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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionQCD QCDQuantum hromodynamis (QCD) is THE theory of strong interation, one ofthe four elementary interations of the universeit is a relativisti quantum �eld theory of Yang-Mills type (with an SU(3)gauge group)
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July 2009the quarks and gluonselementary �elds are on�ned in hadrons:mesons (π, η, f0, ρ, ω · · · )
|qq̄〉 + |qq̄g〉 + |qqqq̄〉 + · · ·baryons (p, n, N, ∆ · · · )

|qqq〉 + |qqqg〉 + |qqqqq̄〉 + · · ·in ontrast with eletrodynamis,strong interation inreases with distane,or equivalently dereases when energyinreases: this phenomena is alled asymptotial freedom
coupling αs(Q)≪ 1 for Q≫ ΛQCD ≃ 200 MeV 2 /51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionQCD in pratie What to do with QCD?How however desribe and understand the internal struture of hadrons,starting from their elementary onstituents?In the non-perturbative domain, the two available tools are:Chiral perturbation theory: systemati expansion based on the fat that uand d quarks have a very small mass, the π mass being an expansionparameter outside the hiral limitDisretization of QCD on a 4-d lattie: numerial simulationsCan one extrat information reduing the proess to interations involvinga small number of partons (quarks, gluons), despite on�nement?This is possible if the onsidered proess is driven by short distanephenomena (d ≪ 1 fm)
=⇒ αs ≪ 1 : Perturbative methodsOne should hit strongly enough a hadronExample: eletromagneti probe and form fatorPSfrag replaements e− e−

γ∗

p

p

hard partoni proess
τ eletromagneti interation ∼ τ parton life time after interation

≪ τ arateristi time of strong interation 3 /51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionHard proesses in QCD Hard proesses in QCDThis is justi�ed if the proess is governed by a hard sale:virtuality of the eletromagneti probein elasti sattering e± p → e± pin Deep Inelasti Sattering (DIS) e± p → e±Xin Deep Virtual Compton Sattering (DVCS) e± p → e± p γTotal enter of mass energy in e+e− → X annihilation
t-hannel momentum exhange in meson photoprodution γ p → M pA preise treatment relies on fatorization theoremsThe sattering amplitude is desribed by the onvolution of the partoniamplitude with the non-perturbative hadroni ontentPSfrag replaements e− e−

γ∗

p

p

hard partoni proess
p
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionDIS Aessing to the perturbative proton ontentexample: DISPSfrag replaements
e−

e−

γ∗

hard partoni proess
xB p

p X

sγ∗p = (q∗γ + pp)
2 = 4E2

c.m.

