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Introdu
tionChiral quark modelsResultsSummary De�nitionsEx
lusive pro
essesDe�nition of transversity form fa
torsFF related to the transversity Generalized Parton Distribution(maximum-heli
ity GPD, related to spin distributions)
〈π+(p′)|O

µνµ1 ···µn−1

T |π+(p)〉=AS p̄µ∆ν
n−1
∑

i=0even∆µ1 · · ·∆µi p̄µi+1 · · · p̄µn−1
B

π,u

Tni(t)

mπ

p̄ = 1
2
(p′ + p), ∆ = p′ − p, t = ∆2, AS � symmetrization in ν, . . . , µn−1,followed by antisymmetrization in µ, ν, tra
es in all index pairs are subtra
ted.

O
µνµ1 ···µn−1

T = AS u(0) iσµν iD
↔

µ1 . . . iD
↔

µn−1u(0)

WB Transversity stru
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Introdu
tionChiral quark modelsResultsSummary De�nitionsEx
lusive pro
essesEx
lusive pro
esses in QCD
� Rq -�k � �2�P � �2N
R k + �2

(a) RP + �2N
�q0 
0 
0� q0-�k � �2�P � �2N

R k + �2
(b) RP + �2N

Rq 
� DeeplyVirtualComptonS
attering
non-zero momentum transfer to the target, at least one photon virtual


�L Rq TH�k � �2�P � �2N
R k + �2RP + �2N
	�pM + `�̀ �pM M HardMesonProdu
tionWB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary De�nitionsEx
lusive pro
essesDi
tionary of matrix elementsGeneral stru
ture of the soft matrix elements: 〈A | O | B〉A = B = one-parti
le state � Parton Distribution of A(in
lusive DIS)A = one-parti
le state, B = va
uum � distribution amplitude(DA) of A (hadroni
 form fa
tors, HMP)A, B = one-parti
le state of di�erent momentum � GPD(ex
lusive DIS, DVCS, HMP)A = many-parti
le state, B = va
uum � GDA (transition formfa
tors)A 6= B (A, B � di�erent hadroni
 states) � TransitionDistribution Amplitude (hh̄ → γγ∗, Pire & Szymanowski 2004)... WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary De�nitionsEx
lusive pro
essesLatti
e results
Many results whi
h 
ome from latti
es, espe
ially for the pion, willnot be a

essible in physi
al experiments. We want to 
omputethem!

WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary De�nitionsEx
lusive pro
essesMotivation: QCDSF data[data from D. Brommel et al. (QCDSF), PRL 101 (2008) 122001℄
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e) WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsBasi
 idea of 
hiral quark models
p ,  K

g ,  W ,  Z

M  ~  3 0 0 M e V

~ N c

π(P ) π(P ′)

O
µνµ1···µn−1

T

+ 
rossed

one-quark-loop, large Nc

covariant Lagrangian calculation

soft regime → chiral symmetry breaking

NJL, local and nonlocal, instanton-motivated

few parameters (traded for fπ, mπ, . . . )

numerous processes with pions, γ, . . .

no confinement - careful not to open the qq
threshold

quark model scale low - need for QCD
evolution to higher scalesWB Transversity stru
ture
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Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsPion develops stru
ture via the quark loopapproa
h = model + QCD evolutionEvolution generates gluons and the sea quarks as the s
ale isin
reasedAll features satis�ed: support, polynomiality, positivity, 
harge andmomentum sum rules, Callan-Gross (F2 = 2xF1), . . . )Next: glossary of our old results showing that the approa
h isreasonable for 
omputing soft matrix elements appearing inhigh-energy experiments and latti
esWB Transversity stru
ture
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Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsParton Distribution Fun
tion of the pion
NJL gives the constant valence PDF [Davidson, Arriola, 1995]:

q(x) = 1

LO DGLAP QCD evolution (good at intermediate x) to higher scales

Q=0.313, 0.350, 0.4, 1 GeV
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x
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0.4
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0.8

