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Large-Pr reactions in broken color gauge theory

Chueng Ryong Ji, Jae Kwan Kim, and Hyun Jong Shin
Department of Basic Science, Korea Advanced Institute of Science, Seoul, Korea
(Received 17 August 1979)

The lowest-order-diagrams for the process of inclusive hadron production in hadron-hadron collisions are
calculated in broken color symmetry. The simple comparison with the experimental data of the pp —mX
process shows that the theoretical calculations are consistent with the data.

I. INTRODUCTION

During the last few years, perturbative calcula-
tions including strong interactions have been car-
ried out by many people in quantum chromody-
namics (QCD).! Their basic ingredients are the
small coupling constant of the asymptotic-freedom
property and the factorization property by which
the mass singularity of the higher-order diagrams
can be absorbed into the experimental parton dis-
tribution functions.? The comparison of the above
various calculations with the experiments have
indicated that this kind of perturbative calculation
for the strong interactions is reasonably reliable.
The typical example is the process such as pp
- mX. However, it has been found that nonper-
turbative effects such as the transverse momentum
of the partons are necessary in QCD to explain the
present data covering the range 19.4 <V's < 62.4
GeV and 3<P,<8 GeV/c.® The magnitudes of the
transverse momenta used in the QCD calculation
for the dilepton production* and 7 production in
p-p collisions® do not seem consistent with each
other. Therefore, it will be interesting to in-
vestigate these processes in some other gauge
models,

Another model for strong-interaction physics
is the Pati-Salam model where color symmetry
is spontaneously broken but the asymptotic-free-
dom property is shown to be preserved.’ Using
this model, many processes such as Compton
scattering, dilepton production, and electropro-
duction have been analyzed successfully.® In this
paper, we calculate the cross section of pp - 17X
in the Pati-Salam model and make a simple com-
parison with the experimental data. In Sec. II,
we calculate the cross sections of quark-quark,
quark-gluon, and gluon-gluon scattering for the
massive gluons explicitly. SectionlIII is a simple
comparison of the above calculations with the ex-
perimental data to test the theoretical calculations.

II. THEORETICAL CALCULATIONS

In the broken color gauge theory, the lowest-
order diagrams for the pp - X process are shown
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in Figs. 1-5. We use the R, gauge with £=0 to
remove the contribution of the ghost particles.”
In the Pati-Salam model, the glouns mix with the
weak-interaction gauge bosons by the Higgs
mechanism. The magnitude of the mixing is typi-
cally an order of g/f, where g is the weak-inter-
action coupling constant and f is the strong-inter-
action coupling constant. So the mixing effect is
small and it contributes negligibly. The main
difference from the QCD results from the gluon
mass which is obtained from the Higgs mechanism.
Because of the finite gluon mass, the initial- and
final-spin sums differ from the QCD case. There-
fore, the calculations of the subsections, A and
B, in which the gluons are not included in the ex-
ternal legs, are almost equal to the QCD case.?

A. qq~qqandq3->qq
Using the Feynman diagrams in Fig. 1, the ¢-
and u-channel amplitudes are given by

Mlaba=asad) =Ly T 6 ik (5)

X up(pshy*up( py) 1)
and
55 ~0h D=~z OuTHT I Pt (02
Xﬁé(i’g)‘)’pu;(pJ ’ (2)

where T¢ are 7 times the SU(3) matrices, and m

B.», B.o, B.», B.p,

(t channel) {u channel)

FIG. 1. Feynman diagrams for the qq —qq and §q —~qq
processes. The quark colors are indicated by ¢, j, %,
and 7, while the gluon colors are indicated by a and b.
Also, o and B represent the quark flavors.
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FIG. 2. Feynman diagrams for the gg — gq process.
Indices are defined the same as in Fig. 1.

is the gluon mass.
Averaging over the initial states of the spin and
the color and summing over the final states give

(|9 g5~ 9498) |*)
TR

+Oa <-§> a—nffrm] @

where M= 9, +9M,. The factors which are the
result of the color averages are inclosed in the
angular brackets on the right side.