Q2 ≡ −q2γ∗ > 0

xB = Q2

2 pp·q∗γ
≃ Q2

sγ∗p

xB = proton momentum fration arried by the sattered quark
1/Q = transverse resolution of the photoni probe ≪ 1/ΛQCD 5 /51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionDIS The various regimes governing the perturbative ontent of the proton
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�usual� regime: xB moderate ( xB & .01):Evolution in Q governed by the QCD renormalization group(Dokshitser, Gribov, Lipatov, Altarelli, Parisi equation)
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LLQ NLLQperturbative Regge limit: sγ∗p →∞ i.e. xB ∼ Q2/sγ∗p → 0in the perturbative regime (hard sale Q2)(Balitski Fadin Kuraev Lipatov equation) 6 /51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionFrom inlusive to exlusive proessesAn very important e�ort is being realized in order to get aess to the hadronstruture through exlusive proesses
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionFrom inlusive to exlusive proesses Experimental e�ortGoing from inlusive to exlusive proesses is di�ult: exlusive proesses = rare!High luminosity aelerators and high-performane detetion failitiesHERA (H1, ZEUS), HERMES, JLab�6 GeV (Hall A, CLAS), BaBar, Belle, BEPC-II (BES-III)future: LHC, COMPASS-II, JLab�12 GeV, Super-B, EIC, ILCWhat to do, and where?Proton form fator: JLab�6 GeV future: PANDA (timelike proton form fatorthrough pp̄ → e+e−)
e+e− in γ∗γ single-tagged hannel: Transition form fator γ∗γ → π, exotihybrid meson prodution BaBar, Belle, BES,...Deep Virtual Compton Sattering (GPD)HERA (H1, ZEUS), HERMES, JLab�6 GeVfuture: JLab�12GeV, COMPASS-II, EICNon exoti and exoti hybrid meson eletroprodution (GPD and DA), et...NMC (CERN), E665 (Fermilab), HERA (H1, ZEUS), COMPASS, HERMES, CLAS(JLab)TDA (PANDA at GSI)TMDs (BaBar, Belle, COMPASS, ...) (see talk of C. Loré)Di�rative proesses, inluding ultraperipheral ollisionsLHC (with or without �x target), ILC 8 /51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionFrom inlusive to exlusive proesses Theoretial e�ortsVery important theoretial developments during the last deadeKey words:DAs, GPDs, GDAs, TDAs ... TMDsFundamental tools:At medium energies (for a partile physiist!):JLab, HERMES, COMPASS, BaBar, Belle, PANDA, Super-Bollinear fatorizationAt asymptotial energies:HERA, Tevatron, LHC, ILC (EIC and COMPASS at the boundary)
kT -fatorization 9 /51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionExtensions from DISDIS: inlusive proess → forward amplitude (t = 0) (optial theorem)(DIS: Deep Inelasti Sattering)ex: e±p → e±X at HERAStruture Funtion= Coe�ient Funtion ⊗ Parton Distribution Funtion(hard) (soft)DVCS: exlusive proess → non forward amplitude (−t≪ s = W 2)(DVCS: Deep Vitual Compton Sattering)Amplitude= Coe�ient Funtion ⊗ Generalized Parton Distribution(hard) (soft)Müller et al. '91 - '94; Radyushkin '96; Ji '97 10/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionExtensions from GPDMeson prodution: γ replaed by ρ, π, · · ·Amplitude= GPD ⊗ CF ⊗ Distribution Amplitude(soft) (hard) (soft)Collins, Frankfurt, Strikman '97; Radyushkin '97Crossed proess: s≪ −tAmplitude= Coe�ient Funtion ⊗ Generalized Distribution Amplitude(hard) (soft)PSfrag replaements
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Q2 hadronhadronGDACFDiehl, Gousset, Pire, Teryaev '98 11/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionExtensions from GPDStarting from usual DVCS, one allows: initial hadron 6= �nal hadron (inthe same otuplet): transition GPDsEven less diagonal:baryoni number (initial state) 6= baryoni number (�nal state) → TDAExample: PSfrag replaements
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dPire, Szymanowski '05whih an be further extended by replaing the outoing γ by any hadroni stateAmplitude = Transition Distribution Amplitude ⊗ CF ⊗ DA(soft) (hard) (soft)Lansberg, Pire, Szymanowski '06 12/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionIntrodutionExtensions from GPD TDA at PANDAPSfrag replaements
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionColinear fatorizationA bit more tehnial: DVCS and GPDsTwo steps for fatorizationmomentum fatorization: light-one vetor dominane for Q2 →∞

p1, p2 : the two light-one diretions 8

<
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⇒ M = GPD⊗ Hard partMüller et al. '91 - '94; Radyushkin '96; Ji '97 14/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorization
ρ−meson prodution: from the wave funtion to the DAWhat is a ρ−meson in QCD?It is desribed by its wave funtion Ψ whih redues in hard proesses to itsDistribution AmplitudePSfrag replaements
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F )(see Chernyak, Zhitnitsky '77; Brodsky, Lepage '79; Efremov, Radyushkin '80; ... in thease of form-fators studies) 15/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorizationMeson eletroprodution: fatorization with a GPD and a DAPSfrag replaements
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorizationMeson eletroprodution: fatorization with a GPD and a DAThe building bloksPSfrag replaements Q2
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Γ, Γ′ : Dira matries ompatiblewith quantum numbers: C, P, T, hiralitySimilar struture for gluon exhange 17/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorizationMeson eletroprodution: fatorization with a GPD and a DAThe building bloks PSfrag replaements Q2
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorizationTwist 2 GPDs Physial interpretation for GPDs
ξ−x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ

Emission and reabsoptionof an antiquark
∼ PDFs for antiquarksDGLAP-II region Emission of a quark andemission of an antiquark

∼ meson exhangeERBL region Emission and reabsoptionof a quark
∼ PDFs for quarksDGLAP-I region 19/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorizationTwist 2 GPDs Classi�ation of twist 2 GPDsFor quarks, one should distinguish the exhangeswithout heliity �ip (hiral-even Γ′ matries): 4 hiral-even GPDs:
Hq ξ=0,t=0−−−−−−→ PDF q, Eq, H̃q ξ=0,t=0−−−−−−→ polarized PDFs ∆q, Ẽq
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionCollinear fatorizationTwist 2 GPDs Classi�ation of twist 2 GPDsanalogously, for gluons:4 gluoni GPDs without heliity �ip:
Hg ξ=0,t=0−−−−−−→ PDF x g
Eg

H̃g ξ=0,t=0−−−−−−→ polarized PDF x∆g
Ẽg4 gluoni GPDs with heliity �ip:
Hg

T
Eg

T

H̃g
T

Ẽg
T(no forward limit reduing to gluons PDFs here: a hange of 2 units of heliityannot be ompensated by a spin 1/2 target) 21/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonQuark model and meson spetrosopyspetrosopy: ~J = ~L+ ~S ; negleting any spin-orbital interation
⇒ S, L = additional quantum numbers to lassify hadron states

