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Photon pair production with soft gluon resummation in hadronic interactions
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The production rate and kinematic distributions of isolated photon pairs produced in hadron interactions are
studied. The effects of the initial-state multiple soft-gluon emission to the scattering subprmﬁmsand
gg— yyX are resummed with the Collins-Soper-Sterman soft gluon resummation formalism. The effects of
fragmentation photons fromg— vq, followed by g— yX, are also studied. The results are compared with
data from the Fermilab Tevatron collider. A prediction of the production rate and kinematic distributions of the
diphoton pair in proton-nucleon reactions is also presented.
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PACS numbdis): 13.85.Qk, 12.38.Cy

I. INTRODUCTION the production rate and kinematic distributions of the dipho-
ton pair in proton-nucleon interactions at the fixed-target en-
An increasing amount of prompt diphoton data is becom-ergy JS=31.5 GeV, appropriate for the E706 experiment at
ing available from the Tevatron collider and the fixed-targetFermilab[17], is also presented.
experiments at Fermilab. A comparison of the data to the Section Il reviews some properties of the fixed order cal-
calculation of the diphoton production rate and kinematicculation of the production rate and kinematics of photon
distributions provides a test of many aspects of perturbativ@airs. Section Ill presents the soft gluon resummation for-
guantum chromodynamic§PQCD. Furthermore, under- mali_sm and its appl_ication to diphoton pro_ductio_n. The nu-
standing the diphoton data is important for new physicsmencal res_ults of this s_tudy, and a comparison w_|th datg, are
searches. For example, diphoton production is an irreduciblBrésented in Sec. IV. Finally, Sec. V contains a discussion of
background to the light Higgs boson decay mdde yy.  the results and conclusions.

The next-to-leading ordefNLO) cross section for the@p
— yyX procesg 1] was shown to describe well the invariant
mass distribution of the diphoton pair after the leading order
(LO) gg— yvy contribution (from one-loop box diagrams
was included2,3]. However, to accurately describe the dis- The leading order subprocesses for diphoton production
tribution of the transverse momentum of the photon pair andn hadron interactions are of ordeém, wherea,, denotes
the kinematical correlation of the two photons, a calculationthe electromagnetic coupling strength. There are three
has to be performed that includes the effects of initial-statelasses of LO partonic contributions to the reactioh,
multiple soft-gluon emission. In hard scattering processes,s yyX, whereh, and h, are hadrons, illustrated in Figs.
the dynamics of the multiple soft-gluon radiation is predictedl(a)_l(c)_ The first[Fig. 1(a)] is the short-distancgq— yy
by resummed PQCP4-13). subprocess. The secofiig. 1(b)] is the convolution of the

In this work, the Collins-Soper-Sterma@SS soft gluon  ghort distanceqg— yq subprocess with the long-distance

resummation formalism, developed for Drell-Yan p@ii-  ¢3amentation of the final state quagk—yX. This is a LO
cluding W and Z boson production[7], is extended to de-  ¢oniribution since the hard scattering is of ordegyas,

scribe the production of photon pairs. This extension is simiy, e fragmentation is effectively of order,/ . Here,a.

lar to the formalism developed for describing the distributionyanotes the QCD coupling strength. Clags) Blso includes

of the leptons from vector boson decayi)] because the — . .
final state of the diphoton process is also a color singlet statg‘e subprocesgg— yg convoluted with the fragmentation

at LO. Initial-state multiple soft-gluon emission in the scat-gHVX' Finally, there are LO contributiorgFig. .1(C)] in-

. b — d NS db volving subprocesses likgg—qq, where both final state
tering subprocesseq,qg andgg— yyX Is resummed DY o orks fragmenig— yX. The transverse momenta of the
treating the photon paiyy similarly to the Drell-Yan photon h q - a5 dth
v*. In addition, there are contributions in which one of the Photons are enotefnirl %n pTg' and the transverse momen-
final photons is produced through a long-distance fragmentum of the pair isQ;= pr,+ P, I the absence of trans-

tation process. An example ¢g— yq followed by the frag-  verse momentum carried by the incident partons, the LO

mentation of the final _state quaﬂe yX. An earligr study of_ process (a) providesQTZO. With the added assumption of
soft-gluon resummation effects in photon pair production” . _ . . <
may be found in Ref[14] collinear final-state fragmentation, Fig(bl provides Q¢

-

The results of this overall calculation are compared with=Pr,+ Pr,=(1—2)pr,, where photon 2 carries a fractian
Collider Detector at FermilakCDF) [15] and DO[16] data  of the momentum of the final-state quark. Given a lower
taken at the collider energyS=1.8 TeV. A prediction for limit on the magnitude of the transverse momentpinof

II. DIPHOTON PRODUCTION AT LEADING
AND NEXT-TO-LEADING ORDER
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wherea, anda, are dimensionless constants, ang(Q) is

the total LO cross section calculated from the subprocess
1(a). The structure of Eq(l) indicates that the fixed order
QCD prediction is reliable whe@+=Q, but becomes less
reliable whenQ;<Q, where InQ%Q?) becomes large. In
the regionQ+<<Q, the photon pair is accompanied by soft
and/or collinear gluon radiation. To calculate distributions
like do-/dQ% reliably in the regionQ;<Q, effects of mul-
tiple soft gluon emission must be taken into account explic-
ity [4—13]. The contributions @) and Xg) exhibit singular
behavior that can be tamed by resummation of the effects of
initial-state multiple soft-gluon radiation to all ordersaq.
Other contributions that do not become singularas—0

do not need to be treated in this manner. Fragmentation con-
tributions like Fig. 1b) are found to be small in magnitude
after isolation restrictions are imposed on the energy of the
hadronic remnant from the fragmentation. Therefore, contri-
butions like Figs. (c) and Xh) are ignored in this work.
Gluon fragmentation to a photon can be ignored, since its
magnitude is small.

FIG. 1. Feynman diagrams representing the leading order and The subprocesgg— yy, involving a quark box diagram,
next-to-leading order contributions to photon pair production inis of ordera? 2. While formally of even higher order than
hadron collisions. The shaded circles signify the production of longthe NLO contributions considered so far, this Ig@ contri-

distance fragmentation photons, which are described by the fragsution is enhanced by the size of the gluon parton distribu-
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mentation functiorD.,._q. tion function. Consideration of the order?,«> correction
leads to resummation of thgg subprocess in a manner
each photon, the total cross section at LO is finite. analogous to theg resummation.

