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Outline

Introduction: Motivations and color transparency as a tool●
Brief summary of color coherence and color transparency●

Novel class of the processes hard 2→3 branching exclusive  processes: ●

Measurement of  GPDs of various hadrons  in hadron
 induced  processes  

Effective way to test color transparency for hard 2→2 
processes

☛

☛
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A big question: what is QCD dynamics of large angle (in c.m.) hadron - hadron scattering?

In inclusive processes like DIS, hadron production perturbative QCD works starting 
at Q2 ~ 2 GeV2. 

pa pb

p’a

p’b

large angle scattering in c.m. frame

s = (pa + pb)
2

t = (pa � p0a)
2

Large t?What is  corresponding parameter in large angle scattering?

large c.m. scattering
 angle (t/s=const)??
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pQCD diagrams for elastic large angle scattering -- minimal number of 
constituents  + large momentum transfer between constituents

in the moment of interaction constituents of colliding hadrons are 
close together: r1 � r2 / 1/

p
�t
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How to test? Use two  important features of QCD 
(a) In high energies hadron interacts in frozen configurations over large distances 
- coherence length Lh = 2Eh/(M

2
n �m2

h) � RA

(b) Cross section of interaction of hadron in a small size configuration is small

Soft

Regime

Matching Region

Hard

Regime

For a dipole of transverse size d:     σ= cd2   in the lowest order in αs (two gluon exchange F.Low 75)

Here  S is sea quark distribution  for quarks making up 
the dipole.   

(Baym et al 93, FS&Miller  93 & 2000)

Important at Edipole 
< 10 GeV

⇤(d, xN ) =
⇥2

3
�s(Q2

eff )d2
�
xNGN (xN , Q2

eff )+2/3xNSN (xN , Q2
eff )

�

Projectile interacts in configurations with different interaction strength = color fluctuations) 
(relevant for AA collisions)



Problem is that to reach the regime where Lh > 2RA where one expect to  
observe 100% CT one needs very large s  where cross sections are very 
small + only proton beams are doable

Observation of CT was suggested as a test of the origin of elastic large angle 
scattering by A.Mueller and S.Brodsky
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In the limit of very  small sizes of projectile, interaction is small one expects

�(h+A ! h+N + (A� 1)) = A�(h+N ! h+N)

referred to as color transparency (CT)



Recent analysis of D.Ashery (05) D. Ashery, Tel Aviv University

Fit to Gegenbauer Polynomials

Generate Acceptance-Corrected Momentum distributions

Assume dσ
du ∝ φ2

π(u, Q2) in both k⊥ regions

Fit distributions to:

dσ

du
∝ φ2

π(u, Q2) = 36u2(1 − u)2
(

1.0 + a2C
3/2
2 (2u − 1) + a4C

3/2
4 (2u − 1)

)2

For high kt : a2 = a4 = 0 → Asymptotic

For low kt : a2 = 0.30 ± 0.05, a4 = (0.5 ± 0.1) · 10−2 → Transition

Squeezing occurs already  before the leading term (1-z)z dominates!!!  
16

At high energies weakness of  interaction of point-like configurations with 
nucleons - is routinely used for explanation of DIS phenomena at  HERA.

First observation of high energy CT for π +A →”jet”+”jet” +A. (Ashery 2000): 
  Confirmed predictions of pQCD (Frankfurt ,Miller, MS93) for A-dependence (much faster than in soft 
diffraction) & amplitude linear in A (100 % CT),  distribution over energy fraction, u carried by 
one jet, dependence on pt(jet), etc. 

(π wave funct)2

prediction

High energy color transparency is well established

Squeezing occurs  before the leading 
term (1-u)2u2 dominates!!!  

Q2(� f.f.) � 4k2
t (jet)

⇐

strong squeezing in π form factor
 for Q2=6 GeV2
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MORE data is necessary  in particular on the transition from soft to hard diffraction - 
NA61 & COMPASS may have data on tape!!!