~J 2 = J(J + 1) , ~S 2 = S(S + 1) , ~L 2 = L(L+ 1),with J = |L− S| , · · · , L+ SIn the usual quark-model: meson = qq̄ bound state with
C = (−)L+S and P = (−)L+1.Thus:

S = 0 , L = J, J = 0, 1, 2, ... : JPC = 0−+(π, η), 1+−(h1, b1), 2−+, 3+−, ...
S = 1 , L = 0 , J = 1 : JPC = 1−−(ρ, ω, φ)

L = 1 , J = 0, 1, 2 : JPC = 0++(f0, a0), 1++(f1, a1), 2++(f2, a2)
L = 2 , J = 1, 2, 3 : JPC = 1−−, 2−−, 3−−

...

⇒ the exoti mesons with JPC = 0−−, 0+−, 1−+, · · · are forbidden 22/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonExperimental andidates for light hybrid mesons (1)three andidates:
π1(1400)GAMS '88 (SPS, CERN): in π− p → η π0 n (through η π0 → 4γ mode)M= 1406 ± 20 MeV Γ = 180 ± 30 MeVE852 '97 (BNL): π− p → η π− pM=1370 ± 16 MeV Γ = 385 ± 40 MeVVES '01 (Protvino) in π− Be → η π−Be, π− Be → η′ π− Be,

π− Be → b1 π− BeM = 1316 ± 12 MeV Γ = 287 ± 25 MeVbut resonane hypothesis ambiguousCrystal Barrel (LEAR, CERN) '98 '99 in p̄ n → π− π0 η and p̄ p → 2π0 η(through πη resonane)M=1400 ± 20 MeV Γ = 310 ± 50 MeVand M=1360 ± 25 MeV Γ = 220 ± 90 MeV 23/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonExperimental andidates for light hybrid mesons (2)
π1(1600)E852 (BNL): in peripheral π−p → π+π−π−p (through ρπ− mode) '98 '02,M = 1593 ± 8 MeV Γ = 168 ± 20 MeV π−p → π+π−π−π0π0p (in

b1(1235)π−→ (ωπ0)π− → (π+π−π0)π0π− '05 and f1(1285)π− '04modes), in peripheral π−p through η′π− '01M = 1597 ± 10 MeV Γ = 340 ± 40 MeVbut E852 (BNL) '06: no exoti signal in π−p → (3π)−p for a larger sampleof data!VES '00 (Protvino): in peripheral π−p through η′π− '93, '00, ρ(π+π−)π−'00, b1(1235)π− → (ωπ0)π− '00Crystal Barrel (LEAR, CERN) '03 p̄p → b1(1235)ππCOMPASS '10 (SPS, CERN): di�rative dissoiation of π− on Pb targetthrough Primakov e�et π−γ → π−π−π+ (through ρπ− mode)M = 1660 ± 10 MeV Γ = 269 ± 21 MeV
π1(2000): seen only at E852 (BNL) '04 '05 (through f1(1285)π− and
b1(1235)π

−) 24/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonWhat about hard proesses?Is there a hope to see suh states in hard proesses, with high ountingrates, and to exhibit their light-one wave-funtion?hybrid mesons = qq̄g states T. Barnes '77; R. L. Ja�e, K. Johnson, and Z.Ryzak, G. S. Balipopular belief: H = qq̄g ⇒ higher Fok-state omponent ⇒ twist-3
⇒ hard eletroprodution of H versus ρ suppressed as 1/QThis is not true!! Eletroprodution of hybrid is similar toeletroprodution of usual ρ−meson: it is twist 2 dominatedI. V. Anikin, B. Pire, O. V. Teryaev, L. Szymanowski, S.W.Phys.Rev.D70 (2004) 011501Phys.Rev.D71 (2005) 034021Eur.Phys.J.C42 (2005) 163Eur.Phys.J.C47 (2006) 71-79. 25/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonDistribution amplitude of exoti hybrid mesons at twist 2One may think that to produe |qq̄g〉, the �elds Ψ, Ψ̄, A should appearexpliitly in the non-loal operator O(Ψ, Ψ̄A)

