PHYSICAL REVIEW D 75, 054021 (2007)

pp — ppmn’ reaction at high energies

A. Szczurek™®

Institute of Nuclear Physics PAN, PL-31-342 Cracow, Poland and University of Rzeszow, PL-35-959 Rzeszow, Poland

R.S. Pasechnik” and O. V. Teryaev*

Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna 141980, Russia
and Faculty of Physics, Moscow State University, Moscow 119992, Russia
(Received 19 September 2006; published 16 March 2007)

We discuss double-diffractive (double-elastic) production of the n’-meson in the pp — pn'p reaction
within the formalism of unintegrated gluon distribution functions (UGDF). We estimate also the
contribution of y*y* — 7’ fusion. The distributions in the Feynman xy (or rapidity), transferred four-
momenta squared between initial and final protons (¢, #,) and azimuthal angle difference between
outgoing protons (®) are calculated. The deviations from the sin?(®) dependence predicted by one-
step vector-vector-pseudoscalar coupling are quantified and discussed. The results are compared with the
results of the WA102 collaboration at CERN. Most of the models of UGDF from the literature give a too
small cross section as compared to the WA102 data and predict angular distribution in relative azimuthal
angle strongly asymmetric with respect to 77/2 in disagreement with the WA102 data. This points to a
different mechanism at the WA102 energy. Predictions for RHIC, Tevatron and LHC are given. We find
that the normalization, f; , dependences as well as deviations from sin?(®) of double-diffractive double-
elastic cross section are extremely sensitive to the choice of UGDF. Possible implications for UGDFs are

discussed.
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I. INTRODUCTION

The search for Higgs boson is the primary task for the
LHC collider being now constructed at CERN. Although
the predicted cross section is not small it may not be easy to
discover Higgs in inclusive reaction due to large back-
ground in each of the final channels considered. An alter-
native way [1-3] is to search for Higgs in exclusive or
semiexclusive reactions with large rapidity gaps. Although
the cross section is not large, the ratio of the signal to more
conventional background seems promising. Kaidalov,
Khoze, Martin and Ryskin proposed to calculate diffractive
double-elastic' production of Higgs boson in terms of
unintegrated gluon distributions [4-7]. It is not clear at
present how reliable such calculations are. It would be very
useful to use the formalism to a reaction which is easy to
measure. Here we shall try to apply it to the production of
1’ meson which satisfies this criterion.

Recently the exclusive production of 7' meson in
proton-proton collisions was intensively studied slightly
above its production threshold at the COSY ring at KFA
Jiilich [8] and at Saclay [9]. Here the dominant production
mechanism is exchange of several mesons (so-called me-
son exchange currents) and reaction via S;; resonance [10].

In the present paper we study the same exclusive channel
but at much larger energies (W > 10 GeV). Here diffrac-
tive mechanism is expected to be the dominant process. In
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Ref. [11] the Regge-inspired pomeron-pomeron fusion
was considered as the dominant mechanism of the n’
production.

There is a long standing debate about the nature of the
pomeron. The approximate sin?(®) (® is the azimuthal
angle between outgoing protons) dependence observed
experimentally [12] was interpreted in Ref. [13] as due to
(vector pomeron)-(vector pomeron)-(pseudoscalar meson)
coupling. To our knowledge no QCD-inspired calculation
for diffractive production of pseudoscalar mesons exists in
the literature.

Of course, one should worry about the origin of the hard
scale which may justify the applicability of QCD pertur-
bation theory. As soon as the mass of 1’ is not sufficient for
that, it can be reasonably large %’ transverse momentum
(or t;,) which would serve as a hard scale. Bearing this in
mind, we will examine the QCD result in the whole kine-
matical region, which should be understood as a sort of
continuation of perturbative result to the region where its
applicability cannot be rigorously proven.

In Fig. 1 we show the QCD mechanism of diffractive
double-elastic production of 5’ meson, analogous to the
mechanism of Higgs boson production. We shall show here
that approximate ( ~ sin*(®)) dependence is violated in
the QCD-inspired model with gluon exchanges within the
formalism of unintegrated gluon distribution functions
(UGDF) and a distortion from this dependence can help
to select the correct model of UGDF. For completeness, in
this paper we shall include photon-photon fusion mecha-
nism shown in Fig. 2 which was sometimes advocated as
dominant mechanism at high energies.
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FIG. 1. The sketch of the bare QCD mechanism. The kine-
matical variables are shown in addition.

II. FORMALISM
A. Diffractive QCD mechanism

The kinematics of the process on the quark level is
shown in Fig. 3. The decomposition of gluon momenta
into longitudinal and transverse parts gives

ko = —=x\p1 + ko;s = x3p2 + ko,
ky = xi(ko — p1) + ki,
ky = x(py + ko) + ko

@2.1)

We take into account below that x| = x}, = x,. Making

use of conservation laws we get
J

gg"—n'

f
o
s
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FIG. 2 (color online). The sketch of the photon-photon fusion
mechanism. Form factors appearing in different vertices are
shown explicitly.

ky + p\ = p1 — ko, ky+ py+ko=ph (22)

Taking the transverse parts from these relations gives

ky, = —(p, * ko) (2.3)

ky, = pIQ,t — ko

Following the formalism for the diffractive double-
elastic production of the Higgs boson developed by
Kaidalov, Khoze, Martin and Ryskin [4-7] (KKMR) we
write the bare QCD amplitude for the process sketched in
Fig. 1 as®

g2

pp—pn'p

= iﬂzfdzko‘t‘/(kl,kz, PM)

The normalization of this amplitude differs from the
KKMR one [5,15] by the factor i. The bare amplitude
above is subjected to absorption corrections which depend
on collision energy. We shall discuss this issue shortly
when presenting our results.