Because of time-reversal invariance,

(|G o7 s~ T0ds) |2 = (|G ads=a0a0) [D . @)

2(22+ s?)
a8 Ty — m2)?

B. q7~>qq

The {-channel and s-channel amplitudes of this
process shown in Fig. 2 are

('m(lhan"qo&-r) ,2> =g‘<§> [oaoﬁﬁr Eés_*-l)f)' 6«8610

C. qg~>qgand Gg~>4g

The ampiitudes for the three channels shown
in Fig. 3 are given in the form of

M,(g,8,~98,)=T4" € €2y 5 ®)
where v represents the channel, If we define
C¥p,q,7)= b -aV " + (g -7)g" + (r-p)*g™
and

as [T¢, T%) =if,,, T°,

abc

we get
Tf, =E_;:;"2') Sean TSs Cc™¥(q, - d2s —4154>)
X E,(Pz)‘)‘xuf(lh) ’ ©)
T8 = -2 (107 7 (o) (8 = )7, (0

(10)

m v
9.6 0,€

(u channel) (s channel)

(t channel)

FIG. 3. Feynman diagrams for the gg—gg and gg— qg
processes. Indices are defined the same as in Fig. 1.
In addition, u, v, and A represent the Lorentz indices.

M, (7aa5~4iay) ='(?'ff;n'7) 8 o0y T35 T 5544 (Do) o (1)

X (b2 )y v} (bs) ®)
and
o, (g4 75~ alay)
“G-md) 6000 T 0T 343 (b2) 7,23 (£s)
xl_’:(l’z)?vu:;(?o . (6)

Averaging over the initial states and summing
over the final states give

2 2 2
(g: +u) + ,5“5,,,< >(s o1 m)] . )

I

and
™= _ 1g2 (T°T®) 0,0 (Fy+d WPui(py). (11)

From these, one can easily show that
T"€,,9»=0 , : (12)

v
WE b

(u channel)

(t channel) (s channel)

FIG. 4. Feynman diagrams for the gg— gq and q¢g—gg
processes. Indices are defined the same as in Fig. 3.
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where T*' =T + T4 + T4 |

By averaging over the initial states, summing
over the final states, and using the polarization
sum of the gluons,

z;‘"(iﬁ)ev(ﬁ)- g""+li, (13)
»o
we get
]
(T} T“’) (Tt “,T“")+(Tu u,T“")+(Ts l“,T"”} +(2T

([mlag~a2) [ =4 (T3 ) = 22 ([Tt ,
(14)

where the angular brackets of the right-hand side
mean the color average.

The first term of the right-hand side of formula
(14) is given by

)+<2 Ts wTh)+ <2Tu wl's”

+T<9>( 2us + 6m )+< > = mz)u[ (@ —m?y - 2m?3]

+< ’> G T = (5= = am] + ( 31—6> ‘Z’ft], (15)
and the second term of the right-hand side of the lby
formula (14) is given by (|9M(gg ~qq;s,t,u) |?) ==1(|Mgg ~qg;t,5,u)|?),
2 (T atas]?) (18)
—4g 1 — <}_> [_ (s=mAu-m?)  m* t] . and from fune_reversal mvamanc_e,
(t-m?? \2 2 2 (|M(g7 ~gg)|? =16 (|M(gg ~q7) |2 . (19)

(16)
Because of time-reversal invariance,
(|m(gg ~72) |® = (|Mlgg ~a2) |>). (§%))
D. gg—~>qq and qG—>gg

These processes shown in Fig. 4 can be obtained
from the gg —~gg process by crossing and are given

g
9:€ 93¢
(u channel)

(4 point)

FIG. 5. Feynman diagrams for the gg— gg process.
Indices are defined the same as in Fig. 3.

