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Double photon production in polarized proton-proton collisions
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We derive the partonic level longitudinal spin-spin asymmetries for the processes relevant to the ha-
dronic production of isolated double photon events, speci6cally qq ~yy and gg ~yy. We discuss pro-
duction rates and observable asymmetries (A«) in polarized pp collisions at the BNL Relativistic Heavy
Ion Collider and their dependence on the spin-dependent sea and gluon distributions. Because the decay
H ~yy is a possibly important signal for intermediate mass Higgs-scalar production, we also briefly
discuss the spin dependence of standard model Higgs-boson production via gg~H (low p&) and

gg ~gH, qg ~qH, and qq ~gH (hsgh pT).

PACS number(s): 13.88.+e, 12.38.Bx, 13.85.gk, 14.80.Gt

Recent machine studies [1—3] have indicated that, us-
ing the now tested [4] technology of Siberian snakes, it
will be feasible to achieve high luminosity (5 up to
2 X 10 cm sec ') collisions of polarized protons
(P =0.7 in each beam} at collider energies (50
GeV(&s (500 GeV) at the Relativistic Heavy Ion Col-
lider (RHIC) at Brookhaven [5]. At the same time, there
has also been renewed interest in the subject of the spin
content of the proton, motivated by various theoretical
analyses [6] of the European Muon Collaboration (EMC}
data [7] on the scattering of polarized leptons on polar-
ized nucleons. Some interpretations suggest that a large
fraction of the proton spin is carried, not by valence
quarks, but by gluons or sea quarks. Such a result has
possibly important ramifications for the relevance of a
polarization option at future supercolliders where many
processes are dominated by sea-quark- or gluon-induced
production mechanisms. In any case, the issue of how to
measure the longitudinal spin-dependent parton distribu-
tions of the proton has received renewed attention in re-
cent studies of various proposed processes, many of
which would be accessible at a high luminosity polarized
proton-proton collider.

The simplest process which probes the spin-dependent
sea-quark distribution is polarized Drell-Yan production
and this has been discussed by several groups [8,9]. (The
usefulness of Dress- Yan production for probing the trans-
verse quark and antiquark distributions of the nucleon,
which was first discussed long ago [10],has also recently
been "rediscovered" [11] and elaborated upon. ) Jet pro-
duction, both single jet inclusive and dijet events, has
been extensively investigated [12—14] and its sensitivity
to the polarized gluon distribution discussed using many
model parametrizations of the as yet completely un-
known b,G(x, Q ). [Here EG(x, Q )=G+(x,Q )—G (x, Q ) where G+(x, Q ) denotes the longitudinal
spin-dependent gluon distribution. ] Another well-
understood collider energy process which is known to de-
pend sensitively on the gluon content of the proton is
direct photon production and it has also been intensively

studied [12,15,16] as a probe of EG. Various proposed
RHIC detectors (perhaps with some upgrades} may well
be able to detect direct photons with suScient resolution
to make such measurements quite valuable [17].

If some of these processes are used to determine the
spin-dependent sea-quark and gluon distributions, it will
then be valuable to have additional types of events which
can then be used as a further consistency check. In addi-
tion, a complete program of spin physics at a polarized
collider would also include tests of the spin dependence
of the fundamental QCD interactions (once the polarized
distributions are measured); this argues for the investiga-
tion of the spin dependence of as many additional stan-
dard collider processes as possible. The production of
three-jet events, for example, has recently been discussed
[18],both as an additional testing ground for EG and for
the spin structure of the QCD hard scatterings as well.
Two-jet plus photon experiments have been suggested as
a further check of the underlying event structure in mul-
tijet production [19]at unpolarized colliders and the spin
dependence of these reactions has also been examined
[18]. One final obvious generalization of single direct
photon production is double isolated photon production
and we will discuss the spin dependence of that process in
this article.

This process was first suggested long ago [20] as a
probe of quark charges because of contributions from
qq ~yy diagrams [Fig. 1(a)]. It is also known to receive
larger contributions [21—23] from the higher-order box
diagram [Fig. 1(b)] gg~yy. It has also been discussed
by several groups who have examined the possible role of
bremsstrahlung diagrams [24—26] and higher-order
corrections [27]. In addition, it has been observed experi-
mentally in pp [28—30] and mp collisions [29,31] and most
recently by the Collider Detector at Fermilab (CDF) Col-
laboration [32] in pp collisions at the Tevatron. So, de-
pending on the kinematic regions probed and applied
cuts, this process can probe both the spin-dependent sea-
quark and qluon distributions. Another interesting as-
pect of this process is that it receives an often dominant
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FIG. 1. Typical Feynman diagrams contributing to double
photon production, namely (a) qq~yy, (b) the box diagram

gg ~yy, and (c) the single bremsstrahlung diagram qg ~qyy.
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contribution from a higher-order process (the box dia-
gram gg ~yy) so that it is the first case where one might
be directly probing the spin dependence of QCD matrix
elements at nonleading order.

