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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionIntrodution: Exlusive proesses at medium/high energy QCDMotivationSine a deade, there have been many developments in studies of hardexlusive proesses.form fators → Distribution AmplitudesDVCS→ Generalized Parton Distributions,
· · ·These tests are possible in �xed target experiments
e±p: HERA (HERMES), JLab, ...as well as in olliders, mainly for �xed s
e±p olliders: HERA (H1,ZEUS)
e+e− olliders: LEP, Belle, BaBar, BEPCAt the same time, the interest for phenomenologial tests of hard Pomeron andrelated resummed approahes has beome pretty wide:inlusive tests (total ross-setion) and semi-inlusive tests (di�ration,forward jets, ...)exlusive tests (meson prodution, ...)These tests onern all type of ollider experiments:
e±p: (HERA: H1, ZEUS)
pp̄ (TEVATRON: CDF, D0)
e+e− olliders (LEP, ILC)



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionWe will fous on a spei� exlusive proess:
γ∗γ∗

→ ρ0
Lρ0

L with both γ∗ hardIt is a beautiful theoretial laboratory for investigating di�erent dynamis(ollinear, multiregge) and fatorization properties of high energy QCD:at low energy (�xed s) it provides an (almost) full perturbative laboratoryfor extended GPDs: GDA and TDAat high energy (asymptoti s) it provides an (almost) full perturbativelaboratory for BFKL and related resummed e�ets, at amplitude level.The orresponding experimental proess is
e+e− → e+e−ρ0

Lρ
0
L

- �
��

���

-

��		-
@

@@
R

-

&%
'$�

���
��

@
@@@

@@

p1

p2

p′1

p′2

q1

q2

ρL(k1)

ρL(k2)with double tagged outoing leptons.



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionGPD and GDA for γ
∗
γ
∗
→ ρ

0
Lρ

0
L : ollinear fatorizationDIS: inlusive proess → forward amplitude (t = 0)Struture Funtion= Coe�ient Funtion ⊗ Parton Distribution Funtion(hard) (soft)DVCS: exlusive proess → non forward amplitude (−t≪ s = W 2)Amplitude= Coe�ient Funtion ⊗ Generalized Parton Distribution(hard) (soft)



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionExtensions:Meson prodution: γ replaed by ρ, π, · · ·Amplitude= GPD ⊗ CF ⊗ Distribution Amplitude(soft) (hard) (soft)Crossed proess: s≪ −tAmplitude= Coe�ient Funtion ⊗ Generalized Distribution Amplitude(hard) (soft)PSfrag replaements
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionWhat is ρ−meson in QCD ?Chernyak, Zhitnitsky '77; Brodsky, Lepage '79; Efremov, Radyushkin '80; ...Example: the eletroprodution of ρL−mesonIt is desribed by its wave funtion Ψ whih redues in hard proesses to itsDistribution AmplitudePSfrag replaements
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionWhat is ρ−meson in QCD ?Chernyak, Zhitnitsky '77; Brodsky, Lepage '79; Efremov, Radyushkin '80; ...Example: the eletroprodution of ρL−mesonIt is desribed by its wave funtion Ψ whih redues in hard proesses to itsDistribution AmplitudePSfrag replaements
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〈0|q̄(x) γµ q(−x)|ρL(p) = q̄q〉 = fρ p
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionCollinear fatorization at qq̄ρ verties
Q2

1,2 : hard sales ⇒ ollinear approximation at eah qq̄ρ vertexPSfrag replaements
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ℓ̃1 ∼ z̄1 k1 ℓ̃2 ∼ z̄2 k2We limit ourselves to longitudinaly polarized mesons



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionTransversally polarized photonsOne needs to ompute 12 diagrams.
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionTransversally polarized photonsResults
T
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionInterpretation in terms of QCD FatorizationGDA for transverse photon in the limit Λ2
QCD ≪ W 2 ≪ Max(Q2

1, Q2
2)

When W 2 is smaller then the highest photon virtuality the result obtainedfrom diret alulation simpli�es into
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionInterpretation in terms of QCD FatorizationGDA for transverse photon in the limit Λ2
QCD ≪ W 2 ≪ Max(Q2