1.0

x qHxL
constant PDF of the also pion
follows from AdS/CFT models
[Brodsky, Teramond 2008]
→ BaBar pion-photon transition
form factor

The question of renormalization
scale: momentum sum-rule →
µ0 ∼ 320 MeV → at 2 GeV valence
quarks carry 47% of the momentum
(Durham), α(µ0)/π = 0.68WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsValen
e PDF from NJL vs E615
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0.35

x qHxL

points: Drell-Yan from E615
dashed: reanalysis of the data
[Wijesooriya et al., 2005]

band: valence PDF from NJL
evolved from the QM scale
µ0 = 313+20

−10 MeV to µ = 2 GeV of
the experiment(last year's analysis of Ai
her, S
hafer, and Vogelsang, in
luding the soft gluonresummation, moves the strength to lower x)WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsValen
e PDF from NJL vs. transverse latti
etransverse latti
es: [Burkardt, Dalley, Van de Sande℄
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x qHxL points: transverse latti
e[Dalley, Van de Sande, 2003℄yellow: NJL evolved to
µ = 0.35 GeVpink: NJL evolved to µ = 0.5 GeVdashed: GRS parametrization at
µ = 0.5 GeV

WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsPDA from NJL vs. E791 and latti
e data
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production in π +A
band: NJL evolved to µ = 2 GeV

dashed line: asymptotic form

(µ → ∞)
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band: NJL evolved to µ = 0.5 GeVWB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsGravitational form fa
tors
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ompared to thedata [Brömmel et al., 2005-7℄
WB Transversity stru
ture
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tionQCD evolution of generalized form fa
torsGravitational form fa
tors
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Pion 
harge � (left) and the quark part of the spin-2 gravitational � (right) inSQM (solid line) and NJL (dashed line) [WB, ERA 2008℄, 
ompared to thedata [Brömmel et al., 2005-7℄Quark-model relation: 〈r2〉Θ = 1
2〈r

2〉VMatter more 
on
entrated than 
harge!(later also found in soft-wall AdS/CFT by Brodsky and Teramond)WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsForward (ξ = 0) GPDs and transverse latti
esWB and ERA, Impa
t parameter dependen
e of the generalized partondistribution of the pion in 
hiral quark models, PLB 574 (2003) 57℄data from S. Dalley, PLB570 (2003) 191
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[ 0 , 1 ] [ 1 , 1 ]

b x

b y b 0 ~ 2 / 3  f m

b 
onjugate to momentum ∆, labeling of latti
e plaquettesWB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsForward GPD of the pion in NJL vs latti
emodel latti
e data
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ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsTMDTMD = kT -unintegrated PDF[Kwie
inski 2002; Gawron, Kwie
inski, WB, 2003; ERA, WB, 2004℄
solid � valen
edotted � seadashed � gluons

WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsPion wave fun
tion[Pion wave fun
tion from latti
e QCD vs. 
hiral quark models,WB, S. Prelovsek, L. Santelj, E. Ruiz Arriola, PLB 686 (2010) 313,arXiv:0911.4705℄
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tionQCD evolution of generalized form fa
tors
. . . ba
k to transversity form fa
tors

WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsEvolution of transversity GFFs[WB, ERA, PRD 79 (2009) 057501℄ → LO DGLAP-ERBL evolution of GFFs
γT
n = −2CF

(

3− 4
n
∑

1

1

k

)

, Ln =

(

α(µ)

α(µ0)

)γT
n /(2β0)

BT10(t;µ) = L1BT10(t;µ0)

BT20(t;µ) = L2BT20(t;µ0)

BT30(t;µ) = L3BT30(t;µ0)

BT32(t;µ) =
1

5
(L1 − L3)BT30(t;µ0) + L3BT32(t;µ0)

. . .Multipli
ative evolution for BTn0, absolute predi
tions for FF at the origin
WB Transversity stru
ture
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tionChiral quark modelsResultsSummary Glossary of quark-model resultsInstant-form pion wave fun
tionQCD evolution of generalized form fa
torsEvolution of transversity GFFs[WB, ERA, PRD 79 (2009) 057501℄ → LO DGLAP-ERBL evolution of GFFs
γT
n = −2CF