PSfrag replaements
H

Φqq̄gIf one tries to produe H = 1−+ from a loal operator, the dominantoperator should be Ψ̄γµGµνΨ of twist = dimension - spin = 5 - 1 = 4It means that there should be a 1/Q2 suppression in the produtionamplitude of H versus the usual ρ-prodution (whih is twist 2 dominated)But ollinear approah desribes hard exlusive proesses in terms ofnon-loal light-one operators, among whih are the twist 2 operator
ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)where [−z/2; z/2] is a Wilson line, neessary to full�l gauge invariane (i.e.a �olor tube� between q and q̄) whih thus hides gluoni degrees of freedom:the needed gluon is there, at twist 2. This does not requires to introdueexpliitely A! 26/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonDistribution amplitude and quantum numbers: C-parityDe�ne the H DA as (for long. pol.)
〈H(p, 0)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉˛

˛

˛

˛

˛

z2 =0
z+=0
z⊥=0

= ifHMHe
(0)
µ

1
R

0

dy ei(ȳ−y)p·z/2φH
L (y)Expansion in terms of loal operators

〈H(p, λ)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉 =
X

n

1

n!
zµ1 ..zµn 〈H(p, λ)|ψ̄(0)γµ

↔

Dµ1
..
↔

Dµn ψ(0)|0〉,

C−parity: 

H selets the odd-terms: CH = (−)
ρ selets even-terms: Cρ = (−)

〈H(p,λ)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉 =
X

n odd

1

n!
zµ1 ..zµn 〈H(p, λ)|ψ̄(0)γµ

↔

Dµ1
..
↔

Dµn ψ(0)|0〉Speial ase n = 1: Rµν = S(µν)ψ̄(0)γµ

↔

Dν ψ(0)S(µν) = symmetrization operator: S(µν)Tµν = 1
2
(Tµν + Tνµ) 27/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonNon perturbative imput for the hybrid DAWe need to �x fH (the analogue of fρ)This is a non-perturbative imputLattie does not yet give informationThe operator Rµν is related to quark energy-momentum tensor Θµν :

Rµν = −iΘµνRely on QCD sum rules: resonane for M ≈ 1.4 GeVI. I. Balitsky, D. Diakonov, and A. V. Yung
fH ≈ 50MeV

fρ = 216MeVNote: fH evolves aording to the γQQ anomalous dimension
fH(Q2) = fH

„

αS(Q2)

αS(M2
H)

«K1

K1 =
2 γQQ(1)

β0
, 28/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonCounting rates for H versus ρ eletroprodution: order of magnitudeRatio:
dσH(Q2, xB, t)

dσρ(Q2, xB, t)
=

˛

˛

˛

˛

fH

fρ

(euH−uu − edH−dd)V(H,−)

(euH+
uu − edH+

dd)V(ρ,+)

˛

˛

˛

˛

2Rough estimate:neglet q̄ i.e. x ∈ [0, 1]

⇒ ImAH and ImAρ are equal up to the fator VMNeglet the e�et of ReA
dσH(Q2, xB, t)

dσρ(Q2, xB, t)
≈

„

5fH

3fρ

«2

≈ 0.15More preise study based on Double Distributions to model GPDs +e�ets of varying µR: order of magnitude unhangedThe range around 1400 MeV is dominated by the a2(1329)(2
++)resonanepossible interferene between H and a2identi�ation through the πη GDA, main deay mode for the π1(1400)andidate, through angular asymmetry in θπ in the πη ms 29/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonHybrid meson prodution in e+e− ollidersHybrid an be opiously produed in γ∗γ, i.e. at e+e− olliders with onetagged out-going eletronPSfrag replaements
γ∗

γ

e±

e±

H0
BaBar, Belle, Super-BThis an be desribed in a hard fatorization framework:PSfrag replaements

γ∗

γ

H0
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PSfrag replaements
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PSfrag replaements
γ∗

γ

+

PSfrag replaements
γ∗

γ 30/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsEletroprodution of an exoti hybrid mesonCounting rates for H0 versus π0Fatorization gives:
Aγγ∗→H0

(γγ∗ → HL) = (ǫγ · ǫ∗γ)
(e2u − e2d)fH

2
√

2

1
Z

0

dzΦH(z)

„

1

z̄
− 1

z

«Ratio H0 versus π0:
dσH

dσπ0 =

˛

˛

˛

˛

˛

˛

˛

˛

˛

fH

1
R

0

dz ΦH(z)
`

1
z
− 1

z̄

´

fπ

1
R

0

dz Φπ(z)
`

1
z

+ 1
z̄

´

˛

˛

˛

˛

˛

˛

˛

˛

˛

2This gives, with asymptotial DAs (i.e. limit Q2 →∞):
dσH

dσπ0 ≈ 38%still larger than 20% at Q2 ≈ 1 GeV2 (inluding kinematial twist-3 e�etsà la Wandzura-Wilzek for the H0 DA) and similarly
dσH

dση
≈ 46% 31/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsSpin transversity in the nuleon What is transversity?Tranverse spin ontent of the proton:
| ↑〉(x) ∼ | →〉+ | ←〉
| ↓〉(x) ∼ | →〉 − | ←〉spin along x heliity stateAn observable sensitive to heliity spin �ip gives thus aess to thetransversity ∆T q(x), whih is very badly known (�rst data have reentlybeen obtained by COMPASS)The transversity GPDs are ompletely unknownChirality: q±(z) ≡ 1

