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LO TCS NLO orretionsMotivationIn 80's, lot of studies of INCLUSIVE:DIS versus Drell-Yan
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• parton model from QCD fatorization
• CFDIS(q2 < 0) with SPACELIKE γ∗ versusCFDY (q2 > 0) with TIMELIKE γ∗

• at NLO order: 1-loop orretions to CFDY (q2 > 0) are very bigneessity of resummation to all orders before omparison with data 2 / 45



LO TCS NLO orretionsMotivationNow: intensive studies of EXCLUSIVE proesses
• Deeply Virtual C ompton Sattering (DVCS) with q2 < 0, i.e. withSPACELIKE γ∗ high energies: DESY: H1 and ZEUS; EICmedium energies: HERMES, JLAB
• within ongoing, aepted and planned Drell-Yan (DY) programs with
q2 > 0, i.e. with TIMELIKE γ∗high energies: ultraperipheral sattering at LHC and RHIC, COMPASSmedium energies: HERMES, JLAB�12GeV, GSI-FAIR 3 / 45



LO TCS NLO orretionsMotivationTwo phenomenologially important EXCLUSIVE proesses:DVCS versus Timelike Compton Sattering (TCS)
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• QCD fatorization with Generalized Parton Distributions (GPDs)
• CFDV CS(q2 < 0) known at NLO sine 98 Mankiewiz et al, Belitsky et al
• CFTCS(q2 > 0) at NLO derived in 2011 B. Pire et al Phys. Rev. D83
• resummation of large ontributions in EXCLUSIVE proesses in progress 4 / 45



LO TCS NLO orretionsMotivationAdditional phenomenologially important EXCLUSIVE proess:Double Deeply Virtual Compton Sattering (DDVCS)Guidal et al Phys. Rev. Lett. 90 (2003)
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2q 2 < 0
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CF

• analysis started by HERMES, soon in JLab
• CFDDV CS(q2 > 0) at NLO derived in 2011 B. Pire et al Phys. Rev. D83 5 / 45



LO TCS NLO orretionsKinematis of TCS
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Figure: Real photon-proton sattering into a lepton pair and a proton.
γ(q)N(p) → γ∗(q′)N(p′) → l−(k)l+(k′)N(p′)at small t = (p′ − p)2 and large timelike virtuality (k + k′)2 = q′2 = Q′2 of the�nal state dileptonExperiments:

• high energies: at LHC, RHIC small-x physisas ultraperipheral sattering (with B-W real γ's)
• lower energies: JLab 6 / 45



LO TCS NLO orretions
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Figure: Kinematial variables and oordinate axes in the γp and ℓ+ℓ− .m. frames.
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LO TCS NLO orretionsThe Bethe-Heitler ontributionpurely eletromagneti ontribution
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Figure: The Feynman diagrams for the Bethe-Heitler amplitude.
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LO TCS NLO orretionsThe Compton ontribution Born ontribution
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  Figure: Handbag diagrams for the Compton proess in the saling limit. Theplus-momentum frations x, ξ, η refer to the average proton momentum 1
2
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LO TCS NLO orretionsQuark (unpolarised) GPDs:
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LO TCS NLO orretionsthe Compton form fators:
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.Ẽq(x, η, t)For example: Mλ′ λγ∗

,λ λγ

M+−,+−
˛

˛

˛

TCS
=

p

1 − η2(H1(−η, η, t) + H̃1(−η, η, t) − η2

1 − η2
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LO TCS NLO orretionsModelizing GPDs for Ultraperipheral Collisions (UPC) small-xFatorized ansatz for t-dependene:
Hu(x, η, t) = hu(x, η)
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LO TCS NLO orretionsFor the unpolarized distributions q(x) and q̄(x) we take NLO(MS) GRVGJR2008 parametrization.They have strong dependene of the fatorization sale hoie for small x:
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F = 4 (dotted) , 5 (dashed) , 6 (dash-dotted) , 10 (solid) GeV2.
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LO TCS NLO orretionsThis results in the strong dependene of hq for small values of η:
0.004 0.005 0.006 0.007 0.008 0.009 0.01

