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Pomeron Exhange
• An outstanding feature of di�rative photoprodution of mesons at thehigh energy regime is the possibility to investigate the Pomeron exhange
Pomeron → two gluons (vauum quantum numbers)Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 3 / 38



Amplitude alulation
• Large mass of quarkonium states
→ perturbative sale
• Amplitude perturbative alulable
• Even at photoprodution region Q2 → 0
→ Vetor meson photoprodution investigation
→ Proess sensitive to the e�et produed by the strong �eld of the nulei
→ Measurements at LHC energies an provide useful insights to assessthese e�etsMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 4 / 38



Node E�et
• The di�rative prodution of the 2S radially exited vetor mesons, like
Ψ(2S), is speially interesting due to the node e�et;Node E�et: Strong anellation of dipole size ontributions to theprodution amplitude from the region above and below the node position inthe 2S radial wavefuntion.
→ This is the origin of the large suppression of the photoprodution of radially exited vetormesons 2S versus 1SMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 5 / 38



Difrative prodution of meson at t = 0An important lass of di�rative reations we an use a perturbative treatment is thevetor meson prodution in DDIS: γ∗p → Vp. Two gluons exhange diagrams that ontribute tothe amplitude of the vetor meson leptoprodution are shown in the �gure below:
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(a) (b)In the olor dipole formalism, the amplitude an be written as:A ∝ Ψγ ⊗ σqq̄ ⊗ΨV , (1)Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 6 / 38



Difrative prodution of meson at t = 0AT (W 2, t = 0) = −4π2iαsW 2 ∫ dk2k4 ( 1l2 −m2 − 1l ′2 −m2)
×f (x , k2)egΨMΨ (2)l(l ′) → quark (antiquark) momentumk → gluons transverse momentumf (x , k2) → unintegrated gluons distribution.The ross setion is given by:dσγ(∗)p→ΨpT dt =

116πW 4 |AT |2 . (3)The onstant gΨ an be determined from the deay ΓΨe+e− : e2 g2Ψ =
ΓΨe+e−MΨ12αemMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 7 / 38



Difrative prodution of meson at t = 0In the ln Q̃2 dominant approah, the amplitude is written as:AT ≃ 2π2iegΨMΨαs(Q̃2)W 2 xg(x , Q̃2)Q̃4 (4)and the transverse ross setion is:dσγ(∗)p→ΨpT dt ∣

∣

∣

∣

∣t=0 = 16ΓΨe+e−M3
Ψπ

33αem(Q2 +M2
Ψ)

4 [αs(Q̃2)xg(x , Q̃2)]2 . (5)ln Q̃2 approah → the amplitude is driven by two gluons exhange diagramsxg(x , Q̃2) → gluons distributionMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 8 / 38



The omplete di�erential ross setion (T+L) in the ln Q̃2 dominant is:dσγ(∗)p→Vpdt ∣

∣

∣

∣

∣t=0 = 16ΓVe+e−M3
Ψπ

33αem(Q2 +M2V )4 [αs(Q̃2)xg(x , Q̃2)]2(1+ Q2M2V )

xg(x , Q̃2) → grows in small- x → undeterminedDipole formalism → an restrit xg(x , Q̃2) → inludes gluon saturation
Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 9 / 38



Dipole Formalism
• In the LHC energy domain hadrons and photons an be onsidered asolor dipoles in the light one representation.
• The sattering proess is haraterized by the olor dipole ross setionrepresenting the interation of those olor dipoles with the target.
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r→ dipole separation.z(1− z)→ quark(antiquark) momentum fration.b→ impat parameter.Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 10 / 38



J/Ψ and Ψ′ produtionCoherent proess: AA → AA+ J/Ψ(Ψ′).
⇒ nulei remain intat.
Inoherent proess: AA → X + J/Ψ(Ψ′).
⇒ nulei are fragmented.Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 11 / 38



J/Ψ and Ψ′ produtionCoherent ross setion:
σohe(γA → J/ΨA) =

∫ d2b{|∫ d2r ∫ dzΨ∗V (r , z)
(1− exp [−12σdip(x , r)TA(b)]) Ψγ∗(r , z ,Q2)|}

σdip→ dipole ross setion.
ΨV→ vetor meson wave funtion.
Ψγ→ photon wave funtion.TA(b) = ∫ dzρA(b, z), ρA(b, z) → nulear thikness funtion.b→ impat parameter.Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 12 / 38