2
(1± γ5)q(z) ave q(z) = q+(z) + q−(z)Chiral-even: hirality onserving

q̄±(z)γµq±(−z) et q̄±(z)γµγ5q±(−z)Chiral-odd: hirality reversing
q̄±(z) · 1 · q∓(−z), q̄±(z) · γ5 · q∓(−z) et q̄±(z)[γµ, γν ]q∓(−z)For a massless (anti)partile, hirality = (-)heliityTransversity is thus a hiral-odd quantityQCD and QED are hiral even ⇒A ∼ (Ch.-odd)1 ⊗ (Ch.-even)2 32/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsSpin transversity in the nuleon How to get aess to transversity?The dominant DA for ρT is of twist 2 and hiral-odd ([γµ, γν ] oupling)Unfortunately γ∗N↑ → ρT N
′ = 0this is true at any order in perturbation theory (i.e. orretions as powers of

αs), sine this would require a transfer of 2 units of heliity from theproton: impossible! Collins, Diehl '00diagrammati argument at Born order:
PSfrag replaements γ∗

N N ′

ρTGPDPSfrag replaements γ∗

N N ′

ρTGPD vanishes: γα[γµ, γν ]γα = 0Diehl, Gousset, Pire '99 33/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsSpin transversity in the nuleon Can one irumvent this vanishing?This vanishing is true only a twist 2At twist 3 this proess does not vanishHowever proesses involving twist 3 DAs may fae problems withfatorization (end-point singularities: see later)The problem of lassi�ation of twist 3 hiral-odd GPDs is still open:Pire, Szymanowski, S.W. in progress, in the spirit of ourLight-Cone Collinear Fatorization framework reently developped(Anikin, Ivanov, Pire, Szymanowski, S. W.)
34/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionA few appliationsSpin transversity in the nuleon
γN → π+ρ0

TN
′ gives aess to transversityFatorization à la Brodsky Lepage of γ + π → π + ρ at large s and �xedangle (i.e. �xed ratio t′/s, u′/s)

=⇒ fatorization of the amplitude for γ +N → π + ρ+N ′ at large M2
πρ

PSfrag replaements
z

z̄

γ

π

π

ρ

TH

t′

s
−→

PSfrag replaements
γ

TH

t′

π+ hiral-even twist 2 DA
ρ0

T hiral-odd twist 2 DAM2
πρ

x + ξ x − ξ

N
GPDs

N ′

t ≪ M2
πρ hiral-odd twist 2 GPDa typial non-vanishing diagram:PSfrag replaementshiral-even twist 2 DAhiral-odd twist 2 DAhiral-odd twist 2 GPD γ

π+

ρ0
T

N N ′Hud
T

M. El Beiyad, P. Pire, M. Segond, L. Szymanowski, S.WPhys.Lett.B688:154-167,2010see also, at large s, with Pomeron exhange:R. Ivanov, B. Pire, L. Symanowski, O. Teryaev '02R. Enberg, B. Pire, L. Symanowski '06These proesses with 3 body �nal state an give aess to all GPDs:
M2

πρ plays the role of the γ∗ virtuality of usual DVCS (here in thetime-like domain) JLab, COMPASS 35/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionProblems
ρ−eletroprodution: Seletion rules and fatorization statushirality = heliity for a partiule, hirality = -heliity for an antipartiulefor massless quarks: QED and QCD verties = hiral even (no hirality �ipduring the interation)

⇒ the total heliity of a qq̄ produed by a γ∗ should be 0
⇒ heliity of the γ∗ = Lqq̄

z (z projetion of the qq̄ angular momentum)in the pure ollinear limit (i.e. twist 2), Lqq̄
z =0 ⇒ γ∗Lat t = 0, no soure of orbital momentum from the proton oupling ⇒heliity of the meson = heliity of the photonin the ollinear fatorization approah, t 6= 0 hange nothing from the hardside ⇒ the above seletion rule remains truethus: 2 transitions possible (s−hannel heliity onservation (SCHC)):

γ∗L → ρL transition: QCD fatorization holds at t=2 at any order inperturbation (i.e. LL, NLL, et...)Collins, Frankfurt, Strikman '97 Radyushkin '97
γ∗T → ρT transition: QCD fatorization has problems at t=3Mankiewiz-Piller '00
1
R

