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PRODUCTION OF HEAVY QUARK-ANTIQUARK
PAIR BY DOUBLE POMERON EXCHANGE IN HIGH
ENERGY PROTON-PROTON COLLISIONS *

W. SZEREMETA

Institute of Physics, Jagellonian University
Reymonta 4, 30-059 Cracow, Poland

(Received March 10, 1993)

Using the two-gluon exchange model of the pomeron, the total and dif-
ferential cross-section for production of heavy quark-antiquark pairs (¢,
bb, t{) by double pomeron exchange in high energy proton-proton colli-
sions is calculated. The results for production of heavy quark-antiquark
pairs are compared with those for production of the Higgs boson in the
same reaction.

PACS numbers: 14.80. Dq

1. Introduction

The recently developed model of the pomeron (1] triggered some re-
newed interest in the double pomeron exchange reactions [2, 3]. Such reac-
tions are characterized by large rapidity gaps between remnants of colliding
hadrons and particles produced in the reaction. It is a rather attractive
feature, as it allows a serious reduction of the “minimum bias” background
in the process of production of some interesting ohjects.

It was suggested [2], that double pomeron exchange mechanism can
play important role in production of Higgs bosons. In a previous paper [3]
we considered contribution of this mechanism to the production of heavy
quarks. The present investigation extends the results of [3] to the mass
spectra of the produced pairs. Also some details of the calculations are
more explicitly shown. The main interest in the process of heavy quarks
production stems from the fact that it is expected to be a dominant back-
ground for Higgs production. For that, the mass spectrum of the produced
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pairs is of crucial importance. Moreover, our calculations can serve as a
check for the model of the pomeron at the energies presently accessible, by
comparison of the model prediction for heavy quarks production with the
data. It should allow to determine the range of applicability of the model
before LHC and SSC energies are available.

2. Discontinuity relations

In the present paper we follow closely Ref. [2] and the model of the
pomeron developed by Donnachie and Landshoff [1]. In this model pomeron
exchange is described as an exchange of two “nonperturbative” gluons [4].
Thus, to compute in this model the cross-section for reaction pp — pp + q7,
we have to calculate eight diagrams presented on Fig. 1.
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Fig. 1. The diagrams contri‘buting to the piocess of the heavy quarks production
by double pomeron exchange. The dashed lines represent the exchange of non-
perturbative gluons.

It follows from general considerations [2] that with accuracy up to the
highest powers of s/s; and s/s; the complete two-pomeron exchange am-
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Fig. 2. The process of double pomeron exchange.

plitude is of the form:

s ag—1 s ap—1
(5 (5) e )

a(t)
az = atz)

where

aj

and at) = 1 + € + o't is the pomeron Regge trajectory with ¢ ~ 0.08,
a' = 0.25GeV ™2 (s, 53, s2, t1, t2 — as marked in Fig. 2).

Because Fy, o, only weakly depends on ¢; and ¢2, we have with accuracy
to terms neglegible in ¢

s al—] s C!z--l
Mfi = Mfi|t1:t2=0 (;.l-) (_3—2”) : (2)

Thus, to calculate the double pomeron exchange amplitude, it is enough to
evaluate diagrams from Fig. 1 at ¢t; =, = 0.

It is also a rather difficult task to calculate the diagrams of Fig. 1 at
ty = t; = 0, but fortunately there is a way of computing their sum in
this limit, without calculating individual diagrams. It follows from analitic
properties of these diagrams [5] that at t; = t2 = 0, and up to the terms of
the order ¢, the sum of the first four diagrams from Fig. 1 is approximately
equal to the discontinuity of diagram 1l.a, and the sum of the last four
diagrams from Fig. 1 is approximately equal to the discontinuity of diagram
l.e [2].

Thus, to calculate invariant matrix element for our reaction, we have to
calculate the discontinuity of the sum of two diagrams presented in Fig. 3.



