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1. Introduction

In proton-proton collisions at very high energies one cavelevents in which several par-
tons in one proton scatter on partons in the other proton esdlpe particles of large transverse
momentum or large mass. The effects of such multipartomant®ns average out in sufficiently
inclusive observables, which can be described by convaaitiactorization formulae that involve
a single hard scattering. Multiple interactions do howeemnge the structure of the final state and
may be important for many analyses at LH{ [1]. A brief reviewtbe subject can be found if [2].

Phenomenological estimates of multiparton dynamics ralynodels that are physically in-
tuitive but rather simplified, whereas a systematic detoripin QCD remains a challenge. The
present contribution reports on some steps towards this §ba discussion is limited to tree-level
graphs, which already exhibit important features. Loopeaxiions, in particular soft gluon ex-
change, add a further layer of complexity and are essemtialdtermining if and in which form
factorization holds. For details and further discussiorrefer to [3].

2. Cross section formula and multiparton distributions

An example process where multiparton interactions cautilis the production of two elec-
troweak gauge bosons\( Z or y* with large virtuality) in kinematics where the transverse-m
menta of the bosons are small compared with their mass oliist. Since we are interested in the
details of the final state, we keep the cross section diffidn the transverse boson momenta. For
the corresponding process with a single boson, a powesolyhin terms of transverse-momentum
dependent parton densities has been develdped [4], whimay hope to generalize to the case
of multiple hard scattering.

Figure[la shows a graph with two hard-scattering subpresesEhe transverse momentum
of each produced boson is the sum of the transverse momeatguark and an antiquark. With
two partons emitted by each proton the transverse partonemtanare in generaiot equal in the
scattering amplitude and its conjugate, as illustratetiérfigure. Momentum conservation implies
r +r = 0 for the differences between the parton momenta in the amdgliand its conjugate.
Performing a Fourier transform w.nt.andr one finds that their Fourier conjugate variables are

equaly =Y.

(b)

Figurel: Graphs for the production of two gauge bosons by double (singte (b) hard scattering.
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Making the usual kinematic approximations in the hardiecisig subprocesses (i.e. neglect-
ing small momentum components compared with large onesdlotaéns

do
M7 dx dx; d2q;
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with S= 2 if the produced bosons are identical ¢ 1 if they are not.d,5 denotes the hard-
scattering cross section for single-boson production,thadkinematic variables ase= (p+ p)?,

xi = (gip)/(pp) andx; = (g p)/(pp). The definition of double-parton distributions closelyees
bles the one for the transverse-momentum dependent distribof a single quark[[4]. For the
two-quark distribution in the proton with momentymwe have

Fay. 2 (%Ki, Y) [|—|/ dz d°z d2 4 %z p —|z,k,] 2p /dy

x (pla( —522) Mo 0(32) aly—321) Mo a(y+3 zl)\p> (2.2)
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where we use light-cone coordinates= (u° 4 u®) /v/2 for each four-vectou. One may regard;
as the “average” transverse momentum of each quarky asttheir “average” transverse distance
from each other, where the “average” refers to the scaffemimplitude and its conjugate. Re-
garding the transverse coordinafess, ki,y) has the structure of a Wigner distributidn [5], which
depends on both momentum and position variables for eaticlpa(This does not contradict the
uncertainty principle since Wigner distributions are natyability densities.) A similar application
of this concept has been discussed for generalized parstiibdtions in [§].

Integrating [2]1) over the transverse boson moman&ndq, one obtains

do ! By (8= X151S) G (8 = X252 S)
[ R —— = & a1a = X1A1 aa; = R2AR2
HiZ:ldX‘ dx; Fig-ﬂa S a1,8=0,A0,09 - -
a1,a2=0,A0,6q
x [y Fay (%) Fat s (5.9). @)

The transverse-momentum integrated distribuf@a, (Xi,y) = [d?ky d?ks Fay, (X, Ki,y) may
be interpreted as the probability density for finding tworggavith momentum fractiong, andx,
at a relative transverse distanca the proton. The form[(2.3) has long been known (see B.8)7,
and underlies most phenomenological models for multipairteractions.

For each quark there are three relevant Dirac matrices #), (2.

