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1. Introduction

The theoretical basis for describing hard processes ip#ptoton collisions is provided by
factorization formulae, which express an observable csestion in terms of parton densities and
cross sections for hard-scattering subprocesses at gavein A textbook example is the process
pp— Z+X — £T¢~ + X, for which a sketch is shown in figufg 1a and a graph in figjrel2a.
essential to realize that such factorization formulae fatdnclusivecross sections: they contain
all details of the particles produced in the hard-scattesnbprocess (such as the momenta of the
leptons/™ and/~ in our example) but give no information about the other p$i (denoted b
in the above formula). The physics picture suggested bydgjlia and]2a is deceptively simple,
since it suggests that only the two partons annihilating & boson interact. This is not the case:
the other partons in the colliding protons interact withreather as well, but the effects of their
interactions cancel in the inclusive cross section thaoksnitarity. If, however, we ask for details
about the final state that concern the particleXjrthese interactions do matter. An example is
given in figureg]lb anf] 2b.

Figure1l: Sketch of the procegsp — Z+ X — £+¢~ + X without (a) and with (b) scattering amongst the
“Spectator” partons.

a b

.“ "

Figure2: Cross section graphs corresponding to fig[tlnre 1. The veliimaindicates the final state.

Most frequently, these additional interactions produceiglas that have low transverse mo-
mentum and are part of the “underlying event” (UE), whiché$imed as “anything not produced
in the hard-scattering subprocess”. (Clearly, this dédiniis not based on observable features but
depends on a specific theoretical description.) At higlrggneolliders, especially the Tevatron and
the LHC, the additional interactions can, however, also dxel land produce particles with large
transverse momentum or large mass. One then speaks ofpfauitird scattering”. This talk is fo-
cused on the case with one additional hard scattering,n.&dauble parton scattering” (DPS). The
terms “multiparton interactions” (MPI) and “multiple inections” are sometimes restricted to the
case where all interactions are hard and sometimes meantitaié the case where the additional
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interactions contribute to the underlying event.

Double parton scattering can be an important backgroundarches for new physics. In the
processpp— HZ+ X — bbZ+ X, one hard scatter can produce thand the other a continuum
bb pair [d]. If the second scatter produces a Higgs boson, os@ ltantribution to the signal. The
same holds fopp— HW+ X — bbW-+ X, where the DPS contribution to the background has been
studied in detail for Tevatron kinematics ifj [2]. A processhmDPS contributions of prominent
size isSWTW* orW~W~ production [B[}#], which is a search channel for supersymyrigt.

A general statement about the relative size of single antbldquarton scattering for a given
final state can be made on the basis of power counfind][6 — & QLtze the typical hard scale in
a process angr4, P, the net transverse momenta of the particles produced inrgteafid the
second interaction of the DPS process, respectively. @ratiove examplgy, is the transverse
momentum of thebt_>pair andpr, the transverse momentum of tdg One then finds

d0single N dddouble N 1
d?prd?pr,  d2prid2pr,  AZQY

whereA represents a typical hadronic scale. Double parton stajtés hencenot power sup-
pressed in the differential cross section. However, thes@lspace of DPS is limited tor; ~ A

andpr2 ~ A\, whereas in single hard scattering we have the limitaien + p,| ~ A but pr; and
pr2 can each be of ord€). Integrating over the transverse momenta, we thus obtain

(1.1)

1 N?
Osingle ™~ @ > Odouble ~ @ (1.2)

Double parton scattering is now power suppressed, in aanoedwith the usual factorization for-
mulae that describe only single hard scattering. Howewem én this situation DPS can be im-
portant. In particular, its contribution grows with the oa# collision energy since for decreasing
parton momentum fractionsthe two-parton density grows faster than the one-partositien

2. Thecross section for double hard scattering

It is natural to assume that double hard scattering can bwided by factorization formulae
akin to those for single hard scattering. At tree level omathas

e 2 61(0%) G2(xe%e) [ b F (31, D) F (53,5, (2.1)
whereC is a combinatorial factor and; the parton-level cross section for subproceés 1,2).
For simplicity we have not displayed labels that specify diféerent partons. The momentum
fractionsx; andx; can be reconstructed from the final-state kinematics, vasdiee transverse dis-
tanceb between the two hard-scattering processes is unobseniplg x»,b) is a double parton
distribution (DPD) and describes the probability densiy finding two partons with respective
momentum fractions; andx, at a transverse distanbeinside the proton. It is sometimes useful
to Fourier transfornf (x1, X2, b) w.r.t. b. The resulting distributions have been termed “generdlize
two-parton distributions” in[J8[]9], which should be digjirished from the generalized (single)
parton distributions that appear in exclusive processels ase p— epy [[[Q].
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The formula [2]1) can be extended to include radiative ctioes ing; (with convolution in-
tegrals instead of products betwegnandF on the r.h.s.) and to be differential in the momenta
of the final state particles produced by hard scatteringiceidhat [2.]1) still describes anclusive
cross section, i.e. it includes all further interaction$ween “spectator” partons, which are pre-
dominantly soft but may occasionally be hard. We will comtn@mthe theoretical status df (P.1)
in section4.33.