1162 W. SZEREMETA

Py G4 K
T
I l'
[+ q
1
T.
l L, ¢
i 1
P2 q; k2
Py L ky
: ,
1 |1| -
! -~
a QD<
: lz: )
Z L i
P2 92 k2

Fig. 3. The discontinuity of these two diagrams gives the amplitude for the process
of heavy quarks production by double pomeron exchange at t; = ¢ = 0.

3.Invariant matrix element

Let the mass of the produced quark be m, and let us put the masses
of the light quarks equal to zero. Moreover, let us introduce the following
parametrization for momenta marked in Fig. 3 [2].

z Y
Q=-p1+>p2+v,

s s
ki =zip1 + y?lpz +v1,

z
ky = P + y2p2 + v2,
T2 = ZgP1+ YgP2 + Vg (3)

where v, vy, v2 and v, are four-vectors describing the transverse components
of the momenta. Other momenta are determined by conservation of energy
and momentum.

The invariant matrix element at ¢t; = ¢, = 0 is given by

74
My =*G* [ G (k) 1#r 2w (o) " ()
x @ (k3) 7142278 (g3) 7ou (p2) D (Q*) D (13) D (13)

_ g+ m g+m
X u(r2) [%\m‘ru + T 2 A v(r1), (4)

where ¢, G are the perturbative and non-perturhative quark—gluon coupling
constants, and D (p"’) = Dgexp (pz/[tz) with ¢ =~ 1 GeV and G?D, =
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30 GeV~ '~ is the non-perturbative gluon propagator. Substituting this
form of propagator to the above formula one obtains

g2G4Dg 4 2 2Y -~ Bwor v
My, =W/d Q6 (q7) 6 (g3) @ (k1) v q17"u(p1)
24124 72
_ . +I3+1
X @ (k2) 7 d27su (P2) exp (Q——ﬂ—;—z)
_ g+m §+m
X @ (r2) [’Yz\m%“i"ium‘h} v(r1) - (5)
At i; = t3 = 0 we have
2 2 2 zy 2
Q+hi+h=(1~-z)y+(l-y)z+3-=-30". (6)

One can see from (6), that integrand in (5) is exponentially damped in 72

so, everywhere except in exponent, we can consider ¥ as small. In this
approximation

/d‘*Q& 6(g3) = 213 /dmdydzaa (2 + %) 6 (y — 7). (7)

Taking into account (7) and keeping only terms of the lowest order in 72,

(5) takes the form

9:GD}
=22 | d&®Fa (k)7 617"
My =St [ ()14 o)
_ . l+z1+y 2
Xu(kz)‘Y)‘Q‘z’)’uu(P‘z)eXP (“‘( 1“2 2) )
_ g+m g+m
X @(rz) [%\mu + 7#‘7_—7’127,\} v(ry) . (8)
Substituting
'(72
n=p1+—(p2-p1) + o,
T2

92=P2°—‘;‘(P2-P1)—U, (9)



1164 W. SZEREMETA

to spinor expressions for the light quarks lines one obtains

a (k1) *q17"u (p1) = 2p1a (k1) v#u(p1)
-"2
+a (k1) yHoy u(p:) + —u(k )* (B2 — P1) 7 u(p1)

@ (k2) 7 G271uu (p2) = 2p20@ (k2) 7 u (p2)
=2
" vT_ R R
~@ (ko) 7 1,u (p2) — —s—u(kz)v" (B2 — p1) 1vu(p2) (10)

where ¥ = 2?_2 viy; (Lorentz’ indices) Because integral in (8) contains
function exponentially damped in 2, that restricts ¥ to the range of values
very small in comparison with p; and p;, |¥] < 1 GeV, we can put ¥ = 0 in
above formulae

a(k1)7*q17 v (p1) = 2p1a (k1) 7*u(p1) »
@ (k2) 7 G2yt (p2) & 2p2, @ (k2) 7 u (p2) (11)

Now, let us make next approximation by expanding the integral over
d?v in power series

/dz'uf( 7) exp (—%2—) = a7ra+z a”+o( ), (12)

where a, a;; are coefficients of expansion of f(v):

f(v) —a+Za,vl+Za,Jv,vJ+o( ) .

