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Èç èñòîðèè: ÏÀ�ÒÎÍÍÀß ÌÎÄÅËÜ�������������������Óïðóãîå ðàññåÿíèå ýëåêòðîíîâ íà ïðîòîíàõ���> ïðîòîí (àäðîí) ÍÅ òî÷å÷íûé�ëóáîêîíåóïðóãîå ðàññåÿíèå ýëåêòðîíîâ íà ïðîòîíàõ���> ïðîòîí (àäðîí) ñîñòîèò èç òî÷å÷íûõ ÷àñòèö-ïàðòîíîâ��������������������Ñå÷åíèå (àäðîííîå) = Σ ñå÷åíèå (ïàðòîííîå) × âåñÂåñ � âåðîÿòíîñòè â ñèñòåìå áåñêîíå÷íî áîëüøîãî èìïóëüñàBjorken, Feynman



Â ÊÕÄ âåñà çàâèñÿò îò ìàñøòàáà Q æåñòêîãî ïðîöåññà(ÍÀ�ÓØÅÍÈÅ ÑÊÅÉËÈÍ�À)
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Íàðóøåíèå ñêåéëèíãà (çàâèñèìîñòü îò Q) îïðåäåëÿåòñÿ óðàâíåíèÿìèDGLAP ( Äîêøèöåð-�ðèáîâ-Ëèïàòîâ-Altarelli-Parisi):

dD
j
i (x, t)

dt
=

∑

j′

1
∫

x

dx′

x′
Dj′

i (x′, t)Pj′→j

( x

x′

)

t =
1

2πb
ln

[

1 +
g2(µ2)

4π
b ln

(Q2

µ2

)]

=
1

2πb
ln

[

ln( Q2

Λ2
QCD

)

ln( µ2

Λ2
QCD

)

]

, b =
33 − 2nf

12π
,

ãäå g(µ2) � êîíñòàíòà ñâÿçè íà íåêîòîðîì ìàñøòàáå µ2,

nf � ÷èñëî àêòèâíûõ êâàðêîâûõ àðîìàòîâ,
ΛQCD � ðàçìåðíûé ïàðàìåòð â ÊÕÄ.�åøåíèå â ÿâíîì âèäå: ïðåîáðàçîâàíèå Ìåëëèíà �> äèàãîíàëèçàöèÿ�> îáðàòíîå ïðåîáðàçîâàíèå Ìåëëèíà.Ïîâåäåíèå âáëèçè êèíåìàòè÷åñêèõ ãðàíèö: x = 0, x = 1.



Î÷åíü ðåäêî, ÍÎ âîçìîæíî äâîéíîå æåñòêîå ïàðòîííîå ðàññåÿíèå(ïîäïðîöåññû A è B)

Èíêëþçèâíîå ñå÷åíèå òàêîãî äâîéíîãî ïàðòîííîãî ðàññåÿíèÿ ïèøåòñÿïî àíàëîãèè (â ïðåäïîëîæåíèè òîëüêî �àêòîðèçàöèè äâóõ æåñòêèõïîäïðîöåññîâ, Paver, Treleani,...):( ñòåïåííàÿ ïîïðàâêà (�âûñøèå òâèñòû�) ê ïîëíîìó ñå÷åíèþ ∼ (ΛQCD/Q)2)
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2) � îáîáùåííûå äâóõïàðòîííûå �óíêöèè ðàñïðå-äåëåíèÿ, çàâèñÿùèå îò ïðîäîëüíûõ èìïóëüñíûõ �ðàêöèé x1 è x2, èïîïåðå÷íûõ êîîðäèíàò b1 è b2 äâóõ ïàðòîíîâ, ó÷àñòâóþùèõ â æåñò-êèõ ïîäïðîöåññàõ A è B íà ìàñøòàáàõ Q1 è Q2.

σ̂Aik σ̂
B
jl � ñå÷åíèÿ íà ïàðòîííîì óðîâíå.

m/2 � �àêòîð, ó÷èòûâàþùèé ñèììåòðèþ:
m = 1 ïðè A = B, è m = 2 â îñòàëüíûõ ñëó÷àÿõ.