The next-to-leading order subprocesses for diphoton pro-
duction are of ordeagmas. One class of one-loop Feynman

diagramg[Fig. 1(d)] contributes by interfering with the tree IIl. SOFT GLUON RESUMMATION FORMALISM
level diagram {a). Real gluon emissiofiFig. 1(e)] is also . o .
present at NLO. The subprocesg— yyq contains a singu- To improve upon the prediction of E¢l) for the region

lar piece[Fig. 1(f)] that renormalizes the lower order frag- QT<<Q, perturbation theory can be applied using an expan-
mentation[Fig. 1(b)] and a piecdFig. 1(g)] that is free of ~ sion parameter IN(Q%Q%), with n=0,...,2n—1, instead
final-state collinear singularities. Finally, subprocesses likeof . The termsa™ In"(Q%/Q2) represent the effects of soft
qg—qqyy contain a regular piece involving photon emis- gluon emission at ordex_ . Resummation of the singular
sion convoluted with a fragmentation functigfig. 1(h)]  part of the perturbative series to all ordersaipby Sudakov
and pieces that renormalize the double fragmentation procegsponentiation yields a regular differential cross section as
[Fig. 1(c)]. The regular 3-body final state contributions from Q;—0.
Figs. 1e), 1(f), and 1g) provide Q;= — py., Wherej repre- The differential cross section in the CSS resummation for-
sents the final-state quark or gluon. TJhe full set of NLOmaIism for the p_roduction of. photon .pa.irs in hadron colli-
contributions just described is free of final-state singularitiesSiONs can be written as an integral in impact parambter
and the total integrated cross section at NLO is finite for a5Pace-
finite lower limit on eachp¥.

Higher order calculations ig improve the accuracy of  do(hihy,— vy;v,X)
predictions for total cross sections- involving quarks or qu-szdde%d cos 6d ¢
ons when only one hard scal® is relevant. Forh;h,
—yvyX, this scale can be chosen proportional to the invari- 1 1 1
ant mass of the photon pal@=M,,, which is about equal - 247S Q2 [ (27)2
to 2p7 for two well-separated photons in the central rapidity
region. For kinematic distributions that depend on more than ~
one scale, a NLO calculation may be less reliable. One ex- X% Wij (04, Q.X1.X2,6,$,C1,C2,Cy)
ample is the distribution of the transverse momentum of the
photon pair,Q+=|Q+|. At fixed Q, the behavior for small NP
Qr of the NLO C(|)ntr|ibution to the differential cross section XWT(0,QXa %) +Y(Qr, QX1 X2, 6,6,Ca) - (2)
has the form

f d2ber P

The variable®Q, y, andQ+ are the invariant mass, rapidity,
(1) and transverse momentum of the photon pair in the labora-
tory frame, whiled and ¢ are the polar and azimuthal angles

2
alln(— +ag

QF

do ag 1
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of one of the photons in the Collins-Soper frai8]. The  cally fit function W}\" [9,20], and W, is evaluated at a re-
initial-state parton momentum fractions are definedxas \jsed value ofb, b, =b/ my , where b, is a
=e¥Q/\/S, andx,=eYQ/\/S, and/Sis the center-of-mass phenomenological parameter used to separate long and short
(c.m) energy of the hadronis; andh,. _ distance physics. With this change of variatilg, never ex-

The renormalization group invariant quantityv;;(b) ceeddax; bmaxis a free parameter of the formalidm] that
sums the large logarithmic termg!' In"(b°Q?) to all orders  can be constrained by other ddtag. Drell-Yan.
in ag. For a hard scattering process initiated by the partons ~ The functionY in Eq. (2) contains contributions in the full

andj, NLO perturbative calculation that are less singular t@;r?
_ or Q72In(Q¥Q3) as Q—0 (both the factorization and the
Wi;(b,Q,X1,X5,6,4,C1,C5,C3) renormalization scales are chosen toQ®). It is the dif-

ference between the exact perturbative result to a given order
=exp{ — S (b,Q,C1,Co) HCin. (X1)Cin (X ~ .
A= (0,Q.C1, CoH Cim, (X1)Cimy(X2) and the result fromiV;; expanded to the same fixed order

+Cim (X)) Cifn,(X2) 1 Fij (2em(C2Q), as(C2Q), 8, ), (called the asymptotic piegeThe functionY restores the
! 2 regular contribution in the fixed order perturbative calcula-

(3 tion that is not included in the resummed piébe . It does

where Z. is a kinematic factor that depends also on thenOt contain a contribution from final-state fragmentation,

€ Ie' ] tant a denot thp luti f which is included separately as described in Sec. Il B.
coupling constants, antn(x) denotes the convolution o The CSS formula Eq(2) contains many higher-order
the parton distribution functioPDF) f_;, (for partona in-

. . . . - logarithmic terms, such that whe@+~Q, the resummed
side hadrorh) with the perturbative Wilson coefficient func- differential cross section can become negative in some re-

tions C{: gions of phase space. In this calculation, the fixed-order pre-
de « c diction for _th_e differential cross sec_tio_n is used Qr=Q
Cin. (X)) =2 i Cf”)(—l,b,,u: —3:C17C2 whenever it is larger than the prediction from Hg). The
1 a I &1 % \& b detailed properties of this matching prescription can be
c found in Ref.[10].
X fa/hl( S Fg) : 4) _
A. Resummation for the qq— yy subprocess

The Sudakov expone; (b,Q,C,,C,) in Eq. (3) is defined For theqg— yy subprocess, the application of the CSS
as resummation formalism is similar to the Drell-Yan case

22 aq"’—=V*—l,1,, wherel, and |, are leptons produced
— CQ through a gauge bosow* [10]. Since both processes are
AI](aS(lu’)!Cl)In — L ) . (1) 2) (1)
Mm initiated byqq' ’ color singlet states, tha'*’, A'“) andB
functions in the Sudakov form factor are identical to those of
(5) the Drell-Yan case when each photon is in the central rapid-
' ity region with large transverse momentum and is well sepa-
rated from the other photon. This universality can be under-
The coefficientsA;; and Bj; and the functionsC;; can be  stood as follows. The invariangs t andu are defined for the
calculated perturbatively in powers aefs/m, so thatAj of
. . a(p1)a(p2)— ¥(P3) ¥(p4) subprocess as
=Zn:1(a5/7r)”Ai(gn), Bj=37_1(as/m"B, and Cj S AT
=2, _o(as/m)"C{. s=(p1+p2)% t=(p1—pa)®, U=(P2—ps)®. (6)
The dimensionless constan®y, C, and C;=ub were .
introduced in the solution of the renormalization group equaThe transverse momentum of each photon can be written as

tions for W;; . The constan€, determines the onset of non- pY=vtu/s. Whenp is large,t andu must also be large,
perturbative physics;, specifies the scale of the hard scat-and so the virtual-quark line connecting the two photons is
tering process, angi=C3/b is the factorization scale at far off the mass shell, and the leading logarithms due to soft
which the C{ functions are evaluated. A conventional gluon emission beyond the leading order can be generated

1] . . .
choice of the renormalization Constant50§: C3: 2e” E Only from dlagrams in which soft gluons are connected to the