1,j

In our case a = u?/1 4+ 21 + y» and

F(9) =t (k1) v u(p1) @ (k2) v u (p2)

_ g+m gtm
X i (rz) [’Mm‘m MR " 2 v(ri). (13)

It is not difficult to prove that a = f(¥ = 0) = 0. Thus in order
to compute the leading term in approximation (12) we have to calculate
contribution corresponding to the third term of f(¥) series. Carrying out
calculations with accuracy up to the terms with highest power in 1/6; and
1/62 we obtain

_ s1,5h 532, 3,7"D(3)I‘ ek m
4\/z1y26 o 9(27)? (szqu)z 5165

Xﬂﬁﬂh(1—w—ynmm+ydl~m—zﬂmm

+ —— (81p1 — 202) (g2 — yq51)] (r1), (14)
6162
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where §; = 1 — 21, 63 = 1 = y2; $1, s2 are the initial spins and sll, s; —
final spins of colliding quarks.

Eq. (14) gives invariant matrix element for t; = ¢ = 0. To obtain My,
for arbitrary values of ¢; and ¢, we have to apply (2) where (s/s1) = (1/82),
(s/s2) = (1/61), t1 = =¥, t2 = —¥$. Then we can evaluate the square of
the invariant matrix element averaged over initial spins and summed over
final spins. This calculation is shown in Appendix A. The result is

2 :clng ( 4m2 ) ;
Mgl® = ; — | 1- y o (15)
| f:| (szqu)z (6162)]+2€ 6—?01 tlb-ga o 58189

where

4rmD3utg*G* ?
H =25 ( 9(2n)? . (16)

3. Cross-section

Using (15) one obtains the formula for the cross-section

7= 23(;)8 / |Mpi|* [F () F (t2)) dPH, (17)

where F(t) is the nucleon formfactor, approximated by
() = exp(M),
with A = 2 GeV ™2 and dPH is the differential phase-space factor
dPH = d*ky 6 (k3) d*k2 § (k3) d*ry 6 (r] — m?) d*r2 6 (r3 — m?)
x0 (k3) © (k3) © (r}) © (r§) 6 (p1 + p2 — k1 — kz — 71 — 72) . (18)

Integral over ry in (17) can be eliminated by means of é-function ex-
pressing the law of conservation of momentum. For other integrals we have
the following relations (see Eq. (3))

/d%, = %/dzldyl d*vy,
/al“k2 = %/dmg dyy d* 7,

/d4r2 = %/da;qdyq 4?7, . (19)



1166 W. SZEREMETA

Using (19) and performing all integrals except those over z; and y; in (17)
we arrive at

o= ﬂ——/dwl dys 1
4s%(2m)® (8162)° 12 Ly Ly
1+t 2t 4m?
xt? (mi—ii-t- + W) 0 (1 - 85152) . (20)
where
Ly=2()- o'Inéy) ,
L'_) =2 (/\ - a'ln62) )
4m?
t=4/1— 816y

As was already mentioned, we calculate the cross-section for a reaction
in which initial protons loose only a small part of their energy, thus inte-
grations over z; and y;-in (20) have to be carried out over region, where
63 < A and 62 < A with A < 0.1 Consequently, performing change of
variables z; — 63 =1 — 2; and y2 — 62 = 1 — y2 we obtain

52
ds, [ ds -
16sf‘(27r / 1/ 2 (618,12 ) T e (1 6162)

1 2 1+t 2t
t _ ———
(/\—a’lnél)(/\—a’ln&;) (l 1_t+1_t2) ’ (21)

where 62 = 4m?/s and

X

52
t=4/1 - —.
8162
After change of variables
52
) t=4/1-
2T 5185
and integrating over §; we finally have
1+t 2t
=C [dte* (1-¢2)"* (m 2=
7= / -t ti ¢
a(1-1%
1 ?:\7 + In &2
A 1y, 1—t2 A 4 pd v (22)
P + 35 In =T o +Inx



Production of Heavy Quark-Antiquark Pair ... 1167

where

52
to =4/1- R
s\ 2¢ 7I’2Dg}l.49204 2
C=Cpm (4m2) ( 18ma'(27)8 ) )

In the final result we take into account the colour factor for double pomeron
exchange Cp = /5 (see Appendix B).

