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I. INTRODUCTIONThe study of produ
tion of photons with large transverse momenta in the hard inter-a
tion between two partons in the high-energy hadron 
ollisions, so-
alled prompt photonprodu
tion, provides pre
ision tests of perturbative quantum 
hromodynami
s (QCD) aswell as information on the parton densities within a hadron. Also, these studies are ourpotential for the observation of a new dynami
al regime, namely the high-energy Reggelimit, whi
h is 
hara
terized by the following 
ondition pS >> � >> �QCD, where pS isthe total 
ollision energy in the 
enter of mass referen
e frame, �QCD is the asymptoti
 s
aleparameter of QCD, � is the typi
al energy s
ale of the hard intera
tion. At this high-energylimit, the 
ontribution from the partoni
 subpro
esses involving t�
hannel parton (quark orgluon) ex
hanges to the produ
tion 
ross se
tion 
an be
ome dominant. In the region under
onsideration, the transverse momenta of the in
oming partons and their o�-shell properties
an no longer be negle
ted, and we deal with "Reggeized" t�
hannel partons. In this kine-mati
s, so-
alled quasi-multi-Regge kinemati
s, the parti
les (multi-Regge) or the groups ofparti
les (quasi-multi-Regge) produ
ed in the 
ollision are strongly separated in rapidity. Inour dis
ussion, the both photons from the photon pair are produ
ed in the 
entral region ofrapidity.The quasi-multi-Regge-kinemati
s (QMRK) approa
h [1℄ is parti
ularly appropriate forthis kind of high-energy phenomenology. It is based on an e�e
tive quantum �eld theory im-plemented with the non-Abelian gauge-invariant a
tion in
luding �elds of Reggeized gluons[2℄ and Reggeized quarks [3℄. In the QMRK approa
h we 
an do 
al
ulations with Reggeizedquarks [5, 6℄ that presents an open question in the other un
ollinear fa
torization s
heme,namely kT�fa
torization approa
h [7℄, following whi
h we 
an operate 
orre
tly with o�-shell gluons only. Re
ently it was shown also, that the 
al
ulation in the next to leadingorder (NLO) in strong 
oupling 
onstant within the framework of QMRK approa
h 
an bedone [8℄.Our previous studies of 
harmonium and bottomonium produ
tion [4℄, open 
harm pro-du
tion [5℄ and in
lusive prompt photon produ
tion at the DESY HERA and at the FermilabTevatron [6℄ demonstrated the advantages of the high-energy fa
torization s
heme based onthe QMRK approa
h over the 
ollinear parton model as far as the des
ription of experimentaldata is 
on
erned. 2



This paper 
ontinues our study of the in
lusive prompt photon produ
tion at Tevatronwhi
h was performed re
ently [6℄ in the framework of the the QMRK approa
h. We 
onsiderhere the diphoton produ
tion at the Fermilab Tevatron in the 
entral region of rapidityapplying the hypothesis of quark and gluon Reggeization [1, 3, 9℄.It is shown that the main 
ontribution to studied pro
ess is given by the dire
t fusionof two Reggeized gluons into a photon pair, whi
h is des
ribed by the e�e
tive Reggeon-Reggeon to parti
le-parti
le vertex. The 
ontribution from the annihilation of Reggeizedquark - antiquark pair into a diphoton is not small and it is taken into a

ount additionaly.We do not take into 
onsideration the 
ontribution of the fragmentation me
hanism of theprompt photon produ
tion whi
h is strongly suppressed by the isolation 
one 
ondition [6℄.At the stage of numeri
al 
al
ulations we use the Kimber-Martin-Ryskin pres
ription [10℄for unintegrated quark and gluon distribution fun
tions, with the Martin-Roberts-Stirling-Thorne (MRST) 
ollinear parton densities for a proton as input [11℄ .This paper is organized as follows. In Se
. II, the relevant Reggeon-Reggeon to parti
le-parti
le e�e
tive verti
es are presented and dis
ussed. In Se
. III, we des
ribe diphotonprodu
tion spe
tra at the Tevatron Collider. In Se
. IV, we summarize our 
on
lusions.II. BASIC FORMALISMIn the phenomenology of strong intera
tions at high energies, it is ne
essary to de-s
ribe the QCD evolution of the parton distribution fun
tions of 
olliding parti
les start-ing with some s
ale �0, whi
h 
ontrols a non-perturbative regime, to the typi
al s
ale �of the hard-s
attering pro
esses, whi
h is typi
ally of the order of the transverse massMT = qM2 + j~kT j2 of the produ
ed parti
le with massM and transverse momentum ~kT . Inthe region of very high energies, in so-
alled Regge limit, the typi
al ratio x = �=pS be
omesvery small, x � 1. That leads to large logarithmi
 
