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1 Introduction

In the era of the LHC, a thorough understanding of the strong-interaction dynamics in
proton-proton collisions is an imperative. Whereas the determination of parton distribution
functions and the computation of hard-scattering processes at parton level are becoming
fields of precision physics, other aspects remain much less well understood, both at a
conceptual and a practical level. Among these aspects are multiparton interactions, where
in a single proton-proton collision more than one parton in each proton participates in a
hard scattering. Multiparton interactions can give sizeable contributions both to signal
and to background processes, notably to Higgs production [1], to electroweak processes
[2-10] and to multijet production [11-18]. They are also of interest in their own right from
the point of view of hadron structure, because they contain information about correlations
between partons inside the proton.

Experimental evidence for hard multiparton interactions has been found at the ISR
[19], the SPS [20] and the Tevatron [21-25]. Due to the rapid increase of parton densities at
small momentum fractions, one expects these interactions to be even more prominent at the
LHC, and first results have indeed been reported [26], with more studies being expected
in the future [27]. Substantial effort has gone into the modeling and implementation
of multiparton interactions in Monte-Carlo generators [28-34]. A mini-review on earlier



developments of the subject is given in [31], and an overview of current developments can
be found in the conference proceedings [35, 36]. Recently there has been renewed interest in
understanding the theoretical foundations of multiple hard scattering [37-47], with many
issues remaining to be clarified or worked out.

The simplest assumption one can make when computing multiple hard scattering is
that the different partons in the proton are uncorrelated with each other. This leads to
very compact results, but it certainly is a simplification whose validity and limitations
need to be investigated. Recent phenomenological studies of different types of correlation
effects in multiparton interactions can be found in [17, 34, 48-52]. In this work we focus on
correlations between the polarization of two partons in an unpolarized proton and on their
consequences for the overall rate and for final-state distributions in double hard scattering
processes. We build on the observations made in [40] and extend the results of [46]. The
relevance of spin correlations for multiple interactions was pointed out long ago in [53], but
that work have not been followed up until recently.

We perform our study for double Drell-Yan production, where two electroweak gauge
bosons (v*,Z,W*) are produced in two independent quark-antiquark annihilation pro-
cesses. This has long been recognized as a prototype for multi-parton interactions [54-56].
Unfortunately, recent phenomenological estimates [8, 9, 57] find that rates for double Drell-
Yan production at the LHC will likely be too small to allow for a detailed experimental
investigation of final-state distributions. We nevertheless choose this process for our inves-
tigation, given that it is among the simplest double scattering process from the theoretical
point of view but still exhibits a wealth of nontrivial features. The results we obtain for
double Drell-Yan production will have their analogs for processes with higher rates, such
as the production of four jets or the production of one gauge boson plus a dijet. (Note
that up to a global factor the tree-level graph for the production and subsequent decay of
a gauge boson is identical to the graph for ¢; G2 — ¢3g4 with a gluon in the s-channel.)

Even if two partons in a proton are unpolarized, there can be correlations between
their transverse positions and their longitudinal momentum fractions. There are indeed
reasons to expect such correlations, see e.g. [34] and section 2.6 of [40], but not much
is currently known about them. In the spirit of an exploratory study, we will calculate
these correlations in a simple model of the proton and discuss their consequence for the
transverse-momentum spectrum of double Drell-Yan production.

This paper is organized as follows. In the next section we recall the basic formalism
for computing double parton interactions, define double parton distributions that describe
spin correlations between the two partons and give the polarization dependent parton-level
cross sections. In section 3 we give our results for the cross section of the double Drell-Yan
process. In section 4 we investigate the correlation between transverse and longitudinal
variables in double parton distributions within a simple model. Section 5 summarizes our
findings, and in an appendix we list the coupling factors entering the cross section formulae

in section 3.



2 Double parton scattering

Consider the production of two gauge bosons Vi, Vo = ~v*, Z, W in a pp collision, followed
by the leptonic decays v*,Z — ¢t¢~ or W — fv. Four-momenta are assigned as p(p) +
p(P) = Vi(q1) + Va(ge) + X. We are interested in the fully differential cross section of the
four-lepton final state and restrict ourselves to the kinematic region where the transverse
momenta q; and gy of the gauge bosons in the pp center-of-mass are much smaller than
their invariant masses, i.e. we assume q%, q% < q%, q%. It is in this kinematics that double
parton scattering is not power suppressed compared with the production of the gauge
boson pair by a single hard scattering [39]. In the calculation of the cross section, the

1/2 will serve as the hard scale necessary for the application of

invariant masses Q; = (¢?)
factorization. For simplicity we shall not assume any particular hierarchy in size between
g, and g, or between )1 and Q3.

We assume that the double hard scattering cross section factorizes into the product
of a double parton distribution (DPD) in each proton and a parton-level cross section for
each of the two hard scatters. This factorization has not been proven, but several elements
of such a proof have been given in [40]. Schematically, the double parton scattering cross

section then reads [39, 40]

do
12, dx; di; d2q; dS)

—i21q1—122q2

_i dé’l dé’g / d2Z1 d2Z2 e
pps C dQy dQy ) (2m)? (27)2

X /dQQ F(x1,29,21,22,y) F(Z1, 72,21, 22,Y) (2.1)

with a combinatorial factor C' equal to 2 when the final states of the two hard interactions
are identical and equal to 1 otherwise. Here dd;/dS); denotes the cross section for quark-
antiquark annihilation into a lepton pair via the gauge boson V;, taken differential w.r.t.
the lepton angles in the appropriate boson rest frame (see section 2.2). In the pp center-
of-mass we define the z axis to point into the direction of the proton momentum p and
use light-cone coordinates v = (10 £ v3)/v/2 and v = (v',v?) for any four-vector v.
The kinematic variables z; = ¢;"/p* and z, = ¢; /p~ determine the longitudinal parton
momentum fractions in the DPDs, which we denote by F' for the proton with momentum
p and by F for the proton with momentum p. The arguments z; and y of the distributions
determine where the hard-scattering processes take place in transverse configuration space.
As indicated in figure 1, y is the transverse distance between the two scattering partons in a
proton (and hence between the two annihilation processes) if one takes the average between
the scattering amplitude and its conjugate. As shown in [39, 40| z; is the Fourier conjugate
variable to the transverse momentum of parton i (again averaged between amplitude and
conjugate amplitude). F(x1,x9,21,22,y) is thus the Fourier transform of a transverse-
momentum dependent DPD. The factorization formula (2.1) generalizes the expression
for single Drell-Yan production in terms of transverse-momentum dependent single-parton
densities [58, 59].