Variable t in (22) has the close relation to the square of quark-antiquark
pair mass M? = (r; + r2)?, because the transverse momenta exchanged in
the reaction are restricted by the pomeron propagator, and they can be put
approximately equal to zero. In this approximation we have M2 = s§,8,.
Thus, relation between t and M? takes the simple form

Y i
- M2

It allows to calculate immediately from (22) the differential cross-section
for production of the quark-antiquark pair of a given square of mass M?2.
One has simply to perform change of variables t — M?. The integrand
then becomes the differential cross-section do/dM?. Carring out above
transformations we arrive at the foriula

do C 4m? 21te) 4m?
am? -\ e ==

x {In ﬂ + M? 1]+ M? 1 dm?
2m 412 4m? M?

A sA
1 S+ In3%

X 5 In & -, (23)
atalngr Gtz

where M? € (4m?,sA?).
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5. Numerical resulis

Formula for the total cross-section for the heavy quarks production
process by double pomeron exchange, derived in Section 4, has the form
o = CI, where C is a numerical factor and I is an integral depending on
few parameters. It is impossible to evaluate this integral analitically, but
it is easy to compute it numerically. If we put € = 0.08, A = 2 GeV ™2,
a' = 0.25 GeV~? and A = 0.1, there remains only one parameter on which
I depends, namely §2 = 4m?/s. At high energies this parameter takes small
values. In Table I the results of numerical evaluations of o are given. These
evaluations have been performed for three values of quark masses m = 1.5
GeV, 4.5 GeV and 140 GeV, which are the masses of quarks ¢, b and ¢t. The

range of 5 was taken from (0.5 TeV)? to (40 TeV)2.
TABLE 1

The numerical results for the cross-section for production
of heavy quarks pair by double pomeron exchange.

V3 [TeV] | ooz [nb] | oy_g [nb] | ooz [pb]
0.5 46.7 1.53 —
1.0 70.0 2.84 —
1.5 86.2 3.75 —
2.0 99.0 4.48 —
3.0 119.0 5.62 —
4.0 135.0 6.52 0.0141
5.0 149.0 7.29 0.0521
6.0 161.0 7.95 0.102
8.0 181.0 9.08 0.207

10.0 198.0 10.0 0.308
15.0 231.0 11.9 0.526
20.0 258.0 13.5 0.704
25.0 281.0 14.7 0.855
30.0 301.0 15.9 0.987
35.0 318.0 16.9 1.1
40.0 334.0 17.8 1.21

The ratio g2/G? was assumed 0.2, 0.17 and 0.1 for ¢, bb and ¢{ pair pro-
duction, respectively. In fact, these are the values- of perturbative coupling
constant itself, not the values of the ratio of perturbative and nonpertur-
bative coupling constants. The value of nonperturbative coupling constant
is unknown and here we put it equal to one. This introduces the uncer-
tainty of approximately one order of magnitude. The same uncertainty is
present in the results for Higgs production, thus all conclusions concerning
the relative magnitude of the heavy quarks and Higgs production processes
remain valid.
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Fig. 4. Double pomeron exchange contribution to the cross-section for the heavy
quarks production process versus the center mass energy.
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Fig. 5. The differential cross-section for the production of heavy quark-antiquark
pair of given square of mass by double pomeron exchange in comparison with the
Higgs production at Eqpyr = 5 TeV.
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Fig. 6. The differential cross-section for the production of heavy quark-antiquark
pair of given square of mass by double pomeron exchange in comparison with the
Higgs production at Egpy = 15 TeV.