Îáîáùåííûå äâóõïàðòîííûå �óíêöèè ðàñïðåäåëåíèÿ Γij(x1, x2;b1,b2;Q
2
1, Q

2
2)� ãëàâíûé îáüåêò èññëåäîâàíèÿ.(ìîæíî âûðàçèòü ÷åðåç âîëíîâûå �óíêöèè (Ôîêîâñêèå ñòîëáöû) â ïåðåìåííûõñâåòîâîãî êîíóñà â âèäå áåñêîíå÷íûõ ñóìì/ðÿäîâ)Îáû÷íî ïðåäïîëàãàþò, ÷òî çàâèñèìîñòü îò ïðîäîëüíûõ è ïîïåðå÷íûõïåðåìåííûõ �àêòîðèçóåòñÿ:
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Äàëåå ïðåäïîëàãàþò, ÷òî è ïðîäîëüíóþ êîìïîíåíòó Dij
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Òîãäà èíêëþçèâíîå ñå÷åíèå äâîéíîãî ïàðòîííîãî ðàññåÿíèÿ ïåðåïè-ñûâàåòñÿ ñîâñåì â ïðîñòîì âèäå (èñïîëüçóåìîì â áîëüøèíñòâå îöå-íîê):
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Âìåñòî ñìåøàííîãî ïðåäñòàâëåíèÿ (èìïóëüñû-êîîðäèíàòû ) èíîãäà óäîá-íåå ÷èñòî èìïóëüñíîå ïðåäñòàâëåíèå:
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�ëàâíàÿ ïðîáëåìà � âû÷èñëèòü îáîáùåííûå äâóõïàðòîííûå �óíêöèèðàñïðåäåëåíèÿ Γij(x1, x2;q;Q2
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2) ÁÅÇ óïðîùàþùèõ �àêòîðèçàöèîí-íûõ ïðåäïîëîæåíèé (êîòîðûå íåäîñòàòî÷íî îáîñíîâàíû (2010-2012)):Blok, Dokshitzer, Frankfurt, Strikman;Diehl, S
hafer;Gaunt, Stirling;Flensburg, Gustafson, Lonnblad, Ster;Manohar, Waalewijn;Ryskin, Snigirev

Ýòè �óíêöèè áûëè èçâåñòíû â ëèòåðàòóðå òîëüêî ïðè q = 0 (ïðîèí-òåãðèðîâàííûå ïî îòíîñèòåëüíîìó ïîïåðå÷íîìó ðàññòîÿíèþ ìåæäóïàðòîíàìè). Â òîì ñëó÷àå Γij(x1, x2;q = 0;Q2, Q2) = Dij
h (x1, x2;Q

2, Q2)óäîâëåòâîðÿþò îáîáùåííûì DGLAP ýâîëþöèîííûì óðàâíåíèÿì(Kirshner; Shelest, Snigirev, Zinovjev (1982) ).Â ãëàâíîì ëîãàðè�ìè÷åñêîì ïðèáëèæåíèè òåîðèè âîçìóùåíèé ÊÕÄýòî èíêëþçèâíûå âåðîÿòíîñòè íàéòè â àäðîíå h äâà �ãîëûõ� ïàðòîíàñîðòîâ i è j ñ îïðåäåëåííûìè äîëÿìè x1 è x2 ïðîäîëüíîãî èìïóëüñààäðîíà.
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�åøåíèå îáîáùåííûõ DGLAP óðàâíåíèé 6=Ïðîèçâåäåíèå îäèíî÷íûõ �óíêöèé ðàñïðåäåëåíèÿ(�àêòîðèçàöèîííàÿ êîìïîíåíòà).�àçíèöà ìåæäó ïàðòîííûì è àäðîííûì óðîâíÿìè.Ñîîòíîøåíèå �ðèáîâà-Ëèïàòîâà (îáîáùåííîå):�óíêöèè: ðàñïðåäåëåíèÿ == �ðàãìåíòàöèè (äëÿ ïàðòîíîâ òîëüêî !!)= jet 
al
ulus rules (KUV)



�åøåíèå îáîáùåííûõ DGLAP ýâîëþöèîííûõ óðàâíåíèé ñ çàäàííûìèíà÷àëüíûìè óñëîâèÿìè íà íåêîòîðîì ìàñøòàáå µ2 ìîæåò áûòü ïðåä-ñòàâëåíî â âèäå (Snigirev (2003)):
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Âåëè÷èíà äîïîëíèòåëüíûõ êîððåëÿöèé ïî îòíîøåíèþ ê �àêòîðèçà-öèîííîé êîìïîíåíòå áûëà îöåíåíà (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.