ontributions of the type [�s ln(1=x)℄nin the resummation pro
edure, whi
h is des
ribed by the Balitsky-Fadin-Kuraev-Lipatov(BFKL) evolution equation [12℄ or other BFKL-like ones for unintegrated gluon (quark)distribution fun
tions �g;q(x; jqT j2; �2). Correspondingly, in the QMRK approa
h [1℄, theinitial-state t-
hannel gluons and quarks are 
onsidered as Reggeons, or Reggeized gluons (R)and Reggeized quarks (Q). They are o�-mass shell and 
arry �nite transverse two-momentaqT with respe
t to the hadron beam from whi
h they stem.3



The advantages of the QMRK approa
h in
lude: �rst, it uses gauge-invariant amplitudesand is based on a fa
torization hypothesis that is proven in the leading logarithmi
 approx-imation; se
ond, it 
arries over to non-leading orders in the strong-
oupling 
onstant, asre
ently proven [8℄; third, it works both with Reggeized gluons and with Reggeized quarks.The Reggeization of amplitudes provides the opportunity to eÆ
iently take into a

ountlarge radiative 
orre
tions to pro
esses in the Regge limit beyond what is in
luded in the
ollinear approximation, whi
h is of great pra
ti
al importan
e. The parti
le Reggeizationis known e�e
t in the high-energy quantum ele
trodynami
s (QED) for ele
trons [13℄, andfor gluons [12℄ and quarks [3, 9℄ in QCD.Re
ently, in Refs. [3, 14℄, the Feynman rules for the e�e
tive theory based on the non-Abelian gauge-invariant a
tion in
luding �elds of Reggeized gluons [2℄ and Reggeized quarks[9℄ were derived for the indu
ed and some important e�e
tive verti
es. The e�e
tive verti
esfor the 2! 2 pro
esses with Reggeized gluons in the initial state only, CRR!gg and CRR!q�q,were obtained in Refs. [12, 15℄, the e�e
tive verti
es CQ �Q!gg and CRQ!gq with Reggeizedquark and Reggeized gluon in the initial state were obtained in Ref. [3℄. For our purposes weneed to 
onstru
t the e�e
tive verti
es with two photons in the �nal state, i.e. CQ �Q!

 andCRR!

 . The �rst one 
an be easy obtained from the above mentioned verti
es after 
uttingthe 
ontribution from the three-gluon vertex and repla
ement the quark-gluon vertex by thesame quark-photon vertex. The e�e
tive vertex CRR!

 
an be obtained using the Feynmanrules [14℄ for the Reggeized gluons and the well-known fourth-rank va
uum polarizationtensor, whi
h 
orresponds to the set of quark-box diagrams [16℄.We perform 
al
ulations in the laboratory frame of the Tevatron Collider, where protonand antiproton beams have equal energies, Ep = E�p = 900(980) GeV. We introdu
e two light-
one ve
tors 
orresponding to the massless parti
le momenta as follows: P1 = E1(1; 0; 0; 1)and P2 = E2(1; 0; 0 � 1), where E1 = Ep and E2 = E�p. Also we de�ne two additionalfour-ve
tors (n+)� = P �2 =E2 and (n�)� = P �1 =E1. For any arbitrary four-momentum k�, wede�ne k� = k � n� = k�n�� . We use the vertex fun
tions de�ned in Ref.[3℄, whi
h des
ribetransition of the Reggeized quark with the four-momentum q and gluon or photon with thefour-momentum k into the on-shell massless quark with four-momentum k + q:
(+)� (k; q) = 
� + q̂ n+�k+ = 
� + q̂ P2�P2 � k ; (1)
(�)� (k; q) = 
� + q̂ n��k� = 
� + q̂ P1�P1 � k : (2)4



The e�e
tive Reggeon-Reggeon to parti
le-parti
le vertex C �QQ!

