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Diphoton production at the Tevatron in the quasi-multi-Regge-kinematic approach
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We study the production of prompt diphotons in the central region of rapidity within the framework of
the quasi-multi-Regge-kinematic approach applying the hypothesis of quark and gluon Reggeization. We
describe accurately and without free parameters the experimental data which were obtained by the CDF
Collaboration at the Tevatron collider. It is shown that the main contribution to the studied process is given
by the direct fusion of two Reggeized gluons into a photon pair, which is described by the effective
Reggeon-Reggeon to particle-particle vertex. The contribution from the annihilation of Reggeized quark-
antiquark pair into a diphoton is also considered. At the stage of numerical calculations we use the
Kimber-Martin-Ryskin prescription for unintegrated quark and gluon distribution functions, with the
Martin-Roberts-Stirling-Thorne collinear-parton densities for a proton as input.
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L. INTRODUCTION

The study of the production of photons with large trans-
verse momenta in the hard interaction between two partons
in the high-energy hadron collisions, the so-called prompt
photon production, provides precision tests of perturbative
quantum chromodynamics (QCD) as well as information
on the parton densities within a hadron. Also, this study
represents our potential for the observation of a new dy-
namical regime, namely, the high-energy Regge limit,
which is characterized by the following condition: /S >
> Agep, where VS is the total collision energy in the
center of mass reference frame, Aqcp is the asymptotic
scale parameter of QCD, and u is the typical energy scale
of the hard interaction. At this high-energy limit, the con-
tribution from the partonic subprocesses involving
t-channel parton (quark or gluon) exchanges to the pro-
duction cross section can become dominant. In the region
under consideration, the transverse momenta of the incom-
ing partons and their off-shell properties can no longer be
neglected, and we deal with ‘“Reggeized” f-channel par-
tons. In this kinematics, the so-called quasi-multi-Regge
kinematics, the particles (multi-Regge) or the groups of
particles (quasi-multi-Regge) produced in the collision are
strongly separated in rapidity. In our discussion, both
photons from the photon pair are produced in the central
region of rapidity.

The quasi-multi-Regge-kinematic (QMRK) approach
[1] is particularly appropriate for this kind of high-energy
phenomenology. It is based on an effective quantum field
theory implemented with the non-Abelian gauge-invariant
action including fields of Reggeized gluons [2] and
Reggeized quarks [3]. In the QMRK approach we can do
calculations with Reggeized quarks [4,5], which presents
an open question in the other uncollinear factorization
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scheme, namely, the ky-factorization approach [6], follow-
ing which we can operate correctly with off-shell gluons
only. Recently it was shown also that the calculation in the
next to leading order in a strong-coupling constant within
the framework of the QMRK approach can be done [7].

Our previous studies of charmonium and bottomonium
production [8], open charm production [4], and inclusive
prompt photon production at the DESY HERA and at the
Fermilab Tevatron [5] demonstrated the advantages of the
high-energy factorization scheme based on the QMRK
approach over the collinear-parton model as far as the
description of experimental data is concerned.

This paper continues our study of the inclusive prompt
photon production at Tevatron which was performed re-
cently [5] in the framework of the QMRK approach. We
consider here the diphoton production at the Fermilab
Tevatron in the central region of rapidity applying the
hypothesis of quark and gluon Reggeization [1,3,9].

It is shown that the main contribution to the studied
process is given by the direct fusion of two Reggeized
gluons into a photon pair, which is described by the effec-
tive Reggeon-Reggeon to particle-particle vertex. The con-
tribution from the annihilation of the Reggeized quark—
antiquark pair into a diphoton is not small, and it is taken
into account additionally. We do not take into considera-
tion the contribution of the fragmentation mechanism of
the prompt photon production which is strongly suppressed
by the isolation cone condition [5].

At the stage of numerical calculations we use the
Kimber-Martin-Ryskin prescription [10] for unintegrated
quark and gluon distribution functions, with the Martin-
Roberts-Stirling-Thorne collinear-parton densities for a
proton as input [11].