1, Q2
2): PROOFHard Part omputation at Born order
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionInterpretation in terms of QCD FatorizationGDA for transverse photon in the limit Λ2
QCD ≪ W 2 ≪ Max(Q2

1, Q2
2): PROOFGDA omputationAt leading twist, the GDA is alulated in the Born order of perturbation theory
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionInterpretation in terms of QCD FatorizationGDA for transverse photon in the limit Λ2
QCD ≪ W 2 ≪ Max(Q2
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ρ ρ-GDA and L3 data Anikin et al Phys. Rev. D 69 (2004) 014018Chek of the saling in Q2
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionAnomalous γγ GDAQED alulations Phys. Rev. D 78 (2008) 034009
6 one-loop QED diagrams in LLA
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionRealisti preditions for π π GDAM. Diehl, T. Gousset, B. Pire Phys. Rev. D 62 073014
• preditions with experimental uts of BABAR



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionExoti hybrid mesonsSpetrosopy Quark 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−+, 1+−, 2−+, 3+−, ...
S = 1 , L = 0 , J = 1 : JPC = 1−− ρ−meson

L = 1 , J = 0, 1, 2 : JPC = 0++, 1++, 2++

L = 2 , J = 1, 2, 3 : JPC = 1−−, 2−−, 3−−

...

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



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionExoti hybrid mesonsExperimental status Experimental 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



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionExoti hybrid mesonsExperimental status Experimental 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−)



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionExoti hybrid mesonsMotivation for hard prodution What about hard proesses?hybrid mesons = qq̄g states T. Barnes '77; R. L. Ja�e, K. Johnson, and Z.Ryzak, G. S. Balipopular belief: qq̄g ⇒ higher Fok-state omponent ⇒ twist-3
⇒ hard eletroprodution suppressed as 1/QThis is not true!! Eletroprodution of hybrid is similar toeletroprodution of usual ρ−meson: it is twist 2



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid Distribution AmplitudeHybrid DA from non-loal twist 2 operatorDistribution amplitude of exoti hybrid mesons at twist 2One may think that to produe |qq̄g〉, the �elds Ψ, Ψ̄, A should appearexpliitely in the non-loal operator O(Ψ, Ψ̄A)
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Φqq̄gIf one tries to produe H = 1−+ from a loal operator, the dominantoperator should be Ψ̄γµGµνΨ of twist = dimension - spin = 5 - 1 = 4
1/Q2 suppression of H prodution with respet to ρL-prodution( TWIST 2)



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid Distribution AmplitudeHybrid DA from non-loal twist 2 operatorDistribution amplitude and quantum numbers: C-parityDe�ne the H DA as (for long. pol.)
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid Distribution AmplitudeHybrid DA from non-loal twist 2 operatorDistribution amplitude and quantum numbers: C-parity and P -paritythe hybrid selets the odd-terms
〈H(p, λ)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉 =
X
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1

n!
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Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid Distribution AmplitudeNormalization Non perturbative imput for the hybrid DAWe need to �x fH (the analogue of fρ)Lattie does not yet give informationRely on QCD sum rules: resonane for M ≈ 1.4 GeVI. I. Balitsky, D. Diakonov, and A. V. Yung
fH ≈ 50 MeV

fρ = 216MeV
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H versus ρ Counting rates for H versus ρ eletroprodution: order of magnitudeRatio:
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⇒ 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

≈ 0.15



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid meson prodution in γ
∗
γFatorized piture Hybrid 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±

H0This an be desribed in a hard fatorization framework:PSfrag replaements
γ∗

γ

H0
H =

PSfrag replaements
γ∗

γ

H +

PSfrag replaements
DA

H0

withPSfrag replaements
γ∗

γ

H =

PSfrag replaements
γ∗

γ

+

PSfrag replaements
γ∗

γ



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid meson prodution in γ
∗
γCross-setion Counting 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 asymptoti DAs:
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%



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionBABAR data
Experimental possibilities BABAR



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid in eletroprodution of πη pair
π0η GDA