�� (q1; q2; k1; k2), whi
hdes
ribes the Reggeized quark { Reggeized antiquark annihilation into a photon pair in thepro
ess Q(q1) + �Q(q2)! 
(k1) + 
(k2); (3)
an be presented as follows:C �QQ!

�� (q1; q2; k1; k2) = �e2qe2h
(+)� (k2; q2) q̂1 � k̂1(q2 + k2)2
(�)� (�k1; q1) ++ 
(+)� (k1; q2) q̂1 � k̂2(q2 + k1)2
(�)� (�k2; q1) + ���(q1;�q2)i; (4)where momenta of the initial Reggeized parton are q(1;2) = x(1;2)P(1;2) + q(1;2)T , and theindu
ed term ���(q1; q2) has the form���(q1; q2) = q̂1n��n��k�1 k�2 + q̂2n+� n+�k+1 k+2 : (5)The vertex (4) satis�es the gauge-invariant 
ondition, whi
h reads as followsC �QQ!

�� (q1; q2; k1; k2)k�2 = C �QQ!

�� (q1; q2; k1; k2)k�1 = 0: (6)The e�e
tive gauge-invariant vertex CRR!

�� (q1; q2; k1; k2), whi
h des
ribes the dire
tReggeized gluon fusion into a diphoton in the pro
essR(q1) +R(q2)! 
(k1) + 
(k2); (7)
an be presented as followsCRR!

�� (q1; q2; k1; k2) = �(�)�T (q1)�(+)�T (q2)G����(q1; q2; k1; k2); (8)G����(q1; q2; k1; k2) is the va
uum polarization tensor of forth rank 
orresponding the set ofquark-box diagrams, whi
h are taken with the relevant 
olor fa
tor.It is suitable to de�ne the new 
salar vertex CRR!

(q1; q2; k1; k2), in whi
h the summationover �nal photon polarizations has been performed:CRR!

(q1; q2; k1; k2) = X�1;�2 "�(k1; �1)"�(k2; �2)CRR!

�� (q1; q2; k1; k2); (9)where "�(k1; �1) and "�(k2; �2) are the polarization four-ve
tors of �nal photons. The vertex(9) is presented as followsCRR!

(q1; q2; k1; k2) = �(�)�T (q1)�(+)�T (q2) ~G��(q1; q2; k1; k2); (10)5



where ~G��(q1; q2; k1; k2) = X�1;�2 "�(k1; �1)"�(k2; �2)G����(q1; q2; k1; k2):The exa
t expression for the tensor ~G��(q1; q2; k1; k2) have been obtained in the Ref. [16℄.We use massless four-quark s
heme to 
al
ulate this tensor.To obtain the vertex (10) we operate with proje
tors on the Reggeized gluon states whi
h
an be presented in the two equivalent forms �(+)�T (q2) = q�2Tj~q2T j or �(+)�T (q2) = �x2E2(n+)�j~q2T jand �(�)�T (q1) = q�1Tj~q1T j or �(�)�T (q1) = �x1E1(n�)�j~q1T j . On the 
ontrary to the de�nition usedin Ref. [3℄, we do not in
lude on-shell quark spinors in our equations for the e�e
tive vertex(4). We also used di�erent normalization for the proje
tor �(�)�T , whi
h reads a

ordinglyRef.[3, 14℄ as �(�)� = (n�)�. Our de�nition implies that the squared Reggeized amplitudein the QMRK approa
h is normalized to the squared parton amplitude for on-shell quarksand gluons when ~q1T = ~q2T = 0.At the next step we write the squared matrix elements of the above mentioned Reggeizedparton pro
esses taking into a

ount kinemati
al 
onditions of the Tevaron Collider.The squared matrix element for the dire
t diphoton produ
tion via annihilation (3) ofReggeized quark from a proton (q1 = x1P1+q1T ) and Reggeized antiquark from a antiproton(q2 = x2P2 + q2T ) is obtained from the e�e
tive vertex (4) and it is presented as followsjM(Qp �Q�p ! 

