both less than 0 in the 
ase of phase Æ = 0 (
oin
ide phases),and more than 0 in the 
ase of phase Æ = �2 (antiphases) 
orresponding toantibun
hing (sub-poissonian MD) and bun
hing (super-poissonian MD) ofphotons [5℄.Unlike 
orresponding expression (12) in QO Kbl(2)(�1; �2) for GSS (9)in
ludes also fun
tion M2(�1; �2) whi
h appears due to the di�erent 
oloursand ve
tor 
omponents of gluons in the Hamiltonian.We 
an write 
orrelation fun
tion in the terms of the rapidityKbl(2)(y1; y2)by transformationsin � =s1� tanh2 yu1 ; d� = � dy
osh2 ypu1 � tanh2 y : (13)The angle and the rapidity dependen
es of squeezed gluon 
orrelationfun
tion are plotted for b = 1 at the time t = 0:001; �2 = 0 and y2 = 0(Fig. 1) under some reasonable parameters: g = 1; that 
orresponds to thebound between perturbative and nonperturbative regions; q20 = 1GeV2 that
orresponds to the gluon virtuality at the beginning of the nonperturbativestage; k0 = ps2hngluoni 
orresponds to a gluon energy; ps = 91 GeV andhngluoni = 10.From Fig. 1 we noti
e that angle 
orrelations have singularity at �1 �10�9 and then with in
reasing �1 they de
rease and approa
h to the value0:522: Besides K1l(2)(0; 0) = 0 at the beginning of the nonperturbative stage(�1 = �2 = 0) be
ause the gluon state ve
tor at the initial moment is theprodu
t of the gluon 
oherent states.At the same parameters the rapidity 
orrelation fun
tion has two maxi-mums K1l(2)(y1; y2 = 0) = �2 � 10�5 at y1 = �1:98 and minimum K1l(2)(y1 =0; y2 = 0) = �7:295�10�5 . Sin
e the rapidity 
orrelations fall in the negativeregion then we have antibun
hing of gluons at the nonperturbative stage ofQCD jet.
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Fig. 1. The angular and rapidity dependen
es of the squeezed gluon 
orrelationfun
tion (K1l(2)(�1) at �2 = 0 and K1l(2)(y1) at y2 = 0), K1l(2) (0; 0) = 0:5. Con
lusionThus nonperturbative quantum evolution of gluon state prepared by per-turbative 
as
ade stage in jets 
an lead at least in a small time to quantumqluon states�squeezed states.The two gluon 
orrelation fun
tion in GSS is 
al
ulated by analogy withQO. It was demonstrated that the angle 
orrelation fun
tionK1l(2)(�1; �2 = 0)has singularity at some angle and then with in
reasing �1 it de
reases andapproa
hes to the 
onstant value. At the same time the rapidity 
orrelationsfall into the negative region and have minimum at y1 = 0: This behaviour
orresponds to antibun
hing of gluons this is a sub-poissonian multipli
itydistribution at the nonperturbative stage of QCD jet.Su
h behaviour of the 
orrelation fun
tion 
ould be the sign of gluonsqueezed states. This e�e
t 
an be sear
hed experimentally at LEP andother fa
ilities where jets are 
learly seen under adequate taking into a

ountthe perturbative 
as
ade 
orrelations and hadronization.The authors are grateful for support in part to Basi
 S
ien
e Foundation ofBelarus (Proje
ts F95-023, M96-023).



Gluon Squeezed States in QCD Jet 67Appendix7X0k=2 ( ) = 3Xk=2( ) + 14 7Xk=4( ); u1 = �1� q20k20�; u2 = k404(2�)3 g22 (u1) 32 ;u3 = k302 (u1) 12 15�1 + u1 + q402k40� + 24u2(3 + 2u1);u4 = k302 (u1) 12 ( q40k40 + �1 + u1 � q40k40� sin2 �)+ 6u2[2(1 + u1)� u1 sin2 �℄ :
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