Inoherent ross setionInoherent ase:
σin(γA → J/ΨX ) =

|ImA(s, t = 0)|216πBVwhere
|ImA(s, t = 0)|2 =

∫ d2bTA(b) [|∫ d2r ∫ dzΨ∗V (r , z)σdip
× exp [−12σdipTA(b)]Ψγ∗(r , z ,Q2)|2]BV = 0.6× ( 14

(Q2+M2V )0.26 + 1)→ di�rative slope parameter, γ∗p → ΨpMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 13 / 38



Rapidity distribution of mesons produtiondσdy (AA → AAV ) = σγA ⊗ dNγ (ω)dω (6)Photon Flux:dNγ (ω)dω =
2Z2αem
π ω

[

ξAAR K0 (ξAAR )K1 (ξAAR )
(ξAAR )22 K21 (ξAAR )− K20 (ξAAR )

]

. (7)
ω→ photon energyK0(ξ),K1(ξ)→ modi�ed Bessel funtions.
ξAAR = 2RAω/γL , RA→ nulei radius.Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 14 / 38



Dipole ross setionFor the dipole ross setion, we use the Color Glass Condensate model(CGC) (Phys. Lett. B 590, 199 (2004)):
σdip = 2πR2N0( rQs2 )2{γs+[ln (2/rQs )/κλ ln (1/x)]}

, rQs ≤ 2
= 2πR2{1− exp [−a ln2 (brQs)]} , rQs > 2Qs = (x0/x)λ/2GeV → saturation sale

γs = 0.63, κ = 9.9 → �xed to their LO BFKL valuesR, x0, λ → free parameters of the �tMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 15 / 38



Light one wave funtionsThe light one wave funtions of the meson are written as:
ΨV ,Lh,h̄ (r , z) =√N4π δh,−h̄ 1MV z(1− z) × [z(1− z)M2V + δ(m2f −∇2r )]φL(r , z)

∇2r = (1/r)∂r + ∂2r
Ψ
V ,T (γ=±)h,h̄ (r , z) = ±

√N4π √2z(1− z){ie±iθr [zδh±,h̄∓ − (1 − z)δh∓,h̄±]∂r
+mf δh±,h̄∓}φT (r , z)

Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 16 / 38



Light one wave funtions
Ψ(1S):
φλ(r , z) = Nλ [4z(1 − z)√2πR2 exp(−

m2f R28z(1− z)) exp(−2z(1− z)r2R2 )

× exp(m2f R22 )]

Ψ(2S):
φ2S (r , z) = φ1S (r , z)[1+ α2Sg2S (r , z)]g2S (r , z) = 2−m2f R22S +

m2f R22S4z(1 − z) − 4z(1− z)r2R22S
→ Boosted Gaussian Wavefuntion (BG)Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 17 / 38



Nulear shadowingNulear shadowing renormalizing the dipole ross setion → gluon densityin nulei at small Bjorken-x is expeted to be supressed ompared to a freenuleon due to interferenes.Ratio of the gluon density: RG (x ,Q2 = m2V /4)Small-x photon satters o� a large-x gluon or vie-versa.
→ y = ±3: x large as 0.02
→ y = 0: x = MV e±y√SNN smaller than 10−3 for the nulear gluondistribution.Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 18 / 38



Di�erential ross setion for J/Ψ prodution
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Figure: The rapidity distribution of oherent Ψ(1S)meson photoprodution at √s = 2.76 TeV in PbPbollisions at the LHC (Phys. Rev. C88, 014910 (2013)).

• σdip → RG (x ,Q2)σdip ;
• RG Model 1 → higher nulear shadowing;
• RG Model 2 → small nulear shadowing;
• RG = 1: the ALICE data is overestimate bya fator 2 ;
• In the bakward/forward rapidity ase, theoverestimation is already expeted as a properthreshold fator for x → 1 was not inluded inthe present alulation.
• RG Model 2 is preferred in this analysis.
• ALICE data: Phys. Lett. B718 (2013) 1273 .Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 19 / 38