(

3− 4
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1
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)

, Ln =

(

α(µ)

α(µ0)

)γT
n /(2β0)

BT10(t;µ) = L1BT10(t;µ0)

BT20(t;µ) = L2BT20(t;µ0)

BT30(t;µ) = L3BT30(t;µ0)

BT32(t;µ) =
1

5
(L1 − L3)BT30(t;µ0) + L3BT32(t;µ0)

. . .Multipli
ative evolution for BTn0, absolute predi
tions for FF at the origin
γT
1 =

8

3
, γT

2 = 8

BT10(t; 2 GeV) = 0.75BT10(t; 313 MeV)

BT20(t; 2 GeV) = 0.43BT20(t; 313 MeV)WB Transversity stru
ture
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tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
e
BT 10 and BT 20 in NJL
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e s
ale of 2 GeV[data from Brommel et al.℄
• 
orre
t fall-o� and 
entral valuesWB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eTransversity GFFs in nonlo
al models
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• HTV in better agreement WB Transversity stru
ture
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tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eHTV vs NJL
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• HTV very 
lose to lo
al NJL WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eHigher form fa
tors
µ = 313 MeV µ = 2 GeV
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e WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eTransversity GPDFull GPDsGPD = in�nite 
olle
tions of generalized form fa
tors
∫ 1

−1
dX Xn−1Eπ

T (x, ξ, t) =
n−1∑
i=0,
even

(2ξ)i Bπ
Tni (t)

WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eEvolution of transversity GPDs, ξ = 1/3, t = 0
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al NJL, t = 0, ξ = 1/3, µ = 313 MeV, 2 GeV, 1 TeV
WB Transversity stru
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Introdu
tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eSame for ξ = 0lo
al NJL nonlo
al, instanton vertex
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• di�erent end-point behavior, related to the non-lo
alityWB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
eMeson dominan
e of form fa
tors
harge pion � � mρgravitational pion � � mf2(1270) (spin 2), mσ (spin 0)
Bπ

T10 � mρ

Bπ
T20 � mf2(1270)Monopole �t to the latti
e data:

M1 = 760(50) MeV, Bπ
T10(t = 0) = 0.97(6)

M2 = 1120(250) MeV, Bπ
T20(t = 0) = 0.20(3)

• Values at the origin are model predi
tions, QCD evolutionne
essary WB Transversity stru
ture
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tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
e
Meson dominan
e seems to be working very well in all 
hannels!

WB Transversity stru
ture
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tionChiral quark modelsResultsSummary Transversity form fa
torsTransversity GPDsMeson dominan
e
σ(600) 
ompilation

Particle Data Group

Roy equations

spectrum, Regge Fit I

spectrum, Regge Fit II

Π gff, Regge HQCDSF dataL

Π gff, monopole HQCDSF dataL

N gff, monopole HLHCP dataL

slope of N gff, monopole HQCDSF dataL
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[ERA, WB, PRD 81 (2010) 054009℄results 
onsistent with the Bern andMadrid analyses (Roy equations)
WB Transversity stru
ture



Introdu
tionChiral quark modelsResultsSummarySummary�Model + evolution�GPDs in various 
hannels are 
olle
tions of generalized form fa
torsComputed on the latti
eChiral quark models 
ompare ni
ely to latti
e results, link between thehigh- and low-energy analysesThe QCD evolution is ne
essary, the quark-model s
ale µ0 is low,
∼ 320 MeV (no gluons)
BTn0 evolve multipli
atively, absolute predi
tionsNJL works → 
hiral symmetry breaking is the key dynami
al fa
tor forsoft physi
sLatti
e form fa
tors give the meson masses pretty a

urately! Mesondominan
e works remarkably well for the ve
tor, 2 gravitational, and 2transversity � (it also works in the nu
leon 
hannel)
→ 
onstituent quark � hadron duality�All� works! WB Transversity stru
ture
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