This paper is organized as follows. In Sec. II, the rele-
vant Reggeon-Reggeon to particle-particle effective verti-
ces are presented and discussed. In Sec. III, we describe
diphoton production spectra at the Tevatron collider. In
Sec. IV, we summarize our conclusions.
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II. BASIC FORMALISM

In the phenomenology of strong interactions at high
energies, it is necessary to describe the QCD evolution of
the parton distribution functions of colliding particles start-
ing with some scale wu,, which controls a nonperturbative
regime, to the typical scale u of the hard-scattering pro-
cesses, which is typically of the order of the transverse

mass My = M2 + |k|? of the produced particle with

mass M and transverse momentum lgT. In the region of
very high energies, in the so-called Regge limit, the typical
ratio x = u/+/S becomes very small, x << 1. That leads to
large logarithmic contributions of the type [a, In(1/x)]" in
the resummation procedure, which is described by the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equa-
tion [12] or other Balitsky-Fadin-Kuraev-Lipatov-like
ones for unintegrated gluon (quark) distribution functions
®, ,(x, lgr|% u?). Correspondingly, in the QMRK ap-
proach [1], the initial-state 7-channel gluons and quarks
are considered as Reggeons, or Reggeized gluons (R) and
Reggeized quarks (Q). They are off-mass shell and carry
finite transverse two-momenta q; with respect to the had-
ron beam from which they stem.

The advantages of the QMRK approach include, first, it
uses gauge-invariant amplitudes and is based on a factori-
zation hypothesis that is proven in the leading logarithmic
approximation; second, it carries over to nonleading orders
in the strong-coupling constant, as recently proven [7];
third, it works both with Reggeized gluons and with
Reggeized quarks. The Reggeization of amplitudes pro-
vides the opportunity to efficiently take into account large
radiative corrections to processes in the Regge limit be-
yond what is included in the collinear approximation,
which is of great practical importance. The particle
Reggeization is a known effect in the high-energy quantum
electrodynamics (QED) for electrons [13], and for gluons
[12] and quarks [3,9] in QCD.

Recently, in Refs. [3,14], the Feynman rules for the
effective theory based on the non-Abelian gauge-invariant
action including fields of Reggeized gluons [2] and
Reggeized quarks [9] were derived for the induced and
some important effective vertices. The effective vertices
for the 2 — 2 processes with Reggeized gluons in the
initial state only, C*X~8¢ and CRR~44, were obtained in
Refs. [12,15]; the effective vertices C2288 and CRO—84
with Reggeized quarks and Reggeized gluons in the initial
state were obtained in Ref. [3]. For our purposes we need to
construct the effective vertices with two photons in the
final state, i.e. C22™7Y and CRR=YY The first one can be
easily obtained from the above mentioned vertices after
cutting the contribution from the three-gluon vertex and
replacement of the quark-gluon vertex by the same quark-
photon vertex. The effective vertex CRR~Y” can be ob-
tained using the Feynman rules [14] for the Reggeized
gluons and the well-known fourth-rank vacuum polariza-
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tion tensor, which corresponds to the set of quark-box
diagrams [16].

We perform calculations in the laboratory frame of the
Tevatron collider, where proton and antiproton beams have
equal energies, E, = E; = 900(980) GeV. We introduce
two light-cone vectors corresponding to the massless par-
ticle momenta as follows: P, = E;(1,0,0,1) and P, =
E»(1,0,0 — 1), where E; = E, and E, = E;. Also we
define two additional four-vectors (n*)* = P4 /E, and
(n~)* = PV /E,. For any arbitrary four-momentum k*,
we define k= = k- n™ = k*n,. We use the vertex func-
tions defined in Ref. [3], which describe the transition of
the Reggeized quark with the four-momentum ¢ and gluon
or photon with the four-momentum k into the on-shell
massless quark with four-momentum & + ¢:

YD g) = v+ 9=, + gL )
B S R R

. P
Nk q) =y, + Gt = 5 + g2 2
Y k) =Yu T4 ==Yu I % 2

The effective Reggeon-Reggeon to particle-particle ver-

tex C,@;gﬁw(ql, ¢, k1, k»), which describes the Reggeized
quark—Reggeized antiquark annihilation into a photon pair
in the process

0(qy) + O(g) = y(ky) + y(ky), 3)

can be presented as follows:

C;th_’w(ﬂhy 92 ki, ky)
-k
- _eéezl:y(vﬂ(kz, 42)m7(ﬂ =k q1)
(+) o~k
+ ki, g2) ———= vy (—ks,
Yu (ki QZ)(qz +k1)2y (—ka2 q1)
+ D —a2) | )

where momenta of the initial Reggeized parton are g(; ») =
xa1,2P2 + 9,27, and the induced term A, (g, ¢») has
the form

n,n, ntnt
A , =g, 22+ g, 5
w(a1, 42) = §; ik q> kG (5)

The vertex (4) satisfies the gauge-invariant condition,
which reads as follows:

CET™" (g1, . ki, kK = CE877 (g1, 40, ky, kp)KY = 0.

