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(Ultra)Peripheral Heavy Ion Collisions1 Usual heavy ion ollsions - large multipliitiesUltraperipheral heavy ion ollisions - smaller multipliities2 What do we know about them?There are some theoretial preditionsExperimentally very little is known.3 The dominant proess: oherent photon-photon ollisions(inreased by large harges of nulei (Z1e and Z2e )4 Large enhanement (naively: Z 21Z 22 in the ross setion).5 But nulei are not point like → harge form fator.6 One an selet �nal state ! ?7 Simple �nal states are interesting.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AContents

1 AA → Aρ0ρ0A2 AA → AππA3 AA → Aµ+µ−A4 AA → AQQ̄A5 Other reations6 Conlusions
Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ Aρ0ρ0A
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γM. Kªusek, W. Shäfer and A. S., Phys. Lett. B674 (2009) 92.Aelerator Nulei √sNN γmRHIC Au�Au 200 GeV 107LHC Pb�Pb 5.5 TeV 2 932Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AEquivalent photon approximation (EPA)

b

The strongeletromagneti �eldis a soure of photonswhih may interat.Peripheral ollisions:b > R1 + R2 ∼= 14 fmLepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AThe total ross setion in EPA

σ
(AA → ρ0ρ0AA; sAA)

=

∫

σ̂
(

γγ → ρ0ρ0; x1x2sAA) dnγγ (x1, x2,b) A1

A2 A2

A1

ρ0

ρ0

γ

γx1,2 =
ω1,2
γMALepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AThe elementary ross setion

σ̂
(

γγ → ρ0ρ0;Wγγ

)
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AVDM�Regge model ⇒ σ̂
(

γγ → ρ0ρ0)
Mγγ→ρ0ρ0(ŝ, t̂; q1, q2) = C 2

γ→ρ0Mρ0∗ρ0∗→ρ0ρ0(ŝ, t̂; q1, q2)C 2
γ→ρ0 = α2em2.54

Mρ0∗ρ0∗→ρ0ρ0(ŝ, t̂; q1, q2) = F (t̂; q21)F (t̂; q22)
×ŝ (ηIP (ŝ, t̂)CIP ( ŝs0)αIP(t̂)−1

+ ηIR (ŝ, t̂)CIR ( ŝs0)αIR(t̂)−1)
ηIP (ŝ, t̂ = 0) ∼= iCIP = 8.56mb
αIP (t̂) = 1.088 + 0.25t ηIR (ŝ, t̂ = 0) ∼= i − 1CIR = 13.39mb

αIR (t̂) = 0.5 + 0.9tF (t̂; q2) = exp(Bt̂4 ) · exp(q2−m2
ρ2Λ2 )B ∼ 4GeV−2 Λ ∼ 1GeVLepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AVDM�Regge model

d σ̂γγ→ρ0ρ0d t̂ =
116πŝ2 |Mγγ→ρ0ρ0 |2

σ̂γγ→ρ0ρ0 =

tmax(ŝ)
∫tmin(ŝ) d σ̂γγ→ρ0ρ0d t̂ d t̂
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AThe elementary ross setion

⇐ σ̂
(

γγ → ρ0ρ0;Wγγ

)

⇒Low�energy (experimental data) High�energy (VDM-Regge)Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APhoton �ux - ontinuation of the ross setion in EPAdnγγ (x1, x2,b) =

∫ 1
π
d2b1|E (x1,b1) |2 1

π
d2b2|E (x2,b2) |2x S2abs (b)δ(2)(b− b1 + b2)dx1x1 dx2x2

(ρ0, ρ0)

~b1
~b2

~bLepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APhoton �ux - ontinuation of the ross setion in EPAdnγγ (x1, x2,b) =

∫ 1
π
d2b1|E (x1,b1) |2 1

π
d2b2|E (x2,b2) |2x S2abs (b)δ(2)(b− b1 + b2)dx1x1 dx2x2E (x ,b) = Z√4παem ∫ d2q

(2π2)e−ibq qq2+x2M2AFem (q2 + x2M2A)S2abs (b) ∼= θ (b− 2RA)1
π

∫ d2b|E (x ,b) |2 =
∫ d2bN (ω,b)dω1dω2 → dWγγdYLepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AThe ross setion in b-spae EPA

Nulear ross setion � EPA
σ
(AA → ρ0ρ0AA; sAA) =

=

∫

σ̂
(

γγ → ρ0ρ0;Wγγ

)

θ (|b1 − b2| − 2RA)x N (ω1,b1)N (ω2,b1) 2πbm dbm dbx dbyWγγ2 dWγγdY
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ANuleus harge form fatorREALISTIC FemF (q) =

∫ 4πq ρ (r) sin (qr) rdr MONOPOLE FemF (q2) = Λ2
Λ2+q2

Λ =
√ 6

<r2>197Au ⇒
√

< r2 > =5.3 fm, Λ = 0.091GeV ,208Pb ⇒
√

< r2 > =5.5 fm, Λ = 0.088GeV .In the literature:
Λ = (0.08− 0.09) GeVLepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AForm fator
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ARHIC (Au Au → Au ρ0ρ0 Au) Impat parameter: b.