Figure 1. A graph for the double Drell-Yan process, where two quarks in the right-moving pro-
ton interact with two antiquarks in the left-moving proton. The figure shows the assignment of
four-momenta (p, p, g1, g2), of light-cone momentum fractions (z;, Z;) and of transverse position
arguments as explained in the text. The dotted vertical line denotes the final-state cut.

Integrating (2.1) over the transverse boson momenta q; and g, one obtains

dO’ 1 d@'l da'g 2 =/_
= — L2722y P21, 20, y) F(T1,72,Y) . 2.2

Here F(x1,72,y) and F(Z1,72,y) are transverse-momentum integrated (also called col-
linear) DPDs, which were introduced long ago in [55, 60]. Naively, they are obtained by
setting z; = zo = 0 in the distributions that appear in (2.1). Closer analysis reveals
that transverse-momentum dependent and collinear DPDs (just as their counterparts for
single partons) require different types of regularization and subtractions of divergences.
As a result the distributions depend in different ways on an ultraviolet renormalization
scale, and in the case of F'(x1,x2,21,22,y) also on a rapidity parameter (which is closely
related to Sudakov logarithms). This is discussed in [40] and will be tacitly implied in the
remainder of the present work.

Equations (2.1) and (2.2) are schematic in that they omit labels for and summation over
the quantum numbers of the partons (quarks vs. antiquarks, flavor, polarization and color).
This information will be restored in section 2.3. We emphasize that these equations only
give one contribution to the cross section for four-lepton production. Further contributions
need to be added from the familiar single hard-scattering mechanism (where the four
leptons are produced in a single parton-level process), the interference between single and
double hard scattering, as well as double hard-scattering graphs with fermion number
interference [40]. The single hard-scattering contribution is straightforward to compute
(see e.g. [57]), whereas the different interference contributions are not. As argued in [40],
the fermion number interference contribution should become relatively unimportant at
small momentum fractions x;, z;.



2.1 Double parton distributions

We now briefly specify the DPDs necessary for our study, referring to [40] for more detail.
For two quarks in an unpolarized right-moving proton we write

dzy dzg o = b =t
Fa1a2($1,$2,Z1,Z2,y) = 2p+/—1 —2dy e t1F Pz b <p| OGQ(O’Z2) Oal(y’ Zl) |p> )

27 27
(2.3)
where an average over the proton polarization is implied. The operators
Ou (. 2) = G(y — 32) Ta, i (y + 52) N (2.4)

z —y+=0

;=

for quarks of flavor ¢; are understood to include appropriate Wilson lines between the two
quark fields, as well as appropriate regularization and subtractions as mentioned above.
Notice the correspondence of position arguments in (2.3) and (2.4) with figure 1. The Dirac
matrices

Ty =377, Tag=37"s, I}, = gic’ty (j=1,2) (2.5)

select different polarizations of the quarks in the proton, with ¢ corresponding to unpolar-
ized quarks, Aq corresponding to longitudinal polarization and d¢ to polarization in the
transverse direction j. Notice that the labels a; in (2.3) specify both the flavor and the
polarization of the quarks. In full analogy one can define DPDs Iy, 5, for two antiquarks,
as well as quark-antiquark distributions Fy, 4, and Fy, a,.

The quark coupling to gauge boson Vi need not have the same flavor in the scattering
amplitude and its complex conjugate, because a mismatch in flavor can be compensated by
the quark coupling to gauge boson V5. For example, the quarks with transverse posititions
y+ %zl and —%zg in figure 1 can be u quarks if the quarks with transverse posititions %22
and y — %zl are d quarks. The DPDs describing this type of quark flavor interference are
given by

dz; dz, _ 2 e -+
F({1a2(x1,x2yzlyz2’y) = 2p+/2—;_ Q—;dy ef1: P FiTaZ2 P <p| 052(05Z2) Oél(y, Zl) |p>
(2.6)

with the product of operators

05,(0,22) OF (y,21) = @1(—322) Tay 2(322) G2(y — 321) Tay a1 (y + 321)

zf:z; =yT=0

(2.7)

We note that these distributions are complex valued and that their imaginary part changes
sign when one interchanges the flavor (but not the spin) assignments and replaces z; — —z;,

e.g.

FqllAqg(xlaw% Z1, ZQay) = [FqIQAql (.%'1,.%'2, —Z1, _Z27y)]* . (28)

As we shall see, this ensures that physical cross sections are real-valued.



Let us now classify the different combinations of quark polarization, taking into account
the constraints of parity invariance [40]. For unpolarized and longitudinally polarized
quarks we have

qu = qu(:vl,xg,zl,zg,y), FAqu = quAq(Cﬂl,CUz,ZhZz,y),

Fong = Ggng(21, 2,21, 22,Y) Fagq = 9ngq(T1, 22,21, 22,Y) (2.9)

where f denotes scalar and g pseudoscalar functions. For transverse quark polarization the
parton distributions carry a transverse index and can be decomposed as

ngéq =M (yiqu(Sq + i/igAq(Sq) 5 ngAq =M (yif(Squ + i/igéqu) 5
Fql5q =M (Qlfngq + ylnggq) s ngq =M (Qlf(gqq + ylgzgqq) s (2'10)

where the scalar and pseudoscalar functions depend on the same variables as in (2.9). Here
¥’ = €Uyl is a transverse vector orthogonal to y*, defined in terms of the two-dimensional
antisymmetric tensor € (with €!2 = 1). Factors of the proton mass M have been introduced
in order to have the same mass dimension for all distributions f and g. For two transversely

polarized quarks we finally write
g - ) o o iin ot

Ftsq = 0% fsqsq + M? (2y'y’ — y?6%) fiosq

+ M2 (Y'Y +5Y) Gigsg + M (Y'Y — 5'Y) G55, (2.11)

Decompositions analogous to (2.9) to (2.11) hold for antiquarks and for flavor interference
distributions.

