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1. Introduction

The increase in the density of partons with the energy of admecbllider increases the amount
of interactions where more than one parton in each hadrdicypeates in hard interactions. Multi-
parton interactions are therefore expected to play a lamerat the LHC than ever before. They
contain information about the proton structure not avdddbom single-parton interactions, and
they can be important backgrounds to other signal processek as Higgs production [1]. Multi-
parton interactions have an experimental history stratgiiom the ISR [2] to the LHC [3], and
have long been modeled in event generators [4]. Howevelrdlagment of multi-parton interac-
tions from the point of perturbative QCD has only recentbrtstd to accelerate.

The hard interactions are connected via parton distringtiand the partons originating from
the same hadron can be correlated. This leads to interfeseanod correlation effects not present in
single-parton scatterings. These effects are often neglén studies of multiple hard scatterings,
but the validity of such approaches still have to be investid. A suitable scene for such a study
is set by the double Drell-Yan process [5, 6, 7], where tworkfaati-quark pairs annihilate into
two vector bosonsy(, Z, W*) which decay leptonically. This process has the advantapeing
theoretically clean and well understood in the singleguragcattering case. We calculate the dif-
ferential cross section, taking initial parton correlasdanto account, and derive constraints on the
size of the spin correlations following from positivity obdble parton densities.

2. Double Parton I nteractions

When two partons in a proton interact, it is only the sum of reata and quantum numbers
which have to be the same in the amplitude and its conjugdiis. allows for a momentum differ-
ence,r, between a parton in the amplitude and its partner in theugate amplitude, see figure 1.
This difference has to be balanced by the parton in the otiteraction. Similarly the color and
flavor of the partons can be matched inside each hard call@i@s an interference effect between
them. There can even be fermion number interference betepearks and anti-quarks but we do
not include that in our calculations. Further the spin of ititeracting partons can be correlated,
much in the same way as in single-parton collisions with fimga protons [8]. The correlations
between the initial state partons are described by doubterpdistributions, DPDs.

2.1 Double Parton Distributions

In transverse position space the DPDs depend on the callineamentum fractiong; andx,
of the two partons taking part in hard collisions, on theffatences in transverse positions between
the amplitude and its conjugatg andz, and the transverse distance between the hard veyticas
(z2) is the Fourier conjugate of the average transverse momekiuk,) andy of the momentum
differencer, see figure 1. The DPDs describing the different quark prdginns are labeled by
for unpolarized Aq for longitudinally polarized andq for transversely polarized quarks [9].

For unpolarized and longitudinally polarized quarks thegiole combinations are

Fog = faq(X1,%2,21,22,Y),  Foaq = Oqaq(X1, X2, 21, 22,Y),

2.1)
FAqu = quAq(Xla X2,21, 227y)a FAqq = gAqq(Xla X2,21, 227y)a
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Figure 1: The double Drell-Yan process where two quarks in the righvimg proton interact with two
anti-quarks from the left moving proto; is the momentum of the vector boson from interactiokyiand
ko (El andEz) are average momenta carried by the partons from the rigftj (hoving proton taking part in
hard interaction 1 and 2 respectively anthe momentum difference.

wheref’s are scalar- and’s are pseudo scalar-functions. Distributions with trarsely polarized
quarks in one of the two hard interactions carry an open imderesponding to the transverse spin
vector, and have to be expanded in a basis spanning the érargane

Aiqaq =M (yl quéq "‘yigAqéq) ) F&aq =M ()7 fq6q "‘yigqéq) (2-2)

and similarly with the subscripts interchangéd.is the proton mass and =yl €'l is a transverse
vector orthogonal to/. Transversely polarized quarks in both interactions giwe transverse
indices and we need a tensor basis

. N o o .
Fagaq = 0" foasa + ('Y = Y28 Mg + (VF) + §y') MG

+ (Y9~ 9y M54
Taking color interference into account gives one color leihgnd one color interference distribution
for each flavor combination and thus doubles the number of ©RThen the flavors of the quarks
are different there are flavor square and interferenceiloigions. The DPDs for the left moving

proton will be denoted by a baﬂq, which should not be confused with the bar appearing over
subscripts (indicating anti-particles).

(2.3)

3. Cross Section

The partonic cross sections are calculated to leading dodeinpolarized, longitudinally and
transversely polarized quarks and the results are combinidthe DPDs describing the corre-
sponding parton densities.

The cross section formula, assuming transverse momentpendent factorization, derived
in [9], can be expressed as

do 1 daal% d&a@/ dz; e—ihm/@e—izzm

N2 dxdxd2qdQ  C o nqadma 9Q1 dQy J (2m)? (2m)2

(3.1)
X / d2y [Faya F_azga +Fa3, F_a—@az + Fxa, F_a@ +Faa, F_alaz] + {flavor interferencg.
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lepton — plane

Figure 2: Reference frame for each interaction is the rest frame offotor boson 6 is the polar andp;
the azimuthal angle of the leptok(l;) is the three momentum of the lepton (anti-lepton) from iatéioni.

C equals 2 when the final states of the two hard interactionsdamtical and 1 otherwise. In
the first sumg; (g) labels the flavor of the quark arg (gs) of the anti-quark entering the first
(second) hard scatteringg; and a; label the different combinations of unpolarizegl)(and lon-
gitudinally (Aq)) and transverselyd(;) polarized quarks and anti-quarks. The color square and
interference distributions enter the cross section witha¢gveights and we can therefore keep
color square/interference labels implicid; /dQ; is the partonic cross section differential in the
direction of the outgoing lepton.