Çàòåì DGLAP óðàâíåíèÿ áûëè ÷èñëåííî ïðîèíòåãðèðîâàíû (Gaunt,Stirling (2010), ÷òî ïîçâîëèëî çàòàáóëèðîâàòü äâîéíûå ïàðòîííûå �óíê-öèè ðàñïðåäåëåíèÿ â øèðîêîì äèàïàçîíå èçìåíåíèÿ ïåðåìåííûõ:

10−6 < x1 < 1, 10−6 < x2 < 1, 1 < Q2 < 109GeVè âû÷èñëèòü ý��åêòû ýâîëþöèè äëÿ ðÿäà êîíêðåòíûõ íàáëþäàåìûõïðîöåññîâ äëÿ LHC.
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Ïðîöåññû íà LHC� ïîòåíöèàëüíûå èíäèêàòîðû äâîéíîãî ïàðòîííîãîðàññåÿíèÿ:
• W áîçîíû îäíîãî çíàêà (ñàìûé �÷èñòûé�, íî î÷åíü ðåäêèé)

• γ + 3 ñòðóè (òàêæå Òýâàòðîí: D0, CDF)

• W (Z) + 2 ñòðóè (ATLAS � ïåðâîå èçìåðåíèå σeff íà LHC)

• 4 ñòðóè (òàêæå Òýâàòðîí: CDF)
• bb̄ ïàðà + 2 ñòðóè
• bb̄ ïàðà + W áîçîí

• ïàðû òÿæåëûõ ìåçîíîâ (â ÷àñòíîñòè, äâîéíîå ðîæäåíèå J/ψ)(â òîì ÷èñëå: Baranov, Snigirev, Zotov (2011) )(LHCb � ïåðâîå èçìåðåíèå äâîéíîãî ðîæäåíèÿ J/ψ)
• ... ?...



D0 êîëëàáîðàöèÿ (Òýâàòðîí) èçìåðèëà σeff ïðè 3 ðàçíûõ ìàñøòàáàõ(Phys. Rev. D 81, 052012 (2010))â ïðîöåññå ñ γ +3 ñòðóè â êîíå÷íîì ñîñòîÿíèè.Ýòî íàáëþäåíèå áûëî ïðîèíòåðïðåòèðîâàíî êàê ïåðâîå ïðîÿâëåíèåÊÕÄ ýâîëþöèè äâîéíûõ ïàðòîííûõ �óíêöèé ðàñïðåäåëåíèÿ (äîïîë-íèòåëüíîãî êîððåëÿöèîííîãî âêëàäà)Snigirev (2010)Flensburg, Gustafson, Lonnblad, Ster (2011)
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ÎÑÍÎÂÍÛÅ �ÅÇÓËÜÒÀÒÛ (I):

• Îáîáùåííûå DGLAP óðàâíåíèÿ

• �åøåíèå = Ôàêòîðèçàöèîííàÿ êîìïîíåíòà + Êîððåëÿöèè

• Îòíîøåíèå: (Êîððåëÿöèè)/( Ôàêòîðèçàöèîííàÿ êîìïîíåíòà)� ÍÅ ìàëî, íàáëþäàåìî
• Íîâûå êîððåêòíûå �îðìóëû äëÿ âû÷èñëåíèÿ ñå÷åíèé,ó÷èòûâàþùèå ÊÕÄ ýâîëþöèþ äâîéíûõ ðàñïðåäåëåíèé(Îáîáùåíèå äëÿ q 6= 0)
• Îòêëîíåíèå îò �àêòîðèçàöèè äëÿ ý��åêòèâíîãî ñå÷åíèÿ(çàâèñèìîñòü îò ìàñøòàáà æåñòêîñòè ïðîöåññà)
• Ïåðâûå îöåíêè ñå÷åíèÿ ðîæäåíèÿ ïàð òÿæåëûõ ìåçîíîââ äâîéíîì ïàðòîííîì ðàññåíèèè



DPS in pA(Strikman, Treleani; Blok, Strikman, Wiedemann; d'Enterria, Snigirev,.....) :1. The two partons of the nu
leus belong to the same nu
leon

Nu
lear enhan
ement fa
tor A as for SPS



2. The two partons of the nu
leus belong to the di�erent nu
leons

Nu
lear enhan
ement fa
tor: ∝ A2/A2/3 = A1+1/3



The �nal DPS 
ross se
tion �po
ket formula� in pA 
ollisions:
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] = 21.5µbfor p-Pb at σeff,pp = 14 mb and TAA(0) = 30.4 1/mb for the standardnu
lear overlap fun
tion normalized to A2.