100

110

120

130

140

150

160

170

x

HaL

10-6 2×10-6 5×10-6 10-5

100 000

200 000

300 000

400 000

500 000

x

HbL

Figure: hu
+(x, η) = hu(x, η) − hu(−x, η) for η = 10−2 (a) and for η = 10−5 (b) fordi�erent fatorization sales µ2
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LO TCS NLO orretionsB-H ross setion at UPC
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Figure: (a) The BH ross setion integrated over θ ∈ [π/4, 3π/4], ϕ ∈ [0, 2π] ,
Q′2 ∈ [4.5, 5.5] GeV2, |t| ∈ [0.05, 0.25] GeV2, as a funtion of γp .m. energy squared
s. (b) The BH ross setion integrated over ϕ ∈ [0, 2π] , |t| ∈ [0.05, 0.25] GeV2, andvarious ranges of θ : [π/3, 2π/3] (dotted), [π/4, 3π/4] (dashed) and [π/6, 5π/6](solid), as a funtion of Q′2 for s = 105 GeV2
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LO TCS NLO orretionsTCS ross setion at UPC
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Figure: σTCS as a funtion of γp .m. energy squared s, for GRVGJR2008 LO (a)and NLO (b) parametrizations, for di�erent fatorization sales µ2
F = 4 (dotted), 5(dashed), 6 (solid) GeV2.For very high energies σTCS alulated with µ2
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LO TCS NLO orretionsThe interferene ross setion at UPC
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LO TCS NLO orretionsRate estimates for UPC
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LO TCS NLO orretionsTCS at lower energies Berger, Diehl, Pire, 2002
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Figure:B-H dominant; TCS dominated by quark GPDsCharge asymmetry ∼ interferene of B-H and TCS 19/ 45



LO TCS NLO orretionsTCS at lower energiesNLO orretions neessary: R =
R

dφ cos(φ)dσ
R
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Figure:
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LO TCS NLO orretionsNLO orretions
γ∗(qin)N → γ∗(qout)N

′DVCS versus TCS versus DDVCS:
• DVCS: q2in < 0 , q2out = 0

• TCS: q2in = 0 , q2out > 0

• DDVCS: q2in < 0 , q2out > 0Why NLO orretions of TCS are interested:
• at high energies gluons important, they enter at NLO
• DIS versus Drell-Yan: big K-fators log −Q2

µ2
F

→ log Q2

µ2
F

± iπ

• dependene (strong ?? or weak ??) on the fatorization sale µF

• DVCSunphysicalregion ξ → ξ − iε DVCSphysicalregionin TCS and DDVCS it is not enough 21/ 45



LO TCS NLO orretionsKinematis in Ji's (symmetri) notationinoming photon qin = (q − ξp) outgoing photon (qout = q + ξp)inoming proton P = (1 + ξ)p outgoing proton P ′ = (1 − ξ)p

p = p+(1, 0, 0, 1) ,

n =
1

2p+
(1, 0, 0,−1) ,

q = −xBp+
Q2

2xB

nso: pn = 1, s = (p+ q)2 = 1−xB

xB
Q2 and xB = Q2

s+Q2

q2in = −Q2(1 +
ξ

xB

) q2out = −Q2(1 − ξ

xB

)DVCS: xB = ξ, Q2 > 0 TCS: xB = −ξ, Q2 = −Q′2 < 0DDVCS: 0 < xB < ξ and Q2 > 0 OR 0 > xB > −ξ and Q2 < 0 22/ 45



LO TCS NLO orretionsAmplitude:
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LO TCS NLO orretionsDiagrams

Figure: Self energy orretion to qγ → qγ sattering amplitude
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LO TCS NLO orretions

Figure: Right vertex orretion to qγ → qγ sattering amplitude
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LO TCS NLO orretions

Figure: Box diagram orretion to qγ → qγ saterring amplitude
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LO TCS NLO orretions
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LO TCS NLO orretions
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(6)Figure: Seond group of diagrams desribing γg → γg sattering.
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LO TCS NLO orretionsResults: TCS + DVCS + DDVCSTCS:Quark oe�ient funtions:
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LO TCS NLO orretionsGluon oe�ient funtions:
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LO TCS NLO orretionsDisussion
• DVCS: the imaginary parts from ξ → ξ − iε

• TCS:
• part of imaginary parts from ξ → ξ + iε

• there appear e.g. log2(−2 − iε) whih ontribute to imaginary parts
• in DVCS the imaginary part are in DGLAP regionin TCS they are in DGLAP AND ERBL

• at LO: Cq

0(DV CS) = Cq

0(TCS)
∗at NLO: Cq

coll(DV CS) = Cq

coll(TCS)
∗ and Cg

coll(DV CS) = Cg

coll(TCS)
∗
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LO TCS NLO orretionsNLO quark:
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LO TCS NLO orretionsquark ratio: Rq =
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Figure: Real (solid line) and imaginary (dashed line) part of the ratio Rq of the NLOquark oe�ient funtion to the Born term in Timelike Compton Sattering (up) andDeeply Virtual Compton Sattering (down) as a funtion of x in the ERBL (left) andDGLAP (right) region for ξ = 0.3, for µ2
F = |Q2|. 33/ 45



LO TCS NLO orretionsanother quark ratio: Rq
T−S =
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Figure: Real (solid line) and imaginary (dashed line) part of the ratio Rq
T−S

ofdi�erene of NLO quark oe�ient funtions to the LO oe�ient funtions in theTCS and DVCS as a funtion of x in the DGLAP region for ξ = 0.3. 34/ 45