To describe the final state we use angles defined in the resefaf the vector bosons, with
2-axes defined as the direction bisecting the angle betieen—p (§ andp are three momenta of
the protons), see figure 2. TleaXis is an arbitrary transverse direction which we for dédimess
choose to point towards the center of the LHC ring. The diffiees between the axes defined for
the two vector bosons are of ordgy/Q; and can be neglected.

We will display the final results only for the cross sectiongegrated over transverse boson
momenta explicitly, not including flavor interference, amder to [10] for the cross sections de-
pending on transverse boson momenta.

Integrating over the transverse momenta of the bosonssymtlinear double parton distri-
butions [5]. After integration the DPDs depend »n X, and only one transverse vectgr, and
therefore no pseudo-scalar functions can contribute. Dutne reversal symmetry, functions
with one longitudinal and one transversely polarized quankish, for exampléiagsq = 0. We are
then left with six collinear double parton distributions fsach combination of quark flavors. For
unpolarized and longitudinally polarized quarks the cresstion is

do© 1

B0 = C { [Kaugs (1+ €0S 01) + K¢, €061 | [Kap (1+ COS ;) + K, COSB, |

01020304
X /dzy [fqmz f_OTaq_4 + faqag f_Aq_aAq_4 + perm] (3.2)
+ [Kauag (1+ €S 01) + K{ ag, €061 ] [Kgong, (14 COS” 62) + K, pg, COSB2 ]

X /dzy [fqmz ﬂq_gAq] + fagia f_q_3q_4 + perm] }
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Kog Ko Kang andKgg are Q? dependent coupling factors for different polarizationefired in
[10]. Qj’'s are solid angles an@’s polar angles of the leptons. ’perm’ stands for permutetio
of the quark/anti-quark subscripts in the DPDs. WéF the coupling factors are polarization in-
dependent and including partonic spin correlations tloeeebnly changes the rate, while for the
neutral current the longitudinal polarization changeshitbe rate and the angular distribution of
the process.

The part of the cross section with one interaction involiramnsversely polarized quarks van-
ish upon integration over the transverse boson momentahe cross section with both interac-
tions containing transversely polarized quarks is nor-fer the neutral current,

do(® 1 : .
AvdO. ¢ Z sin? 6 sin? 62/d2y{ [(K5Q15Q1K5Q25Q2 - KéqléqlKéqzéqz) cosd¢1— ¢2)
dxdxdQ; C & (3.3)

- (Kéqléql K5Q25Q2 - K5Q15C11 Kéqzéqz) sin2(¢; — ¢2)} 2 [f5Q15Q2 f5q_15q_2 + perm} :

Ksqaq and Kgq sq are Q? dependent coupling factors for two transversely polarigedrks and the
¢i’s are the azimuthal angles of the final state leptons.V¥drosons the coupling factors are zero
for transversely polarized quarks, since Wenly couples to left handed quarks. The cross section
for the neutral current depend on the azimuthal angle betweetwo outgoing leptonspg — ¢»).
This dependence originates in the correlations betweesgimeof the initial state quarks.

4. Positivity Bounds

The double parton distributions of different polarizasoran be organized in a positive semi-
definite spin density matrix. The positivity can then be usederive upper limits on the polarized
distributions, similarly to what was done for generalizextpn distributions in [11] and for trans-
verse momentum dependent distributions in [12].

The projection operatofs, . (I'__) project out quarks with positive (negative) helicitiesileh
. andl,_ give helicity interferences. These can be expressed instefroperators projecting
out un- (), longitudinal- ( aq) and transversely{(s4) polarized quarks

vt iott 1 2

My =5 (14 96) =TqtTag Moo= ———(1+1) =§—il5, @)
vt o+t - '

=51 =Tq—Taq o= (1-y) =Th+il%,

The DPDs can then be organized as a matrix in the light-cohethidasis

fog + fagaq —i1YIM fagq —ilyIM fasq 2°M? T

iMM féqq qu - quAq 2f5q5q —i MM fqéq (4 2)
IYMfesq  2fsqsq  fag— fagag —ilyIM faqq '
2PM?f505q 1VIMfasq  iyIMTsqq g+ fagag
where the rows (columns) correspond+ta-, —+,+—, —— helicities of the two quarks in the am-

plitude (conjugate amplitude). The non-interference gradistributions can be interpreted as the
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probability of finding quarks having specific helicitiesinis a proton. The helicity matrix is there-
fore positive semi-definite and calculating the eigenvalwe obtain necessary and sufficient posi-
tivity conditions

fag > | faqeq — Y"M? s (4.3)

2 2 2
(qu + (foqaq — VZMZf(tSqaq)> a (quAq T (foq5q +y2M2 fgng)) =z VZMZ ( fooq = fq5q> . (4.4)
This implies the somewhat more transparent but weaker al#igs

foa + Tagpa = 2¥"M*fsq  Toq— fagaq > 2fsqs- (4.5)
5. Summary

Spin correlations as well as color and flavor interferencilten a large number of double
parton distributions. Many of these distributions conitéto similar terms in the double Drell-
Yan cross section. Longitudinal polarization changes trezall rate for the charged bosons, while
for the neutral bosons the angular distribution is alsochéfé. The spin vectors of transversely
polarized quarks lead to a dependence on the azimuthal batdeen the two outgoing leptons.
Similar features as those appearing in the double Drell€raas section are expected to be present
also in other types of processes, such as double dijet ptiodyuavith larger cross sections but a
dramatic increase of complexity due to their color struetur

We used the probability interpretation of double partoririigtions to derive constraints on

the polarized parton distributions. Similar constraingvén proven very useful for single parton
distributions.
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