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Abstract. Flavour equilibration for a thermally equilibrated but chemically non-
equilibrated quark-gluon plasma is presented. Flavour equilibration is studied enforcing
baryon number conservation. In addition to the usual processes like single additional gluon
production gg = ggg and its reverse and quark—antiquark pair production by gluon pair
fusion gg = giq; and reverse thereof, processes like quark-flavour interchanging q:q; = ¢;¢;
is also considered. The degree of equilibration is studied comparatively for various reac-
tions/constraints that are being considered.
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1. Introduction

It is known [1] that the initial system produced at RHIC energies have a finite
non-zero baryon number density. The antiparticle-to-particle ratio at midrapidity
for \/snn = 130 GeV Au—Au collisions at the STAR Collaboration, BNL, report a
noticeable excess of baryons as compared to antibaryons as reflected by the yields
of p/p (hovering between 0.6 and 0.8), A/A (hovering between 0.7 and 0.8) [2] for
varying transverse momentum, centrality and rapidity. In a subsequent reporting
of the BRAHMS Collaboration, BNL [3], it is seen that during Pb—Pb collisions at
VSNN = 200 GeV, the p/p ratio is a maximum of about 0.8 at zero rapidity and
falls off for higher rapidity values.

This excess of baryons (and hence quarks) over antibaryons (and hence anti-
quarks) clearly necessitates the inclusion of a chemical potential into the theoretical
framework. This shall be the main point of emphasis of the present piece of work.

Inclusion of a chemical potential into the framework of parton equilibration stud-
ies has been rather recent. Although in 1986, Matsui et al [4] reported on strange-
ness equilibration rates at non-zero chemical potential, it was not until the very end
of the past century [5,6] that it was explicitly used in studying chemical equilibra-
tion processes. A chemical potential for massless quarks that equalled the system
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temperature at all temperatures was assumed by these authors. This however was
not very realistic as it did not take into account baryon number conservation. Fur-
thermore, they did not distinguish between quarks and antiquarks.

In 2004, He et al [7] undertook a much complete study including baryon number
conservation. They used an expansion of the number densities in powers of the
chemical potential. They started with a quark—antiquark distinction but that was
soon put away.

The present work is in a similar line, but with the following points of difference:
(1) we explicitly include the finite strange quark mass, (2) We maintain the quark—
antiquark distinction, (3) we use results of full phase space calculations for the pair
production and flavour changing processes in contrast with the factorized rates of
many earlier works [5-10], (4) for a given initial baryon number density we iterate
to obtain the initial value of the quark chemical potential which again evolves
obeying the baryon number conservation equation and (5) we study comparatively
the degree of equilibration achieved for varying initial conditions.

2. Basic thermodynamics of the system

At this stage, let us note the following points with regard to the chemical potential:
(1) Strangeness being conserved in strong interactions and the initial strangeness
content of the QGP fireball being zero it implies that strange quark and antiquark
are always produced in pairs. This clearly indicates that the strange quark chemical
potential is zero. (2) Considering light quark—antiquark pair production processes
we can argue that since the net chemical potential on either side of a chemical
reaction ought to be the same and gluon chemical potential is zero, this would
necessarily imply

Mg = —Hg-

Again, since the mass of u- and d-quarks are nearly equal and much less than that
of the strange quark, we can safely treat the lighter flavours in the same footing
without any appreciable error being introduced. By a suffix ¢ we shall indicate the
lighter quarks in general and treat them as massless.

In order to avoid computational complications we have taken a modified form of
the distribution functions instead of the usual full Juttner form. This is in confir-
mation with earlier works [5,6].

The non-equilibrium distribution functions for the constituent partons of the
chemically non-equilibrated state are taken to be

)\9
fo= T 1 (1a)

f o AQ(‘?)e:‘:p‘Q/T
2@ = Te/T 17

and
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As

fs = fs—ieg/TJrl

(1c)
where the notations have the usual meanings. Here A\ gives the ratio of the number
density to the equilibrium number density and is termed as the non-equilibrium
fugacity for the parton species k. Clearly, for parton equilibration studies, it starts
from a low initial value and approaches unity as the system equilibrates.

Of these, the first is the usual Bose distribution function [8], the second is the
modified Fermi-Dirac-type distribution function with an exponential term in the
numerator to include the light quark chemical potential [5] and the third is the
usual modified Fermi-Dirac distribution function for the massive strange quark [8],
each being scaled by the non-equilibrium fugacity in order to describe the degree
of equilibrium achieved for a chemically equilibrating system.