=b, and C,=C,=1 [7], where y¢ is the Euler constant. incoming (anti-)quark. To obtain th&®@ function, it is nec-
These choices of the renormalization constants are used Rfsary to calculate beyond NLO; so it is not included in this
the numerical results of this work because they eliminatecalculation. However, the Sudakov form factor becomes
large constant factor&lepending orC,, C, andCs) in the =~ more accurate when more terms are included;jrandB;; .
Sudakov exponent and in ti@"” functions[7]. Since the universal function(”’ depend only on the flavor
In Eqg. (2), the impact parametéris to be integrated from of the incoming partongquarks or gluons A;Zq—) can be ap-
0 to . However, forb=b,,, which corresponds to an en- propriated from Drell-Yan studies, and its contributisrin-
ergy scale less thanti4,,, the QCD couplingag(u~1/b)  cluded in this paper.
becomes so large that a perturbative calculation is no longer To describe the effects of multiple soft-gluon emission,
reliable, and nonperturbative physics must set in. The nonEg. (2) can be applied, where and j represent quark and
perturbative physics in this region is described by an empirianti-quark flavors, respectively, and;;= 5ij(gf+g§)2(1

c2q? d;z
Sn(b,Q,cl,cz>=f2 =
o

22
)

+Bjj(as(1),C1,Co)
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+cog6)/(1—-cogd). The couplingsy, g are defined through

the qqy vertex, written asiy,[g.(1—vs)+0r(1+ vs)],
with g, =gr=€Q:/2, andeQ; is the electric charge of the
incoming quarkQ,=2/3, Q4= — 1/3). The explicit forms of
the A andB functions are

Agq(C1)=C,
@ 67
Aqq(C1)=Ce 36 12/ ¢
5 g | (b
gt 2hini g

3 C,b
1 e 2-0
qu(cl,cz)—cF[ > 2In( c ”

where N; is the number of light quark flavordlc=3, Cr
=4/3, andB,=(1INc—2N;)/12.

(@)
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Fvirt( ): 2+L)|n2( )—I—(Z—{—l_—v)h’lz(l— )
v 1-v v % 0
v 1-v 2 2
it In“(v) +In*(1—v)—3
272
+T)+2[In(v)+ln(1—v)+1]
+3( = ) (1D

wherev=—u/s, andu=—s(1+cos6)/2 in the qq center-
of-mass frame. Because of Bose symmetiy®'"(v)
=F""(1—v). A major difference from the Drell-Yan case
(Voy=—8+m2) is that),, depends on the kinematic cor-
relation between the initial and final states through its depen-
dence oru andt.

The nonperturbative function used in this study is the em-

To obtain the value of the total cross section to NLO, it ispirical fit [20]

necessary to include the Wilson coefficie@s” and C{".

These can be derived from the full set of LO contr|but|ons

and NLO corrections tg/y production[3]. After the leading
order and the one-loop virtual correctionstg— y+y and the

tree level contribution fronqaﬂ yvg are included, the co-
efficients are

C,
<°>(z b, — ) Sikd(1-2),
C
(0)(2 b M'Cl) 0,
2

C 1 1 b
(1)(Zbﬂ,cl) akcp( 5(1- z>——m(‘;—)P<l>k<z>

Cy
_ _In2 —3/4
+46(1-2)| —In (bOCZe )
Vv 9 .
7t 1e)) ®

After factorization of the final-state collinear singularity, as

described below, the real emission subprocggs—yyq
yields

Ci\ 1 ub
(1) — —7)— (1)
(zb,u,c) 2z(l z)—In (b )P 2e(2). (9
In the above expressions, the splitting kerrjdlg] are

1+272
1-z/’

P (2)= (

P<1>G(z>——[z2+<1—z>2]. (10)

For photon pair production, the functianis

772 ut
V, =4+ —+

2+t [Fvlrt(v) 2]

W Q
':;(b Q.Qo.X1.,X2) = ex;{ g,b%—g,b? ln(Z_Qo)

—0103b In(10Xx;X5) |, (12

where 91= 011003 GeV?,  g,=0.5831Ge\?, gz=
-15%1Gev?, and Qu=1.6 GeV. (The value b,y
=0.5 GeV ! was used in determining the aboggs and for

the numerical results presented in this pap€hese values
were fit for thecTEQ2M parton distribution function, with the
conventional choice of the renormalization constants, i.e.
C,=C3=Dby and C,=1. In principle, these coefficients
should be refit for theTEQ4Mm distributions[24] used in this
study. The parameters of E¢l2) were determined from
Drell-Yan data. It is assumed that the same values should be
applicable for theyy final state.

B. Contributions from gg subprocesses

As described in Sec. Il, the complete NLO calculation of
diphoton production in hadron collisions includes photons
from long-distance fragmentation processes like Figh) 1
and short-distance processes like Figd) And 1g). The
latter processes yield a regular 3-body final state contribu-
tion, while the former describes a photon recoiling against a
collinear quark and photon.

The singular part of the squared amplitude of the
a(pP1)9(p2)— ¥(Ps) ¥(P4)a(ps) subprocess can be factored
into a product of the squared amplitude qfp)g(p,)
—v(p3)q(pa+s) and the splitting kernel forq(pays)
—v(p4)q(ps). In the limit that the emitted photof(p,) is
collinear with the final state quar(ps)

lim
P4lps

| M[a(p1)9(P2)— ¥(P3) ¥(P4)A(Ps)]|?

2

__& S 2
—FpsPH(Z)IM[q(pl)g(pz)—>7(p3)q(p4+5)]l :

(13
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A similar result holds whemp; and ps become collinear mentation contribution (b) is evaluated from the general
and/or the quark is replaced with an anti-quark. Conventionexpression for a hard scattering to a parton which then
ally, the splitting variable is the light-cone momentum frac- fragments to a photon:
tion of the emitted photon with respegt to t3he fragm%nting 1

+ + + +
guark,z= Pa /(Pa J(r3§)?)’ wherepi :.(pi( +p)v2. (pf” d&z—A|M(p1pz—>pg...IDm)|Zd(mfz)[PS]dsz,m(z,ME).
is the energy ang;”’ is the longitudinal momentum compo- 2s
nent along the moving direction of the fragmenting quark in (17)
the qg center-of-mass frameAlternatively, since the final
state under consideration contains only a fragmenting quarklere, M is the matrix element for the hard scattering sub-
and a spectator, a Lorentz invariant splitting variable can b@rocessd™~?[PS] is them—2-body phase space, and an

defined ag21] integral is performed over the photon momentum fraction
weighted by the fragmentation functic[my,m(z,,uﬁ). Since
~_ . Pi- Pk (14) fragmentation is computed here to LO only, the infrared di-
- P Pkt Pi- Pkt PiP; vergences discussed by Berger, Guo and Qiu are not an issue
[22].
In this notation,i=5 is the fragmentation quark, is the The fragmentation functiorD,. , obeys an evolution

fragmentation photon, anklis the prompt spectator photon. equation, and the leading-logarithm, asymptotic solution

When the paiiij becomes collinearz becomes the same as DI;/Lq is [3]
the light-cone momentum fraction carried by the photon.