Corresponding definitions apply for two partons in a left-moving proton, with + and —
components interchanged in (2.3) to (2.7). Note that the covariant expression of the two-
dimensional antisymmetric tensor in terms of the four-dimensional one is ¢ = ¢*~¥ (with
€o123 = 1). In the analogs of (2.9) to (2.11) for left-moving partons one hence needs to
change the sign of ¢ and of the pseodoscalar functions g (which can be written as €
contracted with a parity even tensor constructed from z;, zo and y).

All distributions discussed so far allow for two color structures, one where the two
fields in the operator O,, are coupled to a color singlet and one where they are coupled to
a color octet. This requires a further index on all distributions, which we will not display
in the present work for brevity.

2.2 Reference frames

Let us now introduce the reference frames and coordinate axes needed to describe the
angular dependence of the cross section.

In the pp center-of-mass we have the z axis pointing along the momentum p. The
four-vector defining this axis is hence Z* = (p—p)*/+/2pp, where here and in the following
we neglect the proton mass. We choose a fixed four-vector X* orthogonal to p and p to
define the x axis. The precise choice does not matter for our purpose, but one may for
instance adopt the convention to have the x direction point towards the center of the LHC



lepton plane

Figure 2. Coordinate system in the rest frame of vector boson V;. The z axis bisects the angle
between the spatial components of the momenta p and —p, and the x axis corresponds to a fixed
reference direction as explained in the text. (In general, the proton momenta are therefore not in
the 2-z plane.) I; and I; are the momenta of the lepton and the antilepton from the boson decay,
respectively. 6; denotes the polar and ¢; the azimuthal angle of the lepton. Note that ¢; is negative
in this example.

ring. The y axis is then defined such as to obtain a right-handed coordinate system; the
corresponding four-vector can be written as Y* = €/, XVp"p? /(pp).

The kinematics of the gauge boson decays into lepton pairs is conveniently described
in the rest frame of the respective gauge boson. The z axis in the rest frame of the boson
V; is defined by the four-vector

1 ptpt
z=gaa g n) 212
(] (]

where g; is the transverse boson momentum in the pp center-of-mass as before. As illus-
trated for one boson in figure 2, the z axis bisects the angle between the spatial components
of p and —p in the boson rest frame. The z axis is specified by

wo 1 B qu' M:|
X' = ST [X“ 07 @ (2.13)

and the y axis is again defined so as to obtain a right-handed coordinate system, i.e. by
Y/ = e'ype ZY XP ¢7/Q,. With these reference axes we define the polar and azimuthal
angles 0; and ¢; of the lepton (as opposed to the antilepton) in the decay of V;, i.e. of £~
in the decay of a v*, Z or W~ and of v, in the decay of a WT.

Noting that Xg¢; is the  component of ¢; in the pp center-of-mass, we see in (2.13)
that X7, Xy and X differ from each other by amounts of order |g;|/@;, which is a small
parameter in our calculation of the cross section. Likewise, one finds differences of order
lg;|/Q; between Y7, Y5 and Y.

Readers familiar with the analysis of single Drell-Yan production will recognize that
our choice of z axes is the same as in the Collins-Soper frame [61]. Useful information
about this frame can e.g. be found in [62, 63]. By contrast, we define x axes (and thus the



azimuthal angles ;) starting from a fixed direction in space, whereas in the Collins-Soper
frame the z axis is defined such that the proton momenta lie in the x-z plane. The latter
choice becomes undefined when the transverse boson momentum in the pp center-of-mass
goes to zero. For unpolarized single Drell-Yan production this is not a problem because in
this limiting case all azimuthal dependence in the cross section must vanish due to rotation
invariance. However, in the double Drell-Yan process there can be an azimuthal dependence
even if g, or g, or both go to zero, as we shall see. Choosing one of these vectors (or any
linear combination of them) to define x axes would therefore entail ill-defined azimuthal
angles at some point in phase space where there can be a nontrivial azimuthal dependence.

The physical cross section must of course not depend on the arbitrary fixed direction
specified by X#. To understand how this happens, we anticipate that our results will
depend only on the difference of azimuthal angles whose definition depends on X*, such
as for instance @1 — 9. These angles are defined in different frames, but to the accuracy
of our calculation we can replace them with the azimuthal angles of the leptons in the pp
center-of-mass. This is easily seen by writing trigonometric functions of ¢; in terms of
invariant products X;l; and Y;l;, where [; is the four-momentum of the lepton from the
decay of V;. When calculating the cross section we neglect terms of order |g;|/Q; and can
hence approximate X;l; =~ Xl; and Y;l; ~ Y;, which gives azimuthal angles in the pp

center-of-mass as announced.

2.3 Hard-scattering cross sections

If we restore labels for quarks and antiquarks, their flavor and their polarization, the cross

section formula (2.1) reads

_ d?‘ . Z / d Z1 d 252 e*izlthfiquz /de

ajazasaq

dO'ala.S d062a4 —

a&F&a
dQl dQQ 1a2 304

d64 a5 AGasay,

FalagFa3a4 +

dQy  dQ
A6 a5 A0asay A6 a5 A0ayay _
Fy o, F G1as P
a0y d, | meteat T g, feeteo
+ {flavor interference} , (2.14)

where here and in the following we omit the label “DPS” for double parton scattering.
In all terms the DPDs have arguments as in (2.1), which will be omitted henceforth for
brevity. To distinguish the distributions for the left- and right-moving proton we use the
notation F and F and a corresponding notation for the scalar and pseudoscalar functions
f, f and g, g introduced in section 2.1. The first subscript in dog,a; and dog,q; denotes the
right-moving parton and the second subscript the left-moving one. The sum over a; to ay4
runs over quark flavors and polarizations (g, Aq, dq).