To use [[2]1) for estimating DPS cross sections, one needsisatzafor the double parton
distributions, which are essentially unknowh.one assumes that DPDs factorizeFds;, X, b) =
f(x1) f(x2) G(b), wheref(x) are the usual parton densities, ahdne assumes that the transverse
distance distributior(b)is the same for all parton types, then the cross section flaru]) (as
well as its generalization to higher orders) turns into

d0gouble . l doy doy i
dxgdx; dxdxo, C dxdx; dxdXs Oes

2.2)

with cross sections; for single hard scattering and a universal factéod = [d?b [G(b)]2. With

this “pocket formula” and a value fas in hand, one can conveniently estimate the rate for double
parton scattering in any given process. One should, howeear in mind thaf(2]2) relies on strong
simplifications and must be expected to have a limited acguralternatively, one may usé (2.2)
to defineges and extract it from experiment. A dependenceggf on the process or on kinematic
variables then indicates that the assumptionE 04, X2, b) spelled out before (3.2) are too simple.

3. Recent experimental results

It has long been known that multiple interactions are ineligable for describing the under-
lying event inpp, pp andyp collisions (see[[11] for an earlier review). It is hence natpsising
that experimental studies of the underlying event can bd ts¢une those parameters in Monte
Carlo event generators that describe the modeling of neliiperactions. We will not expand on
this subject here but refer to the presentatignk [12 — 14iisttorkshop.

In the left panel of figurg]3 we collect determinationsigk from several experimental studies
at the Tevatron and the LHC. Within the uncertainties, tlier® clear indication for a dependence
on the process or the collision energy. The DO analysik [H8] &iso performed a differential
extraction in three bins for ther of the second hardest jet; the results are consistent with no
dependence but also with a slight decreasegfwith pr.

It must be emphasized that these determinationg@tre very difficult, since all considered
processes have significant contributions from single heattering, which must be understood with
high precision in order to determine the contribution frol® At this workshop, both ATLAS
[L8, [20] and CMS[[21], 22] have presented studies of DPS inrth@ystion of aV associated with
exactly two jets havingor > 20 GeV. Among the variables used to exhibit DPS is the redativ
transverse momentum imbalance

AL (ATLAS) = A®pr(CMS) = IPrjets + Prjeta (3.1)

B IPTjetal + IPTjet2l

between the two jets, whose distribution in single hardtedaty covers a broad range between
0 and 1 but is peaked at small values in DPS. The ATLAS anal§8isextracted a fractiorfipp =
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Figure3: Left: experimental determinations ofs by CDF [15[1§], DO [17] and ATLAS[[18], as well as
a reanalysis of the CDF dath [16] by Bahr et &I][19]. Righbssrsection ratios measured by LHEb][30]
for inclusive production of /¥, a charmed hadro@, and a paid/W +C. In both panels, statistical and
systematic uncertainties have been added in quadrature.

0.08+0.01+ 0.02 of double parton scattering in their event sample, wigalery significant for a
process that is formally a power correction to single haadtedng.

There are several investigations of multiparton intecatiin the charm sector. Among those
is an ALICE study of particle multiplicities id/W production [2B]. An earlier LHCb measurement
[B4] has raised significant interest since it suggests thablé parton parton scattering may play
a prominent role in the production df¥W pairs [25f208]. Even more spectacularly, the cross
sections measured by LHCb for the production df'% associated with a charmed had©rare
more than one order of magnitude larger than predictionsdas single hard scattering J30].
If this process is dominated by double parton scattering, pihcket formula[(2}2) giveser =
Oyw Oc /Oywic. The values for this cross section ratio determined by LH@bshown in the
right panel of figurd]3. Their size suggests that DPS may thdeeninate the production channels
in question. The situation is, however, not so simple if aaks at differential distributions. The
pr slopes of the charmed hadron JAW + C production are comparable to those in proript
production, but thepr spectrum of thé/W in the J/W + D® andJ/W 4 D* channels is significantly
less steep than in inclusi¥W production (in thel/% + Ds andJ/W + A channels, larger errors
prevent a similarly strong statement). This does not supper simplest picture of DPS where
there is no correlation between the two partons in each prao that the two hard scatters are
completely independent of each other. It will be interagtia follow up on these issues, also
for double open charm production, which has been measurédHb as well [3P]. Theoretical
analyses of these channels can be foundlih [3] —33].

4. A closer look at theory

The dynamics of double parton scattering is far more invtven then pocket formulg (2.2)
suggests, and we will now discuss a few theoretical aspeatfiaive been investigated in the recent
literature.
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4.1 Parton correlations

Beyond a certain precision, one cannot expect that thelistn F (x;, X2, b) of two partons
in a proton is given by a produdt(x;) f(x2) of usual PDFs times a universal fact8(b). Two-
parton correlations involving;,x, andb lead to a more complicated form Bf(x;, %2, b) and have
been considered in several studies. Moreover, there camrpelations involving the quantum
numbers of the two partons, namely their polarization, icalad flavor. This requires the addition
of further distributions in the cross section formylaj(2 Mpre detail is given in[[34].