The vertex function V(k,, k,, Py) in the expression (2.4)
describes the coupling of two virtual gluons to the pseu-
doscalar meson. We take the gluon-gluon-pseudoscalar
meson coupling in the form

p -k
p 1
| — —
k
k
0
El
P
2—> —
P +k

FIG. 3. Kinematics of exclusive double-diffractive 7’-meson
production.

I 2 12 ff ;2 12
(e, X, kG KT o 1) fon (0, X5, kG o K3 1)

(2.4)
ko ki k3,

Vaﬁ(klx kZ: PM) = VNF,* *®

8§81

(K2, K3)€ 1 yapkl ks, (2.5)
Normalization is such that F -, (0, 0) = 1. The normal-
ization constant V) can be obtained in terms of the partial
decay width I'(n’ — gg) as

64ml'(n' — gg)

Vi =K
N (N2 — Dm?,

, NLO— K =15. (2.6)

The same normalization was obtained for the QCD double-
diffractive production of y mesons in [15].

The gauge invariance requires k{'V,z = kf Vop = 0.0n
the parton level using Feynman rules we have to “hook”
the gluon-gluon-pseudoscalar meson coupling (2.5) to the
quark line by contracting it with incoming quark momenta.
Replacing the quark lines by the proton lines one can show
that the vertex factor V(ky, k,, P)) in the amplitude (2.4)
has the following form

For a sketchy derivation of this formula starting from the
parton level one may look to [14].
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FIG. 4. Kinematics of exclusive y*y* fusion mechanism of
n’-meson production.
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Using relations (2.1), (2.3), and (2.5) this expression can be
transformed to

V = VNFe ok}, k3)€ 1ap(p1 + p2) (2 + ko)¥
X (pll,z + kO,t)a(plz,; - kO,t)ﬁ'

In the c.m.s. system p; +p, = 0 and (p; + py)y = /5.
Since kg, L [p}, X p5,] we have

V= _VN\/EFg*g*ﬁn’(k%’ k%)sikl(l’ll,t + ko)
X (ph, = ko kP, (2.8)

Introducing a unit vector in the beam direction of ingoing
protons in c.m.s. n; = py,;/|p;|, we get finally
s
V=-Vy;F o=y (K B(P], + Ko,) X (P, — ko, )In.
(2.9)

Normalization of this vertex function differs from the
KKMR one [5,15] by the factor sF - g*—'n’/ 2. Form factor

F g g«.,y can be relevant at some kinematical regions and it
|
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should be taken into account. Factor s/2 makes the nor-
malization of the full bare QCD amplitude (2.4) consistent
with canonical normalization of the cross section (see
Eq. (2.29)).

Expression (2.8) can be also written as

N .
V(kl, kz, PM) == VNEFg*g*ﬂﬂ’(kz’ k%) . |kl,t||k2,[| . Sln(d)),
(2.10)

where ¢ is the azimuthal angle between k;, and k, ;. In
our case, in contrast to vector-vector fusion to pseudosca-
lars, ¢ # ®. This may cause a deviation from sin*(®)
distribution. To better illustrate the deviation we write the
gluon-gluon-pseudoscalar meson coupling in the following
equivalent way

N

V(ky, ky, Py) = _VNEF (k3 k3,)

g’ —n
X [Ipy,lIp5, | sin(®) — |ko,lIp}

X sin(y + @) + [k, |Ip5, | sin(g) ]
(2.11)

Here ® is explicitly the azimuthal angle between the
transverse momenta of outgoing protons p, and p},,
is the azimuthal angle between k, , and P/z,z O <y <2m).

It is convenient to introduce the dimensionless parame-
ters

kgl Iy _ Ip5,|
=—, &=—, n= .
mn/ mn/ mn/
We take k3, = —|ko %, Kk}, = —|k % K3, = —Iky,[|?

and write differential d’k, as: d*ko, = —|Ko,ld|ko,|dip.
Then we obtain finally

[£nsin(P) — udsin(y + ®) + unsin(y)]

PR d/.L 21T
R ——y

PP_'P"’IP("{: 77 m"]) Nl7T zm?q/ ,U/ 0 I/I[ILL
8.2

g1

We have to take into account that the dimensionless argu-

ments in £, o and Fye g,y
ki
2
m?, e
n
K
5=t = & = 2pécos(y + D)
m,
K
o= —u —m? + 2um cos(y)
TI/

are the functions of integration variables u and . So now

2+ &+ 2uécos(yp + D)[u? + n* — 2umn cos()]

X fOff(le xlly k(z),p k%,p tl)fOff(-XZ) x’z; k%‘p k%yp t2)F

Ry (kf o k%’ - (2.12)

[
we clearly see there is no simple angular behavior like
M ~ sin(®). The angular behavior of matrix element is
more complicated. Only in the limit &y, — 0 the
sin(®)-behavior with some modulated amplitude is
restored.