The flavor interference terms involve the interference DPDs in (2.6) and corresponding
interference terms for the hard scattering. These interference terms only appears if the two
produced bosons have the same charge, otherwise the quark and antiquark flavors in the

annihilation processes do not match.



Labels for the color structure of the DPDs are not displayed in (2.14). With the con-
ventions of [40], each factor F' F is to be replaced with the sum 'F' 'F +8F 8F of color singlet
and color octet distributions, without change in the hard-scattering cross sections. This
holds for the production of arbitrary color-neutral states in the hard-scattering processes.

It is straightforward to compute the tree-level cross section for quark-antiquark anni-
hilation into a gauge boson followed by its leptonic decay. In accordance with the power
counting scheme underlying the cross section formula (2.14), the transverse boson momenta
g, are set to zero in this calculation since by assumption they are small compared with
the invariant mass ();. This also simplifies the kinematics of the gauge boson decays as we
already noticed in section 2.2.

Consider first the case where both quark and antiquark are unpolarized or longitudi-

nally polarized. The angular dependence of the cross section is then of the form
da'ai&j o 29 - A ' r A

0. (1 + cos HZ)Kaiaj (Qi) +2cos; Ka,a; (Qi), (2.15)
1

with a; = ¢;, Ag; and a; = ¢j, Ag;. The integration element reads d€2; = dy; dcos 6; as
usual. The factors K and K’ depend on coupling constants and on ); via the gauge boson
propagators. One easily finds

Kqu'A% = _quﬂj ) qu'A(Yj = _KA%'(Y]' (2.16)
and analogous relations for K’, so that

d&%@j _ _da-Ainqj d6qz'A€Yj _ _da—quﬂj (2 17)
ds); ay; ds); asy; '

Because of chirality conservation for massless quarks one has vanishing parton-level cross
sections for the annihilation of a transversely polarized parton with an unpolarized or
longitudinally polarized one, d&gqiqj = dosg, Ag; = dé'qi(gqj = dé’Aqigqj = 0. If both quark
and antiquark are transversely polarized, one finds

da,kl

0q:0q; . .
# = sin? 0, {[008(2%) Ksq,6q,(Qi) — sin(2p;) Kiq,eq, (Qz’)] (X*X'-Y*Y')

+ [sin(ngi) Ksqi59,(Qq) + cos(2¢;) Kjq,54, (Ql)] (Xk‘Yl_|_ Yk‘Xl)} (2.18)

with X and Y as defined in section 2.2. The transverse indices k,! in (2.18) refer to the
pp center-of-mass, where they are to be contracted with the corresponding indices of the
DPDs. We note that contraction of (2.18) with the transverse spin vectors s¥, ' of the
quark and the antiquark gives the simple expression
dohl s
9i0G; skgl

100 = sin? 6; [Cos(gos + p5 — 2¢;) Ksqisq, + sin(ps + ps — 2¢;) K(/gqi&jj] . (2.19)
(3

where ¢g and @z are the azimuthal angles of the spin vectors in the pp center-of-mass and
our normalization convention is s? = 52 = 1.



The preceding expressions hold for both neutral and charged vector bosons, and the
coupling factors Kg,; and Kg,a; appearing in (2.15) and (2.18) are given in appendix A.
For neutral boson production the annihilating quark and antiquark have the same flavor.
In this case we will use dé,q;, dog,aq;, --- with i # j to denote the interference terms for
flavor ¢; in the amplitude and flavor ¢; in the conjugate amplitude. The relations (2.15)
to (2.19) remain valid for these interference terms. As can be seen in appendix A, the
corresponding coupling factors are complex, and their imaginary parts change sign when
the flavor (but not the spin) labels are interchanged, e.g.

Kqub = (Kthh)*7 Kt/hAlb = (Kl;QAlh)*- (2-20)

We note that for invariant masses @); far below the Z mass, the neutral boson channel is
well approximated by v* production alone. The only nonzero coupling factors in this case
are qu“?j = _KAinQj = K5Q¢5Qj'

For W boson production we use doy,q;, dogag etc. to denote cross sections with
different flavors g;, ¢; in the initial state. We do not need a separate notation for flavor in-
terference terms in this case, because the product dé,,a, d64,a, of cross sections for WHW+
or W~W ™ production is equal to the product of the corresponding interference terms. Us-
ing that W bosons only couple to left-handed fermions, we find further simplifications for
the coupling factors:

inqj = inA(jj ) K&qi&jj = 0, KC/UELQ = Km&z ’ (221)

where the second relation reflects that the operator Os, for transverse quark polarization
corresponds to the interference between left- and right-handed quarks. Together with the
relations (2.16) we are thus left with only one independent coupling factor for W~ and
only one for W production.

So far we have discussed cross sections and interference terms d&ai@j for the annihilation
of a right-moving quark with a left-moving antiquark. The cross sections and interference
terms dog;q, for right-moving antiquarks and left-moving quarks have the same form as in
(2.15) and (2.18). The associated coupling factors are given by

K(quz' = (quﬂj)*’ K(,quz' = _(Kéi(jj)* (2-22)

and analogous relations for the spin combinations AgAgq and §qdq, and by

*

K‘?J'qu' = _(quﬁ%‘)*7 Ktliquz' - (Kt/liAtij) (2-23)

and an analogous relation for the spin combination Aggq.

3 The double Drell-Yan cross section

Inserting the hard-scattering cross sections (2.15), (2.18) and the DPD decompositions
(2.9) to (2.11) into the factorization formula (2.14), we obtain our final results for the
double parton scattering contribution to four-lepton production.