(6)
The effective gauge-invariant vertex
CR=YY(q\, q2, k1, k), which  describes  the direct

Reggeized gluon fusion into a diphoton in the process
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R(gqy) + R(qy) — y(ky) + y(ky), @)

can be presented as follows:

CE" (g g0, k1, ko) = T (g )T P (g)
X Gopur(qr, 42, k1, ky), (8)

where G,p,,(q1, 42, k1, ky) is the vacuum polarization
tensor of forth rank corresponding to the set of quark-box
diagrams, which are taken with the relevant color factor.

It is suitable to define the new scalar vertex
CRR=YY(q,, q», ky, k), in which the summation over final
photon polarizations has been performed:

CRE=YY(qy, qo, ki ko) = ) ek (ky, 41)e” (ky, Ay)
Ay

X Cav ™" (qy, 40, Ky, ko), )

where g#(k;, A;) and £”(k,, A,) are the polarization four-
vectors of final photons. The vertex (9) is presented as
follows:

CRR_'”(CIM q2, ki, ky) = H(rf)a(QI)H(THB(CIz)
X Goplq1, g2 ki ky),  (10)

where

Gap(q, g ki ko) = D &t (ky, 1y)e” (ky, Ay)
AL Ay

X Gaﬂ/.LV(Ql’ q2 klr kZ)

The exact expression for the tensor G, 5(q1, g2, ky, k) has
been obtained in Ref. [16]. We use the massless four-quark
scheme to calculate this tensor.

To obtain the vertex (10) we operate with projectors
on the Reggeized gluon states which can be presented in

the two equivalent forms H(TH"(qz) = q5;/1qor| or
07 (qy) = ~[Ex (") /1G] and  TI7"(qy) =
qtr/\dyrl or TI5"(q)) = —[x,Ey(n)"/|G171]. Contrary
to the definition used in Ref. [3], we do not include on-shell
quark spinors in our equations for the effective vertex (4).
We also used different normalization for the projector
H(Tt)“, which reads accordingly in Refs. [3,14] as IT)# =
(n*)*. Our definition implies that the squared Reggeized
amplitude in the QMRK approach is normalized to the
squared parton amplitude for on-shell quarks and gluons
when Gi7 = Gor = 0.

At the next step we write the squared matrix elements of
the above mentioned Reggeized parton processes, taking
into account kinematical conditions of the Tevatron
collider.

The squared matrix element for the direct diphoton
production via annihilation (3) of a Reggeized quark
from a proton (q; = x;P; + ¢,7) and a Reggeized anti-
quark from a antiproton (g, = x,P, + g,7) is obtained
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from the effective vertex (4), and it is presented as follows,

= 32 XX
M o 2 __"=,.2,4 2#}\
| (Qpr yy>| 3 & eqa alazblsztﬁ
X (WO + WIS + W2S2 + W3S3),
(11)
where ay :2k1 'Pz/S, a2=2k2-P2/S, bl =

2k1 'PI/S, b2=2k2'P1/S, S=2P1 'P2, = _q%T’
h=—¢ S§=(q+q)P Ii= (ih - k), a=
(q; — k»)?, and we apply that to § + 7+ it = —t; — t,,
Xl =a1 +02,X2=b1 +b2,

Wy = t1t2(t1 + fz) - fﬁ(f‘i‘ 12), (12)

—wi = tita(a; — ax)(by — by) + trx1(byl + by 1)
+ IIX2((11;+ azﬁ) + fﬁ(dlbl + 2Clzb1
+ 2a1b2 + a2b2), (13)

_W2 - blbz.x%tz + alazx%tl + albzf(xlbl + a2b2)

+ aybyit(a by + ayx,), (14)

~

t i
- w3 = ala2b1b2(alb2<5) + (12[91<?)>. (15)

When we consider the collinear approximation, in which
—E = i = i T

one hasﬂal 05 @2 S b, L b, 7S

X1x, = 5, and t; = 1, = 0, the well-known answer for the

squared on-shell parton amplitude is obtained:

Migg— 7P =S wes(z+5) 0
3 it

The squared matrix element for the symmetric subpro-
cess QpQ[-, — v is treated very similarly; one can be
obtained from (11) by the replacements: #; < f,, fea,
a, < by, a, < by, and x; < x,. It is easy to see that these
replacements do not change formula (11).