0

du
u

or 1
R

0

du
1−u

diverge (end-point singularity) 36/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionProblems
ρ−eletroprodution: Seletion rules and fatorization statusImproved ollinear approximation: a solution?keep a transverse ℓ⊥ dependeny in the q, q̄ momenta, used to regulateend-point singularitiessoft and ollinear gluon exhange between the valene quark areresponsible for large double-logarithmi e�ets whih are onjetured toexponentiatethis is made easier when using the impat parameter spae b⊥ onjugatedto ℓ⊥ ⇒ Sudakov fator

exp[−S(u, b,Q)]

S diverges when b⊥ ∼ O(1/ΛQCD) (large transverse separation, i.e. smalltransverse momenta) or u ∼ O(ΛQCD/Q) Botts, Sterman '89
⇒ regularization of end-point singularities for π → πγ∗ and γγ∗π0 formfators, based on the fatorization approah Li, Sterman '92it has been proposed to ombine this perturbative resummation tail e�etwith an ad-ho non-perturbative gaussian ansatz for the DAs

exp[−a2 |k2
⊥|/(uū)]whih gives bak the usual asymptoti DA 6uū when integrating over k⊥

⇒ pratial tools for meson eletroprodution phenomenologyGoloskokov, Kroll '05 37/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large sTheoretial motivations A partiular regime for QCD:The perturbative Regge limit s→∞Consider the di�usion of two hadrons h1 and h2:√
s (= E1 + E2 in the enter-of-mass system) ≫ other sales (masses,transfered momenta, ...) eg xB → 0 in DISother sales omparable (virtualities, et...) ≫ ΛQCDregime αs ln s ∼ 1 =⇒ dominant sub-series:

A = +

0

@ + + · · ·

1

A +

0

@ + · · ·

1

A + · · ·

∼ s ∼ s (αs ln s) ∼ s (αs ln s)2

=⇒ σh1 h2→tout
tot =

1

s
ImA ∼ sαP(0)−1with αP(0)− 1 = C αs (C > 0) hard Pomeron (Balitsky, Fadin, Kuraev, Lipatov)This result violates QCD S matrix unitarity(S S† = S† S = 1 i.e. P

Prob. = 1)Until when this result ould be appliable, and how to improve it?How to test this dynamis experimentally, in partiular based on exlusiveproesses? 38/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large s

kT fatorization
γ∗ γ∗ → ρ ρ as an exampleUse Sudakov deomposition k = αp1 + β p2 + k⊥ (p2

1 = p2
2 = 0, 2p1 · p2 = s)write d4k = s

2
dα dβ d2k⊥

t−hannel gluons with non-sense polarizations (ǫup
NS

= 2
s

p2, ǫdown
NS = 2

s
p1)dominate at large s (illustration for 2-body ase)PSfrag replaements

γ∗(q1)

γ∗(q2)

ρ(p1)

ρ(p2)

l1

−l̃1

l2

−l̃2

βր

αց
k r − k

R

d2k⊥

α≪ αquarks ⇒ set α = 0 and R

dβ

β ≪ βquarks
⇒ set β = 0 and R

dα39/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large s

kT fatorization Impat representation for exlusive proesses k = Eul. ↔ k⊥ = Mink.
M = is

Z

d2 k

(2π)2k2 (r − k)2 Φγ∗(q1)→ρ(p
ρ
1)(k, r − k) Φγ∗(q2)→ρ(p

ρ
2)(−k,−r + k)

Φγ∗(q1)→ρ(p
ρ
1): γ∗L,T (q)g(k1)→ ρL,T g(k2) impat fatorPSfrag replaements

Φ
q

ko�-shell r − ko�-shellρGauge invariane of QCD:probes are olor neutral
⇒ their impat fator should vanish s'annuller when k→ 0 or r − k → 0At twist-3 level (for the γ∗T → ρT transition), gauge invariane is anon-trivial onstraint when ombining 2- and 3-body orrelators 40/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large sMeson prodution at HERA Di�rative meson prodution at HERAHERA (DESY, Hambourg): �rst and single e±p ollider (1992-2007)The �easy� ase (from fatorization point of view): J/Ψ prodution(u ∼ 1/2 : non-relativisti limit for bound state) ombined with kT -fatorisationRyskin '93; Frankfurt, Koepf, Strikman '98; Ivanov, Kirshner, Shäfer,Szymanowski '00; Motyka, Enberg, Poludniowski '02Exlusive vetor meson photoprodution at large t (= hard sale):
γ(q) + P → ρL,T (p1) + Pbased on kT -fatorization:Forshaw, Ryskin '95; Bartels, Forshaw, Lotter, Wüstho� '96; Forshaw, Motyka,Enberg, Poludniowski '03H1, ZEUS data seems to favor BFKLbut end-point singularities for ρT are regularized with a quark mass:

m = mρ/2the spin density matrix is badly desribedExlusive eletroprodution of vetor meson
γ∗L,T (q) + P → ρL,T (p1) + P Goloskokov, Kroll '05based on improved ollinear fatorization for the oupling with the mesonDA and ollinear fatorization for GPD oupling 41/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large sMeson prodution at HERAPolarization e�ets in γ∗ P → ρP at HERA
|T11| / |T00|
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Very preise experimental data on the spin density matrix(i.e. orrelations between γ∗ and ρ polarizations)for t = tmin one an experimentally distinguish
8