The rationale for keeping the chemical potential term separate instead of absorb-
ing into the non-equilibrium fugacity as A; — \;e##/T are the following:

(1) absorbing the chemical potential would mean that we do not get the time
variation of the non-equilibrium fugacity alone, which was one of the main
objectives of this study.

(2) We wish to observe the time variation of the fermionic chemical potential,
which becomes difficult, if we absorb the chemical potential into the non-
equilibrium fugacity.

Using standard rules of statistical mechanics [11] we can obtain the number
density n, energy density € and pressure p of the system. The results are generally
represented as

t=tg+ngty+1tg) + 2ts, (2)

where t = n, e, p with

1
= |: 6752(3) )\g—|— %()\qGNQ/T—F)\QG_’U‘Q/T)
Ks(kxs)
3 k? 1 2 s
8 7
6 . 4 w1 [3Ka(kzy)  Ki(kxy) .
Aty (-1 T 2
+7T2 A""ré Z( ) { (kxs)z + (kxs) ( b)

E g+ 130 ()\ MQ/T+)\ —e Nq/T)

6 4 S p1 Ka2(kws) ], 4
— -1 — T
+7T2Asxs k:1( ) (kl's)2

. {87r2>\ 77r ny

(2¢)

where K; gives the ith modified Bessel function (¢ = 0,1,2), ns gives the number
of massless quark flavours (=2 for our case) and x5 = my/T.
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The baryon number density equals (for two massless quark flavours)
1
o = 25 (ng — ). 3)

For given initial values of baryon number density, non-equilibrium fugacities and
temperature we can iterate to obtain the initial value of the chemical potential.
The baryon number conservation equation is given by

67‘Lb ny
Qt(nbu“) = E + ? = O (4)
which may be expanded to obtain the rate of change of the chemical potential with

time. Here, 7 is the proper time. We obtain

fig = AgB1 + A\gBz + TBs + By, ()
where
_Teﬂq/T
B] = /\qeﬂq/T n )\qe*“q/T (53)
Te—Ha/T
By = )\qeﬂq/T + /\(je_ﬂq/T (5b)
by we/T _ Py —pg/T
By=lbe gt~ (5¢)
T AgeHalt + NgemHa
and

O ) -
T(Aqe#q/T + )\q—e Hq/T)

It is to be noted here that for a baryon-free plasma fi, vanishes. As we shall see
shortly, due to these non-zero coefficients, the light quark and antiquark number
density evolution equations get coupled with one another.

3. Parton equilibration equations

Assuming longitudinal boost invariance, the fundamental equation that dictates
the parton number density evolution is given by

an n
7]“ + i
or T
where the RHS gives the difference of rate of gain and loss of the parton species k

for the reaction mentioned, i.e. the net rate of change of the number density. Here,
as before, 7 is the proper time. Using standard procedures [10,11], substituting for

8u (nku”) = == (Rgain - Rloss)a (6)
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the different partonic number densities and the various reactions considered, this
equation leads to the parton number density evolution equations as we shall see
shortly.

The gluon number density evolution equation is given as

au(”gu#) = (Ryg—g99 — Rggg—gg) — Z(Rggﬂﬂ - R’L’%—>gg)7 (7)

%

where the sum is over all quark flavours present. Substituting for the gluon number
density and substituting for the rates we have

).\gGl + TG2 + Gz =0, (8)

where G1 = 1/)\y, G2 = 3/T and G3 = (1/7) — (R3(1 = Ag) — >, Rai/ny), where as
in earlier works [8,10,11] we have introduced rates Ro; and Rjs for the rates in (7)
above. We shall look more closely at these rates soon.

As mentioned earlier, due to the coefficients B;, the light quark and antiquark
number density evolution equations get coupled to each other. We obtain the
following results:

For the light quarks the equation is given by

AQ1+75Q2 +TQ3 + Q4 =0, 9)
where
1 B,
Ql - )\q + T ) (93“)
B
Q2= (9D)
_ 3, By ng
Q?) — T + T TZ, (9C>
1 B
Qi==-+—-5Q (9d)
T T
with
5Q = {(Rgg—ﬂzé - Rq(i—wy)/”q} - {(Rq(j—>8§ - ng—wtj)/”q} (9e)

for light quarks.
For the antiquark case, we obtain the equation as

AAQ1+AAQs + TAQs + AQy = 0 (10)
where
B
AQ, = 7?1 (10a)
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1 B
AQy = — — 22 1
R (100)
_3 B
AQg = T T + T2 (100)
1 B

with

Sa@Q = {(Ryg—qq — Ryg—g9)/ng} — {(Rgg—ss — Rss—qq)/Mq} (10e)

for light antiquarks.
For massive strange quark the equation takes the form

).\551 + TSQ +S3 =0, (11)
where
1
S = 73 (11a)
00 — 3Ko(kxs Kq(kxs
3 Tt (-1 Sl Kl |
Sy = 7 — — Kalon) (11b)
2pe1(—1) (ko)
1
Sy =1 50 (11c)
T
with

SQs = {(Rgg—>s§ - Rs§—>g9)/ns} + 2{(thi~s§ - Rs§—>q(i)/”s} (11d)

for strange quarks.
From the energy—momentum conservation equation

8, TH =0 (12)

we obtain for (1 +1)D

de e+
+ P

— 1
dr T 0 (13)

(which we shall refer to as Bjorken’s equation henceforth). We get on substituting
for energy and momentum

Tfe+ Ngfr + Ay fs + Agfo + Asfs + fr0 =0, (14)
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where the f;’s are functions of the non-equilibrium fugacities, temperature and
light quark chemical potential. The full expressions of the f;’s can be found in
Appendix A.

To obtain the time variation of the non-equilibrium fugacities, we require to solve
coupled differential equations (8)—(11) and (14) simultaneously. We have done the
same using Runge-Kutta techniques. However, there remains a very important
point to mention regarding the evaluation of the rate of change of the chemical
potential. Since the baryon number conservation equation is obtained directly from
the quark and antiquark number densities, as are the massless quark and antiquark
number density evolution equations, these two evolution equations (coupled by the
four B- coefﬁcients) along with the energy—momentum conservation equation (with
substitutions for )\S, )\ from the respective number dens1ty evolution equations)
do not generate a set of solvable coupled equations for )\q7 )\q, T as the system
determinant vanishes.

To tackle this problem of unsolvability, we adopt an approximation scheme.
While evaluating B; (j = 1,2) we use a truncated form of the expansion of the
exponential in the numerator keeping the rest of the B-terms unchanged. Although
this prescription is expected to work, strictly speaking, this however would not
mean exact baryon number conservation. The more number of terms we take of
the expansion, the more realistic it is expected to be.

4. Parton equilibration rates

The gluon multiplication rate has been calculated by Xiong and Shuryak [12]. By
explicitly calculating the matrix element [13] (summed over the final states and
averaged over initial states) we can obtain the gluon multiplication rate. However,
to avoid the huge calculations of evaluating 25 Feynman diagrams [13] involved,
we fall back on the treatments used in earlier works [6,11]. We postulate that the
gluon multiplication rate depends on the chemical potential via the Debye screening
mass.

The Debye screening mass suitable for a multicomponent chemically non-
equilibrated parton plasma is given by [14]

2
- %/dkk [chg +Zﬁ] : (15)

where the sum runs over all flavours i, while N, gives the number of colours. To
accommodate for antiquarks and remembering that our number of flavours is 3 and
not 6, we propose the following modification:

my =20 [akk (35,41 S (e 4] (152)

i=u,d,s
Here

g% = 4ma, (15b)
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where ay is the temperature-dependent strong coupling constant, given by

127
(33 —2X3)In(Q?/A32)

(15¢)

Qg =

with the parameters @ = 27T and Ay = 300 MeV. Alternatively, as an approxi-
mation, a temperature-independent value of 0.3 could also be used for the strong
coupling constant «.

Using standard techniques [5,6,8,11] we can obtain the following result for the
mean free path Ay:

1 do?/ s/4 9  2ma? In,ma’
Ay =ng/dfﬁ dqil =ng/0 d(ﬁi(qi+m%)2 = 2m2D(1g+%7;—§>)
(16)
which for zero chemical potential case reduces to the well-known [8,11] result:
A7 = ZalaSTW (16a)
using
m? = drasT?N,. (16b)

In eq. (16) we have used the result for the regularized small angle gg scattering
cross-section

99
do?;

dg?