The dependence of the total cross-section for production of heavy quarks
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Fig. 7. The differential cross-section for the production of heavy quark-antiquark
pair of given square of mass by double pomeron exchange in comparison with the
Higgs production at Eqpr = 40 TeV.
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Fig. 8. Double pomeron exchange contribution to the cross-section for the heavy
quarks production process versus the center mass energy.
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Fig. 9. The differential cross-section for the production of heavy quark-antiquark
pair of given square of mass by double pomeron exchange in comparison with the
Higgs production at Ecp — 5 TeV.

¢, b and t on the center mass energy Ecpr = /s is shown in Fig. 4. Figures
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Fig. 10. The differential cross-section for the production of heavy quark—-antiquark

pair of given square of mass by double pomeron exchange in comparison with the
Higgs production at Ecpy = 15 TeV.
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Fig. 11. The differential cross-section for the production of heavy quark-antiquark
pair of given square of mass by double pomeron exchange in comparison with the
Higgs production at Ecpy = 40 TeV.

5-7 give the dependence of the differential cross-section do/dM? on the mass
of produced quark-antiquark pair. The dependence of the cross-section for
the Higgs production on the assumed mass of Higgs boson [2] is also shown
in these figures. If one allows for diffractive dissociation of the incoming
protons (i.e. one takes A = 0) [2, 3], cross-sections increase by ahout one
order of magnitude (see figures 8-11).

6. Conclusions

In the present paper we have calculated the contribution to heavy
quarks production coming from double-pomeron exchange and compared
it to the cross-section for production of the Higgs hoson. The cross-sections
for this two processes at three values of Ecpr : 5 TeV, 15 TeV and 40 TeV
are compared in the pictures 5, 6 and 7. One can see, that we can get
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a clear signal for Higgs production for the Higgs masses above 200 GeV.
Below my = 100 GeV the ¢¢ and bb background can be a serious problem.

I am grateful to Professor Andrzej Bialas for suggesting this investiga-
tion and many helpful discussions.

Appendix A

The invariant matrix element at t; = t; = 0 is given by formula (14)
derived in Section 3.

I 24
sut9’G m
My, = - 4 fEryzsotigta 00
! 9(27!’) (S:quq)z 61 62

Xﬁﬁﬂh(1—w"yﬂhm+yﬂl—u—wdmm

6 6 (6191 — d2p2) (2462 — ygb1) |v(r1) . (24)

To obtain this element for arbitrary values of t; and ¢2 we have to apply
(2). The result is

'wD3utgGH m
— 4\/‘231‘72'631!31 632332
9(2)? (s:z:qu)2 (6162)' 7

x ﬂ(rz) (24 (1= 32 ~ yg) B2 + 4y (1 = 21 = 24) o

A 1
—— (811 — 62P2) (2462 — yq51)]'v(7’1)

"t Ity °
6 6;’ 15_:)1 2

(25)

Averaged matrix element is given by

2

m

2 4rD3utg2GH
M| =21y2( of

9(27)? ) (s24yq)" (616,)2F2¢ 52011 g2tz
x Tr { (F2 +m) [‘”q (1 —y2 — yq) P1P2 + yq (1 — 21 — z4) P2p1
m . R .
— (511’1 — 82P2) (22 — yq51)] (F1 —m)
[ zq (1 — Y2 — Yq) P2D1 + yg (1 — 21 — 24) P1P2

m - .
+ fg (b — Ban) (282 — vgh1) |} (26)
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Let us denote

TR =Tr { (F2 + m) [fcqnﬁlﬁz + yq€P2pP1
mo,. . .
+ 5-6?2- (8191 — b6292) (zq62 - yq&l)]
X (1“-1 - m) [zqnﬁzﬁl + yg€P1P2

+ m‘ (6191 — 82P2) (2462 — yq51)] } s (27)

where £ = 1—2z; —24 and = 1 - y2 —y,. To evaluate this trace one should
commute 77 —m to the left of expression in first square brackets. This gives

TR =Tt { (7 +m) [(fn — m) (2qnp1P2 + YeED2b1)
. ms
+ s (zqn — qu) (€p1 = mp2) + = (2462 — ygb1)’
- (71 + m) 516, (51P1 62p2) (2462 — yq6l)]