The squared matrix element |M(RR — yv)|?> for the
direct diphoton production via the fusion of Reggeized
gluons (7) is obtained from the effective vertex (10). The
analytical answer for the squared matrix element is known
(see Ref. [17]) in the following approximation: m, = 0 and
1, <K 8, 1, 0, where m, is the mass of a quark in the
relevant amplitude. It can be presented in the following
form:

- o 2
[M(RR — yy)|*> = Zazaf(z 62) (f1 + f2+ f3),
i=1
(17)

where ny = 4 is the number of active quark flavors,
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1 2442 —§ -7 —5\\2
== = 1 = +2 1 — +
Ji 8[( 0? Og(t) i °g<t))
+ 72 i f— 0 7\\2
+( <log <7)+772>+2 ulog(j)) ],
u S u
178 + 72 -8\ , 2+ -8\ §-1
f2=§[ log( S)—i— ulog( s)+SA
f—a 3
+ 2 A”log(;)],
u
f_w2[(§2+f21 <—§)+§—I>2+<§2+ﬁ21 (
SN A ; 708

The formula (17) formally coincides with the result, which
is obtained in the collinear-parton model. Anyway, we
incorporate (17) with the off-shell kinematics for the initial
Reggeized gluons. Of course, the exact squared matrix
elements with the off-shell initial particles are needed.
Our relevant calculations for arbitrary values of #; and ¢,
are in the progress.

III. PROMPT DIPHOTON PRODUCTION AT
TEVATRON

During last decade the CDF and DO Collaborations at
Tevatron obtained experimental data for the production of
prompt photons: inclusively [18,19], in association with a
jet [20], in association with a heavy quark (c, b) [21], and
in pair [22]. The inclusive prompt photon production was
studied in the QMRK approach in Ref. [5]. It was shown
that the main mechanism of the inclusive prompt photon
production in pp collisions is the fusion of the Reggeized
quark and Reggeized antiquark into a photon, via the
effective Regeon-Reggeon to particle (to photon) vertex
C22=7. We have described well the inclusive photon
transverse momentum spectra measured by the CDF and
DO Collaborations [18,19] in the wide region of the photon
transverse momentum and pseudorapidity.

Here we consider the production of prompt photon pair
or diphoton in the framework of the QMRK approach and
compare our predictions with the CDF data [22]. The cross
sections are measured differentially as a function of the
diphoton transverse momentum (pz), the diphoton invari-
ant mass (M), and the azimuthal angle between the two
photons (A¢). In this experimental analysis, the isolation
condition required that the transverse energy sum in a cone
of radius R = 0.4 (in ¢ — n space) about the photon
direction, minus the photon energy, be less than 1 GeV. It
is important to note that both the photons in the CDF
experiment [22] are produced in the central region of
rapidity (pseudorapidity) [7;,] <0.9. We can consider
such photons as a quasi-multi-Regge group of particles.

There are two mechanisms of prompt photon produc-
tion: the production of direct photons and the production of
photons in the fragmentation of produced quarks and glu-

+
22

(§2
t
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ons into photons. We have obtained [5] that the contribu-
tion of the fragmentation mechanism is strongly
suppressed by the isolation cone condition, which is ap-
plied to the experimental data for the inclusive photon
production [18,19]. We estimate one as small, about 5%,
and do not take into account this contribution in the pre-
sented analysis.

The leading contributions in diphoton production origi-
nate from the 2 — 2 processes (3) and (7). The first one is
of order a?; the second one is of order a’a?.

The factorization formulas for the hadron cross sections
in the QMRK approach are the following:

do(pp — yyX)

[dxl j‘d qir j'dxz fd DT 1500 — YY)

X [@Q/p(xl, I, p )CDQ_/[)(XZ; 1, m )

+ Dg), (1 11, w2 Posp(xa, 1, 2], (18)
da(pp — yyX)
d d? d d?
f X1 f thf X5 f wr s (RR = 77)
X (I)R/p(xl’ I, m )‘DR/p(xz, 1y, w2, (19)

where ®g g/, (x, , u?) are the unintegrated parton distri-
bution functions, and d&(RR, QQ — yy) are the
Reggeized parton cross sections. The unintegrated distri-
bution functions and the corresponding collinear

Fyo/p(x p %) distribution functions are connected by the
normalization condition

2
XFq,g/p(x: Iu’z) = ]0 q)Q,R/p(X, 1, ,Uzz)dt, (20)

which ensures the correct transition to the collinear-parton
limit of Egs. (18) and (19). The Reggeized parton cross
sections are defined in the following manner:
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d6(RR, Q0 — yy) = Qm)*6W(q, + g, — k; — k») where Igg oo = 2x1x,S is the flux factor of the incoming
=— 5 particles, and k% = (K9, k;7, k3) and k& = (K3, kyy, k3) are
X IM(RR, 00 — yY) the four—momenta of produced photons
Irr.00 Using the formulas (18), (19), and (21), we obtain the
2 Pk, differential cross sections for the diphoton production,
l_[ YoresTuk (21)  which can be written in case of the process (7) as follows:

do(pp — yyX) _ [ j [ f [ [ kirkar|M(RR — yy)|?
dt d dk d dk dn
d(A o) 1677 1 @1 1T m 2T 72 (xlsz)z

