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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsWhy 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: Kinematial variables and oordinate axes in the γp and ℓ+ℓ− .m. frames.
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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 ollisionsInterfereneThe 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, 2002B-H dominant for small energies;
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsJLAB 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. 10/41
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R =

∫
dφ cosφ dσ∫

dφ dσ

Figure: Theoretial predition of the ratio R for various GPDs models. 11/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsMotivation 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, L.Sz., 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 12/41
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Aµν = −gµνT

∫ 1

−1

dx

[
nF∑

q

T q(x)F q(x) + T g(x)F g(x)

]

+ iǫµνT

∫ 1

−1

dx

[
nF∑

q

T̃ q(x)F̃ q(x) + T̃ g(x)F̃ g(x)

]
,

T q(x) =

[
Cq

0(x) +Cq
1 (x) + ln

(
Q2

µ2
F

)
· Cq

coll(x)

]
− (x → −x) ,

T g(x) =

[
Cg

1 (x) + ln

(
Q2

µ2
F

)
· Cg

coll(x)

]
+ (x → −x) ,

T̃ q(x) =

[
C̃q

0(x) + C̃q
1 (x) + ln

(
Q2

µ2
F

)
· C̃q

coll(x)

]
+ (x → −x) ,

T̃ g(x) =

[
C̃g

1 (x) + ln

(
Q2

µ2
F

)
· C̃g

coll(x)

]
− (x → −x) . 13/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsDiagrams
k−xp

k+ξp k− ξp

k+q

(1)

k −xp

k+ξp k− ξp

k−q

(2)

k + xp

k−ξp k+ ξp

k+q

(3)

k +xp

k−ξp k+ ξp

k−q

(4)

D

C A

B

(5)

Cq

Dq Bq

Aq

(6) 14/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsResults: TCS + DVCS + DDVCSDVCS:Quark oe�ient funtions:
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsDisussion
D. Mueller, B. Pire, L. Sz. and J. Wagner, Phys. Rev. D 86 (2012)The relation between the oe�ient funtions forNLO TCS and NLO DVCS:

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

TCST g = DV CST g ∗ − iπDVCSCg ∗
coll .
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsModels for GPDs
Double distribution + D-term Müller 94, Ji 97, Radyushkin 97,Polyakov, Weiss 99
Fi(x, ξ, t) =

∫ 1

−1

dβ

∫ 1−|β|

−1+|β|

dα δ(β+ξα−x) fi(β, α, t)+DF
i

(
x

ξ
, t

)
Θ(ξ2−x2) ,

• the polynomiality (Lorentz inv.) of the Mellin moments satis�edauthomatially
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsModels for GPDsDouble distribution + D-term Müller 94, Ji 97, Radyushkin 97,Polyakov, Weiss 99
Fi(x, ξ, t) =

∫ 1

−1

dβ

∫ 1−|β|

−1+|β|

dα δ(β+ξα−x) fi(β, α, t)+DF
i

(
x

ξ
, t

)
Θ(ξ2−x2) ,

• the polynomiality (Lorentz inv.) of the Mellin moments satis�edauthomatially
• models for DD fi(β, α, t):

fi(β, α, t) = gi(β, t)hi(β)
Γ(2ni + 2)

22ni+1Γ2(ni + 1)

[(1− |β|)2 − α2]ni

(1− |β|)2ni+1
,the pro�le funtion hi(β) related to forward PDF e.g. hq

val
(β) = qval(β)Θ(β)

gi(β, t) ontrols t−dependene of GPDs 19/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsModels for GPDsOur preditions are based on two models of GPDs:
• Goloskokov-Kroll (GK) modelCTEQ6m PDFs and Regge type t-dependene gi(β, t) = ebit |β|−α′

it

• model based on MSTW08 PDFs and on nuleon e-m. FFs
gu(β, t) =

1

2
Fu
1 (t) ,

gd(β, t) = F d
1 (t) ,

gs(β, t) = gg(β, t) = FD(t) ,where
Fu
1 (t) = 2F p

1 (t) + Fn
1 (t) ,

F d
1 (t) = F p

1 (t) + 2Fn
1 (t) ,

FD(t) = (1− t/M2
V )−2 ,D-term: from hiral soliton model Kivel et al 2001 20/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsTCS: Re vs. Im parts of TCS FF MSTW08H. Moutarde, B. Pire, F. Sabatie, L.Sz. and J. Wagner, �On timelike and spaelike deeplyvirtual Compton sattering at next to leading order,� Phys. Rev. D 87 (2013)
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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 : solid line Full NLO : shaded band(one sigma unertainty of the input MSTW08 �t to the parton distributions) 21/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsTCS: LO vs. NLO-quark vs. NLO-gluon MSTW08
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsObservablesThese CFFs are the GPD dependent quantities whih enter the satteringamplitudesFor DVCS they are de�ned as
A