E. gg—gg

As in the case of the subsection C, the amplitude
of this process shown in Fig. 5 has the form

M, (gg —gg)=Tr"""€,,6,,€;5,€4, (20)

where v represents the channel.
T)#¥*’s are given for the value of v=t,u,s,4 as

N
N G
N / do
® o (a+b->c+d)
7/ AN
D o)
/ N\

\

B—»—-c%z %

GB-)b (Xb,Q )

FIG. 6. Illustration of the A + B —h+ X process.
G g (%45 @Y [Gpap (x4, Q)] is the distribution function of
the parton a [b] in the hadron A [B], and D} (z4, Q?) is the
fragmentation function of the parton d into the hadron 4.
(dc/df) (a +b —c +d) is the differential cross section of
the parton-parton scattering. The kinematical variables
of the hadrons (partons) are s, ¢, andu (§, f, and z),
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follows: where k=q, +q,;
T = =18 *f oa f 5cC (=154, = 445 94) T3 = =g [ f pe f cac(88"° = £*°8*")
-k k. /m?\ ..
x(&z_ﬁty_nfz—“)cf =00 =245 s */ ace / 11a(8™8"° = 87%8™)
@1) +f,;4¢fcb¢(g” —g gcv)] (24)
where k=¢, - q,; As we show in the Appendix,
X =i 2
T\ =—ig fucfguchv("41:41" d3,93) Thuve 1262, €3,€45 =0, (25)
gop =k kp/m?

X( W — 2 CT’W(‘Iz"‘Iu“Iz,q‘;), (22) where

where k=g, - ¢s; THvO = Thevo 4 TARW 4 T Nivo | Thwo

TMVO = _jo2 CM7 (= - +
s 8 ave S ecs , (~41,~42,9,+42) Thus, when we square the amplitudes and sum
2 . o sgs
(8 = kok./m wo(_, _ over the final states and average over the initial
( s —m? C™(~45= 41,45, 94), (23) states, we get
)

qu(gg -gg) l2> = %[(T Tuwo) -3 (<I T)mle gs€ 3541 )+ (‘ T)mvuqxiz q3€4|2>
+ <I Tluvaq}€;€g q: |2>+ <I Txuvaetqg q§€:|2> + <| Txquqé‘E'éq: |2>

1
+ <I Tm,ete; q5494 Iz» + e «l T).u.voqxqz q3€4| ?) +permutations)

1 v
= 5 (| Tauvodias 454 >]- (26)
The first term of the right-hand side of the formula (26) is calculated as
(T %) = (Th o T3+t ) 48 —=8) (T f o) +@T E e T2+t =)

+{8) +Q@T Lo (T 4T +TP)

=g4[<§>< { Ty ————[(4t +2m?)(2t +28m?) + 53 2 (¢ +2m?)? - 25(s — 2m®)(u - 2m2)]}

1

it —u} +{t—-——s}> +(2)(108)

+2<16> {[( 2)+6m E(s +9 —)]+[u<-?~s]+[t-—-s]} +3(§)(-—81)] . 27

The term containing 1/m* in formula (26) is calculated as

1
er (] Tyupodtql €5€2| %) +permutations)

=_2g4[ %) ({(s—_%z—)—z [12m4 —2sm® +(% s - 3tu) +(tu - 2) — + (f"é s2— %)—;1—]}%3 —t}+{s ~—-u})

+2i . S 2um? + §u2+§ + “_2.,.131; -u—+(ist—1‘—2)—§-t—
6/ \\c=-mt-md) " "\2% "2)"\"727 8% )7 "\16 8 ) mt

+{t—u} +{s -——u})] , ' (28)

The term containing 1/m° in formula (26) is calculated as
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1 "o . B 9 (s —2m?)?  (t —2m2)?
-~ (([ Th,,,,,,q}q;%e;’[z) +permutations) =2g* {<-§> [— 4+ 5o + e

9 S
+2<T§> <1 - m)&‘}
IS2 + 42 4242
=9g4< 16m? "1)

Finally, the last term of formula (26) is calculated as

. (u - 2m2)2]

4m*

(29)

Auvo‘z_

et~ s () { [ o] i)

= =5 | Taunotias 4545
+2<T9€> {[(-t—_f-r—ng) (;_u—mi)(s ~u)(s —t)] +u—s] +[t--s]}> . (30)

Some part of the above calculations is derived using the method shown in the Appendix. As we can see
easily from the nature of the process gg—gg, the above formula has manifestly s, ¢,4 symmetry.