,10,



For the production and decay of two W bosons, the result has a simple structure thanks
to the relations (2.21),

da"WW 1 Pz d?zy 4
= — K. - K. - —iz1q1—12292 [ 2
[2, d; dz; d%q;d; ~ C 2 Ko@) K (@2) / (2m)? (2m)2 € / Y

41929344

(14 cosb1)? (1 + cos By)*
X (farg + faqing — 9aag — 98ga) (fsan + Fagsaa — Jasaa — Gagsan)
+ (1 4 cos01)? (1 — cos 6)?
X (faa = fagsa + 9nsa = 9aqa) (e — fagae + Gasae — IAgsas)
+ (1 = cos61)? (1 4 cos 62)?
X (fasq2 — faasng: — Yasng0 + 9A63q2)(fq164 - qu1Aq4 — Jpaa T 9Aqias)
+ (1 = cos61)? (1 — cos B2)?
< (fgsa + famaa + 9aaa + 9860) (Fage + fagae + 90 8e + 9aqe)
+ {flavor interference}] , (3.1)

where the sum over ¢; to g4 runs over quark flavors. The flavor interference terms are
obtained by replacing all distributions f, g, f, g with their interference analogs f, ¢’, !,
g'. Taking into account the minus sign in the definition of pseudoscalar distributions for
left-moving partons, e.g. in F, Ag; = —Jq;Ag;, We Tecognize that the DPD combinations in
(3.1) correspond to negative-helicity quarks and positive-helicity antiquarks, as required
by the left-handed nature of the charged weak current.

We see that for W pair production the presence of longitudinal parton spin correlations
in the proton changes the overall rate of the cross section as well as the distribution in the
polar angles of the decay leptons.

For one or two neutral bosons (v*, Z) the structure of the cross section is more com-
plicated. We split the cross section (2.14) into three parts, o(°) for the case without trans-
verse quark polarization and o), (2 for the cases where one or two hard interactions
are initiated by transversely polarized quarks. The contribution with only unpolarized and

longitudinally polarized partons reads

do(0) Z /d2z1 d*z; e—iz1q1—iZ2¢I2/d2y
1, do: dz: d2q; d:

919293494

X { [(1+ cos? 01) K gy g5 + 2 cos b Kig) [(1+ cos? 09) K pq, + 2 cos 0y Ky,q,]
X (fq1q2 fasa + faqae Fagag + 9o AgTana + gAq1q2gA¢?3¢?4)
+ [(1 4 cos® 01) Ky, ng, + 20801 Koy ag,] [(1 4 cos® 02) Kyyng, + 2 cos 02 K, ag,]
X (fq1q2 Fagag + fagse faa + 9o Aq 950 + gAq1q2g§3A¢?4)
— [(1 + cos? 01)Kq g5 + 2cos by Kéqu?)] [(1 + cos? 02) K g, Aq, + 2 cos 02 KQQA@]

X (gthA(m f@stﬁl + 9Aqig0 fA(YSA@ + fQ1QQ§€YSA§4 + fA(hAQQgA%@)
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— [(1 + cos? 01)Kq,Ag; + 2cos by KQIA%] [(1 + cos? 02) K 4o, + 2 cos b KQQ@I]
X (gthA(m fA(YSA(YAL + 9Aqiq2 f%@ + meQL(_]A%@ + fA(hAQQg(YSA@) }
+ {flavor interference} + {¢q permutations} . (3.2)

The ¢¢ permutation terms are obtained by permutation of the quark-antiquark assignments
in the DPDs and in the coupling factors K, K’ as specified in (2.14). For neutral bosons
the annihilating quark and antiquark have the same flavor, i.e. one has ¢1 = g3 (g2 = q4) if
V1 (V) is neutral. The flavor interference term for neutral boson pairs is then obtained by
replacing all distributions f, g, f, g with their interference analogs fZ, ¢/, f!, g’ and by
interchanging 1 <> 2 in the second subscript of the coupling factors, e.g. Ky 4 Kgyag, —
Kq,5.K(,ng,- The relations (2.8), (2.20) and their analogs for other polarizations ensure
that the sum over all flavor assignments in (3.2) gives a real-valued cross section.

We see in (3.2) that longitudinal parton spin correlations change the overall rate of
double parton scattering and the dependence on the polar angles of the leptons, due to
K/

the differences between the coupling factors K, a:q; and Kyng, Kgag;- Only in the

0G5
neutral boson channel at @); values small enoughjto neglect Z production does one have a
fixed angular dependence do(©) /d cos 0; < 1+ cos?0;.

We now turn towards the part of the cross section where one of the two annihilation
processes involves transverse quark polarization (and thus produces a neutral gauge boson).

It reads

: do'(j) 1 sin? 0, Z / d2z12 d2z22 i1 Q122> /de Y2 M
[[i=: dw; dz; d*q; 2y C S ) (2m)? (27)
X ([(1 + cos? 01)K g g5 + 2cos by Kéujs]
x { [cos2(p2 = ¢,) Ksgpszs = sin2(p2 = 0,) Koo
X (farsas Jasoa2 — 9a16029a30a2 — FAq1602 [ G602 + 9Aq1602T 03532
+ [sin2(p2 — 0y) Ksgog + €08 2(02 = ¢y) Kigage ]
X (far8q29a3062 + 91602 Jasoae + FAq164290a360, + gAqlaqng@qu)}
— [(1 + cos? 01)K 4, Ag; + 2cos 0y K(,]lA(jg]
X {[cos 2(p2 — ©y) Ksgsqo — sin2(p2 — ¢y) K(’;qQ(;qQ]
X (far6q290a550 — 9a1602 S AGs602 — JAq16029a30a2 + 91602 Jasoa)
+ [sin2(p2 — @y) Ksgaoq, + €05 2(¢2 — 0y) Kiguog]
X (fau600 FAGs602 T 901602903550 + Faqi6as Fasoqs + gAq15q2§q36q2)})
+ {flavor interference} + {q¢ permutations} + {transv. pol. in interaction 1}, (3.3)

where the flavor interference and ¢¢ permutation terms are obtained in the same way as in
(3.2). The terms for transverse polarization in interaction 1 are obtained by replacing labels
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as 1 — 2,2 — 1, 3 — 4 in the coupling factors and by making the same replacement in the
DPD subscripts after interchanging their order, i.e. f4, 59, — [5g100> Jasz6q — Gsqras €tc-

