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A NEW LOOK AT THE QCD PLASMA

Svante Ekel in
Department of Theoret ical Physics
The Royal Inst i tu te of Technology

S-100 44 Stockholm, Sweden

A b s t r a c t
The poss ib i l i t y o f a bound-s ta te e f fec t i n the qua rk -qua rk
in te rac t i on i s d i scussed . I f such dynamica l d iqua rks ex i s t ,
they should play a role in the formation and decay of a QCD plasma,
a s p r o b e d i n r e l a t i v i s t i c h e a v y - i o n c o l l i s i o n s . I n a n i n t e r m e d i a t e
tempera ture range, jus t above the c r i t i ca l tempera ture , a d iquark
plasma component is expected to be important . Quant i tat ive resul ts
wi th in a par t icu lar model , the Stockholm d iquark model , are
presented. Possib le exper imenta l s ignatures of such a d iquark
plasma are suggested. •

fjllilllJWLillilli»lW»*'*WIUIWM'»Wi»IW^!^,l-l-'L'*'-a-^'i''-*'^'
-



560

'

1 . I n t r o d u c t i o n

A Stockholm group (S. Fredriksson and myself, previously also M
Jandel and T. I . Larsson) has for the past few years invest igated th
hypothes is that there ex is t a bound s ta te in the quark-quark in ter
action, a diquaAk. So far the model has been confronted with data
f rom deep ine las t i c l ep ton -nuc leon sca t te r i ng1 ' , , e+e~ ann ih i l a
t i o n , a n d h a d r o n - h a d r o n s c a t t e r i n g 4 , 5 ) . I t i s i n l i n e w i t h w o r l d
data, and for some phenomena diquarks seem to provide the best ex
planat ion on the market .
The Stockholm diquark model prescribes that two quarks of unequal
flavour and colour can form a scalar diquark. Exci ted states do not
seem to be needed to account for the data, so for simplicity and
economy we assume that only the ground state is bound, i.e. a di
quark has colour 3 and JP = 0+ .

S ince d iquarks are not co lour s ing le ts , they are sub jec t to confine
ment, but they could occur

• i n s i d e h a d r o n s ,
• i n t h e f r a g m e n t a t i o n p r o c e s s , o r
• in a QCD plasma,

on an equal foot ing wi th s ingle quarks.

Diquarks are expected to occur inside spin-J baryons (as wel l as in
mult iquark states, such as dibaryons). We assume that p = u(ud)
and n = d(ud) .

S ince the d iquark is an extended object , the in teract ion ampl i tude
is suppressed by a form factor. This Q dependence can explain the
s c a l i n g v i o l a t i o n i n d e e p i n e l a s t i c s t r u c t u r e f u n c t i o n s 1 ' , a s w e l l
a s t h e p a n d 6 d e p e n d e n c e s o f h i g h - p _ p r o t o n p r o d u c t i o n i n
h a d r o n - h a d r o n c o l l i s i o n s .

Here I w i l l focus on the th i rd poss ib le a rena fo r d iquarks in
physics : thz QCV plaAma. If diquarks are bound, it is energetically
favourable for two quarks in the plasma to form a diquark. However,
f o r ve r y h i gh t empe ra tu res , i . e . T >> d i qua rk b i nd i ng ene rgy,
we expect tha t most d iquarks w i l l d issoc ia te in to two quarks . I t i s
in an in termediate temperature range, just above the cr i t ica l tempe
rature, that diquarks could conceivably be an important component in
the p lasma. Thus, i t i s poss ib le that the exper imenta l ly observab le
decay of the p lasma, which reflects the p lasma propert ies at " low"
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temperatures , is influenced by the presence o f d iquarks .

In the fo l lowing, I present a model o f the p lasma, in order to
a r r i ve a t a quan t i t a t i ve es t ima te o f t he f r ac t i on o f qua rks i n t he
plasma that are bound in diquarks.

I d
x -

2. Model of the plasma

Regard a QCD plasma with N. particles of type i in a volume V as an
idea l re la t iv is t i c gas o f fe rmions and bosons. Cons ider the process

1
not

de
he
w e l l

i y

i s
mpe-
t i n
b l e

u + d ■_ (ud) (1)

as a chemical react ion, and use thermodynamics to calculate the
relat ive abundances, assuming thermal and chemical equi l ibr ium.
In this approach, the gluonic degrees of freedom are regarded as an
e f f e c t i v e " h e a t b a t h " , w h i c h i s r e s p o n s i b l e f o r t h e t h e r m a l i s a t i o n .

We have con t r ibu t ions to the g rand canon ica l pa r t i t i on func t ion H
f r o m p a r t i c l e s o f t y p e i :

T In _± = 0,(B) (exp -=-i ± 1)-1 dE , (2)

w h e r e T i s t h e t e m p e r a t u r e a n d u i s t h e c h e m i c a l p o t e n t i a l . T h e
plus s ign is appl icable for fermions and the minus s ign for bosons.
T h e i n t e g r a t e d o n e - p a r t i c l e s t a t e d e n s i t y f u n c t i o n i s

E I V r 1 ~ n ' i 9 0 1 / 1
(3)/p.(E) dE = o. (E) = „- f 2-2-E = H* v. (E2-m2)3/2

m ± 1 x 1 J ( 2 t t ) j 6 t t 2 x
e±<E

f o r E > m ± . n . ^ i s t h e d e g e n e r a c y f a c t o r, e . t h e e n e r g y, a n d
m. the mass o f one par t i c le o f t ype i .