<

:

γ∗L → ρL : dominates (�twist 2�: amplitude |A| ∼ 1
Q

)

γ∗T → ρT : visible (�twist 3�: amplitude |A| ∼ 1
Q2 )How to alulate the γ∗T → ρT transition from�rst priniples? 42/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large sMeson prodution at HERA Exlusive vetor meson prodution:First onsistent omputation at twist 3 ever madePSfrag replaements impat fator
Φγ∗→ρ

γ∗L,T

ρL,TPSfrag replaementsimpat fator
p p

fateur d'impat
Φ p→p

Impat fator omputation Φγ∗→ρ at twist 3:The obtained impat fator is gauge invariantNo end-point singularities due to
kT in t−hannelThis remains true in the Wandzura-Wilzekapproximation (i.e. 3-body orrelators = 0,the twist 3 e�ets arising only from kinematial orretionsand not from gluoni dynamial degrees of freedom)I. V. Anikin, D. Y. Ivanov, B. Pire, L. Szymanowski and S. W.Phys. Lett. B 688:154-167, 2010 B; Nul. Phys. B 828:1-68, 2010.Very powerful method whih an be applied for various exlusive proessesgoverned by higher twist ontributions (see later) 43/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionQCD at large sMeson prodution at HERA Exlusive vetor meson prodution:Comparaison of our model with H1 dataModel for the proton impat fator:
ΦN→N(k, ∆; M2) = A δab
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∆
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.

ΦN→N → 0 if k → 0 or ∆ − k → 0Very satisfying results: (note that the sign is also a predition)
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A. Besse, I. V. Anikin, D. Y. Ivanov, B. Pire, L. Szymanowski and S. W, to be submitted 44/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionThe spei� ase of QCD at large sPhenomenologial appliations: exlusive proesses at Tevatron, RHIC, LHC, ILCExlusive γ(∗)γ(∗) proesses = gold plae for testing QCD at large sProposals in order to test perturbative QCD in the large s limit(t-struture of the hard Pomeron, saturation, Odderon...)
γ(∗)(q) + γ(∗)(q′)→ J/Ψ J/Ψ Kwieinski, Motyka '98
γ∗L,T (q) + γ∗L,T (q′)→ ρL(p1) + ρL(p2) proess in
e+ e− → e+ e−ρL(p1) + ρL(p2) with double tagged lepton at ILCPire, Szymanowski, S. W. '04; Pire, Szymanowski, Enberg, S. W. '06; Ivanov, Papa '06;Segond, Szymanowski, S. W. '07onlusion: feasible at ILC (high energy and high luminosity); BFKL NLLenhanement with respet to Born and DGLAP ontributionsWhat about the Odderon? C-parity of Odderon = -1onsider γ + γ → π+π−π+π−: π+π− pair has no �xed C-parity
⇒ Odderon and Pomeron an interfere
⇒ Odderon appears linearly in the harge asymmetryPire, Shwennsen, Szymanowski, S. W. '07= example of possibilities o�ered by ultraperipheral exlusive proesses(p, p̄ or A as e�etive soures of photon)but the distintion with pure QCD proesses (with gluons intead of a photon) is triky... 45/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionThe spei� ase of QCD at large sPhenomenologial appliations: exlusive test of PomeronAn example of realisti exlusive test of Pomeron: γ(∗)γ(∗) → ρ ρas a subproess of e− e+ → e− e+ ρ0
L ρ

0
LIt make sense to fous on tests of QCD in the perturbative Regge limit atfuture ILC for rare exlusive proesses:ILC should provide very large √s (= 500 GeV) and luminosity (≃ 125fb−1/year)detetors are planned to over the very forward region, lose from thebeampipe (diretions of out-going e+ and e− at large s)