F. Cross section

In Fig. 6 we show the process A +B—h +X. If one neglects the masses of the partons, one can derive the
simple relation between the differential cross section of the parton-parton scattering and the square of

the invariant amplitude as

16782

1 ..
%(a+b~c+d)= — (|M(a +b—~c +d;3 +T +7=0)[%). (31)

Also the invariant cross section corresponding to Fig. 6 can be related to the above differential cross

section of the parton-parton scattering as

d 1 1
E ﬁ (A +B~h +X) =fxmmd;,[‘;n‘ndxbcA-a(xa,Qz)ca-,,(x,,,Qz)Dg(zd, QY ?:17%(“ +b—c +d), (32)
a
r
where the parton distribution function. For the fragmen-
Xt Xat +%,9 tation function, the parametrization determined
xmn = , FMa=_ e g = 2 TbS by Owens, Reya, and Gliick' is used.
s+t xS +u X XS

from the constraints of
O<x,<1, Osx,<1, Osgz,<1,

and s +t +u =0.

III. SIMPLE COMPARISON WITH EXPERIMENT

The detailed analysis of the large-P , reactions
using the QCD calculations have been carried out
several times by now. In this paper, we want to
see the simple consequence of the above calcula-
tions in the Pati-Salam model following the method
of the QCD. In order to calculate the cross sec~
tion of pp = X, one must know the momentum dis-
tributions of the gluons and the quarks within the
proton and the probability distributions for a scat-
tered gluon or quark to produce a hadron. As the
structures of the Pati-Salam model and the QCD
are almost the same, the parton distribution func-
tions or the fragmentation functions of the Pati-
Salam model are approximately equal to the QCD.
We use the Buras-Gaemer® parametrization for

In Fig. 7, our calculations.for high-p, inclu-
sive pion production are compared with the data
for Vs=52.7 and 62.4 GeV and 2< P,< 11 GeV/c.
The agreement between the calculation of the Pati-
Salam model and the experimental data is not so
bad even without including the intrinsic transverse
momentum of the parton. In the above fitting the
only parameter is the effective gluon mass and it
is found to be around 0.3 GeV. However, the in-
clusion of the intrinsic transverse momenta of the
partons will improve the agreement between the
model calculations and experimental data. In ad-
dition, this inclusion will change somewhat the
effective mass of the gluons.

At this point, it is important to discuss the main
differences between the predictions from the pres-
ent model and the standard QCD. Figure 7 clearly
exhibits that the present model gives a more
steeply rising cross section at the smaller-P, re-
gion than QCD. In Fig. 8, we show the calculations
for the separate contributions of the three major
subprocesses at Vs =62.4 GeV. At the low-P,
region the gluon-gluon subprocess dominates
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FIG. 7. Comparison of the Pati-Salam model without
the intrinsic transverse momentum with the data on the
high-P 5, pion production in the proton-proton collision for
W=45 =62.4 and 53 GeV with 6=90° in the c. m. system
(open circle: Ref. 11, solid dots: Ref. 12). The solid
curves show the results of the Pati-Salam model calcul-
ations. The dashed and dot-dashed curves show the re-
sults of the QCD with and without the intrinsic transverse
momentum (Owens and Kimel, and Feynman, Field, and
Fox in Ref. 3).

while for the large-P, region the quark-quark
subprocess is more important. Thus, the steeper
rise in the cross section at the smaller-P, region
comes from the gluon-gluon subprocess which is
most different from the QCD.

