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OUTLINE
• Non-perturbative input to amplitudes for ex
lusive pro
esses isanalyzed within full non-lo
al 
hiral quark model
• Two examples:

• Photon Distribution Amplitudes
• Pion-photon Transition Distribution Amplitudes

• Spe
ial attention is paid to the question of inheriting QCDproperties by obje
ts 
al
ulated in the e�e
tive model
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INTRODUCTIONFa
torization of the amplitudes for ex
lusive pro
esses in the presen
e of thehard s
ale1, 2, 3
M = (HARD) ⊗ ( SOFT )

⇒ HARD part 
an be 
al
ulated in perturbation theory
⇒ SOFT part is a subje
t to the non-perturbative treatmentExamples:  Distribution Amplitudes (DA)

 Generalized Parton Distributions (GPD)
 Transition Distribution Amplitudes (TDA)How to a

ess the SOFT part ?

⇒ extra
tion from the experiment
⇒ latti
e 
al
ulations
⇒ low energy e�e
tive models1Efremov, Radyushkin; 2Brodsky, Lepage; 3Collins, Frankfurt, Strikman



INTRODUCTION (
ontinued...)SOFT part parametrizes matrix elements of 
ertain non-lo
al quark (gluon)operators on the light-
one, e.g.
˙H ′

˛

˛ψ̄ (y)Oψ (x)˛

˛H¸

⇒ they should possess properties originating from QCD symmetries (e.g.Lorentz invarian
e, Ward identities, axial anomaly)
=⇒ it is not obvious that e�e
tive models do inherit all QCD symmetries
=⇒ possible problems with 
orre
t properties of SOFT part in the e�e
tivemodels



CHIRAL QUARK MODEL (χQM)For simpli
ity we 
onsider pions only. In order to obtain 
onsidered matrixelements we need the model of quark-pion intera
tions.At low energy s
ales spontaneous 
hiral symmetry breaking (χSB) plays veryimportant role
⇒ the model should in
orporate χSB
⇒ there appear 
onstituent quark mass M ∼ 350MeVThe simplest model is the semi-bosonized Nambu-Jona-Lasinio model1 (
hirallimit) Slo
 =

ˆ d4x ψ̄ (x) (i 6 D −MUγ5 )ψ (x)where Uγ5 (x) = expn iFπ

τ aπa (x) γ5o, with Fπ = 93MeV.
• In order to get �nite quark loops we need to impose some kind ofregularization (but we 
annot remove the 
uto� parameter at the end)
• However to get 
orre
t results for anomalous pro
esses we have toremove regularization
• Parti
ular regularization s
heme la
ks motivation in terms of QCD...1see e.g. S.P. Klevansky



NON-LOCAL χQMThe most natural way of regularizing quark loops
=⇒ momentum dependent 
onstituent quark mass M ≡ M (k)SInt =

ˆ d4k d4l
(2π)8 ψ̄(k)

pM (k)Uγ5(k − l)pM(l)ψ(l)where usually one de�nes M (k) = M F 2 (k), and F (0) = 1, F (k → ∞) → 0.This a
tion was �derived� from QCD instanton va
uum theory, with Eu
lideananalyti
al expression for M (k)1.Problem:momentum dependent mass ⇒ naive ve
tor 
urrent ψ̄γµψ is not 
onserved
⇒ lo
al vertex γµ has to be repla
ed by the non-lo
al one ΓµThe pre
ise form of the vertex is un
onstrained and has to be modeled2, 3, 4.One of the simplest solution is

Γµ (k, p) = γµ − kµ + pµk2 − p2 (M (k) −M (p))The 
on
rete model is spe
i�ed by giving M (k) and the form of the verti
es.1Diakonov, Petrov; 2Bowler, Birse; 3B. Holdom, R. Lewis; 4A. Bzdak, M. Praszalowi
z



ONE LOOP CALCULATIONSAs the mass dependen
e on momentum we takeF (k) =

„ −Λ2k2 − Λ2 + iǫ«n
• 
al
ulations in Eu
lidean as well as Minkowskispa
e
• �analyti
al� solutions 0 1 2 3 4 5
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The ansatz above leads to set of poles in the 
omplex plane. Using some tri
kswe 
an express the loop integral with N propagators as4n+1
Xi1,...,iN fi1 . . . fiN ηM1i1 . . . ηMNiN ˆ dDκ

(2π)D g (κ, ηi1 , . . . , ηN)where g is a fun
tion 
ontaining only N poles, ηi are solutions ofz4n+1 + z4n − (M/Λ)2 = 0 and fi are some numbers 
omposed from ηi .Higher twist light 
one amplitudes ⇒ delta type singularities in theboundaries of physi
al supportPraszalowi
z, Rostworowski, Bzdak, P.K.