)j2 = 323 �2e4q�2 x1x2a1a2b1b2St̂û�w0 + w1S + w2S2 + w3S3�; (11)where a1 = 2k1 � P2=S, a2 = 2k2 � P2=S, b1 = 2k1 � P1=S, b2 = 2k2 � P1=S, S = 2P1 � P2,t1 = �q21T , t2 = �q22T , ŝ = (q1 + q2)2, t̂ = (q1 � k1)2, û = (q1 � k2)2, and we apply thatŝ+ t̂+ û = �t1 � t2, x1 = a1 + a2, x2 = b1 + b2,w0 = t1t2(t1 + t2)� t̂û(t̂+ û); (12)� w1 = t1t2(a1 � a2)(b1 � b2) + t2x1(b2t̂ + b1û) ++ t1x2(a1t̂ + a2û) + t̂û(a1b1 + 2a2b1 + 2a1b2 + a2b2); (13)� w2 = b1b2x21t2 + a1a2x22t1 + a1b2t̂(x1b1 + a2b2) + a2b1û(a1b1 + a2x2); (14)� w3 = a1a2b1b2�a1b2� t̂̂u�+ a2b1� û̂t ��: (15)6



When we 
onsider the 
ollinear approximation, in whi
h one has a1 = � ûx2S , a2 = � t̂x2S ,b1 = � t̂x1S , b2 = � ûx1S , x1x2 = ŝS , and t1 = t2 = 0, the well-known answer for the squaredon-shell parton amplitude is obtainedjM(�qq ! 

)j2 = 323 �2e4q�2� t̂̂u + û̂t �: (16)The squared matrix element for the symmetri
 subpro
ess �QpQ�p ! 

 is treated verysimilarly, one 
an be obtained from (11) by the repla
ements: t1 $ t2, t̂ $ û, a1 $ b1,a2 $ b2, and x1 $ x2. It is easy to see that these repla
ements do not 
hange formula (11).The squared matrix element jM(RR! 

)j2 for the dire
t diphoton produ
tion via thefusion of Reggeized gluons (7) is obtained from the e�e
tive vertex (10). The analyti
alanswer for the squared matrix element is known, see Ref. [17℄, in the following approximation:mq = 0 and t1;2 � ŝ; t̂; û, where mq is the mass of an quark in the relevant amplitude. It
an be presented in the following form:jM(RR! 

)j2 = 2�2�2s� nfXi=1 e2q�2(f1 + f2 + f3); (17)where nf = 4 is the number of a
tive quark 
avors,f1 = 18" ŝ2 + t̂2û2 log2��ŝ̂t � + 2 ŝ� t̂û log��ŝ̂t �!2 ++  ŝ2 + û2t̂2 log2��ŝ̂u �+ 2 ŝ� ût̂ log��ŝ̂u �!2 ++ � û2 + t̂2ŝ2 �log2� t̂̂u�+ �2� + 2 t̂� ûŝ log( t̂̂u)�2#f2 = 12� ŝ2 + t̂2û2 log2��ŝ̂t �+ ŝ2 + û2t̂2 log2��ŝ̂u � ++ ŝ� t̂û log��ŝ̂t �+ ŝ� ût̂ log��ŝ̂u � ++ t̂2 + û2ŝ2 �log2� t̂̂u�+ �2� + 2 t̂� ûŝ log� t̂̂u��f3 = �22 �� ŝ2 + t̂2û2 log��ŝ̂u � + ŝ� t̂û �2 + � ŝ2 + û2t̂2 log��ŝ̂t �+ ŝ� ût̂ �2�+ 4:The formula (17) formally 
oin
ides with the result, whi
h is obtained in the 
ollinear par-ton model. Any way, we in
orporate the (17) with the o�-shell kinemati
s for the initialReggeized-gluons. Of 
ourse, the exa
t squared matrix elements with the o�-shell initialparti
les is needed. Our relevant 
al
ulations for arbitrary values of t1 and t2 are in theprogress. 7