- branching exclusive  processes of large c.m. angle scattering off a “a color singlet 
cluster” in a target/projectile (MS94)                         

t’
d

c

b

a

et

s’=(pd+pc)2
-t’ > few GeV2, -t’/ s’ ~1/2 
-t=const ~ 0 
  ➠  s’/s=y<<1, 
tmin=[ma2 -mb2/(1-y)]y

Limit:

Two papers: Kumano, MS, and Sudoh PRD 09; 
                             Kumano &MS  Phys.Lett. 2010

to study both CT (suppression of absorption)  in   2 → 2  &  hadron generalized parton 
distributions (GPDs) [will define GODs later)

☀

Novel idea - to use high energy CT to study dynamics of intermediate 
energy large angle scattering using new type of hard hadronic processes
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one  can 
observe for example: 

●
p

recoil proton

pπ=100 GeV/c plong=50 GeV/c. pT=- 2 GeV/c

π-

π-

π-

plong=50 GeV/c,pT=2 GeV/c

π- + p → π- + π+ + n 

Example of the discussed kinematics

π-  +n  → π-π- p 

reminder: CT seen in pion hard diffraction 
already for pT ~ 1.5 GeV/c



Major objectives 

Study of generalized parton distributions 
(GPD) in nucleons (and in the future in 

other hadrons) in non-vacuum channel with 
control of quantum numbers

Study of large angle (hard?) 
 2 →2 hadronic processes 
for the simplest case of 
meson - meson scattering

High energy color transparency: at what  momentum 
transfer squeezing of hadron sizes takes place: 

 2 →3  hadronic processes with nuclear targets

many  other interesting directions for study,  for example 
Chiral dynamics in Hard  a +b  →h + (h’π )threshold   
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2 →3 branching processes:  first key steps of the study (using already  existing COMPASS data)

testing dynamics of  2 →2  scattering:  
 at what Wππ, t  scattering in small size configurations dominates - color transparency
 (unique feature of 2 →3 at large pinc - no diffusion effects which reduce CT)

proton target - measure cross sections of large angle pion - pion (pion-kaon) scattering

these data would allow to measure quark GPDs of nucleons in non-
vacuum channel (defined a bit later) & pave the way to studies of 
GPDs of other hadrons

☀
☀

If CT is observed

Use R(pt) to measure transverse sizes of the quark-gluon configuration in pions 
involved in the large angle scattering

☀

Use beams at energies between 20 and 200 GeV to measure 
pattern of freezing of space evolution of small size configurations
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R(pt) = �(⇡�Pb ! ⇡�⇡� +A0)/Z�(⇡�p ! ⇡�⇡� +�++)

A practical option use Fe and D targets and just require missing mass to be small enough (< 1.4 GeV)
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2 →3 branching processes is a natural generalization of the exclusive deep inelastic 
processes studied in the last 20 years for which QCD factorization theorems are proven 
using CT property of these reactions

element.4 We will give the definition later. The factor ↵ j
V is

the light-cone wave function for the meson, and Hi j is the

hard scattering function. The sums are over the parton types

i and j that connect the hard scattering to the distribution

function and to the meson. Since the meson has nonzero

flavor, the parton j is restricted to be a quark. The factoriza-

tion theorem Eq. ⇤3� is illustrated in Fig. 1.
The above formula is correct for the production of longi-

tudinally polarized vector mesons. For the production of

transversely polarized vector mesons or of pseudoscalar me-

sons, we have a formula of exactly the same structure, but in

which the unpolarized parton density is replaced by a polar-

ized parton density ⇤the transversity density for transverse
vector mesons, and the helicity density for pseudoscalar me-

sons�. Similar changes will need to be made to the definition
of the meson wave function.

The parameter ⌅ in Eq. ⇤3� is the usual renormalization-
factorization scale. It should be of order Q , in order that the

hard scattering function Hi j be calculable by the use of

finite-order perturbation theory. The ⌅ dependence of the

distribution f i/p and of the light-cone wave function ↵ j
V are

given by equations of the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi ⇤DGLAP� kind, as we will discuss in Sec.
VIII.

Typical lowest order graphs for H are shown in Fig. 2.

Consider Fig. 2⇤a�, all of whose external lines are quarks.
After we go through the derivation of the factorization theo-

rem, and have constructed definitions of the distribution f i/p
and of the light-cone wave function ↵V, we will be able to

see that the definition of H is the sum of graphs such as Fig.

2⇤a� contracted with suitable external line factors that corre-
spond to the Dirac wave functions of the partons. In the case

of longitudinal vector meson production, the factors are
1
2 p

⇤✏� for the lower two lines and 1
2V

�✏⇤ for the lines

connected to the outgoing meson. These factors are related to

spin averages of Dirac wave functions for the quarks.

