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PARTON MODEL�������������������Elasti
 s
attering : ele
tron � proton���> proton (hadron) NOT point-likeDeep inelasti
 s
attering : ele
tron � proton���> proton (hadron) 
onsists of point-like parti
les-partons��������������������Cross se
tion (hadron) = Σ 
ross se
tion (parton) × weightsWeights � probabilities in the system of in�nite momentumBjorken, Feynman



In QCD weights depend on s
ale Q of hard pro
esses(SCALING VIOLATION)

σA
SPS =

∑

i,k

∫

Di
h(x1; Q

2
1)σ̂

A
ik(x1, x

′

1)D
k
h′(x

′

1; Q
2
1)dx1dx

′

1



S
aling violation (dependen
e on Q) fromDGLAP ( Dokshitzer-Gribov-Lipatov-Altarelli-Parisi ) equations:
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where g(µ2) is the running 
oupling 
onstant at the referen
e s
ale µ2,

nf is the number of a
tive �avours,
ΛQCD is the dimensional QCD parameter.



It is possible (BUT very rarely): hard double parton s
attering(subpro
esses A and B)

The in
lusive 
ross se
tion of a double parton s
attering pro
ess in ahadron 
ollision is written in the following form (with the assumption offa
torization of the two hard parton subpro
esses A and B)
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t parameter � the distan
e between 
enters of
olliding (e.g., the beam and the target) hadrons in transverse plane.

Γij(x1, x2;b1,b2;Q
2
1, Q

2
2) are the double parton distribution fun
tions, whi
hdepend on the longitudinal momentum fra
tions x1 and x2, and on thetransverse position b1 and b2 of the two parton undergoing hard pro
esses

A and B at the s
ales Q1 and Q2.
σ̂Aik and σ̂Bjl are the parton-level subpro
ess 
ross se
tions.The fa
torm/2 appears due to the symmetry of the expression for inter
hangingparton spe
ies i and j. m = 1 if A = B, and m = 2 otherwise.



The double parton distribution fun
tions Γij(x1, x2;b1,b2;Q
2
1, Q

2
2) are themain obje
t of interest as 
on
erns multiple parton intera
tions. In fa
t,these distributions 
ontain the information when probing the hadron intwo di�erent points simultaneously, through the hard pro
esses A and B.It is typi
ally assumed that the double parton distribution fun
tions maybe de
omposed in terms of longitudinal and transverse 
omponents asfollows:
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al
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If one makes the further assumption that the longitudinal 
omponents
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the 
ross se
tion of double parton s
attering 
an be expressed in thesimple form
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d2b(T (b))2]−1is the e�e
tive intera
tion transverse area (e�e
tive 
ross se
tion)
Reff is an estimate of the size of the hadron



The momentum (instead of the mixed (momentum and 
oordinate)) representationis more 
onvenient:
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.Here the transverse ve
tor q is equal to the di�eren
e of the momenta ofpartons from the wave fun
tion of the 
olliding hadrons in the amplitudeand the amplitude 
onjugated. Su
h dependen
e arises be
ause the di�eren
eof parton transverse momenta within the parton pair is not 
onserved.



The main problem is to make the 
orre
t 
al
ulation of the two-partonfun
tions Γij(x1, x2;q;Q2
1, Q

2
2) WITHOUT simplifying fa
torization assumptions(whi
h are not su�
iently justi�ed and should be revised:Blok, Dokshitzer, Frankfurt, Strikman;Diehl, S
hafer;Gaunt, Stirling;Ryskin, Snigirev)

These fun
tions were available in the 
urrent literature only for q = 0in the 
ollinear approximation. In this approximation the two-partondistribution fun
tions,Γij(x1, x2;q = 0;Q2, Q2) = Dij
h (x1, x2;Q

2, Q2) with thetwo hard s
ales set equal, satisfy the generalized Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations(Kirshner; Shelest, Snigirev, Zinovjev)The fun
tions in question have a spe
i�
 interpretation in the leadinglogarithm approximation of perturbative QCD: they are the in
lusiveprobabilities that in a hadron h one �nds two bare partons of types i and

j with the given longitudinal momentum fra
tions x1 and x2.
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Solution of generalized DGLAP equations 6=Produ
t of single distribution fun
tions(fa
torization 
omponent)



The solution of generalized DGLAP evolution equations with a giveninitial 
ondition at the referen
e s
ale µ2 
an be presented (Snigirev (2003)):
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The pQCD 
orrelations versus fa
torization 
omponet was 
al
ulated(Korotkikh, Snigirev, (2004) ):
R(x, t) = (Dgg

p(QCD)(x1, x2, t)/Dg
p(x1, t)Dg

p(x2, t)(1 − x1 − x2)
2)|x1=x2=x.

Then generalized DGLAP equations have been numeri
ally integrated(Gaunt, Stirling (2010)), and a set of publi
ly available grids 
overing theranges:

10−6 < x1 < 1, 10−6 < x2 < 1, 1 < Q2 < 109GeVis given.Possible manifestation of QCD evolution at the LHC was 
al
ulated fora number of pro
esses
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Promising 
andidate pro
esses to probe double parton s
attering at theLHC:
• same-sign W produ
tion (�pure�, BUT very rare)

• γ + 3 jets (Tevatron also: D0, CDF)

• W (Z) + 2 jets (ATLAS � �rst measurement σeff at LHC)

• 4 jets (Tevatron also: CDF)
• bb̄ ïàðà + 2 jets

• bb̄ pair + W boson

• pairs of heavy mesons (in parti
ular, double J/ψ produ
tion)(Baranov, Snigirev, Zotov (2011) also)(LHCb � �rst measurement of double J/ψ produ
tion )



D0 Collaboration (Tevatron) has measured σeff at 3 di�erent s
ales(Phys. Rev. D 81, 052012 (2010))in pro
ess with γ +3 jets in �nal state.These results 
an be interpreted as a �rst indere
t observation of theQCD evolution of double parton distributionsSnigirev (2010)Flensburg, Gustafson, Lonnblad, Ster (2011)
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Experimental extra
tion: Theoreti
al �predi
tion�:

σγ+3j
DPS

σγjσjj
= [σexp

eff ]−1 σexp
eff = σ0

eff[1 + k ln(pjet2
T /pjet2

T0 ]−1inspired by the expli
it expression for the 
orrelation term and theevolution variable t (k = 0.1 (dashed line) and k = 0.5 (solid line))



MAIN RESULTS

• Generalized DGLAP equations

• Solution = Fa
torization 
omponent + Correlations

• Ratio: (Correlations)/(Fa
torization 
omponent)� NOT small, observable
• New 
orre
t formulas for 
ross se
tion 
al
ulationtaking into a

ount QCD evolution of double parton distributions(Generalization for q 6= 0)
• Deviation from fa
torization for e�e
tive 
ross se
tion(dependen
e on s
ale of hard pro
ess)
• First estimations of 
ross se
tion of heavy meson pair produ
tionin double parton s
attering
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