Aside from the color factorl?(yllq(z) in Eq. (13) is the usual DLL N aeml M|2: D
Dokshitzer-Gribov-Lipatov-Altarelli-ParisiDGLAP) split- yo(ZipE)= 57N Aleo y—a(2),

ting kernel forq—gqQ:

2 2\ 50.049
00 (2= Q5(2.21-1.2&+1.2%%)7
(15 7d 1-1.63I1-2)

+0.002@1—2)2% 154 (18

1+(1—z)2)
—

P;Rq<z>=(

The regular contributiomg— yyq [Fig. 1(f)] is defined

by relT%vingftrtlﬁ final-;staf[e, cokI)Iinear sing_LrJLarity frto_m thle full whereAQcp is t.he QCD scalg for four Iigh_t qu.ark fIavors_.
amplitude of the partonic subprocess. The matrix elemenkg g qwn'in Fig. 2, the collinear approximation made in

squared for Fig. @) can be writter{21] definingD leads to kinematic distributions with an unre-

y<q
| M(qg— 77"1)|r2eg: | M(qg— )’yq)ﬁu” ;’;I:)slg;:esdegrs]g?g:])‘/ to kinematic cuts, such as cuts to define an
2 _ The Monte Carlo showering method goes beyond the col-
- —P(yllq(z)lj\/l[q(pl)g(pz) linear approximation used in solving the evolution equation

Pa:Ps for the fragmentation functio® . 4. In Monte Carlo calcu-
— v(P3)A(Pass) ]| (16)  lations, the probability for photon emission is determined

from the splitting functionP,._,(z), which is a collinear
After the final-state collinear singularity is subtracted, theapproximation. However, the kinematics is treated by assign-
remainder expresses the regular 3-body final state contribung a virtuality to the fragmenting quark whose value lies
tion yyg. This remainder, as shown in Fig(d), contains  between the hard scale of the process and a phenomenologi-
terms that diverge whe@+— 0 which should be regulated cal cutoff~1 GeV. This cutoff replaces the parametescp
by renormalizing the parton distribution at NLO. The contri- in Eq. (18). Most importantly, gluon emission can be incor-
bution from this divergent part is included in the resummedporated into the description of final state fragmentation. Be-
qq cross section "ql), as shown in Eq(9). The part that ~cause therg is_no _coIIinear approx.imation in the_ k?nematics,
is finite asQ;— 0 is included in the functiory. WhenQ,;  Kinematic distributions do not exhibit the unrealistic behav-
=Q, Eq. (16) describes the NLO contribution from trggg  10F Of the parton-level calculation. The “correctness” of ei-
— y¥q subprocess to th@; distribution of the photon pair. ther approach can be Jgdged only after a careful comparison
The subtracted final-state collinear singularity from the NLOOf their respective predictions.

qg— vyq subprocess is absorbed into the fragmentation pro- The co!linear appr_c»gi_mation_ becomes an issue beca}use of
cess 1b). the experimental definition of isolated photons. Experimen-

tally, an isolation cut is necessary to separate prompt photons

from various hadronic backgrounds, including and » me-

son decays. The separation between a pairtieled the pho-
Final-state photon fragmentation functiorﬁs,/,i(z,yﬁ) ton is expressed aB;= (7~ 7;)*+(¢p— ¢;)°, where the

are introduced in an analogous manner to initial-state partodoordinates;( ;) and¢(¢;) are the pseudorapidity and azi-

distribution functionsfi,hl(x,ﬂ,z). Here, z(x) is the light- muthal angle of the phototparticle j). At hadron colliders,

cone momentum fraction of the fragmenting quéricident ~ the standard isolation criterion is that the sum of excess
hadron carried by the photon(initial-state partop and transverse energ contained inside a cone of sigg cen-
we(ay) is the final statdinitial state fragmentation(factor-  tered on the photon candidate is below a cutff®,
ization) scale. The parton-level cross section for the frag-ERj<R0EJT< EF°. The sum is over each particje Since the

C. Fragmentation contributions
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FIG. 2. Comparison of the parton-level and Monte Carlo fragmentation contributions at the Tevatron. The upper and lower curves of the
same type show the contribution before and after an isolation cut. The left figure shows the transverse momentum of the pQgton pair
The right figure shows the light-cone momentum fraction carried by the fragmentation photon.

resummed CSS piece of the final state cross section describége contributions considered here. Such contributions, how-
the radiation of multiple soft gluons approximately collinear ever, might be necessary to understand photon pairs with
with the incident partons, it produces only isolated photonssmall invariant mass and sma)i; .
For NLO yvyj final states (e), 1(f), and Xg), where there is Figure 2 is a comparison of kinematic quantities from the
only one extra partop=q or g, isolation enforces a separa- parton-level and Monte Carlo calculations. The left side of
tion R;=R,, provided thaij>E'TS°. AboveQr=E7°, the  Fig. 2 shows th&; distribution for the parton levefsolid),
perturbative corrections contained in the functirare af-  PYTHIA with initial-state radiation of gluongshort-dashed
fected by isolation. On the other hand, because of the collinline), andpYTHIA without initial-state radiatiorilong-dashed
ear approximation, the parton-level fragmentation calculatine) calculations. Each curve is plotted twice, with and with-
tion based on Eq18) does not depend on the isolation coneout an isolation cuE;°=4 GeV andR,=0.7. Before the
Ro; the hadronic remnant of the fragmentatiofb)lalways  isolation cut, the total parton-level fragmentation cross sec-
satisfiesR<Ry. Hence, for this caseQ+=(1-2) ﬁTl, and tion is approximately 50% higher than the Monte Carlo cross
the isolation cut reduces to a step function requiremengection. After isolation, the total cross sections are in good
0(ES°—Qq). agreement, even though the parton-level calculation is dis-
The parton-level calculation of the fragmentation contri-continuous aQ=EF°. The effect of initial-state gluon ra-
bution at the Tevatron based on the fragmentation functioiation in thePYTHIA calculation is to increas®y without
D,. 4(z,uf) has been compared with a Monte Carlo esti-compromising the isolation of the photons. _
mate based oRYTHIA [23]. For the parton-level calculation, ~ The right side of Fig. 2 shows the distribution of the light-
the scaleug =M, is used. For th@YTHIA calculation, the ~cone momentum fraction of the quark carried by the frag-
scale isup= \/g and hadronization is not performed, so thatmentatlon photortfor this figure,z is defined in the labora-

: tory frame. After isolation, the parton-level contribution is
no photons arise fromr® or » meson for example. |’ SR
0 photons arise fromr™ or » meson decays, for example limited to z>0.55 by kinematics, whereas the Monte Carlo

For this comparison, the invariant nlas,gs of the hard-  contribution is more uniformly distributed between 0 and 1.
scattering subprocess is limited to<26)/§< 50 GeV in both  For thePYTHIA result,z is calculated with respect to the final
approaches, and the photons are required to safigfy state quarkbefore showering. In the showering process,
>5 GeV and|7?|<2. These kinematic cuts are chosen tosome energy-momentum can be exchanged between the final
increase the statistics of theyTHIA calculation, while re- state prompt photon and the fragmenting quark, since the
flecting the kinematic region of interest for a comparisonquark is assigned a virtuality. As a result, the effectiwe
with data.PYTHIA can simulate the QED and QCD shower- value can extend beyond the naive lirnit 1.

ing of the final-state quark as well as the QCD showering of The conclusions of this comparison are as follows:

the initial-state quark and gluon. To isolate the effect ofafter isolation, the total cross sections from the parton-level
initial-state gluon radiationpYTHIA calculations were per- and Monte Carlo fragmentation calculations are in good
formed with and without the QCD initial-state radiatire. =~ agreement, an{?) the Monte Carlo kinematic distributions
by preventing space-like showeringln neither case is (e.g.Qr andz) are not very sensitive to the isolation cut. For
initial-state QED radiation simulated. It is possible for thethese reasons, the Monte Carlo estimate with initial-state ra-
partons produced in initial-state showering to develop timediation is used to account for the contribution of Figb)lin

like showering. Any photons produced from this mechanisnthe final results. Furthermore, with initial-state radiation, the
are discarded, since they are formally of higher order tham®yTHIA calculation includes the leading effects of a full re-
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summation calculation of theg— yq process. It is approxi- porated into Eq(2), the resummed kinematics of the photon
mately equivalent to performing a resummation calculatiorpair from thegg— v~y subprocess can be obtained. The dis-
in the CSS formalism with quantitiea™ and B calcu-  tribution of the individual photons can be calculated approxi-
lated for aqg initial state and the LO Wilson function. mately from the LO angular dependence of the box diagram.