σ (Fem) = σl−e + σVDM−RRATIO =
dσ(FREALISTICem )dσ(FMONOPOLEem )Invariant mass of the γγsystem: Wγγ = Mρ0ρ0 .Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ARHIC (Au Au → Au ρ0ρ0 Au)Rapidity of the ρ0ρ0pair: Y =

y
ρ0+y

ρ02 . Low�energy++VDM-Regge Ratio = dσ(FREALISTICem )dσ(FMONOPOLEem )
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ALHC (Pb Pb → Pb ρ0ρ0 Pb)
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA → A∗ A∗ π+ π− π+ π−
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APbPb → PbPbππ at large invariant masses

A1

A2 A2

A1

π

π

γ

γAelerator LHC:
√sNN = 3.5 TeV
γm = 2 932 GeVKªusek-Gawenda,Szzurek, Phys. Lett. B700 (2011) 114004.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AElementary ross setion for γγ → ππThe γγ → (qq̄)(qq̄) → ππ amplitude in the LO pQCD

M (λ1, λ2) =

∫ 10 dx ∫ 10 dy φπ

(x , µ2x)Tλ1λ2H (x , y , µ2)φπ

(y , µ2y)
× F pQCDreg (t, u)

π

π

π

π

π

π

π

π

π

π

µx = min (x , 1 − x)√s(1− z2),z = os θ,F pQCDreg (t, u) =
[1− exp( t−tm

Λ2reg )] [1− exp(u−um
Λ2reg )]Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AThe quark distribution amplitude of the pion

φπ

(x , µ20)WH =

√3Amqβ2√2π3/2fπ√x (1− x)(1 + B × C 3/22 (2x − 1))
×



Erf√ m2q + µ208β2x (1− x)− Erf√ m2q8β2x (1− x)B = 0.6mq = 0.3 GeVA = 16.62 GeV−1
β = 0.745 GeV

φπ(x)CZ = 30x(1 − x)(2x − 1)2
φπ(x)as = 6x(1 − x)

x
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄Afrom amplitude to ross setion

high energy normalization
σ (γγ → ππ) =

∫ 2π4 · 64π2W 2 pq ∑
λ1,λ2 |M (λ1, λ2)|2 dz
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AHand-bag model, Diehl-Kroll-Vogt

γ

γ

q

q̄

π

πHand-bag model:
σ
(

γγ → π+π−

)

=
4πα2ems ( os θ0sin2 θ0 +

12 ln 1 + os θ01− os θ0) |Rππ (s)|2Rππ (s) =
59s au (s0s )nu +

19s as (s0s )nss0 = 9 GeV2 au = 1.375 GeV2nu = 0.4175 as = 0.5025 GeV2ns = 1.195Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄Adσ(γγ→π0π0)dz =⇒ pQCD vs hand-bag vs ω exhange
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄A

σ(γγ → π+π−) , σ(γγ → π0π0) =⇒ pQCD vs hand-bag
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄A

σ(γγ → π0π0) / σ(γγ → π+π−) =⇒ pQCD vs hand-bag
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AOther mehanisms?Pion exhange and high-energy pion-pion resattering
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π−Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ AππA, results
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ AππA, results
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ AππA, results
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ Aµ+µ−A
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Mariola Kªusek-Gawenda and A.S.Phys.Rev.C82 (2010) 014904Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ Aµ+µ−A
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AMomentum-spae alulation

σ =

∫ 12s |M|2 (2π)
4
δ4 (pa + pb − p1 − p2 − p3 − p4)

× d3p1
(2π)3 2E1 d3p2

(2π)3 2E2 d3p3
(2π)3 2E3 d3p4

(2π)3 2E4 . (1)d3piEi = dyi d2pit = dyipitdpitdφi . (2)
σ =

∫ 12s |M|2δ4 (pa + pb − p1 − p2 − p3 − p4) 1
(2π)

8 124
× (dy1p1tdp1tdφ1) (dy2p2tdp2tdφ2) (dy3d2p3t) (dy4d2p4t) (3)pm = p3t − p4t (4)Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AMomentum-spae alulationThe heliity dependent amplitude of the proess an be written as

Mλ3,λ4 (t) = e F (q1) (pa + p1)α −i gαµq21 + iε ū (p3, λ3) i γµ i [(6 p3− 6 q1) + mµ]

(q1 − p3)2 −m2
µ

× i γν v (p4, λ4) −i gνβq22 + iε (pb + p2)β e F (q2) , (5)
Mλ3,λ4 (u) = e F (q1) (pa + p1)α −i gαµq21 + iε ū (p3, λ3) i γν i [(6 p3− 6 q2) + mµ]