Fo r t he pa r t i c l e number dens i t i es n . = N . /V and the p ressu re P
of the plasma one gets

1 3 1 f E - \ i .
ni = V W (T ln 5i) = V J Pi(E) (exp T^ ± U *E , and ( 4)

p = vTlnE - t _ K (E)(exp E _ M i - 1 dE (5)

::
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The cond i t i on fo r chemica l equ i l i b r ium i s

M. W„ = WD (6)

w h e r e w e h a v e i n t r o d u c e d t h e n o t a t i o n D f o r t h e ( u d ) d i q u a r k
and the condi t ion of to ta l quark-number conservat ion

2 nD + \ + n, = n
(7)

where the quark-number densi ty n is the tota l net number of quarks
( inc luding those bound in d iquarks) per uni t volume.

For the effective quark and diquark masses we use m = 400 MeV
and mD = 500 MeV , corresponding to a diquark binding energy of
300 MeV. This choice can be motivated by comparing the nucleon (qD)
mass s 900 MeV to the delta (qqq) mass a 1200 MeV. Also, from
classical considerat ions one can show ' that when two objects of
mass 400 MeV bind to form a state of mass 500 MeV, the radius of the
system becomes 0.25 fm, which is the value favoured by our earlier
analyses of up and pp scat ter ing1 '5 ' .

We take in to accoun t on ly the pa r t i c le t ypes i = D and i = q
(= u or d), i .e. we neglect strange and heavier quarks, and also
pai r product ion of even the l ightest quarks. This can be mot ivated,
s ince product ion o f rea l quark-ant iquark pa i rs shou ld be neg l igab le
when T << 2 m . We are interested in the low-temperature structure
of the plasma, and we assume the effective lightest quark mass to be
400 MeV.

For s impl ic i ty we cons ider the isosca lar case

(8]

In this case one also gets

= u (9)

Th is i s app l i cab le to the fo rward baryon- r i ch f ragmenta t ion reg ion
1 fi  " \ 0SPS heavy- ion programme, wi th 0,

7)
in the CERN SPS heavy-ion programme, with 0, 32S, and, possibly,

Ca beams

In order to so lve the system (4) - (9) for u , and get the d iquark
f ract ion, the pressure, and the vo lume of the p lasma so le ly as
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(6)

k ,

(7)

u a r k s

f

(qD)

i f
> f t h e
i e r

[
o

, t e d ,
a b l e
. c t u r e
t o b e

(8)

(9)

[ i o n

> i y ,

; u a r k

f u n c t i o n s o f t e m p e r a t u r e ( a n d o f t h e i n i t i a l c o n d i t i o n s a t p l a s m a

f o r m a t i o n ) , w e n e e d a n a d d i t i o n a l r e l a t i o n ; a n e q u a t i o n o f s t a t e f o r
t h e c o o l i n g p l a s m a . H e r e I w i l l p r e s e n t r e s u l t s f o r t w o c a s e s ,

n a m e l y c o n s t a n t v o l u m e o r c o n s t a n t p r e s s u r e . P r o b a b l y n e i t h e r o f
t h e s e s c e n a r i o s i s v e r y r e a l i s t i c , a n d t h e r e s u l t s s h o u l d b e c o n
s i d e r e d a s p r e l i m i n a r y . I t h a s b e e n a r g u e d , f o r i n s t a n c e , t h a t
P < x t 4 + c o n s t i s a g o o d c a n d i d a t e a s t h e e q u a t i o n o f s t a t e

3 . R e s u l t s a n d c o n c l u s i o n s

T h e r e s u l t i n g d i q u a r k f r a c t i o n s

XD = V^D^V [10)

a s f u n c t i o n s o f t e m p e r a t u r e a r e s h o w n i n F i g u r e s 1 a n d 2 f o r s o m e

s p e c i a l c a s e s o f c o n s t a n t v o l u m e a n d c o n s t a n t p r e s s u r e ,
r e s p e c t i v e l y .

1.0 1 .0

.6

. 4 "
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T (GeV)

F ig . 1 D iqua rk f r ac t i ons i n
the plasma as functions of the
temperature for comtant volumz.
Curve A corresponds to the
densi ty n = 4no and curve B
to n = 7no . n0 is the den
si ty of ord inary nuclear matter.

F ig . 2 D iquark f rac t ions as
funct ions of temperature for
constant p*e_4uA_.. Curves
A, B, C, and D correspond to
the pressures
A : P = P(T=.15,n=4n0)
B : P = P(T=.20,n=7n0)
C : P = P(T=.30,n=4n0)
D : P = P(T=.30,n=7n0)

(T in GeV)

T h e l i n e x = 0 . 5 h a s b e e n i n d i c a t e d , s i n c e i t i s o f s p e c i a l
i n t e r e s t w h e t h e r x i s g r e a t e r t h a n 0 . 5 o r n o t a t t h e h a d r o n i s a -
t i o n t e m p e r a t u r e , x = 0 . 5 c o r r e s p o n d s t o e q u a l n u m b e r o f d i q u a r k s
a n d s i n g l e q u a r k s , w h i c h i s t h e s i t u a t i o n w e h a v e i n s p i n - , b a r y o n s .
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