One final comparison was made with the Monte Carlo The above approximation certainly fails whex is of the
calculation by treating the subtracted term in Etg), with ~ order of Q. In the absence of a comple¥(aZ,a?) calcu-
P replaced byD™) defined in Eq(18), as a 3-body matrix lation of thegg— yyg andqg— yyq subprocesses, it is not
element. The collinear divergence was regulated by requirin§oSsible to estimate the uncertainties introduced by the ap-
a separatiorR, between the photon and quark remnant forProximation. In the limit of Qr<Q, the approximation
all Q;. This calculation agrees wittwTHIA in the shape and should be reliable, smce_t_he soft gluon_approxmanon is ap-
normalization of various distributions, except wheépy plicable. In the same Sp'm' the approximate functiorior
<EiS° where there is a substantial difference. photo_n pair production is taken from the results of the per-

T turbative piece for thegg—Hg and gg—Hqg processes
[11,12.

In summary, the resummed distributions of the photon
pair from thegg subprocess in the region @+<Q can

A resummation calculation for thgg— yy subprocess is be described by Eq.(2), with i=j=g, and Fy,
included in the theoretical prediction. The LO contribution =N¢| Mg .,,(S,t,u)|?/2'% Here,|Myq .,,(s,t,u)|? is the
comes from one-loop box diagrams of ordef,«? in per-  absolute square of the invariant amplitude of thg— yy
turbative QCD. At present, a full NLO calculation, of Subproces$2] summed over spins, colors, and the fermion
O(a?,22), for this process is not available. Nevertheless,flavors in the box loop, but without the initial-state color
the resummation technique can be applied to resum part cﬁ_f1/82)' spin (1/2) average, and the final-state identical par-
the higher order contributions and improve the theoreticafiC'€ (1/2) factors. Thé\ andB functions used in the calcu-
prediction. The exact NLQyg— yyg calculation must in- lation for thegg initial state are
clude gluon emission from the internal quark lines of the box
diagram, thus generating pentagon diagrams. However, such
diagrams do not generate large logarithms when the final c
state photons have large transverse momentum, are in the AR(C,)= —AA(Z—)(C )

.- . gg 1/
central rapidity region, and are well separated from each Cg 9a
other. All the large logarithms originate from the diagrams
with soft gluons coupling to the initial-state gluons. Simi- 3 In( Cy )—,3 (19
larly, the exact NLOgg— yyq calculation, ofO(a2a2), Cobg) "1
must include contributions involving a box diagram with one
incoming g|u0n off shell. Large |Ogarithms On|y arise from The LO and NLO Wilson Coefficients, extracted from the
soft gluon emission off the initial-state quark or gluon. Thegg—H subprocess, are
leading logarithms due to initial-state radiation are universal,
and theA() function calculated for the resummegy— H co/ 5 b'&' 51—
= . gg| &P M (1-2),

procesq11,172 or thegg— QQ procesd13] can be applied 2
directly to the resummedg— yvy calculation, since these
subprocesses have the same QCD color structure. C(O)( 2 b - ) -0

When the transverse momentum of the photon pair is 99\ '
much smaller than its invariant mass, i@;<Q, and each
photon has large transverse momentum, then the box dia- 1) Cy ub
gram of the hard scattering subprocggs— yy can be ap- Cyq va'c_z"“ =—lIn bo Pg—g(2)+6(1-2)
proximated as a point-like interactidmultiplied by a form

D. Resummation for the gg— yy subprocess

Agg(C1=Cr=3,

By (C1,Cp)=2

A A ~ 2
factor which depends os, t and u). This approximation % 1_1+3l_3 Inz( Cy )
ignores pentagon diagrams in tgg— yyg subprocess and 4 4 C,bg
the virtuality of intermediate quarks in tlggg— yyq subpro- C
1

cess. It does not have the complete structure of the hard +31In
process, but it does contain the most important logarithmic

terms from initial state gluon radiation. Under such an ap- c o )
proximation, the subleading logarithmic terms associated L 2

with B, A®) andC™) of Egs.(4) and(5) can be included ng)( z,b; C_Z/”L) - ln(b_o Pg—a(2) 3% (20

in the resummation calculation. These functions were calcu-

lated for thegg—H process[11,17. Without a complete Since the NLO pentagon and off-shell box diagram cal-
O(a?,2) calculation, the exact Wilson coefficient function culations are not included, the Wilson coefficiem#) are
Cc@ is not known. Since part of the exa@t® function must  expected to predict accurately the total cross section only
include the piece for thgg—H process, it is included to whenQ:<Q, the transverse momenta of the individual pho-
estimate the possible NLO enhancement to the productiotpns are large, and their rapidities are small. Underape
rate of thegg subprocess. After these ingredients are incorproximationmade above, the resummgg result increases

5
CZbO +(2B1_3) n b_O
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the integrated rate by about a factor of 2, for kinematic cuts vy Resummation at VS=1.8 TeV
typical of the Tevatron, as compared to the lowest order —

(one-loop calculationperturbative result. This comparison

T BN A L B sy B A ) B LB

suggests that the full NLO contribution of thgy initiated S —— Total i
subprocess is large. Because it is necessary to impose G T e qq+qg

condition Q;<Q to make the above approximations valid, 8 [ a9

the gg resummed result presented in this work probably un- "% [ ffagg

derestimates the rate whé&y is large or the separation of =
the azimuthal angl€A¢) between the two photons is small. &
This deficiency can be improved only by a complete ™
O(a?a3) calculation. 107
At the Tevatron, thegg contribution is important when
the invariant massN ,,=Q) of the two photon pair is
small. Because of the approximation made in gfiecalcu-
lation beyond LO, the prediction will be more reliable for the
data with largeiQ. A more detailed discussion is presented
in the next section. : .o rny,
The full calculation of thegg contribution in the CSS 105
formalism depends also upon the choice of nonperturbative - 1
functions. However, the best fits to the parametrizations are

performed forqa processe$9,20|. Two assumptions were
studied:(i) the nonperturbative functions are truly universal
for qaandgg processes, andi) the nonperturbative func- FIG. 3. The predicted distribution for the invariant mass of the
tions obey the same renormalization group properties as thehoton pairM,,, from the resummed calculation compared to the
A functions for each type of proceéshich are universal for CDF data, with the CDF cuts imposed in the calculation.