good e�ieny of tagging for outgoing e± for Ee > 100 GeV and θ > 4 mrad(illustration for LDC onept) 46/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionThe spei� ase of QCD at large sPhenomenologial appliations: exlusive test of PomeronQCD e�ets in the Regge limit on γ(∗)γ(∗) → ρ ρPSfrag replaements
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(fb/GeV 2) proof of feasibility:B. Pire, L. Szymanowski and S. W.Eur.Phys.J.C44 (2005) 545proof of visible BFKL enhanement:R. Enberg, B. Pire, L. Szymanowski and S. W.Eur.Phys.J.C45 (2006) 759omprensive study of γ∗ polarization e�etsand event rates:M. Segond, L. Szymanowski and S. W.Eur. Phys. J. C 52 (2007) 93 47/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionBeyond leading twistLight-Cone Collinear Fatorization versus Covariant Colinear FatorizationThe Light-Cone Collinear Fatorization, a new self-onsistent method,while non-ovariant, is very e�ient for pratial omputationsAnikin, Ivanov, Pire, Szymanowski, S.W. '09inspired by the inlusive aseEllis, Furmanski, Petronzio '83; Efremov, Teryaev '84axial gaugeparametrization of matrix element along a light-like prefered diretion
z = λ n (n = 2 p2/s).non-loal orrelators are de�ned along this prefered diretion, withontributions arising from Taylor expansion up to needed term for a giventwist order omputationtheir number is then redued to a minimal set ombining equations ofmotion and n−independeny onditionAnother approah (Braun, Ball), fully ovariant but muh less onvenientwhen pratially omputing oe�ient funtions, an equivalently be usedWe have established the ditionnary between these two approahesThis as been expliitly heked for the γ∗T → ρT impat fator at twist 3Anikin, Ivanov, Pire, Szymanowski, S.W. '09 48/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionBeyond leading twistLight-Cone Collinear FatorizationLight-Cone Collinear FatorizationSudakov expansion in the basis p ∼ pρ, n (p2 = n2 = 0 and p · n = 1)
lµ = u pµ + l⊥µ + (l · p)nµ, u = l · n

1 1/Q 1/Q2Taylor expansion of the hard part H(ℓ) along the ollinear diretion p:
H(ℓ) = H(up) +

∂H(ℓ)

∂ℓα

˛

˛

˛

˛

ℓ=up

(ℓ− u p)α + . . . ave (ℓ− u p)α ≈ ℓ⊥α

l⊥α
F ourier−−−−→ derivative of the soft term:R d4z e−iℓ·z〈ρ(p)|ψ(0) i

←→

∂α⊥ ψ̄(z)|0〉after Fierz, this givesPSfrag replaements
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Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionBeyond leading twistLight-Cone Collinear Fatorization Minimal set of DAsNumber of non-perturbative quantities Φ: a priori 7 at twist 3Non-perturbative orrelators annot be obtained perturbatively!One should redue their number to a minimal set before any use of amodel or any measure on the QCD lattie
n · p = 1

n2 = 0

PSfrag replaements
k⊥

kz

k0

n′ pn

independene w.r.t the hoie of the vetor n de�ningthe light-one diretion z: z = λ nthe ρT polarization vetor: eT · n = 0the axial gauge: n · A = 0

A = H ⊗ S dA
dnµ
⊥

= 0⇒ S are relatedWe have proven that 3 independent DistributionAmplitude are neessary:
 Equations of motion 2 equationsArbitrariness in the hoie of n 2 equations
φ1(y) ← 2-body twist 2 orrelator
B(y1, y2) ← 3-body genuine twist 3 vetor orrelator
D(y1, y2) ← 3-body genuine twist 3 axial orrelator 50/51



Introdution A few appliations Problems QCD at large s Beyond leading twist ConlusionConlusionSine a deade, there have been muh progress in the understanding ofhard exlusive proessesat medium energies, there is now a oneptual framework starting from �rstpriniple, allowing to desribe a huge number of proessesat high energy, the impat representation is a powerful tool for desribingexlusive proesses in di�rative experiments; they are and will be essentialfor studying QCD in the hard Regge limit (Pomeron, Odderon, saturation...)till, some problems remain:proofs of fatorization have been obtained only for very few proesses(ex.: γ∗ p → γ p , γ∗L p → ρL p)for some other proesses fatorization is highly plausible, but not fullydemonstrated at any order (ex.: proesses involving GDAs and TDAs)some proesses expliitly show sign of breaking of fatorization(ex.: γ∗T p → ρT p whih has end-point singularities at Leading Order)models and results from the lattie for the non-perturbative orrelatorsentering GPDs, DAs, GDAs, TDAs are needed, even at a qualitative level!the e�et of QCD evolution, the NLO orretions (see talk ofL. Szymanowski), hoie of renormalization/fatorization sale, powerorretions will be very relevant to interpret and desribe the foreomingdataLinks between theoretial and experimental ommunities are very fruitfulHERA, HERMES, Tevatron, LHC, JLab, Compass, BaBar, BELLE, Super-B, ILCThis is very hot and pleasant domain. Everybody is welome! 51/51
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