2ma?
. 17
@+ m3P "

_9
4

The regularized gluon density distribution induced by a single scattering is given
by

dng _ 3as qi
Phody 7 k(L - o) + m)

(18)

Using standard methods [5,6,8,11] we get the modified differential cross-section
as

dos _do?? dng coshy
I@Chdy ~ A hdy ()\f o > 0(v/s — ki coshy).  (19)
Here, the first step function includes the approximate LPM suppression of the
induced gluon and the second step function accounts for energy conservation. Here
k, denotes the transverse momentum, y denotes the rapidity of the radiated gluon
and ¢, denotes the momentum transfer in the elastic collisions.
The infrared divergence associated with the QCD radiation is regularized by the
LPM effect. There still remain in (19) infrared singularities in both the scatter-
ing cross-sections and radiation amplitudes associated with the gluon propagator.
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These are approximately controlled by introducing the Debye screening mass, as
obtained earlier.
Recalling the definition of

1
Rg = 50’3”9 (20)
with
o3 = (0(g99 — g99)v) (21)

the thermally averaged velocity weighted cross-section, we obtain the required rate
as

R3 270[%
T AingI(Ag), (22)
where
VA ey sh1
I(Aq):/ dx/“Ddz S cosh_ v/
‘ 1 0 (1+2)? |2y/[xr + (1 + 2)ap]?2 — dazap
1 h!
L cos \/f (23)
sA% /L +z(1+ 2)yp]? — dzzyp
with
2 m12)
Tp = MpAf, Yp = —~ (24)

We have parton production rates in the RHS of the number density evolution
equations. Let us evaluate the quark-antiquark pair production reaction rate Raq.
We have [4]

R2q — Rgg _ RQQ

gain loss?

(25)

where

_ d*py d®p, d®ps d3py
Rgtin = / (27)32E, / (27)32, / (27)32E; / (27)32E, (2m)*
X6 (p1 + p2 — ps — Pa) S Mgy fo(p1) fo(D2)
x (1= fq(p3))(1 — fa(p4)) (25a)

and

_ d®py d3po d3ps3 d3pa
Rigs = / (2m)32E, / (2m)32F5 / (27)°2F;3 / (2m)32E, (2m)*
x0*(p1 + p2 — ps — pa) S| My ;517 (1 + fo(p1))
X(1+ fg(p2))fq(p3) fa(pa)- (25b)
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The recasting of eq. (25) with inputs from eqs (25a) and (25b) are given in
Appendix B.
Identically, for the quark flavour changing process we have [4]

ng = RgZin - Rﬁ)qss’ (26)
where
qu. _ / d3p1 / d3P2 / d3p3 / d3p4 (27T)4
gain (27)32F, (27)32E5 (27)32E3 (2m)32E,
><54(I31 +Dp2 —p3 — p4)E|Ms§—>q(j‘2
X fq(p1) fa(p2)(1 — fs(p3))(1 — fs(pa)) (26a)
and

;[ &p d®po d®ps d°ps
Rioss = / (2m)32E, / (2m)32E, / (2m)32E3 / (2m)32E}4 (2"
x0*(p1 + p2 — p3 — pa) S| Mys—qql?
(1= fo(p1))(1 = fa(p2)) fs(p3) f5(pa)- (26b)

The recasting of eq. (26) with inputs from eqs (26a) and (26b) are given in
Appendix C.

5. Results
5.1 Initial conditions

As an initial condition at the point of thermalization (i.e. the point after which the
system evolves according to the laws of hydrodynamics) we have predictions from
the HIJING and SSPC models [15]. In addition to these inputs we shall require
inputs for at least two of the following: initial baryon number density, initial light
quark chemical potential and ratio of the initial non-equilibrium fugacities of light
quarks and antiquarks.

In the absence of initial values thereof (although we have some initial conditions
calculated at 7, = 0.1 fm/c [1,16], which is at a much earlier time than the time
of thermalization at 7; = 0.25 fm/c for SSPC initial conditions and earlier still for
HIJING at 7; = 0.6 — 0.7 fm/c [15]) let us study the relative degree of equilibration
for varying initial conditions although it must be emphasized that most of these
initial conditions would be of purely academic interest only, as they cannot be
realized in practice at the collider experiments. Nevertheless, it is hoped that this
exercise would pave the way for a clearer understanding of the physical processes
involved.

Even though two inputs remain rather arbitrary, we use both sets of initial con-
ditions (LHC and RHIC) to study the trends. For the usual inputs we use the
following sets of data (SSPC):
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LHC

7; (fm/c) T (GeV) Ag Aq As
0.25 1.02 0.43 0.086 0.043
RHIC

7; (fm/c) T (GeV) Ag Aq As
0.25 0.668 0.34 0.064 0.032

As a representative plot we use baryon density 0.15/fm? and ratio = 1.5 with the
initial conditions as given above. We also try to see the effect of including the quark
flavour changing processes (QFCP). We continue the evolution till the temperature
falls below 0.17 GeV.