We can obtain some information about angular behavior
of matrix element from properties of the integral (2.12).
Obviously, we have periodicity of M in ® with the period
27r. For ® = 0 and ® = 7 we have immediately M = 0.
It follows from the oddness of the integrand for these
values of ®. This investigation is a good check of numeri-
cal results shown at Fig. (10). Of course, more detailed
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information can be obtained only after numerical integra-

tion of (2.12) with concrete functions f97, f9% and
Forgrmy' )
The objects S Ce, x4, kG0 KT 1) and

T35 (xa, xb, kG k5, 1) appearing in formula (2.4) and
(2.12) are skewed (or off-diagonal) unintegrated gluon
distributions. They are nondiagonal both in x and k? space.
Usual off-diagonal gluon distributions are nondiagonal
only in x. In the limit x,, — x{,, k5, — k7 ,, and 1,, —
0 they become usual UGDFs.

Using the relations (2.1) and k; — k, =
|ko,|?, we obtain

Py and s >

sxixy = m2, + |py > + Iph 1> + 21pf lIp5, | cos(P)
= m%, + [Py 12 (2.13)

The longitudinal momentum fractions are now calculated
as:

ko,
exp(*y), Xip = Xp = \/Et )

(2.14)

Above y is the rapidity of the produced meson.
In the general case we do not know UGDFs very well. It
seems reasonable, at least in the first approximation, to take

Off(xl, X1 k(z) r kl p 1) = \/f(l)( t k(2),z) 'fél)(xl’ k%,t)

'Fl(tl)’ (215)

o (3, xp K K 1) = O (5 K, P00, K3,)
- Fy(1y),

where F,(t;) and F,(t,) are usual Dirac isoscalar nucleon
form factors and ¢, and ¢, are total four-momentum trans-
fers in the first and second proton line, respectively. The
|

(2.16)

My ppnin, = {E(le A/l)[Fl(fl)YM i

VV’

{u<p2, A;)[F )y + i

Limiting to large energies (y/s > my +M N + My) and
small transverse momenta ¢, and ¢, (|t| < 4M3%) the matrix
element for pp — p7'p reaction via virtual photon—vir-
tual photon fusion can be written as

— (p +P/)’u *yt—m!
.’]Vl;py_,p:p = el (h)%rzﬁy " (ky, ky)
1

(p2 + p5)”
1)

X

eFl(tz), (221)

kl /L”Fz(tl):|u(pl) 1)} #IM

ky 1 Fy (1) Ju(po, Az)}
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above prescription is a bit arbitrary, although it is inspired
by the positivity constraints [16] for collinear Generalized
Parton Distributions. It provides, however, an interpolation
between different x and k; values appearing kinematically.
Our prescription is more symmetric in variables of the first
and second exchange than the one used recently in [17] for
Higgs boson production.
The UGDFs above have a property that

flx, k) — 0,

if k2 — 0. The small-k? region is of nonperturbative nature
and is rather modeled than derived from pQCD. Usually
the UGDFs in the literature are modeled to fulfill

[l k)
ki

(2.17)

= F(x, k?) — const (2.18)
if k2 — 0. It is sometimes more useful to use F(x, k7)
instead of f(x, k).

When inspecting Eq. (2.4) and (2.16) it becomes clear
that the cross section for elastic double-diffractive produc-
tion of a meson (or Higgs boson) is much more sensitive to
the choice of UGDFs than the inclusive cross sections.

B. y*y* fusion

It was advocated in Ref. [18] that the pseudoscalar
mesons production at small transverse momenta may be
dominated by the virtual photon—virtual photon fusion. In
the following we wish to investigate the competition of the
diffractive mechanism discussed in the previous subsection
and the y*y* fusion mechanism.

In this case averaged matrix element squared

s 1
|MP = 4 Z |MA1,A2,A;,A;|2' (2.19)

In the most general case the Born amplitude (for notation
see Fig. 4) reads:

_i)esz*'y*—vq (tlr t2)€/1,’v/a,ﬂk(lxk2ﬁ gtVV
2
(2.20)
[
where
FZ;VY*_)T] (k]; k2) - lezF *'y*—vq/(kZ! k%)ey,ypak?kg'
(2.22)

In Eq. (2.21) F(z;) and F,(¢,) are Dirac proton electro-
magnetic form factors. In the following we have omitted
the spin-flipping contributions related to the respective
Pauli form factors. F- .,/ is a respective electromag-
netic off-shell form factor normalized to
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1
7T2f.,]/

where f, is the meson decay constant. Alternatively one
can use the relation

(0,0) = , (2.23)

77_"’7

1 647l(n' — vy)

2 3 ’
47a) m,

Iy (0, 0) = (2:24)

where only measured quantities enter. Inserting PDG
values of experimental entries for 7' we get
|F ey (O, 0)|> =0.116 GeV 2.

Now we can write

(p1 + PYETLY ™7 (ky, ky)(py + Ph)”

= _iez : (2S)Fy*y*—>7]’(kzy k%)lkl,t”kZ,tI SIH(CI))
(2.25)
Collecting all ingredients together we get
T vy =1 12 Fi(t)) Fi(t)
Y'Y= 2 og2,8 0 1ML 2 2 12)|2
|mpp—>pn pl ~ ds’e tl fz |F7*7"—>n (ky, k)l
X |k, Pk, [Psin® (D). (2.26)

The 7, and 7, dependences of F,- -, are the least
known ingredients in the formula (2.26). It is known ex-
perimentally only for one virtual photon. In the following
we shall use two different forms of the form factors. The
first one is inspired by the vector-dominance model:

F

Yy —n (0,0)
(1 = k3/mp)(1 = k3/my)”

The second one is motivated by the leading twist pQCD
analysis in Ref. [19]:

(K2, K3) = (2.27)

77_’7]

Fyyy(0,0)

(1 = (kf + k3)/m3)”

Both these forms describe the CLEO data [20] for one real
and one virtual photon.