Finally, such standard model processes can constitute a
background for new processes for which the additional
information present in polarized collisions might be used
to further enhance the desired signal. For example, two-
photon decays of the standard model Higgs boson consti-
tute an important signal for an intermediate mass Higgs
scalar and the standard model backgrounds to this pro-
cess corning from the processes above have been exten-
sively studied [33,34]. Two-photon signals from heavy
quarkonium [35] and squarkonium production [36] have
also been considered. Motivated by this connection, we
also present in Appendix A expressions for the partonic
level spin-spin asymmetries for standard model Higgs-
boson production via gg +H (for low pT—) and gg ~gH,
qg ~qH, and qq ~gH (high pT).

We begin by considering the various contributions to
the unpolarized cross section for isolated double photon
production. The two-body subprocesses qq~yy and

gg ~yy automatically yield isolated double photon
events. The partonic level cross section for qq~yy is
given by

2@a eq

dt 3s t u

where e is the quark charge in units of e. The one-loop
cross section derived from the box diagram for gg~yy
is given by (see, e.g., [24] and references therein)

This expression is derived from earlier calculations of the
box diagram for light-by-light scattering [38] and is valid
when s, It I, Iu I

»m where rn is a constituent quark mass
considered in the loop. [We take four effective flavors in
our calculations below so that (g e ) = ',~.]

It is known that there can be substantial (even dom-
inant) contributions from bremsstrahlung diagrams
[24—26,37]. Their effects are largest, however, when one
of the radiated photons is collinear with one of the
quar ks. These contributions can then be highly
suppressed by suitable isolation cuts on the photons (i.e.,
by requiring no hadronic activity near one of the hard
y's). In addition, the contributions of qg~qyy (and
similar double bremsstrahlung contributions) add little
new to our knowledge of the polarized parton distribu-
tions as they probe almost the identical combination of
initial partons as the dominant single direct photon sub-

process, namely qg —+qy. Moreover, the partonic level
spin-spin asymmetry for the qg~qyy subprocess, in the
limit when one of the photons is collinear with the 6nal
state quark, is identical to the asymmetry for the corre-
sponding 2—+2 process. [We reproduce the matrix-
element and partonic level asymmetry (aLL ) in Appendix
8 for completeness. Similar limiting cases for other 2~3
cases are illustrated in Ref. [18].] For these reasons, we
will assume that it will be possible to apply suitable isola-
tion cuts to effectively eliminate the contributions from
bremsstrahlung contributions and we will henceforth
consider only the lowest-order 2~2 subprocesses

qq~yy and gg~yy. This approximation will have to
be carefully tested in a full simulation of any proposed
RHIC detector which proposes to measure even single
direct photon production. (We also leave aside the im-

portant question of m /y resolution as that mill also de-
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FIG. 2. Differential cross section, do/dp& (pb/GeV) vs p&
(GeV) for isolated yy production in pp collisions based on the

qq~yy and gg~yy subprocesses. Several possible RHIC
center-of-mass energies are shown, Vs =500, 150, 50 GeV
(solid, dash, dot-dash).

FIG. 3. Fraction of the differential cross section (der/dpT)
arising from gluon fusion (box diagram) contributions vs pT for
v s =50 (150) GeV, solid (dash).

pend on the detailed experimental situation. )

That this is perhaps not an unreasonable assumption is
also suggested by a preliminary analysis of the Tevatron
data [32] which impose strong isolation cuts on the pho-
tons and then compares the resulting difFerential cross
sections (do ldpT vs pT) versus a PYTHIA Monte Carlo
simulation, which includes only the Born and box dia-
grams, and finds reasonable agreement. We have per-
formed a similar parton level comparison to their data
also using only the 2~2 diagrams, Q =pT as the
momentum scale, updated Duke-Owens set I distribu-
tions [39], and their stated cuts, and find good agreement
(to within 15%) with their PYTHIA Monte Carlo simula-
tion [i.e., Fig. 2(b) of Ref. [32]].