GDA :− t≫ s limit, with Q2 ≫ Λ2
QCD

PSfrag replaements
γ

γ∗

s

t

Q2 hadronhadronGDACFGDA variables: (y, ζ)

y =
long. momentum of the quarktotal outgoing hadroni momentum ζ =

p+

p+ + p′+
=

long. momentum of one of the hadrontotal outgoing hadroni momentum
π0η GDA: 〈π0(pπ)η(pη)|ψ̄f2(−z/2)γµ[−z/2; z/2]τ3

f2f1
ψf1(−z)|0〉

= pµ
πη

1
Z

0

dyei(ȳ−y)pπη·z/2Φ(πη)(y, ζ,m2
πη) + ... (only twist 2 )



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid in eletroprodution of πη pair
π0η GDA and polar angle distribution Model of πη GDAWe onsider the asymptotial limit µ2 →∞ :

Φ(πη), a(y, ζ̃,m2
πη) = 10y(1− y)C(3/2)

1 (2y − 1)
2
X

l=0

B1l(m
2
πη)Pl(cos θ)Keeping only L = 1 (π1) and L = 2 (a2) terms:

Φ(πη)(y, ζ,m2
πη) = 30y(1−y)(2y−1)

»

B11(m
2
πη)P1(cos θ)+B12(m

2
πη)P2(cos θ)

–

B11(m
2
πη) and B12(m

2
πη) are related to orresponding Breit-Wigneramplitudes for m2

πη ≈M2
a2
, M2

H :
B11(m

2
πη)

˛

˛

˛

˛

m2
πη≈M2

H

=
5

3

gHπηfHMHβ

M2
H −m2

πη − iΓHMHand
B12(m

2
πη)

˛

˛

˛

˛

m2
πη≈M2

a2

=
10

9

iga2πηfa2M
2
a2
β2

M2
a2
−m2

πη − iΓa2Ma2

.



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid meson prodution in γ
∗
γ

πη hannel Cross-setion for γ∗γ → πη and angular distributionAn estimation of the ross-setion an be done using a model for the πηGDAIt requires to model the bakground, and results are rather modeldependent for σπηA detailled study of the (ϕ, θ) angular distribution of the πη �nal stateould give a diret aess to the strength of the twist 3 amplitude
q

ϕ
y

z

q’

x

k1

k2

pπ

pη

θ



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionHybrid meson prodution in γ
∗
γ

πη hannelPreditions for di�erential ross setion
1.2 1.4 1.6 1.8 2
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dσeγ

dQ2 dW 2 (fb/GeV4)

W (GeV)The di�erential ross setion for πη pair prodution as a funtion of W for
Q = 3GeV, y = 0.3, for di�erent bakground magnitudes: K=0 (solid), 0.5(dashed), 1 (dotted)
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πη hannelAngular distribution of πη pair



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionConlusionHybrid mesons H are a key stone for our understanding of QCDThere are now strong andidates for JPC = 1−+As a �rst step, one should determine their mass, width and quantumnumbers, as well as their deay modesA seond step should be to determine their partoni ontentThese questions an be adressed in hard proesses
⇒ Aess to their light-one wave funtion (Distribution Amplitudes)Hard hybrid prodution is governed by twist 2 operatorsThe non-perturbative oupling fH an be evaluated from QCD sum-rulesThe rates for eletroprodution (or muoprodution!) are very sizable:

dσH(Q2, xB , t)

dσρ(Q2, xB , t)
≈
„

5fH

3fρ

«2

≈ 15% → JLab, COMPASSThe DA an be replaed by the GDA of the deay modes
⇒ Framework for angular asymmetry with the dominant bakground(e.g. π1(1400)(1

−+) + a2(1329)(2
++) interferene within the C = (+) πη GDA)

γ∗γ → H0 at e+e− olliders is also very promising
dσH

dσπ0 ≈ 38%

H subleading twist ontent aessible using SSA with polarized lepton



Introdution: Exlusive proesses at medium/high energy QCD Exoti mesons Hybrid meson eletroprodution Hybrid meson prodution in ConlusionConlusion There is a lot of exiting physis in studies ofexlusive proesses in γ
(∗)

γ
(∗) sattering in whihSuperB an play VERY IMPORTANT role !
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