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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCWhy TCS?GDPs enter fatorization theorems for hard exlusive reations (DVCS,deeply virtual meson prodution, TCS et.), in a similar manner as PDFsenter fatorization theorem for DISFirst moment of GPDs enters the Ji's sum rule for the angular momentumarried by partons in the nuleon,Deeply Virtual Compton Sattering (DVCS) is a golden hannel for GPDsextration,Why TCS: universality of the GPDs, spaelike-timelike rossing andunderstanding the struture of the NLO orretions,Experiments at low energy: CLAS 6 GeV → CLAS 12 GeV, at high energy:COMPASS, RHIC, LHC and AFTER�LHC ?
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Figure: The Feynman diagrams for the Bethe-Heitler amplitude.
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Figure: Handbag diagrams for the Compton proess in the saling limit.
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCInterfereneThe interferene part of the ross-setion for γp → ℓ+ℓ− p with unpolarizedprotons and photons is given at leading order by
dσINT

dQ′2 dt d cos θ dϕ
∼ cosϕ ReH(ξ, t)Linear in GPD's, odd under exhange of the l+ and l− momenta ⇒ angulardistribution of lepton pairs is a good tool to study interferene term.Berger, Diehl, Pire, 2002
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCJLAB 6 GeV dataRafayel Paremuzyan PhD thesis

Figure: e+e− invariant mass distribution vs quasi-real photon energy. For TCSanalysis M(e+e−) > 1.1GeV and sγp > 4.6GeV2 regions are hosen. Left graphrepresents e1-6 data set, right one is from e1f data set.There is more data from g12 data set, soon to be analyzed. 12 GeV upgradeenables exploration of invariant masses up to Q2 = 9GeV2 mass. 10/39
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R =

∫

dφ cosφ dσ
∫

dφ dσ

Figure: Theoretial predition of the ratio R for various GPDs models. Data pointsafter ombining both e1-6 and e1f data sets. 11/39



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCMotivation for NLOWhy do we need NLO orretions to TCS:gluons enter at NLO,DIS versus Drell-Yan: big K-fators log −Q2

µ2
F

→ log Q2

µ2
F

± iπ,reliability of the results, fatorization sale dependene,Belitsky, Mueller, Niedermeier, Shafer, Phys.Lett.B474 ,2000.Pire, Szymanowski, Wagner, Phys.Rev.D83, 2011.General Compton Sattering:
γ∗(qin)N → γ∗(qout)N

′

• DVCS: q2in < 0 , q2out = 0

• TCS: q2in = 0 , q2out > 0

• DDVCS: q2in < 0 , q2out > 0 12/39
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D. Mueller, B. Pire, L. Sz. and J. Wagner, Phys. Rev. D 86The relation between the oe�ient funtions for NLO DVCS and NLO TCS:

TCST q = DV CST q ∗ − iπDV CSCq ∗
coll

TCST g = DV CST g ∗ − iπDVCSCg ∗
coll .
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Figure: The real (left) and imaginary(right) parts of the TCS Compton Form Fator
H multiplied by ξ, as a funtion of ξ in the double distribution model based onMSTW08 parametrization, for µ2

F = Q2 = 4 GeV2 and t = −0.1 GeV2. The shadedbands show the e�et of a one sigma unertainty of the input MSTW08 �t to theparton distributions.
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Figure: The real (left) and imaginary(right) parts of the TCS Compton Form Fator
H multiplied by ξ, as a funtion of ξ in the double distribution model based onMSTW08 parametrization, for µ2

F = Q2 = 4 GeV2 and t = −0.1 GeV2.LO : dotted lineLO + NLO-quark : dashed lineLO + NLO-quark + NLO-gluon: solid line 19/39
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Figure: The real parts of the TCS Compton Form Fator H multiplied by ξ, as afuntion of ξ in the double distribution model, for µ2

F = Q2 = 4 GeV2 and t = −0.1GeV2. GK- left �gure, MSTW- right �gure
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Figure: The real (left) and imaginary(right) parts of the spaelike Compton FormFator H multiplied by ξ, as a funtion of ξ in the double distribution model based onGoloskokov-Kroll parametrization, for µ2
F = Q2 = 4 GeV2 and t = −0.1 GeV2.LO: dotted line LO + NLO-quark: dashed line LO + NLO-quark +NLO-gluon: solid line 21/39



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCDVCS: Observables for JLab
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Figure: From left to right, the total DVCS ross setion in pb/GeV4, the di�erene ofross setions for opposite lepton heliities in pb/GeV4, the orresponding asymmetry,all as a funtion of the usual φ angle (in Trento onventions) for Ee = 11 GeV; µ2
F =

Q2 = 4 GeV2 and t = - 0.2 GeV2. The GPD H(x; ξ; t) is parametrized by the GKmodel. The ontributions from other GPDs are not inluded. The Bethe-Heitlerontribution appears as the dash-dotted line in the ross setion plots (left part)LO: dotted line LO + NLO-quark: dashed line LO + NLO-quark +NLO-gluon: solid line 22/39
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Figure: From left to right: mixed harge-spin asymmetry, mixed harge-spin di�ereneand mixed harge-spin sum in nb/GeV4. The kinematial point is hosen as ξ = 0.05,
Q2 = 4 GeV2, −t = 0.2 GeV2. The GPD H(x; ξ; t) is parametrized by the GK model.The ontributions from other GPDs are not inluded.
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σpp = 2