III. PROMPT DIPHOTON PRODUCTION AT TEVATRONDuring last de
ade the CDF and D0 Collaborations at Tevatron obtained experimentaldata for the produ
tion of prompt photons: in
lusively [18, 19℄, in asso
iation with a jet[20℄, in asso
iation with a heavy quark (
; b)[21℄, and in pair [22℄. The in
lusive promptphoton produ
tion was studied in the QMRK approa
h in the Ref.[6℄. It was shown thatthe main me
hanism of the in
lusive prompt photon produ
tion in p�p 
ollisions is the fusionof Reggeized quark and Reggeized antiquark into a photon, via the e�e
tive Regeon-Reggeonto parti
le (to photon) vertex CQ �Q!
. We have des
ribed well the in
lusive photon transversemomentum spe
tra measured by the CDF and D0 Collaborations [18, 19℄ in the wide regionof the photon transverse momentum and pseudorapidity.Here we 
onsider the produ
tion of prompt photon pair or diphoton in the frameworkof the QMRK approa
h and 
ompare our predi
tions with the CDF data [22℄. The 
rossse
tions are measured di�erentially as a fun
tion of the diphoton transverse momentum(pT ), the diphoton invariant mass (M), and the azimuthal angle between the two photons(4'). In this experimental analysis, the isolation 
ondition required that the transverseenergy sum in a 
one of radius R = 0:4 (in '� � spa
e) about the photon dire
tion, minusthe photon energy, be less than 1 GeV. It is important to note, that the both photons inthe CDF experiment [22℄ are produ
ed in the 
entral region of rapidity (pseudorapidity)j�1;2j < 0:9. We 
an 
onsider su
h photons as a quasi-multi-Regge group of parti
les.There are two me
hanisms of prompt photon produ
tion: the produ
tion of dire
t pho-tons and the produ
tion of photons in fragmentation of produ
ed quarks and gluons intophotons. We have obtained [6℄ that the 
ontribution of fragmentation me
hanism is stronglysuppressed by the isolation 
one 
ondition, whi
h is applied to the experimental data forthe in
lusive photon produ
tion [18, 19℄. We estimate one as small, about 5 %, and do nottake into a

ount this 
ontribution in the presented analysis too.The leading 
ontributions in diphoton produ
tion are originating from the 2 ! 2 pro-
esses (3) and (7). The �rst one is order of �2, the se
ond one is order of �2�2s.The fa
torization formulas for the hadron 
ross se
tions in the QMRK approa
h are thefollowing:d�(p�p! 

X) = Z dx1x1 Z d2q1T� Z dx2x2 Z d2q2T� d�̂(Q �Q! 

)�8



� h�Q=p(x1; t1; �2)� �Q=�p(x2; t2; �2) + � �Q=p(x1; t1; �2)�Q=�p(x2; t2; �2)i(18)d�(p�p! 

X) = Z dx1x1 Z d2q1T� Z dx2x2 Z d2q2T� d�̂(RR! 

)���R=p(x1; t1; �2)�R=�p(x2; t2; �2) (19)where �Q;R=p(x; t; �2) are the unintegrated parton distribution fun
tions, d�̂(RR;Q �Q! 

)are the Reggeized parton 
ross se
tions. The unintegrated distribution fun
tions and the 
or-responding 
ollinear Fq;g=p(x; �2) distribution fun
tions are 
onne
ted by the normalization
ondition xFq;g=p(x; �2) = Z �20 �Q;R=p(x; t; �2)dt; (20)that ensures the 
orre
t transition to the 
ollinear-parton limit of equations (18) and (19).The Reggeized parton 
ross se
tions are de�ned in the following mannerd�̂(RR;Q �Q! 

) = (2�)4Æ(4)(q1 + q2 � k1 � k2) jM(RR;Q �Q! 

)j2IRR;Q �Q 2Yi=1 d3ki(2�)32k0i ; (21)where IRR;Q �Q = 2x1x2S is the 
ux fa
tor of the in
oming parti
les, k�1 = (k01; ~k1T ; kz1) andk�2 = (k02; ~k2T ; kz2) are the four-momenta of produ
ed photons.Using the formulas (18), (19) and (21), we obtain the di�erential 
ross se
tions for thediphoton produ
tion, whi
h 
an be written in 
ase of the pro
ess (7) as follows:d�(p�p! 