So, using the same set of assumptions, we can estimate
the isolated double photon yield in pp collisions at several
RHIC energies and we illustrate the results in
Fig. 2. (More specifically we define the variables

I

q*=(rj,—F2)/2=1n[cot(e')] and rjb««=(rj, +rj2)/2
=ln(x, /x2) where rj, 2 are the laboratory frame rapidi-
ties of the two photons, 8' is the center-of-mass scatter-
ing angle of the 2—+2 process, and x, 2 are the momen-
tum fractions of the two initial partons. We then insist
that ~rj'~, ~nb„«~ ~1.0 which simulates the CDF cuts
[32].) We also plot, in Fig. 3, the fraction of events com-
ing from the box diagram, for two values of &s, vs pr.
We see that a substantial part of the total isolated double
photon cross section at low transverse momentum arises
from purely gluon-induced processes.

To understand the spin dependence of isolated yy pro-
duction we require the partonic level longitudinal spin-
spin asymmetries:

do(++ ) —d &(+—)

d &(++ )+do (+—
)

The observable spin-spin asymmetries AIL are then given
by (e.g. , Ref. [40])

~r,t.do =g fdx, dxb[hf '(x„Q )hfj' '(xb, Q )]ft)Ldo,j,1

ij ij

where &IL denotes the relevant subprocess double helicity
asymmetry. The information on the spin-dependent par-
ton distributions is contained in the bf(x,Q ) which are
defined via

bf(x, Q )=f+(x,Q ) —f (x, Q )

where f+ (f ) denotes the parton distributions in a po-
larized nucleon with helicity parallel (antiparallel) to the
parent nucleon helicity as mentioned above.

The partonic level asymmetry for the qq ~yy subpro-
cess is easily seen to be QLL

= —l as it is for any purely
annihilation process. The &Ll for the box diagram pro-
cess gg~yy can be obtained from a knowledge of the
appropriate helicity amplitudes which have been ob-
tained previously [21,22,41]. If we level the parton helici-
ties via g(A, &)+g(Az)~y(A3)+y(A4) we find that the

square matrix elements are proportional to
(++;++)= iAfi(9', t, u )i

(++;+—) = ~u, ~',

(++;—+ ) = iaaf, i',
(++;——) = ~a, ~',

(+—;++)=iJkt2i

(+—;+—)=iud (u, tI, s)i

(+ —;—+)=~JN, ,(t,s, u)~

(+—;——) =/u, /',

(9)

for the helicity combination labeled ()j,„)I,2, )I,3, i(4) plus
eight others related by parity. The partonic level asym-
metry can then be written as
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We plot this asymmetry versus the center-of-mass angle
in Fig. 4 and note that it is similar in structure to many of
the other 2~2 tree level QCD partonic level spin-spin
asymmetries in jet production and single direct photon
production. (See Ref. [40] for many examples. )

Given any assumed set of polarized parton distribu-
tions we can now predict the observable asymmetry AIL
in a relevant quantity such as do /dpr. We illustrate in
Fig. 5 the results for several different parametrizations of
the spin-dependent parton distributions which roughly
correspond to three extreme cases. The solid curve cor-
responds to the (pre-EMC) parametrization of Ref. [40]
which have a relatively sma11 amount of the proton spin
carried by both gluons and sea quarks. In this case, both
AG and As are positive so that the very small values of
ALL in this case are also partially due to a cancellation
between the negative (positive) contributions from qq (gg)
initial states. The dash and dot-dash curves correspond
to two EMC-motivated sets of distributions used by
Cheng and Lai [9,13] which assume a much larger frac-
tion of the proton spin is carried by the gluons and/or
sea. The dash (dot.-dash) case corresponds to their set a
(c) consisting of a large (small) b,G and small (large) As.
In one case (dash), only the gluon spin contributes (b,s as-
sumed to vanish) and the asymmetry decreases with in-
creasing pz due to the diminishing fraction of events in-
duced by gluon fusion. In the dot-dash case, a large (and
negative) hs yields a reasonably large and increasing
asymmetry due to the increasing importance of qq initia1
states and increasing valence quark polarization. The ob-
servable asymmetries are not very large except in the case
where the sea-quark spin-dependent parton contribution
dominates and can suffer from cancellations that may
wash out the reasonably large partonic level asymmetries.