4.2 Parton splitting

While the typical transverse distanbebetween two partons in a proton is of hadronic size,
the cross section formul@ (R.1) involves all valuesafown to zero. For sufficiently smatl, one
can compute DPDs in terms of PDFs and the perturbativeinglitif one parton into two[]7]. At
leading order inas, this gives

F(Xl,Xz,b>: ! P( (4.1)

X1 > f (Xl —+ X2)
mh?

X1+ X2 X1+ X2

whereP is the familiar DGLAP splitting function for the relevantqmess (again we omit labels
for the parton species for simplicity). This mechanism,vatdn figure[4a, generates substantial
correlations betweexy andx; in the DPD, as well as between the polarization and the cdlibreo
two partons. It also plays a role in the scale dependenceedD®Ds. One contribution to their
evolution equation describes the separate parton cascadiated from parton 1 and from parton
2, as shown in figurf] 4b. Depending on how exactly DPDs are etkfitheir evolution equation
contains or does not contain an additional term originatiogn the splitting [4.]L). The evolution
equation including this term has been studied intensiié§/{40]. It remains, however, to be
established which version of evolution is actually relévarthe factorization formula for DPS.

L =

Figure4: (a) A graph for the splitting of a single parton into two in auddte parton distribution. (b) A
ladder graph for the separate DGLAP evolution of partonsdl2aim a double parton distribution.

The 1/b? short-distance singularity iff (3.1) gives an integral diveg like [ db?/b* when
inserted in the cross section formu[a]2.1). This is obvipirsappropriate and indicates a deeper
problem. The graph in figurg 5a can be read as a contributiddP8, with each DPD being
replaced by its leading contribution at smiall The same graph is, however, a higher-order graph
for the production of two electroweak gauge bosons by glusiofh. To even define what is meant
by double parton scattering (and to derive a correspondingscsection formula) requires a careful
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a b

Figure5: Graphs for the production of two electroweak gauge bosgh& (W) involving the splitting of
one parton into two in (a) both protons or (b) in one of the pnstonly. The boxes indicate the smialimit
of a DPD as shown in figuig 4a.

discussion of this double counting problem, which was malraut for multijet production already
in [B1]. Currently there is no consensus regarding its swiuig —[$,[42 {44].

A similar discussion applies to the graph in fig{ire 5b, whiah be read either as a hybrid of
double and single parton scattering, or as a contributiddR8 with the smalb limit of the DPD
taken for the upper proton. Detailed investigations of thexhanism can be found ifj [B,] 45] 46]

and in [47].

4.3 Factorization

The factorization formula[(2.1), which forms the theory ibafsr most estimates of double
parton scattering, does not have the same theoreticak statfactorization formulae for single
hard scattering in hadron-hadron collisions. At lowestyrbative order, i.e. for graphs like those
in figure[2b, the formula can be derived using standard teciesi for approximating Feynman
graphs [4B[ 49]7]. In particular, the transverse distanbetween the scattering partons naturally
appears in the quantum-level calculation, without any skssical approximation. To establish
factorization requires many further elements, regardimgairticular the exchange of soft gluons
between the different parts of the graph. Several ingrésligna possible factorization proof have
been given in[[7] and[[$0]. In particular, one can show thdt-glion exchange (see figufg 6)
can be arranged into Sudakov factors if the gluon momentumtie kinematic region where the
so-called eikonal approximation can be made.

Among the questions that remain unsolved is whether sofigixchange breaks factorization
when the gluon momentum is in the so-called Glauber regidnis i& one of the most difficult
parts in any factorization proof for hadron-hadron catiiss, and even for single hard scattering a
detailed argument only exists for a small number of processe

5. Conclusions

This is a good time for gaining a deeper understanding ofipastbn interactions, and there
is significant activity in the field[[31Fb3]. The theoreticatalysis has made important progress
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a b

Figure 6: Graphs for the production of two electroweak gauge bosongdoyle parton scattering with
additional gluon exchange. It is nontrivial to show that #ffect of such graphs is properly taken into
account in a factorization formula.

in the last few years, but difficult questions still await arsaer. On the experimental side, the
jump in energy from the Tevatron to LHC has opened many newilpitises for a detailed study
of processes where double parton scattering is expectddyi@pole. First results from the LHC
have demonstrated that corresponding analyses are feasibh if they are not easy. Input from
experiment will be essential to guide the development ohpheenology.

Many recent results on multiparton interactions were nstwlsed in this talk for reasons of
time. Among them are estimates of DPS contributions to aetaof processed [b4=59], mul-
tiparton interactions in proton-nucleus and nucleus-euglcollisions [[§0 £ 65], and the small-
approach[[g6 £ 68]. The latter provides in particular a cetioa between multiparton interactions
and diffraction [6P], as well as an explanation of the “rigkgféect” in pp and pA collisions, which
has been observed by CMS, ATLAS and ALIJE][70} 74].
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