The relative 
ontribution of the two terms are approximately 1 : 2



DPS in AA :1. The two 
olliding partons belong to the same pair of nu
leons

Nu
lear enhan
ement fa
tor A2 as for SPS



2. Partons from one nu
leon in one nu
leus 
ollide with partons from twodi�erent nu
leons in the other nu
leus

Nu
lear enhan
ement fa
tor: ∝ A3/A2/3 = A2+1/3



3. The two 
olliding partons belong to two di�erent nu
leons from bothnu
lei (in fa
t, double nu
leon s
attering)

Nu
lear enhan
ement fa
tor: ∝ A4/A2/3 = A2+4/3



The �nal DPS 
ross se
tion �po
ket formula� in AA 
ollisions:

σDPS
(AA→ab) =







m

2







σSPS
(NN→a) · σSPS

(NN→b)

σeff ,AA

,where

σeff ,AA =
1

A2
[

σ−1
eff ,pp + 2

A
TAA(0) + 1

2
TAA(0)

] = 1.5 nbfor Pb-Pb at σeff,pp = 14 mb and TAA(0) = 30.4 1/mb for the standardnu
lear overlap fun
tion normalized to A2.

The relative 
ontribution of the three terms are approximately 1 : 4 : 200



Centrality-dependen
e of the DPSThe 
ross se
tion for SPS and DPS an interval of impa
t parameters

[b1, b2], 
orresponding a given 
entrality per
entile, f% = 0 − 100%, of thetotal A-A 
ross se
tion σAA, with average overlap fun
tion < TAA[b1, b2] >are

σSPS
(AA→ab)[b1, b2] = A2 · σSPS

(NN→ab) · f1[b1, b2]

= σSPS
(NN→ab)f%σAA < TAA[b1, b2] >,

σDPS
(AA→ab)[b1, b2] = A2 · σDPS

(NN→ab) · f1[b1, b2]

×








1 +

2

A
σeff,pp TAA(0)

f2[b1, b2]

f1[b1, b2]
+ σeff ,pp TAA(0)

f3[b1, b2]

f1[b1, b2]








,



the three dimensionless and appropriately-normalized fra
tions read

f1[b1, b2] =
2π

A2

∫ b2
b1

bdb TAA(b) =
f%σAA

A2
< TAA[b1, b2] >,

f2[b1, b2] =
2π

A TAA(0)

∫ b2
b1

bdb
∫

d2b1 TA(b1)TA(b1 − b)TA(b1 − b),

f3[b1, b2] =
2π

A2 TAA(0)

∫ b2
b1

bdb T2
AA(b).



For not very peripheral 
ollisions (f% < 0 − 65%) DPS 
ross se
tion (ina thin impa
t-parameter range) 
an be approximated by third dominantterm
σDPS

(AA→ab)[b1, b2] ≃ σDPS
(NN→ab) · σeff,pp · f%σAA· < TAA[b1, b2] >2

=
m

2
σSPS

(NN→a) · σSPS
(NN→b) · f%σAA· < TAA[b1, b2] >2 .For ratio

σDPS
(AA→ab)[b1, b2]

σSPS
(AA→a)[b1, b2]

≃
m

2
σSPS

(NN→b)· < TAA[b1, b2] > .

In the 
entrality per
entile f% ≃ 65 − 100% the se
ond term would addabout 20% more DPS 
ross se
tion.For very peripheri
al 
ollisions (f% ≃ 85 − 100%, where < TAA[b1, b2] > isorder or less than 1/σeff,pp) the 
ontributions from the �rst term are alsonon-negligible (dominant in the limit 1/b→ 0).



The formalism of DPS was applied to study:

same-sign W-boson pair produ
tion in pPb 
ollisions at LHC energies

J/ψ-pair produ
tion in Pb-Pb 
ollisions at LHC energies
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m-parton distributions:
dD

j1...jm
i (x1, ..., xm, t)

dt
=

m
∑

l=1

∑

j′

1−x1−...−xl−1−xl+1−...−xm
∫

xl

dx′

x′
×

×D
j1...jl−1j′jl+1...jm

i (x1, ..., xl−1, x′, xl+1, ..., xm, t)Pj′→jl

(xl

x′

)

+
m
∑

l=1

m
∑

p=l+1

∑

j′

1

xl + xp

Pj′→jljp

( xl

xl + xp

)

×

×D
j1...jl−1j′jl+1...jp−1jp+1...jm

i (x1, ..., xl−1, xl + xp, xl+1, ..., xp−1, xp+1, ..., xm, t)
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