APPLICATION ISimplest SOFT obje
ts =⇒ Distribution Amplitudes (DA)Example: radiative ve
tor meson de
ay V → Sγ andPhoton DA.Relevant 
oordinates are de�ned by two light-likeve
tors n = (1, 0, 0,−1), ñ = (1, 0, 0, 1). Then we
an de
ompose any ve
tor v asvµ =
v+2 ñµ +

v−2 nµ + vµTPSfrag repla
ementsV (q) S(q + P)

γ(P)General de�nition:
˙0 ˛

˛ψ (λn)Oψ (−λn)˛

˛ γ (P)
¸

∼ FO

`P2´

ˆ 10 du e i(2u−1)λP+

φO

“u, P2”where O = {σµν , γµ, γµγ5} and FO are relevant form fa
tors.P. Ball, Brown; Arriola, Broniowski, Dorokhov;



As an example 
onsider ve
tor photon DA φV `u, P2´

⇒ 
urrent 
onservation in QCD: FV (0) = 0.NχQM 
al
ulations:
• Using full non-lo
al photon-quarkvertex and leaving pure QCD ve
tor
urrent operator we re
overFV (0) = 0.
• Diagram in the right has two
ontributions: hadroni
 and in�niteperturbative part 
orresponding toele
tromagneti
 ingredient of thephoton.
• Amplitudes up to twist-4 in all
hannels have been 
al
ulated.

PSfrag repla
ements
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APPLICATION IIMore demanding obje
ts to study in Chiral Quark Models:Transition Distribution Amplitudes appearing for example in π+π− → γ∗γ inthe forward region1.Kinemati
s:
• high virtuality Q2 of the upper photon
• low momentum transfer to the lower blob

∆2 = (P2 − P1)2 = t ≪ Q2
PSfrag repla
ements

TDA
γ∗(q2)π−(q1)

π+(P1) γ(P2)u d̄ e−e−Example: Ve
tor TDA (VTDA)
ˆ dλ2π e iλXp+

< γ(P2)|d(−λ2 n)γµu(
λ2 n)|π+(P1) >∼ εµναβε∗νP1 αP2 β V (X , ξ, t)where ξ = −2∆+/p+ with p = 12 (P1 + P2) is so 
alled skewedness.1Pire, Szymanowski



Properties of VTDA originating from QCD:
• polynomiality ´ dX X n V (X , ξ, t) = anξn + an−1ξn−1 + . . .+ a0
• normalization is �xed by axial anomaly ´ dX V (X , ξ, t = 0) = 1/2π2NχQM 
al
ulations:
• Polynomiality is satis�ed.
• We obtain 
orre
t normalization onlywhen both ve
tor 
urrents are non-lo
al.VTDA is related to pion-photon transition formfa
tor

ˆ dX V (X , ξ, t) ∼ Fπγ (t)
ontrolling γ∗γ → π0 rea
tion.New BaBar data are available (29 May) whi
h
ast some new light on pion Distribution Ampli-tudes...
⇒ this is 
urrently under investigation...

PSfrag repla
ements
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SUMMARY
• Non-lo
al 
hiral quark model allows for analyzing low energy matrixelements

• However, before using in real pro
esses they have to be evolved(s
ale of e�e
tive models is low) - not dis
ussed
• In order to make 
al
ulations 
onsistent we have to use modi�ed
urrents

• The form of the full 
urrents is not restri
ted and has to be modelled
• However, in general it is not 
lear yet whi
h 
urrents we shouldmodify and when
• Case of full axial 
urrent is more di�
ult - not dis
ussed

• First analysis of pion-photon Transition Distribution Amplitudes innon-lo
al model



BACKUP



PHOTON DA DEFINITIONS
• tensor 
hannel
D0 ˛

˛

˛
ψ (λn)σαβψ (−λn)˛

˛

˛
γ (P, ε)E

= i2e˙

ψ̄ψ
¸FT `P2´

(

“

εαT ñβ − εβT ñα
” P+2 χm ˆ 10 du e iξλP+

φT `u,P2´

+
12P+

“ñαnβ − ñβnα
”

ε+

ˆ 10 du e iξλP+

ψT `u,P2´

+
1P+

“

εαTnβ − εβTnα
”

ˆ 10 du e iξλP+ hT `u,P2´

)

,

• ve
tor 
hannel
˙0 ˛

˛ψ (λn) γµψ (−λn)˛˛ γ (P, ε)¸ = ief3γFV `P2´

(12 ñµε+

ˆ 10 du e iξλP+

φV `u,P2´

+ εµT ˆ 10 du e iξλP+

ψV `u,P2´

− 12 P2
(P+)2 nµε+

ˆ 10 du e iξλP+ hV `u,P2´

)

,



• axial 
hannel
˙0 ˛

˛ψ (λn) γµγ5ψ (−λn)˛˛ γ (P, ε)¸ = i 12ef3γFA `P2´

ǫµναβε
νT ñαnβP+λ

ˆ 10 du e iξλP+

φA `u,P2´

,

ξ = 2u − 1, 〈

ψ̄ψ
〉 is quark 
ondensate, χm is the magneti
 sus
eptibilityof the quark 
ondensate.



AXIAL TDA
ˆ dλ2π e iλXp+

fi

γ (P2, ε) ˛

˛

˛

˛

d „

−λ2 n«

γµγ5u „

λ2 n«˛

˛

˛

˛

π+ (P1)fl

=
ie2√2Fπp+

Pµ2 (q · ε∗) A (X , ξ, t) + . . .
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LEADING TWIST PHOTON DA
local model

local vertex

P 2 = 0

φT (u)

pion DA
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