The azimuthal angle @9 of the lepton produced in interaction 2 has already been de-
fined, and ¢, is the azimuthal angle of y in the pp center-of-mass. As anticipated in
section 2.2, the cross section depends only on the difference ¢y — ¢, of these angles, in
agreement with rotation invariance. The ¢, dependence in (3.3) arises from the uncon-
tracted vectors y and g in the DPDs (2.10) for transversely polarized partons: it is hence
this polarization which enables a dependence of the cross section on the azimuthal angle
of the produced lepton.

The transverse distance y is integrated over in (3.3) and hence not measurable. The
y integration is nontrivial because the DPDs depend on the azimuthal angles between y
and z; and z9, whose directions are in turn correlated with those of g; and g, through the
exponential e ##191792292 The integral over vy, z; and 25 in the cross section thus turns the
¢y dependence into a dependence on the azimuthal angles of the transverse momenta g; and
q,. All together we thus see that a correlation between y and the transverse polarization of
parton 2 in the DPDs leads to an azimuthal correlation between the lepton from interaction
2 and both transverse vector boson momenta. This is similar (but not identical) to single
Drell-Yan production, where a correlation between the transverse polarization of a parton
and its transverse momentum induces an azimuthal correlation between the momenta of
the vector boson and its decay lepton [64].

We finally turn to the case where both vector bosons are produced from transversely
polarized quarks. The corresponding contribution to the cross section is

d (2) 1 d2 d2 ) ‘
7 = — 28in2 91 Sin2 92 Z / i 22 e 1Z14171Z2q2 /d2y
q1q92

[1;, du; dz; d>q; dQ;  C (2m)? (27)?
X { [cos 2(p1 — ©2) (Ksgysa Ksq6q, + Kbarsa Kbgaoa)
—sin2(p1 — p2) (Kégysq Kogaba, — Kogroa Kbgssa)]
X (foq1602 f5615é2 - y4M49§q16q2§gq16q2)
+ [sin2(p1 — w2) (Ksg 60 Kogasa: + Kbgr 60 Kbgas2)
+cos 2(¢1 — w2) (Kbqusa Ksawoas — Koquoa Ksanoa,)]
X Y2 M (f54160:987, 602 T 9501600 f00103)
+ [cos 2(p1 + ¢2 — 2¢y) (Ksgus0 Ksgps0, — Kégi60 Kbg6)
—sin 2(p1 + @2 — 20y) (Kbg,50 Ksqoq, + Ksqrsq Kbgasan )]
X y4M4 (f(§Q15QQ fgqléqg - g§q15q2§§qléq2)
— [sin2(p1 + w2 — 20y) (Ksg,60 Kogz60. — Kbgr 60 Ksgaoz)
+cos 2(p1 + 2 — 29y) (Kbgy 60 Ksgaoqe + Kogusa Kbgaoa,)]

4 a4 rd t 5 s rt
Xy M (f5Q15q2g5§15é2 + g5q15q2f561562)}
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+ {flavor interference} + {qg permutations} (3.4)

and depends on the azimuthal angles o1, ¢2 and ¢, in addition to the polar angles 61 and
5. The flavor interference and ¢¢ permutation terms are again obtained as in (3.2).

The terms depending on ¢ — o describe a transverse correlation between the leptonic
decay planes of the vector bosons. By contrast, the terms with ¢1 + 2 — 2¢, describe
an azimuthal correlation between the lepton momenta and the direction between the hard
interactions, which after integration over vy, z1 and z5 turns into an azimuthal correlation
between the lepton momenta and the momenta of the two bosons.

3.1 Cross section integrated over transverse boson momenta

Integration over the transverse momenta of the two vector bosons yields cross sections ex-
pressed in terms of collinear double parton distributions F'(z1,z2,y). Their spin structure
is as in (2.9) to (2.11) but without pseudoscalar functions g, because one cannot construct
a pseudoscalar with only one vector y.

Upon integration over g; and q,, the cross section (3.1) for W pair production becomes

dO'WW

1
= — E K, 7Kg

2 _ q1G312 q2G4
Hi:l da; dz; dS2; ¢ 41929394

X {(1 + cos 91)2 (1 + cos 92)2 d2y (fqmz + fA(hACIz)(fTQS(h + fAQSA%)
+ (1 + cos ‘91)2 (1 —cos ‘92)2 d2y (fq1t?4 - qulAlh)(ﬁ??,qQ - fA63AQ2)
+ (1 — CO8 91)2 (1 + cos 92)2 d2y (fQSQQ - fA(YSAQQ)(JEquh - fAmA%)

+ (1 — cos 01)? (1 — cos 03)?