(k3, K3) = (2.28)

Yy -

C. Phase space and kinematics

The cross section for the 3-body reaction pp — pn'p
can be written as

1
do = % IM|? - d*PS. (2.29)
s
The three-body phase-space volume element reads
pps— 4Pi &py &Py
2E\(27)? 2E,(27)? 2Ey(2m)°
Q@) 8t (py + pa— Py — Py — Pu). (2.30)

At high energies and small momentum transfers the phase-
space volume element can be written as

PHYSICAL REVIEW D 75, 054021 (2007)

B3PS = dtldthgldgdeI)é(S(l — &)1 = &) —m3),

(2.31)

where £, &, are longitudinal momentum fractions carried
by outgoing protons with respect to their parent protons
and the relative angle between outgoing protons ® €
(0, 277). Changing variables (¢, &) — (xp, m%},) one gets

d
——dndr, ala dd.

2% s\/x% + 4(m3], + Py 1) /s
(2.32)

d*PS =

It is more convenient for lower (but still high) energy to
use variable xz. However, at very high energies the cross
section becomes too much peaked at xr = 0 due to the
jacobian

1 Vs

J = —
JxE + 4m37,/s 2my

and the use of rapidity y instead of x5 is recommended. The
phase-space element in this case has the following simple
form

(2.33)

d*PS = dtldtzdydd) (2.34)
If xf is used then
1 4m?,
bro= 1=y + il (2.35)
s

In the other case when the meson rapidity is used then

£1o~ 1 exp(y). (2.36)

NG
Now the four-momentum transfers in both proton lines
can be calculated as

2
- _Pé/z,z (1-¢, 2)? mp. 2.37)

t =

b2 £12 £12
Only if £1,=1, t1, =
relation was often used in earlier works on diffractive
production of particles. However, in practice &, # 0
and the more exact equation must be used. The range of
t; and t, is not unlimited as it is often assumed. One can
read off from Eq. (2.37) a kinematical upper limit for #; ,
which is:

— Pl The latter approximate

(1-¢ 2)2 2
E, 7
In practice these phase-space limits become active only for

|xg| > 0.2. The lower limits are energy dependent but are
not active in practice.

to < — (2.38)
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The Mandelstam variables for subsystems {proton] +
n'} and {proton) + 1’} can be expressed via other kine-
matical variables

S1‘2 = S(l - 51’2) + m%, + 21‘1,2. (239)

Itis also checked if 5, , > (m,; + mp)z, but this limit is not
active in the region of interest (central production).

III. RESULTS

Before we present our results let us discuss some input
parameters for our calculations.

The partial decay width I'(’ — gg) is not well known.
Of course

I(n'— gg) < F‘;,t = (0.2 MeV. 3.1

In the following we shall take the upper limit in order to
estimate the cross section.

The form factors responsible for off-diagonal effects are
taken in the form [21]

4m%, - 2.79t12

Fi(t,) = .
PR @ml = 1)1 = 11,/071)?

3.2)

The proton form factor in this form gives rather good
description of the 7-dependence of the elastic pp cross
section at high energies, i.e. for kinematics similar as in
our case.

The k% and k3 dependence of the form factor
Fgegey (K3, k3) is not well known as it is due to non-
perturbative effects related to the internal structure of the
1'-meson. In the following, in analogy to the y*y* — 7’
form factor, we take it in the factorized double monopole
form

1
(1 =k /A0 = k3/AZ,)

os

Forgry (K7, k3) = (3.3)
We take k{ = —kf, and k3 = —k3 ,. The parameter A, ~
m,, may be expected. In general, it can be treated as a free
parameter in order to quantify the theoretical uncertainties.
In the present work we shall use a few sets of uninte-
grated gluon distributions which aim at the description of
phenomena where small gluon transverse momenta are
involved. Some details concerning the distributions can
be found in Ref. [22]. We shall follow the notation there.
The larger energies, the smaller values of parton mo-
mentum fractions come into game. Therefore at larger
energies we shall use distributions constructed exclusively
for small values of x. Two of them are based on the idea of
gluon saturation. One of them was obtained based on a
saturation-inspired parametrization of the dipole-nucleon
cross section which leads to a good description of the
HERA data [23]. The second one [24] was constructed to
describe the inclusive RHIC pion spectra. The third one is
the asymptotic BFKL distribution [25]. We do not wish to
repeat more details here. It can be found in individual
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references as well as in Ref. [22] where applications of
UGDFs to c¢ correlations was discussed.