5.2 Observed trends

We study comparatively the outputs with given initial baryon number density and
initial light quark-to-antiquark fugacity ratio. We vary the baryon number density
between 0.21/fm® and 0.11/fm* while we change the ratio between 1.9 and 1.1. We
arrive at the following conclusions:

(1) The nature of variations of the physical quantities are more or less in the line
of earlier works. The results for RHIC and LHC initial conditions are shown in
figures 1 and 2 respectively. Temperature, chemical potential and non-equilibrium
fugacity variations with RHIC initial conditions are given in figure 1 while that for
LHC are given in figure 2. As reported in all previous works [5-10,18] the QGP
remains far away from full chemical equilibration.

(2) The decaying curves give temperature variations while the positive rising
curves are sequentially (from top) for gluon, light quark, light antiquark and strange
quark fugacity variations. Plots for both ‘quark flavour changing process’ included
and excluded cases are shown. For identification, please see point 5 below.

We observe that (i) as expected, the temperature falls with time while the non-
equilibrium fugacities increase, (ii) contrary to the Juttner case, the chemical po-
tential remains negative all along and as expected approaches zero as the system
equilibrates. Some results for the full Juttner distribution functions can be found
in [17], (iii) the QGP, as expected remains to be gluon-dominated and (iv) for a
system at higher chemical potential, the temperature falls at a slower rate signifying
lesser amount of energy expenditure to create partons which shows up in the slower
rise of all partons except for the light antiquark, which shows a larger growth rate
due to the presence of the exponentiated chemical potential.

(3) For a given initial ratio, except for the light quarks and antiquarks, the output
does not depend much on the initial baryon number density. For the light quarks
and antiquarks this variation is due to the presence of the respective non-zero
chemical potentials.
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RHIC Case
0.8 T T T T T

Temperature (GeV), Chemical Potential (GeV) & Fugacity

12

Proper time in fm

Figure 1. The temperature, chemical potential and non-equilibrium fugacity
variations for RHIC initial conditions. Curve la: Temperature variation for
QFCP excluded case, curve 1b: temperature variation for QFCP included case,
curve 2a: gluon fugacity variation for QFCP included case, curve 2b: gluon
fugacity variation for QFCP excluded case, curve 3a: light quark fugacity
variation for QFCP included case, curve 3b: light quark fugacity variation for
QFCP excluded case, curve 4a: light antiquark fugacity variation for QFCP
included case, curve 4b: light antiquark fugacity variation for QFCP excluded
case, curve ba: strange quark fugacity variation for QFCP excluded case, curve
5b: strange quark fugacity variation for QFCP included case and curve 6(a,b):
light quark chemical potential variation for QFCP excluded and included cases
(practically coincident).

(4) For a given initial baryon number density we can recast (3), the equation for
baryon number density, with inputs from (2a) for the number densities, in the form

C 1 C?
ne/T — = — 4= 2
eha 2>\q+ D+4/\(21, (27)

where C'is a constant for a given temperature, light quark fugacity and given baryon
number density. Here D is the light quark-to-antiquark initial fugacity ratio. For a
fixed light quark fugacity and temperature, as D falls clearly the RHS of the above
equation increases which indicates a rise in the chemical potential. Again for a
system of higher chemical potential, the temperature has to drop at a slower rate
due to the constraint imposed. Hence we observe that (i) the temperature falls at a
slower rate for a smaller value of the light quark-to-antiquark initial fugacity ratio,
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LHC Case
1.2 T T T T T

——

SRR |

it S ST 6 (ab)

IPPTPLTLL b
PRI

02 b= i
s

Temperature(GeV),Chemica Potential(GeV) & Fugacity

1 1 1
5 10 15 20 25 30
Proper time in fm

Figure 2. Same as for figure 1 but for LHC initial conditions.

(ii) as the temperature falls at a slower rate, it would imply a lesser expenditure of
energy to produce particles in general. This would show up in the slower rise of all
fugacity values except the light antiquark, which would show a higher growth rate.
This is due to the exponentiated chemical potential part.

(5) For inclusion of the quark-flavour-changing process we observe the following:
Due to the additional production of s-quarks from massless quarks via QFCP, we see
an additional increase in fugacity of the strange quark while, the rate of equilibration
falls for all other non-strange quarks. Due to the additional expenditure of energy
to create more massive s-quarks, the temperature falls at a faster rate.