all qa or gg subprocessg¢sand so the coefficient of the o _
In(Q/2Q,) term in the nonperturbative functigf?2) is scaled The predictions for the CDF cuts and a comparison to the

by C,/Cg relative to that of theqaprocess. Specifically, the data are shown in Figs. 3—5. Figure 3 shows the distribution

d

pl>12GeV, In'l<9 ]

QCDF

8
wh

o_

&

o

different assumptions are of the photon pair invariant masdg/dM,,, vs M. The
dot-dashed curve represents the resummation of theub-
(i) Wg;(b-Q!QO!XlvXZ)ZWSEP(b!Q!QO!Xl!XZ)! process, which is the largest contributioniﬂrws 30 GeV.
The long-dashed curve represents the fidl resummation,

L NP _ GNP while the short-dashed curve is a similar calculation with the

(if) Wgq (0,Q.Qo.X1,%2) =W (5,Q,Q0.X1,X2), gluon parton distribution function artificially set to zero.

Ca Schematically, there are contributions to the resummed cal-

92—>C—F92)- (21)  culation that behave likeg—gq;®9,0— yy and g—qa,

®qlq_—> yvy. These contributions are contained in the terms
The numerical values aj;, g,, andgs are listed following  proportional toP}Bk(z) in Eqg. (8) and P]@G(z) in Eq. (9),

Eqg.(12). These two assumptions do not exhaust all pOSSibi”'respectiver. The fuljq resummation contains both thog

g‘?}s but ought tg fbetrr]epresel?tative Oft rgasctjrr]l.able Cho_i[?ﬁﬁnd qg contributions. The short-dashed curve is calculated
oice(i) is used for the results presented in this paper. By settingC{g=0 and retaining only theq contribution in

effect of different choices is discussed in Sec. IV. the functionY. Since the short-dashed curve almost saturates

the full qg+qg contribution, except at larg®+ or small

A¢, theqg initiated subprocess is not important at the Teva-
A. Tevatron collider energies tron in most of phase space for the cuts used. The fragmen-
tation contribution is denoted by the dotted line. The sum of

) X : all contributions including fragmentation is denoted by the
lider have collected diphoton data &5=1.8 TeV: CDF  gyjid line. After isolation, the fragmentation contribution is

[15], with 84 pb !, and DO[16], with 81pb l The kine-  myuch smaller than “direct” ones, but contributes10%
matic cuts applied to the resummed prediction for comparinear the peak. The uncertainty in the contribution of the frag-
son with the CDF data arpy>12 GeV and 7”/<0.9. FOor  mentation process can be estimated by comparing the Monte
DO, the kinematic cuts arep$1> 14 GeV and p? Carlo result with a parton-level calculation, as shown in Fig.
>13 GeV, and »?|<1. For CDF, an isolation cut for each 2.
photon ofRy=0.7 andEF°=4 GeV is applied; for DQthe Figure 4 shows the distribution of the transverse momen-
cut isRy=0.4 andE'$°=2 GeV. tum of the photon pairdo/dQ; vs Q. Over the interval
Other ingredients of the calculation af® the cteQam  5=Qr=25 GeV, the contribution from theg subprocess is
parton distribution functiongji) the NLO expression fo,, comparable to theq+ qg subprocess. The change in slope
(iii ) the NLO expression fot.,, and(iv) the nonperturba- nearQ;=20 GeV arises from thgg subprocesgdot-dashed
tive coefficients of Ladinsky and Yudr20]. line) for whichQr=M,,, is required in our approximate cal-

IV. NUMERICAL RESULTS

Two experimental collaborations at the Tevatp col-
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vy Resummation at VS=1.8 TeV 2 vy Resummation at VS=1.8 TeV
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. o FIG. 5. The predicted distribution for the difference between the
FIG. 4. The predicted distribution for the transverse momentu”hzimuthal angles of the photods.,, from the resummed calcula-

of the photon pa?QT from the resqmmed ca}lculation compared 10 tion compared to the CDF data, with the CDF cuts imposed in the
the CDF data, with the CDF cuts imposed in the calculation. calculation

culation. The peak nedpr=1.5 GeV is provided mostly by tion is reduced to 4.73 pb. This answer can be compared to
the gg+qg (long-dashed linesubprocess. In general, the the contribution at LO. For the same structure functions, the
height and breadth of the peak in tQg distribution depend LO gg cross section for the CDF cuts is 3.18 pb for the scale
on the details of the nonperturbative function in E2). The  choiceQ=M,,. Therefore, the effect of including part of
effect of different nonperturbative contributions may be es-the NLO contribution to theyy process is to approximately
timated if the parameteg, is varied by +2¢. For Q;  double the LOgg box contribution to the cross section. This
>10 GeV, the distribution is not sensitive to this variation. increase indicates that the exact NLO correction can be large
The height and the width(half-maximunm) of the peak for thegg subprocess and motivates a full calculation.
change by approximately 20% and 35%, respectively, but the The predictions for the D@uts and a comparison to data
integrated rate from 0 to 10 GeV is almost constant. Theare shown in Figs. 6—8. Because of the steep distribution in
peak of the distributioriwhich is below 5 GeV shifts ap- the transverse momentum of the individual photons, the
proximately +0.5 GeV or—0.6 GeV for a+20 or —20 higherp? threshold in the DQrase significantly reduces the
variation. The mearQ; for Q<10 GeV shifts at most by total cross section. Otherwise, the behavior is similar to the
0.4 GeV. Forgg resummation, it is not clear which param- resummed calculation shown for the CDF cuts. The dxta
etrization of the nonperturbative physics should be usedplotted in the figures are not corrected for experimental reso-
However, the final effect of the two different parametriza-lution. To compare with the uncorrected/Ddata with the
tions outlined in Eq{(21) is minimal, shifting the mea®+ kinematic cutsp$1> 14 GeV, p$2> 13 GeV andp?<1.0, an
for Qr<<40 GeV by about 0.4 GeV. The parametrizati@  “equivalent” set of cuts is used in the theoretical calcula-
is used in the final results,_so that the coefficignis scaled . p.’F1> 14.9 GeV, p$2>13.85 GeV, andy?’<1.0 [25].
by Ca/Ce relative to theqq nonperturbative function. e effect of this “equivalent” set is to reduce the theoret-
Figure 5 showsdo/dA ¢ vs Ag, where A¢ is the azi-  jqg| rate in the smalM region.
muthal opening angle between the two photons. The change \hile the agreement in both shapes and absolute rates is
in slope nearA ¢= /2 is another manifestation of the ap- generally good, there are some discrepancies between the
proximations made in the treatment of the contribution  resummed prediction and the data as presented in these plots.
(dot-dashed ling The height of the distribution neak$ At small Q (Fig. 4) and largeA (Fig. 5), where the CDF
= is also sensitive to the details of the nonperturbativeross section is large, the theoretical results are beneath the
function. . data. Since this is the kinematic region in which the nonper-
In the absence of resummation or NLO effects, §®  turbative physics is important, better agreement can be ob-
box contribution supplie®+=0 andA ¢=r. In this calcu- tained if the nonperturbative function is altered. In Fig. 6, the
lation, as explained earlier, the NLO contribution for thg  calculatedM ,, distribution is larger than the D@ata at
subprocess is handled in an approximate fashion. For thiarge M, while the calculation appears to agree with the
cuts listed above, the total cross section from the complet€DF data in Fig. 3. The small discrepancy in Fig. 6 at large
gg resummed calculation, including the functidf is 6.28  values ofM,, is not understood(The systematic errors of
pb. If the resummed CSS piece is used alone, the contribithe data, which are about 25p25], are not included in this
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FIG. 6. The predicted distribution for the invariant mass of the _FIG. 8. The predicted distribution for the difference between the
. . azimuthal angles of the photodsp ., from the resummed calcula-
photon pairM,,, from the resummed calculation compared to thet'on compared to the D@lata .chV the DOcuts imposed in the
DO data, with the DCcuts imposed in the calculation. clalculatiopn » Wi uts 1mp :