Because of its simplicity the Gaussian smearing of initial
transverse momenta is a good reference point for other
approaches. It allows to study phenomenologically the role
of transverse momenta in several high-energy processes.
We define simple unintegrated gluon distribution:

fgauss(x’ k%) /"L%') = ngOH(x’ /‘L%‘) : fGauss(krz):

where g®!!(x, u%) are standard collinear (integrated) gluon
distribution and fg,,(k?) is a Gaussian two-dimensional
function:

(3.4)

1
fGauss(ktZ) = W eXP(_k%/zU(z))/W- (3.5)

0
The UGDF defined by Eq. (3.4) and (3.5) are normalized
such that:

ffga”“(x, k2, u2)dk? = xg®(x, u%). (3.6)

In the present paper we shall not use Khoze-Martin-
Ryskin UGDFs. The main reason is that in our case the
KMR prescription can be used only in a very limited range
of gluon transverse momenta Q3 < k7 < m%},, where Q3 is

the lowest possible perturbative scale. In the case of light
meson production we are sensitive mainly to the nonper-
turbative region k; < Q, where KMR method cannot be
directly applied. Its application would require unclear
extrapolation to the other regions. We feel this is a quite
arbitrary procedure.

Furthermore KMR uses some approximation when de-
riving off-diagonal UGDFs assuming ko, > p1 ,, p;,. We
have checked that in our case this in not a good approxi-
mation. In Fig. 5 we show results with and without this

(@]
N

T T T T T T

KL UGDF '
n

10 F T 4 KL UGDF

W = 1960 GeV 4

do/dx; (nb)
o

da/dt (nb/GeV?)

~0.4-0.2 0 0.2 0.4
Xe t (GeV?)

0 0.2 0.4 0.6 08 1

FIG. 5. Cross sections for different prescriptions for off-
diagonal UGDFs. The solid line corresponds to our prescription
and the dashed line corresponds to the KMR prescription k;, =
ky; = ko,. In this calculation we have taken KL distribution. No
absorption corrections were included here.
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approximation applied to the off-diagonal UGDFs. These
results differ significantly.

In our case, unlike for the Higgs production, we are
extremely sensitive to small transverse momenta of the
order of a fraction of GeV, i.e. to a nonperturbative region.
However, some UGDFs like KL were constructed for this
nonperturbative region so we think their use is justified. In
Fig. 6 we show results for different lower cuts on gluon
transverse momenta. This result clearly shows the role of
small gluon transverse momenta.

We wish to stress in this context that all the distributions
considered give quite reasonable description of the HERA
F, data. It was discussed by one of the authors that HERA
data does not provide strong contraints on k,-dependence
of UGDFs. Different UGDFs lead to different predictions
for other inclusive reactions [22,26]. Similar observation
was made by Lonnblad and Sjodahl for exclusive Higgs
production [27].

The two-scale off-diagonal distributions require a sepa-
rate discussion. In this case

£ = YO R 1) - D K 1) - Fy(n), B

£ = P K 1) - f P00 K 1) - Fi(1), (3.8)

The choice of the (factorization) scales here is not com-
pletely obvious. We shall try the following six choices:

(al) ug=my,  w>=m,

(a2) u§ = m,y, w? = m%}, + P},

Bl ug =05  w*=my,

(b2) ug = Q5 pP=my, + Py,

(c1) p§ = K, (+freezing at k§, < QF), w>=m2,

(c2) u} = k3 (+freezing at k3, < Q3),

2 2 2
Mme=mo, T+ Py

The first choice is similar as in [28]. However, it is not
obvious if the scale associated with the ““hard” production
(g"g* — m') can be used for the left part of the gluonic
ladder where no obvious hard scale appears. Therefore we
shall try also the second choice where we shall use Qg5 =
0.26 GeV?, i.e. the nonperturbative input for the QCD
evolution in Ref. [29]. Another option was proposed by
Lonnblad and Sjédahl [27]. They take k , as a first scale. In
our case this prescription must be supplemented by freez-
ing the scale for gluon transverse momenta smaller than Q,
(minimal perturbative scale). Since %’ mass is rather small
we shall try also transverse mass u’> = m%}, + P}, for the
second scale. In Fig. 7 we show do/dxy and do/dt, , for

different choices of both scales. We observe a strong
dependence on the choice of the first (u3) scale. The add-

PHYSICAL REVIEW D 75, 054021 (2007)
1 O T T T T

/E ‘ : ; T T o
2 3 W= 196
" O 1| w=19600ev |
X 2
3 Fe]
< S
5 ~ 10 - A
© S .~~~
S 102
8107
-3
10 A
—4
Il - ; l

-0.4-0.2 0 0.2 0.4 0 0.2 0.4 0.6 08 1
X¢ t (GeV?)

FIG. 6. Dependence of the cross section on the lower cut on
gluon transverse momenta. Solid line corresponds to no cut case,
dashed line to k2 . = 0.2 GeV? and the dotted line to k2 _. =

t,min £, min
0.4 GeV?2. No absorption correctons were included here.

ing transverse momentum of the 1’ meson in (a2), (b2) and
(c2) (dashed lines in the figures) change the results
insignificantly.

Now we shall present results for various UGDFs. Let us
start from the do/dxp distribution. In Fig. 8 we show the
results of calculations obtained with several models of
UGDF (for details see [22]). For comparison we show
also the contribution of the y*y* fusion mechanism. The
contribution of the last mechanism is much smaller than
the contribution of the diffractive QCD mechanism.

In Fig. 9 we present distribution in #; and ¢, (identical) of
the diffractive production and of the y*y* mechanism (red
dash-dotted curve). The distribution for the y*y* fusion is
much steeper than that for the diffractive production.

T T T T

W = 1960 GeV

do/dxe (nb)
o/t (nb/CeV)

_5] W=1960Cev |

P R I IS SR 10 PRI BRI RS I SR
-0.4-0.2 0 0.2 0.4 0 0.2 040608 1
X¢ t (GeV?)