(6) For the chemical potential of the light quarks, clearly the value thereof starts
from a low value as obtained by iteration to fit the initial condition and evolves
according to the baryon number conservation equation. It tends to level off as the
system equilibrates. The chemical potential remains negative all along, which can
be attributed to the choice of the distribution function.

Appendix A: Bjorken’s equation

Bjorken’s equation g—i + s—ier = 0 when expanded took the form

Tfo+ Mg fr+ Agfs + Agfo + Asfs + fio = 0. (A1)
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Here
327r 3 T2 T —ugTy (Bs 4
fo= AT+ 55 (A etalT — \ge~Ha/ )(TT‘; T
2 72
* 2*7(; (Age"/T 4 Age ™o/ YT 4 —Zomi{A,
KQ(]CZ'S) 5K1(k1}5) Ko(kl’s) (Ala)
(kxzs)? 12(kzs) 12 ’
872
=— Alb
f7 15 ) ( )
T w1 [ 3Ka(kzs)  Ki(kxs)
L= — ~1 , Al
fo = i () S e
7 Tm? B
fo = 27; pa/Tp4 4 %(Aqe“q/T - Aqe_““/T)?lT{ (Ald)
7 2 7 2 B
fo= %e—#q/TTAL n %()\qe“Q/T _ )\qe—ﬂq/T)?QT‘l7 (Ale)
272 2
fi0 = 37”)\91“4 + 687T (Agera/T + MgeHa/TYT4
i 4Ky (k) N Ky (kx,)
- (kxs)? (kxs)
B
+72i0()\qe“Q/T _ )\,je_”q/T)%T‘l, (A1f)

where all symbols have usual meanings.

Appendix B: Gluon pair fusion reaction rate

Following [4], we can say that there are three topologically distinct Feynmann
diagrams that contribute towards the quark—antiquark pair production process.
Evaluating them, performing traces and finally adding them up we can find the net
squared matrix element. We basically follow the lines of [4]. Transforming variables
as

| —

qg=p1+p2, p=5(p1—p2)

2
1
ql = p3 + P4, P/ = §(p3 — D4) (B1)

with restrictions
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qo > 2m;
s =qp — |d|* > 4m}

2
2 -
Po = 4

2 2

q 4m;

i < % (1-222) (52)

and transforming the three-dimensional integrals to four-dimensional integrals using

d*p; _ 4 2 2
| 5= [ atwa - m?) (33)

with the new set of variables

go=—TInv+2m;
q""? = (qf — 4m})'*u

Po =
Po =

we arrive at the rate

Ry = 27r3/du/dv/dx/dy—

x ( s )1/2 (a2 — 4m2)*" fouuare fphase 1 (B5)
where
JQuarks = fg ( +po) fq (f —p0> ( —fq ( +po))
(1= (5 -00)) - (141 (5 +m))
(en(Bom) (B ) n( o) e
and
fohase 1 = A+ B [Iir + K%} +C |:2_;_ + 23} (B5b)
with

2 ) ) 2
A:3|:1_|:1_4mi:| |:(1 33)(1 y)+x2y2:|:|_34_24m2
s 2 3 S

(B5¢)
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B= ? {1 n 47:12 + T:} (B5d)
C= —%’g (B5e)
Ky = [1 - {1 _ 4’:?} (1— 22— y?) 42 {1 — 47:11 v zy] " (B5f)
Ay =1+ {1 - 47:’2} v xy. (B5g)

Appendix C: Quark flavour changing process

Following [4], we can say that there is only one type of topologically distinct Feyn-
mann diagram that contributes towards the quark-flavour-changing process or the
strange quark pair production process. Evaluating it, and performing trace calcu-
lations we can find the squared matrix element. We basically follow the lines of [4].
Transforming variables as in the case before and performing identical operations
we can get the rate as

2 1 1 1 1 2
Ry = ang/ du/ dv/ dx/ dy—
2 0 0 0 0 v

x (1 - 47;112)1/2 (g2 — 4m?)®/? fsirange fohase 2 (C1)
with
fQuarks = fq (%O +p0) fa (%O *po) (1 — fs (%O +P6>)
() ( ()
(1= (B m)) £ (L) (B ost). cw
fohase 2 = [1 + [1 - 47:%] [(1 — IQ)Q(l —v) x2y2H + @ (C1b)
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