X D, (xp, 11, p2)Pryp (0, 1, p?), (22)

do(pp — yyX) _ f /’ [ f [ f IM(RR — yy)I?
t k dk d t1, W) Pr /5 (xs, 1y, w2
dpr 16 3 di, | de;y | dkir | dmy or | dma (x1x25)2|SIH(A¢>)| R/p(-xI: 1 M) R/p(xz, 2 7).

(23)
do(pp — yyX) _ f f [ f j f IM(RR — yy)I*
dt; | d dk d dk dn ) Lty ) Pg s (x0 1, 12),
dM 1677 1 ®1 1T i 2T 2(x1x25)2| sm(Agp)I R/p(xl ) R/p(-x2 2 1)
(24)
f

where ky ,7 = |k1 orl, 112 are the photon pseudorapldltles multidimensional integration we use the REWIAD code
¢ is the azimuthal angle between le and g7, x| = (k + from the CERNLIB program library, and we control the

K+ I+ K5)/S, xp = (k) + kS — k5 — k3)//S, k), = accuracy at the level of 2%-3%.
k‘%(em2 + e ™2),and kf, = '" (e’7'2 — e~ ™M2), The dif- We compare the results of our calculations with the

ferential cross sections for the diphoton production in case  experimental data from the CDF Collaboration [22]. The
of the process (3) are written similarly. To perform the  kinematic region under consideration is defined by the
following conditions: /S = 1960 GeV, |7;,] <0.9,

~ ki > 14 GeV, and k,; > 13 GeV. The results of our cal-

1=
>
[0}
o
Q
Q
- ®
& S
o Qo
~ [e %
9] R
© =
©
B
©
0.01 I I | I I
0 10 20 30 40
Pr, GeV PSR N I N T T T T I T N ST I
10 20 30 40 50 60 70 80 90 100
FIG. 1. The diphoton p; distribution from the CDF M, GeV

Collaboration [22]. Curve 1 is the contribution of the QQ —
vy process, 2 is the contribution of the RR — 77 process, and 3 FIG. 2. The diphoton mass distribution from the CDF
is their sum. Collaboration [22]. The curves are the same as in Fig. 1.
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FIG. 3. The diphoton A¢ distribution from the CDF
Collaboration [22]. The curves are the same as in Fig. 1.

culation are shown in Figs. 1-3. The description of the data
can be considered as good in the whole kinematic region of
variables M, py, and A¢. It is very interesting to compare
the relative weight of different processes in connection
with the a, order which they have. So the contribution of
the RR — 7y process, which is of order a®«a?, is greater,
by factors 5-10, than the contribution of the QQ — yy
process, which is of order @?. This fact demonstrates a
dominance of the gluon induced interactions at high en-
ergies. We see that suppression by factor a? is smaller than
enhancement of the gluon density over the quark density in
a proton at small x. The contributions of the 2 — 3 pro-

PHYSICAL REVIEW D 80, 114016 (2009)

cesses (QR — yyq and QQ — yvg), which are of order
a’a,, would be unimportant for the theoretical approach
used here. At first, the events when the diphoton and the
quark (gluon) jet are produced with close (pseudo)rapid-
ities are suppressed by the isolation cone condition.
Second, the events when the diphoton and the quark
(gluon) jet are produced with the large (pseudo)rapidity
gap are included in the presented consideration via the
effective vertices for Reggeized parton interactions in the
uncollinear factorization scheme, in which we use uninte-
grated over the transverse momentum parton distribution
functions.

IV. CONCLUSIONS

We have shown that it is possible to describe data for the
prompt diphoton production in high-energy pp collisions
at the Tevatron collider in the leading order of the QMRK
approach. The scheme of our calculation is based on the
hypothesis of quark and gluon Reggeization in the hard
processes at high energy. Our results demonstrate that the
QMRK approach is a powerful tool in the high-energy
phenomenology. It is evident that the QMRK approach
can be used also for the description of the photon plus jet
production [20] and the photon plus heavy quark produc-
tion [21] at Tevatron and the LHC. Our results for these
processes will be presented in future publications [23].
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