plot.) On the other hand, Figs. 7 and 8 show that the re-

summed calculation ibeneaththe data at larg€+ or small 4y, Qr andA¢ are shown in Figs. 9-11 for the CDF cuts

A¢. The discrepancies in Figs. 7 and 8 may result from thesnd the additional requirement th@;<M,,,. This addi-

approximations made in thgg process(notice the kinks in  tional requirement should significantly reduce the theoretical

the dot-dashed curvesA complete NLO calculation for the yncertainty for largeQ and smallA¢. As remarked in Sec.

gg subprocess is needed, and may improve the comparisqn in this work the contribution from double photon frag-

with data for smallA. mentation initiated by the subprocesg— qq(g) is not in-
Because of the uncertainty in the prediction for the@  cluded.

contribution of the resummed calculation, the distributions in

vy Resummation at VS=1.8 TeV Yy Resummation at VS=1.8 TeV
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FIG. 7. The predicted distribution for the transverse momentum FIG. 9. The predicted distribution for the invariant mass of the
of the photon paiQ+ from the resummed calculation compared to photon paiM ., from the resummed calculation. The additional cut
the DOdata, with the DCOcuts imposed in the calculation. Qr<M,,, has been applied to reduce the theoretical uncertainty.
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FIG. 10. The predicted distribution for the transverse momen- FIG. 12. The predicted distribution for the invariant mass of the

tum_ _Of the photon paiQy from the rgsummed calculation. The photon pairM,, from the resummed calculation appropriate for
additional cutQ+<M,,, has been applied to reduce the theoretical
N—yyX at S=31.5 GeV.

uncertainty. The lower solid curve shows the prediction of the purep
NLO (fixed-ordej calculation for theqq andqg subprocesses, but

without fragmentation contributions. =25 GeV, the lower solid curve is very close to the long-

dashed qE+ gg) curve obtained after resummation, as is

. . : expected. AQt decreases beloWQ;=25 GeV, all-orders

di ltn'bFItg' 10,hthe Ic;\r/]ver Of;.h?. two fct)r!'d curveilm gy resummation produces significant changes. Most apparent,
'_S ribution shows .e pre. iction ot the pL.JI’e LO(QS)_ perhaps, is that th@— 0 divergence in the fixed-order cal-

(fixed-ordej calculation, without resummation, for g cylation is removed. However, there is also a marked differ-

and qg subprocesses, excluding fragmentation. ¥  ancein shape over the intervak®) <25 GeV between the

fixed—orderanrqg result and its resummed counterpart.

vy Resummation at VS=1.8 TeV These are general features in a comparison of resummed and
10— e NLO calculationg 6—14).

B. Fixed-target energy

The fixed-target experiment E7Q@7] at Fermilab has
collected diphoton data from the collision ofpabeam on a
Be (A=9.01,Z=4) target atyS=31.5 GeV. The kinematic
cuts applied to the resummed prediction in the center-of-
mass frame of the beam and target p{e>3 GeV and|
<0.75. No photon isolation is required. The same phenom-
enological inputs are used for this calculation as for the cal-
culation at collider energies. The Be nucleon target is treated
as having an admixture of 4/9.01 proton and 5.01/9.01 neu-
tron parton distribution functions. Th& dependence effect
. appears to be small in the prompt photon dte effect is
parametrized a&“ and the measured dependencevigl),
and so it is ignored26].

Figures 12—14 show the same distributions discussed pre-
viously. Because of the kinematic cuts, the relative contribu-

do/dA¢ (pb/radian)
=
T

pl>12 GeV, In'l<.9
QT<Mw

T T T

10+

P TS S SO SN ST NSO ST S S N
25 3 tion of gluon initiated processes is highly suppressed, except

N

A¢ (radians) at largeQ, where thegg box contribution is seen to domi-
FIG. 11. The predicted distribution for the difference betweennate’ and at larg#! YY) where _thqu contrlbuthn 'S_ dpmr

the azimuthal angles of the photoAs ., from the resummed cal- nant. The fragmentation comrlbutlojnot shown is m'n'mal

culation. The additional cu@;<M,,, has been applied to reduce (of a few percent The dominance ofig resummation over

the theoretical uncertainty. the gq resummation at larg®+ in Fig. 13 occurs because it

10—t
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vy Resummation at VS§=31.5 GeV
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The scale dependence of the calculation was checked by
comparing with the result obtained wit,=C,/by=0.5,
C;=by, andC,=1. Theqq rate is not sensitive to the scale
choice, and theyg rate increases by less than about 20%.
This insensitivity can be understood as follows. For the E706
data, the nonperturbative physics completely dominates the
Qq distribution. The perturbative Sudakov resummation is
not important over the entir€@+ region, and the NLOY
piece is sizable only foQ+>3 GeV where the event rate is
small. Since the L@q rate does depend an,, and the LO
gg rate is proportional tmi(CZM yy), thegg rate increases
for a smallerC, value, but theqq rate remains about the
same. In conclusion, the E706 data can be used to constrain

the nonperturbative functions associated with qlu_pandgg
hard processes in hadron collisions.