FIG. 7 (color online). Dependence of the cross section on
factorization scales for the Gaussian off-diagonal UGDFs. The
solid lines correspond to u? = m%’, and the dashed lines corre-
spond u? = mfi/ + P%,“. Three pairs of lines correspond to
different choices of ,u,(z) = m%}, (a), k%,(-l—freezing) (c), Q% (b)
(from top to bottom). No absorption corrections were included
here.
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FIG. 8 (color online). do/dxp as a function of Feynman x for
W =29.1 GeV and for different UGDFs. The y*y* fusion
contribution is shown by the dash-dotted (red) line (second
from the bottom). The experimental data of the WA102 collabo-
ration [12] are shown for comparison. The dashed line corre-
sponds to the KL distribution, dotted line to the GBW
distribution and the dash-dotted to the BFKL distribution. The
two solid lines correspond to the Gaussian distribution with (al)
(upper) and (b1l) (lower) choices of scales. No absorption cor-
rections were included here.

In Fig. 10 we show the distribution of the cross section as
a function of the angle between the outgoing protons. In the
first approximation it reminds sin?(®). A more detailed
inspection shows, however, that the distribution is some-
what skewed with respect to sin>(®) dependence. This is
due to the two reasons:

(a) kinematical —caused by interrelations of integra-
tion variables due to finite phase-space limits
(present also for the pomeron + pomeron — 7’ fu-
sion model),

(b) dynamical—caused by nonlocality due to the inter-

" production ' E
W=2910Cev ]
WA102 data

A
- —_—
iR

’

da/dt (nb/GeV?)

”
Y ‘e S

10 I..,_ .."~:§
-2 AP - 1
10 °F s
10_3‘Hmum:'\{'hmu’
0 0.204060.8 1

t (GeV?)

FIG. 9 (color online). do/dt,, as a function of Feynman ¢,
for W = 29.1 GeV and for different UGDFs. The y*y* fusion
contribution is shown by the dash-dotted (red) steeply falling
down line. The experimental data of the WA102 collaboration
[12] are shown for comparison. The notation here is the same as
in Fig. 8. No absorption corrections were included here.

PHYSICAL REVIEW D 75, 054021 (2007)

i~y 'r;L proddction ‘
I N .
S
J W =29.1GeV
} 10 WA102‘duto
©
1
-1 ‘
10
o ff T ete-
10 Hsyg Lo=r=e
-3
10

0 50 100 150
2

FIG. 10 (color online). do/d® as a function of ® for W =
29.1 GeV and for different UGDFs. The y*y* fusion contribu-
tion is shown by the dash-dotted (red) symmetric around 90°
line. The experimental data of the WA 102 collaboration [12] are
shown for comparison. The notation here is the same as in Fig. 8.
No absorption corrections were included here.

nal loop of the diagram shown in Fig. 1 (the sin(¢)
dependence is embedded only in the loop
integration).

In order to quantify the effect we define the parameter of
the skewedness of the ® distribution as
72 (W)dD — [77 4% (W)dD

Sw2(W) = 7492 (W)dd

(3.9

If we take more differential cross section in the definition
above than S, =S8,,(W,y,t,t) (or S,,»(W,xp,
ty, 13)). Of course —1 < S, /, < 1. For exact sin*(®) dis-
tribution S/, = 0. In Table I we show the skewedness
parameter S/, for our model for different initial energies
W = 29.1, 200, 1960, 14000 GeV, relevant for WA102,
RHIC, Tevatron and LHC, respectively. Generally, the
larger energies the smaller S, ,. The phase-space limita-
tions cause only a very small skewedness.

In Table IT and in Fig. 11 we show energy dependence of
the total (integrated over kinematical variables) cross sec-
tion for the exclusive reaction pp — pn'p for different
UGDFs. In the case of Gaussian UGDFs we show in

TABLE 1. The measure of the skewedness S/, of azimuthal
angle distributions for different UGDFs and different center-of-
mass energies. In this calculation —0.5 < xp <0.5, —1 GeV <
tl>2 < 0.

W (GeV) S/ (KL) S/ (GBW) S./» (BFKL)
29.1 0.5990 0.7889 0.3615
200 0.5867 0.6628 03131
500 0.5629 0.4983 0.2990
1960 0.5019 0.2622 0.2814
14000 0.3870 0.2283 0.2617
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TABLE II. Energy dependence of the cross section (in nb) for
different UGDFs. The integration is over —4 <y <4 and
—1 GeV <, <0. The second lines for Gaussian distributions
are for the choice (b) of the factorization scale. No absorption
corrections were included.