— e — —

d2y (f§3§4 + fA(YSA(h)(fqulz + fAmAQQ)}

+ {flavor interference}, (3.5)

where the arguments of the distributions are f(z1,29,y) and f(Z1,Z2,y). In the general
case we have a contribution

do (0 1
H?:l dx; dz; dS; c q1§,q4
10?00+ 20800 K] (1 008200 + 2050 K]
X /dZy (forge fasaa + faqiag Fagsag,)
+ [(1+ cos? 61) Kqyagy + 2 cos 01 Kgyag,] [(1+ cos® 02) Kgyag, + 2 cos 2 Kgyaq,]
X /d2y (fqlquAq3Aq4 + qulqufq3Q4)}

+ {flavor interference} + {¢¢ permutations} (3.6)
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from unpolarized and longitudinally polarized partons. The contribution with transverse
quark polarization in one of the two hard interactions now vanishes,
do®
2 =0
]_Iizzl dx; dz; dS);

(3.7)

This is because integration of (3.3) over g, and g, sets z; = z9 = 0, after which the y
integral gives zero due to the azimuthal dependence on ¢,. By contrast, the contribution
with transverse quark polarization in both hard interactions remains nonzero,

do? 1.5, .
H2 T =0 2sin” 07 sin” 05 Z
i=1 i i i

q1q2

X { [COS 2(901 - 902) (K5Q1561K5QQ5(?2 + KKISQ1561K¢I5QQ552)

— sin2(p1 — ¢2) (K(/Sql&le(ng(SqQ — Ksqisa: KéqQ&Ig)] /de fsq15q2 f6q15q2}
+ {flavor interference} + {¢q permutations} . (3.8)

According to (2.11) the distribution fs4,54, describes the correlation between the directions
of the transverse polarizations of two quarks in the proton. This correlation and its coun-
terpart for antiquarks induce a correlation between the leptonic decay planes of the vector
bosons, even if their transverse momenta are integrated over. Only if one integrates over
the azimuthal angle of at least one of the leptons does the contribution from transverse
quark polarization completely disappear from the cross section.

The cross section of the double Drell-Yan process with two photons was calculated
in [46], integrated over the transverse boson momenta and over the angles of the decay
leptons. The expression in equation (9) of [46] agrees with our result (3.6) (up to the
combinatorial factor 1/C, which was omitted in [46]).

4 Transverse position dependence of distributions

So far we have focused on spin correlations in DPDs and their consequences for the double
Drell-Yan cross section. Even for unpolarized partons, however, there can be correlations
between two partons in the proton, namely correlations affecting the dependence of DPDs
on the transverse variables y, z1 and zo and the interplay between these variables and the
longitudinal momentum fractions.

In the present section we take a brief look at this issue by using a simple model in
which the proton is described by a three-quark wave function. This is clearly too simple
to describe the physics of small momentum fractions most relevant at the LHC, although
it may actually be used for modeling quark DPDs at momentum fractions in the valence
region. We proceed with this model in the spirit of an exploratory study.

Our model ansatz for the three-quark light-cone wave function of the proton is

;3
U(xi, b; — b) = (z;) exp [—@ Zﬁﬂi(bi - b)Q] ) (4.1)
i—1
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where a is parameter of dimension length, b = x1b1+xobs+x3b3 is the transverse position of
the proton, and x1+x2+x3 = 1. The corresponding wave function depending on transverse
momenta is a Gaussian with exponent —a? ", k?/z,, which was long ago proposed in [65]
and is often used for the phenomenology of valence dominated quantities, see e.g. [66]. The
relation between the light-cone wave functions in transverse momentum and transverse
position representation can be found in [67]. We do not specify the longitudinal part ®(x;)
of the wave function nor its spin-flavor dependence here, since the focus of our study is on
the transverse variables.

From the light-cone wave function (4.1) one can compute the contribution of the three-
quark Fock state to the DPD of two quarks in the proton, in full analogy to the well-known
case of single-parton distributions (discussed e.g. in [67]). Up to a factor depending only
on the longitudinal momentum fractions x;, the DPD is given by

1 4
F(zi,2,y) x exp [—@ {xl(l —21)23 — 2m12921 29 + o (1 — 9) 23 + %yQH
1 xr1 + 9 xr1 2
x [ d*b —_— <b —_— > , 4.2
/ exp[ 20,21—.%'1—1'2 +.%'1+.%'2y ( )

where b is the transverse position of the proton, averaged over the scattering amplitude
and its conjugate as specified in [40]. The second line in (4.2) just gives an x; dependent
factor after integration over b.

Inserting (4.2) into the cross section formula (2.1) and performing the integrals over
all transverse positions, one obtains a cross section for double hard scattering that depends
on the transverse boson momenta as

eXP{—CLQ [Q% Chy (25, %) + 2q,q5 Cro(2i, T;) + g5 Coo (4, fz)] } (4.3)

with dimensionless functions Cj; of the momentum fractions x1,z2 and Z1,Z2. The expres-
sion in square brackets is positive definite, so that the transverse momentum dependence
has a Gaussian falloff at large transverse momenta. The coefficient Cis describing the
correlation between g; and g, is positive as well, so that one finds a preference for the
two vector bosons to have opposite transverse momenta. We see that even the simple
wave function ansatz (4.1) generates nontrivial correlations between the transverse and
longitudinal momenta of the vector bosons.

An ansatz often made in phenomenology is to neglect correlations between partons
and to write a collinear DPD as the convolution of two single-parton distributions that
depend on the momentum fraction and the transverse position of the parton. This ansatz
can be extended to include z; dependent DPDs and then reads

F(xi, zi,y) = /de f(22,22;b + 2a121) f (21, 2150+ y — $2022) (4.4)

where the transverse arguments of the single-parton distribution f determine the positions
of the quark fields as specified in [39]. Evaluating these distributions for the light-cone
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wave function (4.1) one obtains

1 T
F(xi,2z4,y) /de exp [—@ . _2x2 {(1 —29)%22 4+ (2b + xlzl)Q}]
1 T
X exp [—@ o {(1 —x1)%2] 4+ (2b+ 2y — x2z2)2}]

1
X exp [—@ {361(1 — 1)z + 29(1 — 22)23

* z1(1— xzfl—f?l — x1)x2 <2y s x2Z2>2H 45

for the transverse dependence of the DPD. This is visibly different from the result (4.2)
of the direct calculation. Although the ansatz (4.4) involves the convolution of two single-

parton distributions, thus suggesting that the two partons are distributed independently,
it induces correlations between transverse and longitudinal variables in F(x;, z;,y).