(q2 − p3)2 −m2
µ

× i γµ v (p4, λ4) −i gνβq22 + iε (pb + p2)β e F (q2) . (6)Finally, one has to alulate the 8-dimensional integral numerially.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AImpat parameter dependene (EPA)
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AInvariant mass distribution of µ+µ−
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APair rapidity distribution
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ARapidity distribution of muons
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ADistribution in yµ+yµ−
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APreditions for ALICEALICEp3 t , p4 t ≥ 2GeV

(y3, y4) = (3, 4)
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APreditions for ALICE
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APreditions for CMSCMSp3 t , p4 t > 4GeV

|y3, y4| < 2.5
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄APreditions for CMS
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AAA→ AQQ̄AThe mehanism analogous to dilepton prodution

γ

γ
Q̄

Q

In fat two diagrams (t and u hannel quark exhanges) in the BornapproximationM. Kªusek-Gawenda, A.S., M. Mahado and V. Serbo,arXiv:1011.1191, Phys. Rev. C83 (2011) 024903.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AOther mehanisms, QCD orretionsIn reality not quarks but mesons ould be measured.D or B mesons are assoiated with a few pions/kaons.Therefore other mehanisms leading to similar �nal state have tobe inluded.

+ +

+ +
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AFour-quark omponentTwo heavy quark/antiquark, two light quark/antiquark
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ASingle-resolved mehanismsOne photon �utuates to a partoni state with parton distributions.
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AElementary ross setionsLO (Born) term:

σdiret
γγ→QQ̄(Wγγ) = Ne4Q 4πα2emW 2

γγ

(7)
×
{2 ln [Wγγ2mQ (1 + v)

]

(1 +
4m2QW 2

γγ − 8m4QW 4
γγ

)

−
(1 +

4m2QW 2
γγW 4

γγ

) vNLO orretions:
σQCD

γγ→QQ̄(g)
(Wγγ) = Ne4Q 2πα2emW 2

γγ

CF αs
π
f (1). (8)funtion f was alulated by: Kniehl-Kotikov-Merebashvili-Veretin,2009 Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AElementary ross setions, 4-quark omponentFour-quark omponent in the dipole-dipole sattering approahbased on a saturation approah (Kwiei«ski-Motyka) withextrapolation down to the threshold (Szzurek)

σ4q
γγ→QQ̄ (Wγγ) =

∑f2 6=Q ∫ ∣∣∣ΦQQ̄ (ρ1, z1)∣∣∣2 ∣∣∣Φf2f̄2 (ρ2, z2)∣∣∣2 σdd (ρ1, ρ2, xQf )d2ρ1dz1d2 2dz2
+

∑f1 6=Q ∫ ∣∣∣Φf1f̄1 (ρ1, z1)∣∣∣2 ∣∣∣ΦQQ̄ (ρ2, z2)∣∣∣2 σdd (ρ1, ρ2, xfQ)d2ρ1dz1d2 2dz2(9)where ΦQQ̄ (ρ, z) are the quark � antiquark wave funtions of thephotons in the mixed representation and σdd is the dipole�dipoleross setion.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AElementary ross setionssingle resolved omponent

σ1−res (s) =

∫ dx1 [g1 (x1, µ2)σ̂gγ→QQ̄ (ŝ = x1s)]
+

∫ dx2 [g2 (x2, µ2)σ̂γg→QQ̄ (ŝ = x2s)] , (10)where g1 and g2 are gluon distributions in photon 1 or photon 2and σ̂qγ→QQ̄ and σ̂γg→QQ̄ are elementary ross setions. In ourevaluation we take the GVR1992 gluon distributions in photon.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AElementary ross setions, results
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AWγγ-dependene of the nulear ross setion

Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AWγγ-dependene, EPA vs exat
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ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AWγγ-dependene, omponents

Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ARapidity distributionRapidity of the whole system

Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄ATotal ross setions

Tablia: Partial ontributions of di�erent mehanisms.
σtot Born QCD-orretions 4-quark Single-resolved 2.47 mb 42.5 % 14.6 % 27.1 % 15.8 %bb 10.83 µb 18.9 % 7.7 % 64.5 % 8.9 %

Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AOther proesses1 AA → Aπ+π−A at low MππAA → Aπ0π0A at low MππEasy for a measurement (ALICE)2 AA → AD+D−AAA → AD0D̄0ATesting pQCD and distribution amplitudesLuszzak-Szzurek, Phys. Lett. B700 (2011) 116.3 AA → AW+W−AAnomalous triple and quarti boson ouplings? Not possible4 AA → AJ/ΨJ/ΨATesting heavy-quark approahes.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane



ContentsAA → Aπ
+

π
−

γγ → ππAA → Aµ
+

µ
−AAA → AQQ̄AGeneral summary1 Sizeable ross setions for di�erent proesses.2 Cross setions smaller than in the literatureRealisti harge distribution, absorptive geometrial e�ets3 The role of ompetitive di�rative proesses leading to thesame �nal state has to be exploredStrikman, Gay Duati, Mahado4 Experimental feasibility of several proesses should be studied.5 Potential for this type of studies should be better explored.Lepton, quark and meson pairs July 22 - 28, Grenoble, Frane
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