X)d(4') = 116�3 Z dt1 Z d'1 Z dk1T Z d�1 Z dk2T Z d�2k1Tk2T jM(RR! 

)j2(x1x2S)2��R=p(x1; t1; �2)�R=�p(x2; t2; �2) (22)d�(p�p! 

X)dpT = pT16�3 Z dt1 Z d'1 Z dk1T Z d�1 Z dk2T Z d�2 jM(RR! 

)j2(x1x2S)2j sin(4')j��R=p(x1; t1; �2)�R=�p(x2; t2; �2) (23)d�(p�p! 

X)dM = M16�3 Z dt1 Z d'1 Z dk1T Z d�1 Z dk2T Z d�2 jM(RR! 

)j2(x1x2S)2j sin(4')j��R=p(x1; t1; �2)�R=�p(x2; t2; �2) (24)where k1;2T = j~k1;2T j, �1;2 are the photon pseudorapidities, '1 is the azimuthal angle between~k1T and ~q1T , x1 = (k01+k02+kz1+kz2)=pS, x2 = (k01+k02�kz1�kz2)=pS, k01;2 = k1;2T2 (e�1;2+e��1;2),kz1;2 = k1;2T2 (e�1;2 � e��1;2). The di�erential 
ross se
tions for the diphoton produ
tion in 
aseof the pro
ess (3) are written similarly. To perform the multi-dimensional integration weuse the REWIAD 
ode from the CERNLIB program library and we 
ontrol the a

ura
y atthe level of 2-3 per
ent. 9



We 
ompare the results of our 
al
ulations with the experimental data from the CDFCollaboration [22℄. The kinemati
 region under 
onsideration is de�ned by the following
onditions pS = 1960 GeV, j�1;2j < 0:9, k1T > 14 GeV and k2T > 13 GeV. The results ofour 
al
ulation are shown in the Figs. 1-3. The des
ription of the data 
an be 
onsideredas good at the whole kinemati
 region of variables M , pT and 4'. It is very interestingto 
ompare the relative weight of di�erent pro
esses in 
onne
tion with the �s order whi
hthey have. So, the 
ontribution of RR ! 

 pro
ess, whi
h is order of �2�2s, is greater, byfa
tor 5 � 10, than the 
ontribution of Q �Q ! 

 pro
ess, whi
h is order of �2. This fa
tdemonstrates a dominan
e of the gluon indu
ed intera
tions at high energies. We see thatsuppression by fa
tor �2s is smaller that enhan
ement of the gluon density over the quarkdensity in a proton at the small x. The 
ontributions of the 2! 3 pro
esses (QR! 

q andQ �Q ! 

g), whi
h are order of �2�s, would be unimportant for the theoreti
al approa
hused here. At �rst, the events when the diphoton and the quark (gluon) jet are produ
ed with
lose (pseudo)rapidities are suppressed by the isolation 
one 
ondition. At se
ond, the eventswhen the diphoton and the quark (gluon) jet are produ
ed with the large (pseudo)rapiditygap are in
luded in the presented 
onsideration via the e�e
tive verti
es for Reggeized partonintera
tions in the un
ollinear fa
torization s
heme, in whi
h we use unintegrated over thetransverse momentum parton distribution fun
tions.IV. CONCLUSIONSWe have shown that it is possible to des
ribe data for the prompt diphoton produ
tionin high-energy p�p 
ollisions at the Tevatron Collider in the leading order of the QMRK ap-proa
h. The s
heme of our 
al
ulation bases on the hypothesis of quark and gluon Reggeiza-tion in the hard pro
esses at high energy. Our results demonstrate that the QMRK approa
his a powerful tool in the high-energy phenomenology. It is evidently that the QMRK ap-proa
h 
an be used also for des
ription of the photon plus jet produ
tion [20℄ and the photonplus heavy quark produ
tion [21℄ at Tevatron and the LHC Collider. Our results for thesepro
esses will be presented in the future publi
ations [23℄.
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