[qupsz +¥glbrbr + 5= 5 (6151 — 82P2) (2462 — Y61 )] }-(28)
Using relations

[ zqnp2P1 + YoéPrp2 + 5 6 (8191 — d252) (2462 — yq51)}
X (zgnp1P2 + Yg€p2h1) =
P2qYgbn + o (2482 = YgB1) (2461701 ~ YoFat2)
[zqﬂf’zﬁl + yo€h1P2 + 3%(51131 = 82p2)(2q62 — yqb1 )]
X (€p1 — mp2) =
sen(zepr ~ yabz) ~ 5o (24B2 = yg8) (€6212 + n1papn)

n a o - m - N
[l‘qﬂpzpl + y4ép1P2 + 516, (8191 — 82P2) (202 — yq51)]

X (81p1 — 62p2) =
s(mqﬁlnﬁl - yq§2£ﬁ2) —ms (%52 - yq6l) s (29)
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one obtains

TR ="Tr { (72 + m) (71 — m) [s2mqu£n
ms . R
+ 575, (%42 — Yed1) (2od1mpr — yqﬁzfpz)] }
+ 8 (247 = Yg€) Tr { (72 + m) [s6n(2qB1 — o)
m .. s
— = (2¢02 — yq61) (£62P1P2 + 7751P2P1)] }
8162
ms R . .
+ 5 (2q82 = yg81)* Tr { (72 + m) [qmbasy
8162
m
+ YgP1P2 + —— (611 — 252) (2gz — vgb
YoéP1p2 + 5= (8161 — 8252) (2082 — 4y 1)] }
ms . R
— —— (2g62 — ygb1) Tr { (P2 + m) (1 + m)
8162
X [s (2q81mb1 = ygBa€ha) - ms (2482 — ygb1) ] } -
Taking traces we arrive at

4m?2 g2

TR =2321'quf7l (351 b2 - 4m2) - —(S‘E”qu (""q62 — Yg01 )2

2m2s2 .
B 518, (2462 — yq&l)z (Ed2 + nby)
2m232
6162 (:Bq62 - yq61 )2 (:EqT] + yq{)
2m?2s?
- (6,6 )2 (‘%62 - yq61)4 + 2m?s? (zq52 - yq61)2 )
102

Further simplification gives
TR = 2szmqu£17 (86162 — 4m2) .

Thus, finally, substituting (32) to (26), we have

| M|

— 9sp 4rD3ptg2GH ? 4m?
TSI\ Ty (an)? 6165

m2

X

. 7 Py
(szqu)2 (6162)1+2 6?(1 t16§a ta

(30)

(32)

(33)
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Appendix B

Formula (21) gives the cross-section for the heavy quarks production
process in collision of two colourless quarks. To obtain the cross-section for
production of heavy quarks in proton-proton collision we have to take into
account factors related to colour degrees of freedom and presence of three
quarks in each proton.

Kk { m
1 Bl
'
A N
[ f w
' [ o}
[} r S

Fig. 12. The colour structure of heavy quark production process by double pomeron
exchange. The capital letters denote colour indicies of gluons and small letters —
colour indicies of quarks.

The additional factor in the square of the amplitude coming from the
colour degree of freedom of quarks can bhe written as (see Fig. 12)

1 2
H=:3" {% (A,ﬁ/\ﬁn)smgm% (/\;,“r/\,‘?,)singlet %Avafw} ,

where A4 are Gell-Mann matrices, !/g corresponds to averaging over colours
of initial quarks, summing is performed over all gluon and quark indices and

B B C B
(,\i}l)‘lnl)singlet = 164BAQNG, = 264P5,,, (35)

ALC _ 1sACyB B _ 25AC
(’\P")‘”)s;nglet = 164CAB B - 254C5 . (36)

These expressions are related to the fact that pomeron is the colour singlet.
Substituting (35) and (36) to (34) and performing all summations we obtain
H = (1/243). This should be multiplied by the factor 81 to take into account
three quarks in each of the protons, so that the final result is Cp = /5.
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