µν(ξ, t) = −e2
1

(P + P ′)+
ū(P ′)

[
gµν
T

(
H(ξ, t) γ+ + E(ξ, t)

iσ+ρ∆ρ

2M

)

+iǫµν
T

(
H̃(ξ, t) γ+γ5 + Ẽ(ξ, t)

∆+γ5

2M

)]
u(P )Similar relation holds for TCS with ξ replaed by η.
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dσ(l+) + dσ(l−) dσ(l−)− dσ(l+) Asymmetry
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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.BH (left plot): dash-dotted lineLO: dotted line LO + NLO-quark: dashed line LO + NLO-quark +NLO-gluon: solid line 25/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsTCS: Observables for JLab�12GeVCross-setion:�xed t = −0.2GeV2 �xed η = 0.11LO: dotted line LO + full NLO : solid line BH (right plot): dashed line
Figure: left : TCS ontribution to the ross-setion as a funtion of η for
Q2 = µ2 = 4 GeV2, and t = −0.2 GeV2 integrated over θ ∈ (π/4, 3π/4) and over
φ ∈ (0, 2π). Right : TCS and Bethe-Heitler ontributions to the ross-setion as afuntion of t for Q2 = µ2 = 4 GeV2 integrated over θ ∈ (π/4, 3π/4) and over
φ ∈ (0, 2π) for Eγ = 10GeV (η ≈ 0.11).large BH ⇒ need for more di�erential observables 26/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsTCS: Observables for JLab�12GeVAzimuthal-dependent ross-setion:pure BH: dashed line BH + Int LO: dotted line BH + Int NLO : solid line

Figure: The φ dependene of the ross-setion at Eγ = 10 GeV, Q2 = µ2 = 4 GeV2,and t = −0.1 GeV2 integrated over θ ∈ (π/4, 3π/4). 27/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsTCS: Observables for JLab�12GeVObservable linear in ReH:
R(η) =

2
2π∫
0

dφ cosφ dσ

dQ2 dt dφ

2π∫
0

dφ dσ

dQ2 dt dφ

Figure: Ratio R as a funtion of η, for Q2 = µ2
F = 4 GeV2 and t = −0.1 GeV2.LO: dotted line NLO: solid line. 28/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsUltraperipheral ollisions
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 . 29/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsThe interferene ross setion B. Pire, L.Sz, J. Wagner, Phys. Rev. D (2009)
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsUltraperipheral ollisions at RHIC
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Figure: E�etive luminosity of the photon �ux as a funtion of photon energy k(GeV)inAu-Au (dashed line) and proton-proton (solid line) ollisions. 31/41
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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.Compton: dotted line, B-H: dash-dotted line and Interfer.: dashed lineTotal BH ross setion (for Q ∈ (2, 2.9) GeV, t ∈ (−0.2,−0.05) GeV2,
θ = [π/4, 3π/4] and φ ∈ (0, 2π))

σBH = 41µb Rate = 0.04Hz 32/41
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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.Compton: dotted line, B-H: dash-dotted line and Interf.: dashed lineTotal BH ross setion (for Q ∈ (2, 2.9) GeV, t ∈ (−0.2,−0.05) GeV2,
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σBH = 9pb Rate = 5/day 33/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsDVCS: fator. sale dependene Q2
= 4GeV2, t = −0.1GeV2, αs = 0.3
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Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisionsDVCS: fator. sale dependene Q2
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TCS already measured in JLAB 6 GeV, but muh riher and moreinteresting kinematial region available after upgrade to 12 GeV.NLO orretions need to be better understood, speially gluon setor,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 or AFTER�LHC , in many ases due to limitations of originaldetetors

39/41



Timelike Compton Sattering - Introdution Basi properties of TCS, �rst experimental results TCS at NLO Ultraperipheral ollisions
MERCI POUR VOT RE AT T ENT ION !

40/41


	Timelike Compton Scattering - Introduction
	Basic properties of TCS, first experimental results
	TCS at NLO
	Ultraperipheral collisions