Inserting the form (4.5) into the cross section formula one obtains again a Gaussian
behavior as in (4.3), but with different coefficients C;;. In particular, the sign of C2 is then
equal to the sign of (x; — Z1)(z2 — Z2), so that depending on the longitudinal momentum
fractions the transverse boson momenta tend to be in the same hemisphere or in opposite
ones. This difference in qualitative behavior shows that the ansatz (4.4) must be used with
great care when one is interested in correlation effects.

Setting z; = z2 = 0 in (4.2) and (4.5) gives collinear DPDs with a Gaussian depen-
dence on y. The Gaussian width depends on x; and x5 and differs in the two cases,

1 zxe 2
F(x ( 242 71 + 29
(zi,y) (4.2) x exp[ 202 1 + x9 ] 7
1 122 2
e ‘ B 4.6
(i, y) (45) x exp[ 2a2 x1 + 19 — 21179 } o)

We see that, within our model, the ansatz (4.4) does not reproduce the interplay between
y and the momentum fractions. It does, however, provide a valid approximation unless x|
and x9 are both rather large.

5 Summary

Multiple hard interactions in pp collisions can yield substantial contributions to the pro-
duction of final states with high multiplicity in parts of phase space. In this paper we have
shown how spin correlations between two partons in the proton affect the rate and the
angular distribution of the final state in the production of four leptons via two electroweak
gauge bosons. We considered both the case where the transverse momenta of the bosons
are small (using transverse-momentum dependent factorization) and the case where they
are integrated over (using collinear factorization).

We find that longitudinal spin correlations between the quarks or antiquarks in the
proton affect the rate of double parton scattering, and in the presence of axial-vector
currents also the azimuthal distribution of the produced leptons. Correlations involving
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transversely polarized quarks or antiquarks induce azimuthal correlations between the final
state leptons. A part of these correlations persists if the transverse momenta of the gauge
bosons are integrated over. Having two “independent” hard interactions in double parton
scattering does hence not imply that the final states produced by the two interactions are
independent of each other.

How large parton spin correlations inside a proton actually are remains an open ques-
tion that deserves further study. This also holds for possible correlations between the
transverse distribution and the longitudinal momentum fractions of the partons. We find
several such correlations in a simple model with a three-quark wave function. Within this
model we also find that the often used ansatz to represent double parton distributions as
convolutions of single-parton distributions is inadequate to describe details of the kinematic
dependence in double parton scattering.

Double Drell-Yan production involves a particularly simple hard-scattering subprocess
but nevertheless exhibits a rich pattern of angular effects induced by parton spin correla-
tions. It is natural to expect that other processes, in particular those involving multijets,
will share this feature. We note that the cross section dependence on angles between the
final-state particles implies a dependence on the invariant mass of particle pairs, which is
an important quantity in searches for new physics. An estimate of the possible size of such
effects would therefore be of great value.
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A Coupling Factors

In this appendix we list the coupling factors K and K’ appearing in the double Drell-Yan
cross section. Further relations between these factors are given in section 2.3.

A.1 Charged vector bosons

For W production one has

o |qu'|2 Q2
K, i = = L ) eq; —€q;, = 1), Al
D9 4N, (2 sin 6y, )* (Q7 — m%[,)2 + m%,VFI%V (g 4 ) (A1)
and for W~ production
@ [Vyal Q?
K%Qj = ? 5 (eqz' — €q; = —1). (A.2)

AN, (2sinb,)* (QF —m¥,)2 + m¥ T3’

Here N. = 3 is the number of colors, V,,,. a CKM matrix element, 6,, the weak mixing
angle, o the electromagnetic fine structure constant, and e,, the charge of quark ¢; in units
of the positron charge.
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A.2 Neutral vector bosons
For a lepton pair £T¢~ produced via a v*, Z or their interference, one has coupling factors

2
a® (egéeq ,
Ky, = 4Nc{ qQ;qj — A(Qi) 9 (eq, 9y, + €q;94.) — iB(Qi) 9/ (€94, — €494,
3

+C(Qi) [(9)” + (9] (9q.94, + gg‘jg(ﬁ)} ,

Gy = 4ﬁc{—A(Qi)g?(eqig£ +eq,90) — 1B(Qi) 97 (eq,95, — €4,95))
+C(Qi) 29} 9 (94,95 + gf,quf)} ,
Kyag = 405\276{_A(Qi)gzv (eq,93; + €q,9) — iB(Q:) 9/ (4,95, — €4,93,)
+C(Qi) [(9))” + (9] (gq.94, + gqngzﬁ)} :
N 4(}[\270 {—A(Qi)gf‘(eqigqvj +¢4,9q) — iB(Qi) 97 (eq.9y, — €4,9y,)
+C(Qi) 29/ 97 (94,94, + gzjﬁgzﬁ)} (A.3)
and
Ksniny = 1o { o~ AQ) g eagy; + eua)) —iBQ) ol (eagy, — euay)
+C(Qi) [(9) + (9] (9q.94, — gg‘jg(ﬁ)} ,
Kiguoq, = 405\276{—3(@)9? (€q:9ay + €q,90,) +iA(Qi) 9) (¢4, 95 — €4,94)

—iC(Q4) [(90)? + (97")?] (93,95, — gqngﬁ)} : (A4)
Here we have used the conventional vector and axial fermion couplings to the Z boson,
g}/ = I]?i — 2ef sin? @, , g? = I]?i , (A.5)

where Ij?é is the third component of the weak isospin of the left handed fermion f and ey
its charge in units of positron charge. Since we do not consider Z decays to neutrinos, ¢ is
always a negatively charged lepton. We have furthermore used the abbreviations

1 Q2 - m2 1 mzrz
A i) — t z ) B i) — ’
Q)= G, @ —m2p+mirg: P9 = g, @@= m2 )y s 2l
1 2
Qi) = <k (A.6)

sin 20, (Q? —m%)2+m2I% "
For the usual hard-scattering cross sections one has equal flavors ¢; = ¢; in the above

coupling factors and finds that their imaginary parts are zero. This is not the case for the
coupling factors describing flavor interference, where g; # g;.
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