UGDF 29.1 200 1960
KL 0.2867(+0)  0.7377(+0)  0.4858(+0)
GBW 0.1106(+1)  0.2331(+2)  0.1034(+3)
BFKL 0.3279(—=1)  0.9205(+1)  0.2188(+4)
Gauss (0.2)  0.6391(+3)  0.1697(+5)  0.2964(+6)

0.3445(+1) 0.2984(+3)
Gauss (0.5)  0.7389(+1)  0.2705(+3)  0.3793(+3)

0.4199(—1) 0.4094(+1)
Yyt 0.7764(—=1)  0.2260(+0)  0.3095(+0)

T T T
IS
7' production

a(W) (nb)

10 F S 77 E
10 PERERTTT BETSTERTIT ETRTE T R AAAM:
1 10 10% 10° 10"

W (GeV)

|
N
~

FIG. 11 (color online). o, as a function of center-of-mass
energy for different UGDFs. The y*y* fusion contribution is
shown by the dash-dotted (red) line. The world experimental
data are shown for reference. The notation here is the same as in
Fig. 8. No absorption corrections were included here.

do/dt, dt, (nb/GeV*)
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Table II also results with the second choice of the factori-
zation scale. The cross section with the second choice is
much smaller than the cross section with the first choice.
Quite different results are obtained for different UGDFs.
This demonstrates once again the huge sensitivity to the
choice of UGDFE. The cross section with the Kharzeev-
Levin type distribution (based on the idea of gluon satura-
tion) gives the cross section which is small and almost
idependent of beam energy. In contrast, the BFKL distri-
bution leads to strong energy dependence. The sensitivity
to the transverse momenta of initial gluons can be seen by
comparison of the two solid lines calculated with the
Gaussian UGDF with different smearing parameter oy =
0.2 and 0.5 GeV. The contribution of the y*y* fusion
mechanism (red dash-dotted line) is fairly small and only
slowly energy dependent. While the QED contribution can
be reliably calculated, the QCD contribution cannot be at
present fully controlled. It is even not completely excluded
that the QED contribution dominates over the QCD con-
tribution in some energy window.

At present it seems impossible to understand the dynam-
ics of the exclusive 1’ production at high energy without a
real measurement. The Tevatron apparatus gives such a
possibility, at least in principle. In Fig. 12 we present two-
dimensional maps #; X t, of the cross section for the QCD
mechanism (KL UGDF) and the QED mechanism (Dirac
terms only) for the Tevatron energy W = 1960 GeV. If
[t,1, [t,] > 0.5 GeV? the QED mechanism is clearly negli-
gible. However, at |t;] |t,] < 0.2 GeV? the QED mecha-
nism may become equally important or even dominant. In
addition, it may interfere with the QCD mechanism.

In Fig. 13 we show a two-dimensional map ¢ X ®,
where ¢ = t; or t,. The bigger ¢, the larger skewedness
with respect to @ = 77/2. The skewedness, which is almost
independent of the beam energy, is a generic feature of the
QCD mechanism, quite independent of the choice of
UGDF. The observation of the skewedness seems to be a

do/dt, dt, (nb/GeV*)

FIG. 12. Two-dimensional distribution in #; X ¢, for the diffractive QCD mechanism (left panel), calculated with the KL. UGDF, and
the y*y* fusion (right panel) at the Tevatron energy W = 1960 GeV. No absorption corrections were included here.
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do/dt d¢ (nb/GeV?)

FIG. 13. The cross section for pp — pn'p as a function of ¢
(t; or t,) and relative azimuthal angle ® for the Tevatron energy
W = 1960 GeV. In this calculation the KL UGDF was used. No
absorption corrections were included here.

condition ‘“‘sine qua non” for the confirmation of the QCD
mechanism.> On the other hand, the observation of the
sin”® dependence, as for the lower-energy WA102 data,
may be very difficult to understand microscopically.

Summarizing, the reaction under consideration seems
very promissing in better understanding of the QCD dy-
namics in the nonperturbative region.

In the case of Higgs (or heavy particle) production the
large mass sets a hard scale. In the case of 1’ the mass is
only about 1 GeV. In this case the hard scale can be
obtained by selecting large transverse momenta or analo-
gously large |7,] and |#,|. In principle, these variables could
be controlled by measuring outgoing protons. As an ex-
ample in Table IIT we have collected results for different
windows in the (¢, 1) space for the KL UGDF. In this case
the cross section is dropping down rather slowly with
increasing |#;| and |t,]. However, this result depends
strongly on UGDF used in the calculation. Therefore mea-
suring the cross section for different cuts on #; and #, would
be a farther test of UGDFs.

The formalism presented in the previous sections can be
applied to a production of other pseudoscalar mesons. In
Table IV we have collected cross sections for 7, meson
integrated over broad range of kinematical variables speci-
fied in the table caption. Again we have taken an upper
limit assuming I'(n, — gg) = I'}Y', which may be even
more reliable in the case of 7). production. These cross
sections are very similar to the cross section for 5’ pro-
duction and in some cases even bigger. The results with
Gaussian distribution, oy = 0.2 GeV and first choice of
factorization scale seems excluded, as constituting too
large fraction of the total cross section. This strongly
suggests also that the analogous result for n’ production

*The absorption corrections should only increase the
skewedness.

PHYSICAL REVIEW D 75, 054021 (2007)

TABLE III. Cross section in nb for different cuts on ¢, and 7,
and —0.5 <xp <0.5. The limits for the ( —#;) and ( — )
windows in GeV? are given explicitly. This calculation was
done for the KL UGDF. No absorption corrections were in-
cluded.

o,1) (1,2) (2,3) 34
(0,1) 0.1587(0) 0.5437(—=1) 0.8436(—2) 0.1558(—2)
(1,2) 0.5437(—1) 0.2257(=1) 0.4033(—=2) 0.7978(—3)
(2,3) 0.8436(—2) 0.4033(—2) 0.9033(—3) 0.2089(—3)
(3.4) 0.1558(—2) 0.7978(—3) 0.2089(—3) 0.5753(—4)

TABLE IV. Comparison of the cross section (in nb) for ' and
7. production at Tevatron (W = 1960 GeV) for different
UGDFs. The integration is over —4 <y <4 and —1 GeV <
t1, < 0. The second lines for Gaussian distributions are for the
choice (a2) of the factorization scale. No absorption corrections
were included.