ResultsRapidity RG = 1 RG Model 1 RG Model 2y = 0 dσ/dy = 4.95mb dσ/dy = 1.68mb dσ/dy = 2.27mbTable: Results.
→ The predition using Model 2 for RG desribes the ALICE data
→ RG = 1 - no shadowing
→ RG Model 1 - dereases 66% and RG Model 2 - dereases 54% therapidity distribution ompared with RG = 1 (for y = 0)
→ RG is onsidered independent of the impat parameterMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 20 / 38



Di�erential ross setion for Ψ′ prodution
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Figure: The rapidity distribution of oherent Ψ(2S)meson photoprodution at √s = 2.76 TeV in PbPbollisions at the LHC (Phys. Rev. C88, 014910 (2013)).
• RG Model 1 → higher nulear shadowing;
• RG Model 2 → small nulear shadowing;
• The theoretial urves follow the samenotation as in the Ψ(1S) ase;
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ResultsRapidity RG = 1 RG Model 1 RG Model 2y = 0 dσ/dy = 0.71mb dσ/dy = 0.24mb dσ/dy = 0.33mbTable: Results.
→ RG = 1 - no shadowing
→ The theoretial preditions follow the general trend as for the 1S state
→ This is the �rst estimate in the literature for the photoprodution of 2Sstate in nuleus-nuleus ollisionsMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 22 / 38



Analyzing the ratio Ψ(2S)/Ψ(1S)At entral rapidities, the presented preditions give the ratioRy=0
ψ =

dσψ(2S)dy /
dσψ(1S)dy (y = 0) = 0.14

→ in the ase RG = 1 with is onsistent with the ratio measured in CDF(Phys. Rev. Lett. 102, 242001 (2009)): 0.14± 0.05 (exlusive harmoniumprodution at 1.96 TeV in pp̄ ollisions)
→ a similar ratio is obtained using Model 1 and Model 2 at entral rapidityas well
→ the ratio is not sensitive to shadowingMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 23 / 38



Preditions for LHC runPredition for the LHC run in PbPb mode at 5.5 TeV:
→ Ψ(2S) ross setion (RG = 1):Coherent:dσohdy (y = 0) = 1.27 mbInoherent:dσindy (y = 0) = 0.27 mb

Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 24 / 38



Di�erential ross setion for inoherent J/Ψ and Ψ′ prodution.
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Figure: The rapidity distribution of inoherent Ψ(1S)(solid line) and Ψ(2S) (dashed line) mesonphotoprodution at √s = 2.76 TeV in PbPb ollisions atthe LHC (Phys. Rev. C88, 014910 (2013)).
• Data from ALICE ollaboration ;
• The result fairly desribes the reent ALICEdata for the inoherent ross setion atmid-rapidity;
• In both ases we only omputed the ase forRG = 1;
• ALICE data: Eur. Phys. J.C (2013) 73:2617.
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Results
Ψ(1S):dσindy (y = 0) = 1.1 mbdσALICEindy (−0.9 < y < 0.9) = 0.98± 0.25 mb
→ the predition good desribes the reent ALICE data
Ψ(2S):dσindy = 0.16 mb
→ For the inoherent ase, the gluon shadowing is weaker than the oherent ase - 20%redution ompared to RG = 1Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 26 / 38



Di�erential ross setion for Υ prodution.
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Figure: The rapidity distribution of Υphotoprodution at √s = 2.76TeV .
• Preditions to LHC 2.76TEV , PbPb ;
• The models CGC and GBW were onsideredto the dipole ross setion;
• BG wavefuntion was used;
• y = 0: dσ/dy ≈ 9µb → the two modelshave approximately equal results in the entralrapidity;
• In the forward/bakward region, the modelspresented slightly di�erent results.
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Quarkonium prodution in pp ollisionsThe rapidity distribution for quarkonium photoprodution is given bydσdy (pp → p ⊗ ψ ⊗ p) = S2gap [ωdNγdω σ(γp → ψ(nS) + p)
+ (y → −y)] , (8)where dNγ(ω)dω =

αem2π ω [1+

(1− 2ω√s)2]
×
(ln ξ − 116 +

3
ξ
− 32ξ2 +

13ξ3) , (9)S2gap = 0.8 → represents the absorptive orretions due to spetator interations between thetwo hadronsMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 28 / 38