We can obtain some rough estimates of the number of

events and the corresponding precision in any asymmetry
measurements by assuming two months running time per
year (say —,'X10 sec) with the luminosity mentioned
above to obtain =330 pb ' of data which would corre-
spond to 5.7X10, 6.6X10, 1.6X10 events per year
with pr & 5, 10, 15 GeV, respectively, for V's =500 GeV.
(All this is, of course, before any efficiency, acceptance, or
background cuts. ) With these event rates the 1o statisti-
cal uncertainty in asymmetry measurement will be ap-
proximately 1%, 2%, 5% at pr =5, 10, 15 GeV making a
1-20 differentiation between the most extreme cases pos-
sible, while binning all the data in pT would further in-
crease the discrimination power. Clearly, as with all the
spin asymmetry measurements foreseen at RHIC, a much
more thorough analysis must be made in the context of a
realistic RHIC detector. Once again, the desirability of
high luminosity for the measurement of (possibly small)
asymmetries is evident.

In conclusion, we have discussed the production mech-
anisms for double isolated photon production at collider
energies, concentrating on the two-body subprocesses
qq, gg ~yy as they offer the most new information about
the spin-dependent parton distributions and QCD matrix
elements. We have derived the partonic level asym-
metries and illustrated some expectations for observable
double longitudinal asymmetries using sample spin-
dependent sea-quark and gluon parton distributions.

Many of the processes discussed so far for study at a
polarized collider have only been considered at leading
order (as we have done above and in the Appendixes)
and, ultimately, full next-to-leading-order calculations
will be required for the systematic extraction of spin-
dependent parton distributions and the precise testing of
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FIG. 5. Longitudinal spin-spin asymmetry A« in the quanti-

ty d o jdpT vs pT (GeV) for various assumed spin-dependent
sea-quark and gluon parton distributions. The plot is for pp col-
lisions at &s =500 GeV. The solid curve corresponds to the
small hs and h, G of Ref. [40]. The dashed (dot-dashed) curves
correspond to the large (small) AG and small (large) 4s, set a (c)
of Refs. [9,13].
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the spin structure of the basic QCD interactions. A few
examples of calculations of radiative corrections for the
relevant spin-dependent processes exist in the literature,
namely for Drell-Yan [42] and (single) direct photon pro-
duction [43], and methods now exist which may greatly
facilitate the calculations for more complex processes
[44]. Clearly, more work will be needed (and performed)
once the prospect of sufhcient data exists to warrant the
effort.
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APPENDIX A

&II(gg~H )=+1, (A 1)

I

Thus far, we have concentrated on the derivation of
the spin dependence of the standard model @CD matrix
elements which produce isolated yy pairs. It was point-
ed out above that this final state is also important as a
possible signature of an intermediate mass Higgs boson.
Therefore, it may be of some relevance to collect the ap-
propriate cross sections and partonic level spin-spin
asymmetries for both low and high transverse momentum
Higgs-boson production here as well. Higgs-boson pro-
duction in these two kinematic regions has been exten-
sively discussed (see, e.g., [45,46]) and we will make ex-
tensive use of existing results. (The QCD corrections to
the most important of these Higgs production processes
have very recently been calculated [47] but the spin
dependence has not been investigated as yet. )

The 2—+1 process, gg —+H, proceeding via a triangle
diagram, gives rise to low transverse momentum Higgs-
boson production. Ellis et al. [45] give. the invariant am-
plitude for gg~H from which one can easily derive the
partonic level asymmetry, namely

32a,a~ (s +t +u +M&)
g JK(gg~gHo) 2=

3 sKM~

(A2}

p p
16a,a w u 2 +g 2

Q~JN, (qg ~qHo)~~=-
tM'

(A3)

0 2
16a aw t +ug ~At(qq ~gHo) ~'=

PMw
(A4)

In this limit, the similarity to So production at large pT
is again aparent as evidenced by the corresponding cross
sections for quarkonium production [48,50], i.e.,

which has been previously derived by Bourrely et al.
[40]. The effective two-gluon coupling of the Higgs bo-
son, generated by the effective Lagrangian

X,~-G""'G„,H,
is of exactly the same form as that for the two gluon cou-
pling of a 'SoQQ bound state and yields the same helicity
structure as that for gg~'So, which can be derived using
the helicity amplitudes in the collection of Gastmans and
Wu [48]. [The partonic level asymmetries for
gg —+ Po, P2 quarkonium production are similarly large
[48,49] as &II (gg~ Po/ Pz)=+ ll —1 and this is easily
understood by simple conservation law arguments. ]