∫

dn(k)

dk
σγp(k)dk

σγp(k) is the ross setion for the γp → pl+l− proess and k is the γ's energy,and dn(k)
dk

is an equivalent photon �ux.For θ = [π/4, 3π/4], φ = [0, 2π], t = [−0.05GeV2,−0.25GeV2],
Q′

2
= [4.5GeV2, 5.5GeV2], and photon energies k = [20, 900] GeV we get:

σBH
pp = 2.9pb .The Compton ontribution gives:

σTCS
pp = 1.9pb . 24/39
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Figure: E�etive luminosity of the photon �ux from the Au-Au (dashed) andproton-proton (solid) ollisions as a funtion of photon energy k(GeV). 26/39
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Figure: The di�erential ross setions (solid lines) for t = −0.1GeV2, Q′2 = 5GeV2and integrated over θ = [π/4, 3π/4], as a funtion of ϕ. We also display the Compton(dotted), Bethe-Heitler (dash-dotted) and Interferene (dashed) ontributions.Total BH ross setion (for Q ∈ (2, 2.9) GeV, t ∈ (−0.2,−0.05) GeV2,
θ = [π/4, 3π/4] and φ ∈ (0, 2π))
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Figure: The di�erential ross setions (solid lines) for t = −0.1GeV2, Q′2 = 5GeV2and integrated over θ = [π/4, 3π/4], as a funtion of ϕ. We also display the Compton(dotted), Bethe-Heitler (dash-dotted) and Interferene (dashed) ontributions.Total BH ross setion (for Q ∈ (2, 2.9) GeV, t ∈ (−0.2,−0.05) GeV2,
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Ultraperipheral sattering with A Fixed-Target ExpeRiment at the LHC
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Ultraperipheral sattering with A Fixed-Target ExpeRiment at the LHCMotivation for AFTER�LHC:�A Fixed-Target ExpeRiment at the LHC (AFTER�LHC) : luminosities, target polarisation anda seletion of physis studies,� PoS QNP 2012 (2012) 049 [arXiv:1207.3507 [hep-ex℄℄�Ultra-relativisti heavy-ion physis with AFTER�LHC,� arXiv:1211.1294 [nul-ex℄
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCAFTER�LHC KinematisCase 1 : proton beam on lead (Pb) target, √s = 115GeV, ǫ = 1Case 2 : lead (Pb) beam on proton target, √s = 72GeV, ǫ = −1
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCAFTER�LHC KinematisRapidity of the outgoing photon::
y =

1

2
log

q′0 + q′z
q′0 − q′z

= ǫ
1

2
log

[

(Q2 − t)(α+ 1)

Q2(α− 1)− t(α− 1− 2x) + sx2
γ(α+ 1)

]Inverting we get:
dxγ

dy
=

(−2ǫ)(Q2 − t)(α+ 1)e−2ǫy

√

4t2 − 4s(Q2 − t)(α+ 1) ((α− 1)− (α+ 1)e−2ǫy)]

Figure: ∣

∣

∣

dn
dy

∣

∣

∣
,Case 1(solid) and ase 2(dashed). 34/39



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions AFTER�LHCAFTER�LHC Cross-setionsWe onsider Bethe-Heitler, TCS, and Interferene term.They are funtions of spγ , t, Q, φ, θ.We integrate over θ ∈ (π/4, 3π/4), in the region where the TCS/BH is thebest seen.
Figure: Case 1 (p beam on Pb target): dσ

dQ2dtdydφ
in pb/GeV4 for BH(dotted),TCS(solid), Interferene(dashed) as a funtion of y (in CMS) for Q2 = 4GeV2,

t = −0.1GeV2, φ = 0. 35/39
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Figure: Case 2 (Pb beam on p target): dσ
dQ2dtdydφ

in pb/GeV4 for BH(dotted),TCS(solid), Interferene(dashed) as a funtion of y (in CMS) for Q2 = 4GeV2,
t = −0.1GeV2, φ = 0.
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TCS already measured in JLAB 6 GeV, but muh riher and moreinteresting kinematial region available after upgrade to 12 GeV.Big NLO orretions from gluon setor,Better understanding of large terms is needed - fatorization sheme?resummation ?Compton sattering in ultraperipheral ollisions at hadron olliders opens anew way to measure generalized parton distributionsTCS is an experimentally hallenging study at JLab, COMPASS, RHICand LHC, in many ases due to limitations of original detetors
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TCS already measured in JLAB 6 GeV, but muh riher and moreinteresting kinematial region available after upgrade to 12 GeV.Big NLO orretions from gluon setor,Better understanding of large terms is needed - fatorization sheme?resummation ?Compton sattering in ultraperipheral ollisions at hadron olliders opens anew way to measure generalized parton distributionsTCS is an experimentally hallenging study at JLab, COMPASS, RHICand LHC, in many ases due to limitations of original detetorsso we look forward for these studies at AFTER�LHC
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