UGDF n' N,
KL 0.4858(+0) 0.7392(+0)
GBW 0.1034(+3) 0.2039(+3)
BFKL 0.2188(+4) 0.1618(+4)
Gauss (0.2) 0.2964(+6) 0.3519(+8)
0.2984(+3) 0.2104(+4)
Gauss (0.5) 0.3793(+3) 0.4417(+6)
0.4094(+1) 0.3008(+2)
vyt 0.3095(+0) 0.4493(+0)

must be questioned. This seems to open a problem of
understanding the WA102 data in terms of the QCD
mechanism discussed above.

Our result shows that the measurement of double-
diffractive double-elastic production of 7, should be pos-
sible. However, one should remember about very small
branching fractions for different decay channels of 7. It
is not clear to us at present if the missing mass technique
could be used at the Fermilab Tevatron. This would help to
avoid the small branching fraction problem. The results
obtained with different UGDFs differ significantly. Any
measurement of the reaction would be then very interesting
to estimate (or limit) UGDFs in the nonperturbative region.

IV. DISCUSSION AND CONCLUSIONS

For the first time in the literature, we have calculated
exclusive production of 5’ meson in high-energy pp —
p7n' p collisions within the formalism of unintegrated gluon
distributions. This type of reaction exhibits an incredible
sensitivity to the choice of UGDF, which makes precise
predictions rather difficult. Measurements of this reaction,
however, would help to limit or even pin down the UGDFs
in the nonperturbative region of small gluon transverse
momenta k, where these objects cannot be obtained as a

054021-10



pp — ppn’ REACTION AT HIGH ...

solution of any perturbative evolution equation, but must
be rather modeled. The usual procedure is to extrapolate
the perturbative regime via a smooth parametrization. For
most of inclusive reactions the details of such a procedure
are not essential. In contrast, for the reaction discussed here
the extrapolation is crucial.

In contrast to diffractive Higgs production, in the case of
light meson production the main contribution to the am-
plitude comes from the region of very small gluon trans-
verse momenta and very small longitudinal momentum
fractions. In this case application of Khoze-Martin-
Ryskin UGDFs seems not to be justified and we have to
rely on UGDFs constructed for this region.

The existing models of UGDFs predict cross section
much smaller than the one obtained by the WA102 col-
laboration at the center-of-mass energy W = 29.1 GeV.
This may signal presence of subleading reggeons at the
energy of the WA102 experiment or suggest a modificac-
tion of UGDFs in the nonperturbative region of very small
transverse momenta. Experiments on exclusive central
production of 1’ at RHIC, Tevatron and LHC would cer-
tainly help in disentangling the problem. With some cuts
on &, &,, t; and t, the reaction under consideration can be
measured at the Fermilab Tevatron [30]. An exact evalu-
ation of the experimental cross section for the Tevatron will
be presented elsewhere.

A reasonable description of the WA102 total cross sec-
tion can be obtained with UGDF obtained by Gaussian
smearing of collinear gluon distributions and rather small
value of the smearing parameter o~ 0.2-0.3 GeV,
clearly pointing to a nonperturbative effect. If the parame-
ter o is adjusted to the total cross section a reasonable
description of the do/dxy around |xp| < 0.2 is obtained
simultaneously. This was not possible with the Regge-like
(two-pomeron exchange) description of the reaction [11]
which produced distribution too much peaked at xz = 0.
However, our approach gives somewhat too much skewed
(asymmetric around ® = 77/2) distribution in relative azi-
muthal angle between outgoing protons compared to the
WA102 data. This model gives definite predictions at larger
energies where the contribution of subleading reggeons
should be negligible. Experimental data at different colli-
sion energies would verify the solution and shed more light
on the dynamics of the 5’ meson production. At present the
Tevatron apparatus could be used.

PHYSICAL REVIEW D 75, 054021 (2007)

Measurement at lower energies would be also interest-
ing. Natural possibilities would be FAIR at GSI and J-
PARC at Tokai. Such data could shed more light on the role
of subleading reggeons which seems important in under-
standing the WA 102 data.

Because of a nonlocality of the loop integral our model
leads to sizeable deviations from the sin’® dependence
(predicted in the models of one-step fusion of two vector
objects).

The y*v* fusion gives the cross section of the order of a
fraction of nb at the WA102 energy W = 29.1 GeV, i.e.
much less than 1% of the measured cross section. The y*y*
fusion may be of some importance only at extremely small
four-momentum transfers squared. In addition it can inter-
fere with the QCD mechanism, which is similar to the
familiar Coulomb-nuclear interference for charged hadron
elastic scattering.

Finally we have presented results for exclusive double
elastic 7. production. Similar cross sections as for 7’
production were obtained. Also in this case the results
depend strongly on the choice of UGDF.

In the present calculations we have calculated only so-
called bare amplitudes which are subjected to absorption
corrections. The absorption effects lead usually to an
energy-dependent damping of the cross section for exclu-
sive channels. At the energy of the WA102 experiment
W = 29.1 GeV the damping factor is expected to be of the
order 5-10 [6] and should increase with rising initial
energy. A detailed analysis of absorption effects is left
for a future separate study.
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