LO TCS NLO orretionsgluoni ratios:
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Figure: Ratio of the real (solid line) and imaginary (dashed line) part of the NLOgluon oe�ient funtion in TCS to the same quantity in DVCS as a funtion of x inthe DGLAP region for ξ = 0.05 for µ2
F = |Q2|.
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LO TCS NLO orretionsFatorisation sale dependene of quark CF:
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Figure: Fatorization sale dependene of the real (left) and imaginary (right) parts ofratio Rq of NLO quark orretion to hard sattering amplitudes to Born leveloe�ient funtion of the Timelike Compton Sattering as a funtion of x in theDGLAP region for ξ = 0.05. The ratios are plotted for the values of |Q2|

µ2
F

equal 0.5(dashed), 1 (solid) and 2 (dash-dotted line).
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LO TCS NLO orretionsFatorisation sale dependene of gluoni CF:
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Figure: Ratios of the real (left) and imaginary (right) parts of NLO gluon oe�ientfuntion for |Q2| = 1/2µ2
F (solid line) and |Q2| = 2µ2

F (dashed line) to the samequantities with |Q2| = µ2
F . Those quantities are alulated for the timelike Comptonsattering and plotted as a funtion of x in the DGLAP region for ξ = 0.05.
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LO TCS NLO orretionsEstimates for DVCS
ξ dependene of Compton form fators for DVCS with GPDs obtained fromdouble distributionsolid line: LO Re Hudotted line: LO Im Hudashed line: Full NLO Re Hudot-dashed line: Full NLO Im Hu
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Figure: Double distr. with PDF by Goloskokov-Kroll for Q2 = 4GeV2, µF = Q and
t = 0 38/ 45



LO TCS NLO orretionsEstimates for DVCS ntd
ξ dependene of Compton form fators for DVCS with GPDs obtained fromdouble distributionsolid line: LO Re Hudotted line: LO Im Hu dashed line: Full NLO Re Hudot-dashed line: Full NLO Im Hu

10-5 10-4 0.001 0.01 0.1 1

10

1000

105

Figure: Double distr. with PDF by MSTW for Q2 = 4GeV2, µF = Q and t = 0 39/ 45



LO TCS NLO orretionsEstimates for DVCS ntd
ξ dependene of Compton form fators for DVCS with GPDs obtained fromdouble distribution obtained with MSTW PDFs

CFF = LO + NLO Ratio =
NLO
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Figure: Ratios of NLO orretion to Born ontribution for imaginary (left �gure) andreal (right �gure) parts for Q2 = 4GeV2, µF = Q, t = 0 40/ 45



LO TCS NLO orretionsEstimates for TCS
ξ dependene of Compton form fators for TCS with GPDs obtained fromdouble distribution obtained with MSTW PDFs

CFF = LO + NLO Ratio =
NLO
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Figure: Ratios of NLO orretion to Born ontribution for imaginary (left �gure) andreal (right �gure) parts for Q2 = 5GeV2, µF = Q, t = 0 41/ 45



LO TCS NLO orretionsResummation of large termsReminder: INCLUSIVE DIS vs. DY ase G. Parisi Phys. Lett. 90B (1980)
σn

DY = σn
PM R(α, n)

R(α, n) = 1 +
α(Q2)

2π
f(n) + O(α2(Q2))

σn
DY moments in τ = Q2/s
σn

PM preditions of naive parton model at q2 = −Q2

f(n) ∼ 4

3

„

4

3
π2 + 2 ln2 n

« for n >> 1

π2 terms: analyti ontinuation from q2 < 0 to q2 > 0
ln2 n terms: soft gluons

=⇒ large terms exponentiate into quark e-m. form fator
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LO TCS NLO orretionsResummation of large termsReminder: INCLUSIVE DIS vs. DY ase G. Parisi Phys. Lett. 90B (1980)
σn

DY = σn
PM R(α, n)

R(α, n) = 1 +
α(Q2)
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„
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π2 + 2 ln2 n

« for n >> 1

π2 terms: analyti ontinuation from q2 < 0 to q2 > 0
ln2 n terms: soft gluons

=⇒ large terms exponentiate into quark e-m. form fatorResummation in ase of EXCLUSIVE proesses:e.g. DVCS vs. TCS ase: no results work in progress 43/ 45



LO TCS NLO orretionsConlusions of the NLO part:
• new results: NLO orretions to DVCS, TCS and to DDVCS
• orretions seem to be big ...
• better understanding of large terms (π2, ??) is needed resummation
• realisti phenomenology needed: (in progress)

• realisti GPD onvoluted with our NLO CFs
• alulation of relevant observables
• NICE DATA FROM LHC, RHIC and JLab ON TCS, DDVCSARE VERY NEEDED !!
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