The above differences in the gluon-gluon sub-
process can be caused by the extra polarization
states of the glue and by the extra explicit kine-
matic mass dependence compared to the unbroken
theory. Owing to the extra polarization state in
the present model, the polarization average factor
in our case is % rather than § in the case of QCD
and also the formula (13) for the polarization sum
in our case is different from that of the QCD of
of the massless gluon. The p“p¥/m? term in the
formula (13), which is typical for the massive
gluon theory, leads to the gluon mass dependence
in formulas (28)-(30) of the gluon-gluon subpro-
cess. As we see in those formulas, they become
large as the gluon mass m becomes small and
even diverge at m=0. Owing to this strong gluon-
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FIG. 8. Individual contributions of the three major
subprocesses to the solid curve for W=62.4 GeV in Fig.
7.

mass dependence in formulas (28)—(30), the in-
variant amplitude of our gluon-gluon subprocess
with our choice of gluon mass 0.3 GeV/c is much
larger than that of the QCD in spite of the small-
ness of the polarization average factor. The other
differences due to the extra explicit gluon-mass
dependence such as in the gluon propagator or in
the kinematic incident-flux factor are negligible
in the energy range of this high-P, experiment.
For the relatively-large-P, region, the main
contribution to the cross section comes from the

‘quark-quark subprocess. The only difference in

our calculation of this subprocess with respect to
the QCD is the extra explicit gluon mass depen-
dence which is negligible as in the calculation of
the gluon-gluon subprocess. So in the larger-P,
region, our prediction is almost equal to that of
the QCD.

A detailed analysis including all available ex-
perimental data for all energy regions and the
intrinsic transverse momentum of the partons will
be necessary to make a careful comparison be-
tween the Pati-Salam model and QCD.
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APPENDIX

Here we show explicitly the calculation of formula (25). By substituting ¢,, instead of €, in the invariant
amplitudes given by formulas (21)—(24), we simply write the following:
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1

T’;"”millEz“iquqq: —ingaedfebc[(t —md) {(t =m®)(2q,- €56, €, =g, €€, €+ 2q, - €5 €,

Qg €€, € ~(, €€, € — (5" €,€,° €,)

-q,- €1[(112+ q3) G4€5 €5+ (29, —q5) » €5( =, €,) + 2(q53 —q,) * €,(~q,* E3)]

+qy €x(—q, €0, €)+ g5 €5(q, " €,g5° €2)}] s (A1)
T3 0€,,€0 000" =18 fapefoullt — s, a3—-q,, €,~—¢,) in (AD)], (A2)
T:uW€1A€2u€3v44a=+ingaecfebdks U, g =45, €, "’€3) in (AZ)], - (AB)

N .
T3"%€ 3€ 5, €54 00= "’gz[fabefcde(Ex €€, Ga— € Ga€s €3) + fupo frao(€, €565 4y — €1 4€, " €5)

+fageScvel€1 " €5€5 gy~ €, €2€3'q4)]- (A4)

The sum of the terms of Eqs. (A1)—(A3) except the terms containing the factor q; - €; (=1,2,3) are can-
celed out with the terms of formula (A4) using the Jacobi identity so that the remaining terms are given

by

—-m?2

) . 1
Txuvoeiigeng= _’ngaedfebc[(t >{"I1 : 61[(‘12"'[13) “Qa€y €5+ (g3 —20,) €50, €, + (g, —2q,) €, E3]

+q5 €( =, €0, €5)+ G5 €5(q," €,q5° Ez)}]

_ingabefecd[(t"s’ q; = —q,, €3“€1)]+ig2faecfebdks'°ua qe =45, €3"’€2)]- (A5)

Using the condition of €; - ¢; =0(¢=1,2,3,4), we
get

T, ue€r€lelqs=0. (A6)

Auve

rTo calculate formula (28), one can simply sub-
stitute ¢; in place of €; in Eq. (A5). Likewise,

the terms of Eq. (29) and Eq. (30) can be calculated
by the above technique.
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