Mg=3y, Fag=1y" )6, Miy=3i0te with j=12,  (24)

which respectively project on unpolarized, longitudipafiolarized and transversely polarized
guarks. Note that polarized two-parton distributions @ppeven in an unpolarized proton, since
they describe spin correlations between the two partonssiRall but comparablg; andx, one
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may well have sizeable spin correlations between the twokguavhich are close in rapidity for
X1 ~ X2), even if there is little correlation between the polatimas of a quark and the proton (which
are far apart in rapidity). The relevance of such corretetim multiparton interactions was pointed
out already in [[B] but has to our knowledge never been indudghenomenological estimates.

Note that if parton spin correlations are sizeable they @arela strong impact on observ-
ables. For the production of two gauge bosons one can easlyhsit the produdtagaq Fagag
of longitudinal spin correlations enters the cross sectiith the same weight as the unpolarized
termFy g Fgg- One also finds that produg sq Fsqasq Of transverse spin correlations give rise to
a cog2¢) modulation in the anglg between the decay planes of the two bosons and thus affects
the distribution of final-state particles.

The formulae given so far have ignored the color structuthe@multiparton distributions. The
quark lines with momentk, + 3r in Fig.[a can couple to a color singlet (as in single-partstrie
butions) but they can also couple to a color octet, provithed the lines with momentg + %r are
coupled to a color-octet as well. Such color-octet distidms contribute to the multiple-scattering
cross section, as was already pointed ouf]in [8]. A more leetaiscussion will be given ir{][3].

3. Power behavior

It is easy to determine the power behavior of the cross sedtiomula {2.1L) for two hard
scatters. The hard-scattering cross sectidmhave like 1Q?, whereQ? ~ g2 ~ g3 denotes the
size of the large squared mass or virtuality of the gaugersosdvith transverse momendga ~ g,
of generic hadronic sizA we find

do 1
M2, dxdX d20; (g fla QA2

(3.1)

where we have used that the two-parton distributions sdedeA ~ 1/A? and that the typical
transverse distancg between the partons is of ordef/L The same power behavior as in (3.1)
is obtained for the case where both bosons are produced imgke $iard scattering, as shown in
Fig. [ib. For the cross section differential in the transwdyrsson momenta, multiple hard interac-
tions are thereforeot power suppressed.

The situation changes when one integrates qvendqs. In the double-scattering mechanism
both transverse momenta are restricted to be of Aizbut for a single hard scattering one has
|g1 + 92| ~ /A whereas the individual transverse momenta can be as larQe 8gcause of this
phase space effect one has

do N2 do 1
2 dxdx ~oR 2 dx dx ~ oz (3:2)
MaoxidX [rgfa  Q Niz19%dX lrgf  Q
In the transverse-momentum integrated cross section,pieuhtiard scattering is therefore only
a power correction. This is required for the validity of theual factorization formulae, which
describe only the single-scattering contribution.
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4. Connection with generalized parton distributions

A simple ansatz for modeling two-parton distributions iswidte them as a product of single-
parton distributions, thus neglecting correlations betwne two partons. This provides a starting
point for phenomenology, even though one may not expect ancpproximation to be very pre-
cise. A way to implement this ansatz for the distributiéi(s;, ki, y) is to insert a suny x |X) (X|
over all physical states between the two bilinear operato(g.2). If oneassumes that the proton
state is dominant in this sum, one has

. /- 2/

(9] (@) (G0 ) [P) ~ [ 5 s (Pl el ) (Pl dualp), (4)
where the subscripts;, X, indicate the momentum fraction associated with each fietdsgmor
indices have been omitted for brevity. After the Fouriensfarm in [2.2), momentum conser-
vation imposesp™ = p™ but one still hasp’ # p. The two-parton distributior (X, ki,y) is
thus approximated by a product of tvgeneralized parton distributions with zero skewneés
For transverse-momentum integrated distributions onainbta simple representatidi(x,y) =
[d?b f(x2,b) f(x1,b+Y) in terms of impact parameter dependent parton densjties [9]

The same method can be applied to the color-octet distoibsitinentioned above. Rearranging
the quark operators as

%(q_szaqxz) (q_xlAaqxl) - - (q_Xl qxz) (q_Xz le) - %(q_xz qxz) (q_Xl le) ) (4-2)

whereA? are the Gell-Mann matrices, one can insert proton stat@gclestthe operators in paren-
theses on the r.h.s. For the first term this leads to genedafiarton distributions witimonzero
skewnesg, since the fields coupled to a color singlet carry differenpjitudinal momenta.

Although it is only approximate, the connection with getieeal parton distributions that can
be measured in exclusive reactions — pointed out alread¥dh- will hopefully help to better
understand at least some features of multiple hard inferexct
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