γp ross setion
σγ∗p→Vp(s,Q2) = 116πBV ∣

∣A (x ,Q2,∆ = 0)∣∣2 , (10)where the amplitude is
A (x ,Q2,∆) =

∑h,h̄ ∫ dz d2 Ψγh,h̄ Aqq̄(x , r ,∆)ΨV∗h,h̄ , (11)BV → di�rative slope parameterBV (Wγp) = bVel + 2α′ log (WγpW0 )2
α′ = 0.25 GeV−2 and W0 = 95 GeVWγp = 90 GeVbψ(1S)el = 4.99± 0.41 GeV−2 and bψ(2S)el = 4.31± 0.73 GeV−2Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 29 / 38



Ψ(1S) rapidity distribution
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Figure: The rapidity distribution of Ψ(1S)photoprodution at √s = 7TeV (Phys. Rev. D 88,017504, 2013).
• Preditions to LHC 7TEV , pp for forwardregion ;
• The model CGC was onsidered to the dipoleross setion;
• The relative normalization and overallbehavior on rapidity is quite well reprodued inforward regime;
• LHCb data (J. Phys. G 40, 045001, 2013);
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Ψ1S and Ψ(2S) rapidity distribution
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Figure: The rapidity distribution of Ψ(1S) and Ψ(2S)photoprodution at √s = 7TeV (Phys. Rev. D 88,017504, 2013).
• Preditions to LHC 7TEV , pp, inludingmid-rapidity and bakward regions ;
• The model CGC was onsidered to the dipoleross setion;
• Ψ(1S)→ y = 0: dσ/dy ≈ 5.8nb;
• Ψ(2S)→ y = 0: dσ/dy ≈ 0.94nb.
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Total ross setion for forward regionThis predition:
σpp→ψ(2S)(→µ+µ−)(2.0 < ηµ± < 4.5) = 7.7 pbLHC measure (J. Phys. G 40, 045001, 2013):
σpp→ψ(2S)(→µ+µ−)(2.0 < ηµ± < 4.5) = 7.8± 1.6 pb
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Ψ(2S)/Ψ(1S) ratioThis predition:
[ψ(2S)/ψ(1S)]y=0 = 0.16
[ψ(2S)/ψ(1S)]2<y<4.5 = 0.18LHCb determination (J. Phys. G 40, 045001, 2013):
[ψ(2S)/ψ(1S)](2.0 < ηµ± < 4.5) = 0.19± 0.04Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 33 / 38



Di�erential ross setion for Υ prodution.
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Figure: The rapidity distribution of Υphotoprodution at √s = 7TeV .
• Preditions for LHC 7TEV , pp ;
• The models CGC and GBW were onsideredfor the dipole ross setion;
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Summary 1PbPb:The rapidity distributions of oherent and inoherent prodution of mesons Ψ(1S) and Ψ(2S)were alulated in PbPb ollisions using dipole formalism.
• The preditions using RG = 1 are onsistent with other preditions using the same formalism
• The option of small shadowing is preferred in data desription whereas the usual RG = 1 valueoverestimates the entral rapidity ross setion by a fator 2, for the oherent ase
• The predition for the state Ψ(2S) photoprodution in PbPb ollisions is the �rst presented inthe literature
• The present theoretial approah desribes ALICE data for the inoherent ross setion
• The entral rapidity data measured by the ALICE Collaboration for the rapidity distribution ofthe Ψ(1S) state is ruial to onstrain the nulear gluon funtion
• Preditions for Υ photoprodution were presented.Maria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 35 / 38



Summary 2pp:The rapidity distributions of mesons Ψ(1S) and Ψ(2S) prodution were alulated in ppollisions using dipole formalism.
• The preditions for Ψ(1S) rapidity distribution and total ros setion are onsistent withLHCb data
• The ratio Ψ(2S)/Ψ(1S) is also onsistent with LHCb determination in the forward region
• Our preditions are in agreement with the use of olor dipole formalism and with thepredition from Starlight (Phys. Rev. Lett 92, 142003, 2004) and SuperChi (Eur. Phys, J C65, 433, 2010)
• Preditions are done also for Υ photoprodution in pp ollisions at LHC energiesMaria Beatriz Gay Duati (UFRGS) GFPAE Di�ration 2014 36 / 38



Thank You!
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Light Cone Variables
a+ = a0 + a3a− = a0 − a3
~at = (a1, a2)a · b = 12(a+b− + a−b+)− ~at · ~btp− = |~p|2+m2p+ → momentum
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