V. DISCUSSION AND CONCLUSIONS

Prompt photon pair production at fixed target and collider
energies is of interest in its own right as a means of probing
the dynamics of strong interactions. The process is of sub-
stantial interest also in searches for new phenomena, notably

FIG. 13. The predicted distribution for the transverse momenypq Higgs boson.

tum of the photon paiQ+; from the resummed calculation appro-

priate forpN— yyX at yS=31.5 GeV.

is more likely (enhanced by the rati€,/Cr=9/4) for a

In this paper, a calculation is presented of the production
rate and kinematic distributions of photon pairs in hadronic
collisions. This calculation incorporates the full content of

he next-to-leading order contributions from tqaand ag

gluon to be radiated from a gluon than a quark line. Thelh® )
exact height of the distribution is sensitive to the form of theinitial-state subprocesses, supplemented by resummation of

nonperturbative functiofiin the low Q; region and to the contributions to these subprocesses from initial state radia-

approximation made in calculating the NLO correctigng ~ tion of soft gluons to all orders in the strong coupling

(a2 @3] to the hard scattering. However, sin@g<Q is strength. The computation also includes important contribu-
em—s . 1 . . . .

satisfied for the set of kinematic cuts, the final answer withions from thegg box diagram. Thegg contributions from

complete NLO corrections should not differ significantly initial-state multiple soft gluons are resummed to all orders,
from the result reported here. but the NLO contribution, o®(a?,@?3), to the hard scatter-

ing subprocess is handled in an approximate fashion. The
approximation should be reliable at relatively small values of
the pair transverse momentu@y as compared to the invari-
ant mass of the photon pal,,. At collider energies, the

gg contribution is comparable to that of tlgg andqg con-
tributions over a significant part of phase space wihétg is
not large, and its inclusion is essential. The exagt?2 a3)
corrections to thegg box diagram should be calculated to
test the validity of the approximations made in this calcula-
tion. Finally, the calculation also includes long-distance frag-
mentation contributions at leading order from the subprocess
qg— yq, followed by fragmentation of the final quark,
—yX. After photon isolation, fragmentation plays a rela-
tively minor role. The fragmentation contribution is com-
puted in two ways: first, in the standard parton model collin-
ear approximation and, second, with a Monte Carlo shower
simulation. This overall calculation is the most complete
treatment to date of photon pair production in hadronic col-
lisions. Resummation plays a very important role, particu-
larly in the description of the behavior of tlig; distribution
at small to moderate values of this variable, where the cross
section takes on its largest values.

The resummed calculation is necessary for a reliable pre-

FIG. 14. The predicted distribution for the difference betweendiction of kinematic distributions that depend on correlations
the azimuthal angles of the photoasp,,, from the resummed cal-  between the photons. It is a significant improvement over
culation appropriate fopN— yyX at /'S=31.5 GeV. fixed-order NLO calculations that do not include the effects

vy Resummation at VS=31.5 GeV
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vy Resummation at VS=1.8 TeV Yy Resummation at VS=1.8 TeV
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FIG. 15. The predicted distribution for the photon transverse FIG. 16. The predicted distribution for the photon transverse
momentum from the resummed calculation compared to the CDnomentum from the resummed calculation compared to tie DO
data. data.

of initial-state multiple soft-gluon radiation. Furthermore, Proximategg calculation presented in this work should be

even though the hard scatterigg andqg subprocesses are 'eliable. . .
computed to the same order in the resummed and fixed-order In this calculation, the incident partons are assumed to be

NLO calculations. the cross sections from the two calcula.collinear with the incident hadrons. A recurring question in
tions can differ af’ter kinematic cuts are impogad. the literature is the extent to which finite “intrinsick; may

The results of the calculation are compared with datd?® required for a quantitative description of dg2a,17. An
from the CDF and DQCollaborations, and the agreement is |mportqnt rela}ted issue is the proper theoretical specmpatlon
generally good in both absolute normalization and shapes @' the intrinsic componenf28]. In the CSS resummation
the distributions in the invariant mas4 ., of the diphoton formalism, this physics is included by properly parametriz-
system, the pair transverse moment@y, and the differ- ing the nonperturbative functio®W™(b), which can be
ence in the azimuthal angles¢. Discrepancies with CDF measured in Drell-Yar\V, andZ production. Because pho-
results at the smallest values @ and A¢ near 7 might  tons participate directly in the hard scattering, because their
originate from the strong dependence on the nonperturbativ@omenta can be measured with greater precision than that of
functions in this kinematic region. In comparison with the hadronic jets or heavy quarks, and becauseytpénal state
DO data, there is also evidence for disagreement at intermés a color singlet, the reactiopp— yyX may serve as a
diate and small values di¢. The region of intermediat&¢,  particularly attractive laboratory for the understanding of the
where the two photons are not in a back-to-back configurarole of intrinsic transverse momentum. The agreement with
tion, is one in which the full treatment of three-body final- data on theQ; distributions in Figs. 4 and 7 is suggestive
state contributions of the typeyj are important, withj =q that the CSS formalism is adequate. However, the separate
or g. The distributions in Figs. 5 and 8 suggest that an exactoles of gluon resummation and the assumed nonperturbative
calculation of the NLO contribution associated with e  function in the successful description of tQg distributions
initial channel would ameliorate the situation and will be are not disentangled. In the non-perturbative function of Eq.
necessary to describe data at future high energy hadron cqlt2), the dependence ob (and, thus, the behavior of
liders. do/dQr at smallQq) is predicted to change with bot and

Predictions are also presented in the paper oM  the values of the parton momentum fractions At fixed Q,

— yyX at the center-of-mass energy 31.5 GeV, appropriatelependence on the values of thetranslates into depen-
for the E706 fixed-target experiment at Fermilab. The largedlence on the overall center-of-mass energy of the reaction.
Q+ and smallA¢ behavior of the kinematic distributions is As data with greater statistics become available, it should be
dominated by the resummation of tlyg initial state. Non-  possible to verify these expectations. In combination with
perturbative physics controls tl@g; distribution, and neither similar studies with data on massive lepton-pair production
the perturbative Sudakov nor the regular NLO contribution(the Drell-Yan process it will be possible to determine
plays an important role, except in the very laiQe region  whether the same non-perturbative function is applicable in
where the event rate is small. For the E706 kinematics, théhe two cases, as is assumed in this paper.
requiremenQ:<Q is generally satisfied. Therefore, the ap- The diphoton data may allow a study of the nonperturba-
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tive as well as the perturbative physics associated with muleuts and comparison with their d4ta6] are shown in Fig.
tiple gluon radiation from thgluorrinitiated hard processes, 16. The qualitative features present in Figs. 3—5 and 6—8 are
which cannot be accessed from Drell-YaN;, andZ data.  also evident in these two plots. The theoretical predictions
With this knowledge, it may be possible to improve calcula-are in good agreement with both the shape and normalization
tions of single photon production and other reactions sensief the CDF data and with the shape of the¢ @@tribution.

tive to gluon-initiated subprocesses. In thé D&ta analysis The normalization of the D@ata appears low.

[16], an asymmetric cut is applied on the transverse mo-
menta p¥) of the two photons in the diphoton event. This
cut reduces the effect of multiple gluon radiation in the

event. To make the best use of the data for probing the in- We thank J. Huston for explaining the Tevatron and
teresting multiple gluon dynamics predicted by the QCDfixed-target data. Also, C.-P.Y. and C.B. thank the CTEQ
theory, a symmetrip} cut should be applied. Collaboration and C. Schmidt for many invaluable discus-
Note added in proofData are also available on the trans- sions, and S.M. thanks R. Blair, S. Kuhimann, J. Womersley,
verse momentum distributiotio/d p; of individual photons L. Gordon, and C. Coriano for useful conversations. This
produced in diphoton eventp+ p— y+ y+X. Our expec- work was supported in part by the NSF under grant PHY-
tations for the CDF cuts and a comparison with the CDF dat®507683 and the U.S. Department of Energy under grant
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