Thus, the gg~H partonic level asymmetry is maxi-
mal and one can imagine looking for structure in the
spin-spin asymmetry of the two-photon invariant mass
distribution as an additional tool for an intermediate
mass Higgs-boson search, or, perhaps, for a heavy r}(QQ }
quarkonium or squarkonium state. This is akin to the
use of single spin asymmetries in the search for standard
or new 8' or Z bosons via their two-jet decays [12,14].
The usefulness of this technique, of course, depends criti-
cally on the size of the, as yet unmeasured, spin-
dependent gluon distribution, b, G(x, Q ).

The matrix elements for the leading order 0(a, ) 2~2
processes, gg ~gH, qg ~qH, and qq ~gH are quite
complicated functions of M&, M„, and the kinematic
variables s, t, and u [45,46] but do take on a simple form
in the limit that the top-quark mass is large compared to
a11 other mass scales, i.e., when M„)&s,t, u, M&. In
that case one finds that the invariant matrix elements

&
q 'So)=-

d&
(qq g So}=

dt

d&, «+0 (s +t +u +M )(sf+tu+Qs)
(gg~g 'So}=

dt 23Es (SK)[( —M )(r —M )( —M ))

2+a, Ro2 u +s
dt 9Ms t(t M')—

16vra, R o

27hfs s(s —M }

(A5)

(A6)

where Ro is the quarkonium radial wave function evalu-
ated at the origin. Much of this similarity is dictated by
the common helicity structure of the two classes of pro-
cesses, with the complication of the bound state nature of

I

the quarkonium state responsible for the additional com-
plexity. One can make use of the expansion of the ampli-
tudes of Ellis et al. [45] in terms of invariant functions or
the explicit helicity amplitudes of Baur and Glover [46]
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in this limit to calculate the spin-spin asymmetries and
we find that

1.0

M +s t— u-
gg g:

8 4 4 4

s2 u~
ILL(qg~qH )=

aLt (qq gH )= —1 .

(A8)

(A9)

(A10)

0.8

0.6

0.4

As expected from the similar helicity structure, the spin-
spin asymmetries for the corresponding 'So high pT pro-
duction processes are identical [48,51]. We plot in Fig. 6
examples of the asymmetries in (A8) and (A9) versus the
center-of-mass angle for two values of +s /MH for illus-
tration.

For high pT Higgs boson plus jet production, followed
by the H ~yy decay, the backgrounds would arise from
qq~gyy and qg~qyy final states plus, of course,
three-jet events with two jets misidentified as photons.

APPENDIX B

0.2

0.0 —| I ( ( ( ( !
—0.5 0

cos(8')

0++ —H+
0++ +H+

(B2)

FIG. 6. Partonic level asymmetries Q«vs cos(8*) for

gg gH —for +s =2(6)Mtt, solid (dash) and for qg~qH for
+s =2 (6)MH, dot-dash (dot).

In this appendix, we list, for completeness, the squared
matrix element for the single bremsstrahlung process
qg —+qyy and the corresponding partonic level longitudi-
nal spin-spin asymmetry. Using the results of Ref. 48 we
find that the matrix element, squared, and summed (aver-
aged) over initial (final) spins and colors is given by

where

H++ =(p k3)(p' k3)'

+(p k2)(p' k2) +(p' k, )(p k, )

H+ =(p k3) (p' k„)

(B3)

,'q'e,'(p-p')
3

g(p k;)(p' k;)[(p k;) +(p' k;) ]
i=1

3

(p.k; )(p' k; )

(B1)

+(p kz) (p' k2)+(p' ki) (p k, ) . (B4)

One can then see that in the limit where one of the final
state photons is collinear with the quark this asymmetry
reduces to the corresponding expression for the 2~2
process, qg ~qy, namely (cf. Ref. [40]),

where the process is labeled by

s u
LL ~2 ~2s +u

(B5)

q(p)+g(k, )~q(p')+y(k2)+y(k3) .

The partonic level asymmetry can then be derived using
the explicit helicity amplitudes of Ref. [48] and we find

Thus, the bremsstrahlung contributions offer little new
information on the spin dependence of the basic QCD in-
teractions that is not contained in the single direct pho-
ton production.
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