In the case of the gluon-induced subprocess, Fig. 2⇤b�, the
external fermion lines of H are to be contracted with the

same factors as before, but the two gluon lines are to be

contracted with ⇧ �/2, where  and � are transverse indices,
and the 1/2 represents a kind of spin average.

See Sec. IX for more information on the precise normal-

ization conventions for the hard scattering function.

B. Definitions of light-cone distributions and amplitudes:

Longitudinal vector meson

1. Quark distribution

The distribution function f i/p and meson amplitude ↵ j
V

are defined, as usual, as matrix elements of gauge-invariant

bilocal operators on the light cone. In the case of a quark of

flavor i , we define

f i/p⇤x1 ,x2 ,t ,⌅�

⇥⇥
�⌥

⌥ dy�

4⌃
e�ix2p

⇤y�
⇥p��T⌦̄⇤0,y�,0T�✏

⇤P⌦⇤0 ��p�,

⇤4�

where P is a path-ordered exponential of the gluon field

along the lightlike line joining the two operators for a quark

of flavor i . We have defined x1 to be the fractional momen-

tum given by the quark to the hard scattering and �x2 to be

the momentum given by the antiquark; in the factorization

theorem they obey x1�x2⇥x , with x being the usual

Bjorken variable. At first sight the right-hand-side of Eq. ⇤4�
appears to depend only on x2 and not on x1 nor on t . The

dependence on the other two variables comes from the fact

that the matrix element is nonforward. The difference in mo-

mentum between the states �p� and �p�� together with the
use of a light-cone operator brings in dependence on x1 and

on t . It is necessary to take only the connected part of the

matrix element.

The same definition has recently been given and discussed

by Ji and Radyushkin �12–14�. As Ji points out, when t⇣0
there are in fact two separate parton densities, with different

dependence on the nucleon spin. For the purposes of our

proof, it will be unnecessary to take this into account explic-

itly; we can simply suppose that this and the other parton

densities have dependence on the spin state of the hadron

states �p� and �p��.
The usual quark density f i/p(x ,⌅) is obtained by setting

t⇥0 and x1⇥x2⇥x in Eq. ⇤4�. In addition, it would appear
that one has to remove the time-ordering operation from the

operator operators in Eq. ⇤4� to obtain the operator used for
the parton densities associated with inclusive scattering �17�.
We need time-ordered operators in our present work because

4In fact, our whole paper applies to a more general case. The

final-state proton in Eq. ⇤1� may be replaced by a general baryon: a
neutron, for example. Then the exchanged object no longer has to

have vacuum quantum numbers. The index i in the factorization

theorem is then to be replaced by a pair of indices for the flavors of

the two quark lines joining the parton density f i/p to the hard scat-

tering. Similarly, the two quark lines entering the meson may be

different, and the index j is to be replaced by a pair of indices. FIG. 2. Typical lowest-order graphs for H .

FIG. 1. Factorization theorem.
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final-state proton in Eq. ⇤1� may be replaced by a general baryon: a
neutron, for example. Then the exchanged object no longer has to

have vacuum quantum numbers. The index i in the factorization

theorem is then to be replaced by a pair of indices for the flavors of

the two quark lines joining the parton density f i/p to the hard scat-

tering. Similarly, the two quark lines entering the meson may be

different, and the index j is to be replaced by a pair of indices. FIG. 2. Typical lowest-order graphs for H .

FIG. 1. Factorization theorem.
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element.4Wewillgivethedefinitionlater.Thefactor↵
j
V

is

thelight-conewavefunctionforthemeson,andH
ijisthe

hardscatteringfunction.Thesumsareoverthepartontypes

iandjthatconnectthehardscatteringtothedistribution

functionandtothemeson.Sincethemesonhasnonzero

flavor,thepartonjisrestrictedtobeaquark.Thefactoriza-

tiontheoremEq.⇤3�isillustratedinFig.1.
Theaboveformulaiscorrectfortheproductionoflongi-

tudinallypolarizedvectormesons.Fortheproductionof

transverselypolarizedvectormesonsorofpseudoscalarme-

sons,wehaveaformulaofexactlythesamestructure,butin

whichtheunpolarizedpartondensityisreplacedbyapolar-

izedpartondensity⇤thetransversitydensityfortransverse

vectormesons,andthehelicitydensityforpseudoscalarme-

sons�.Similarchangeswillneedtobemadetothedefinition

ofthemesonwavefunction. Theparameter⌅inEq.⇤3�istheusualrenormalization-

factorizationscale.ItshouldbeoforderQ,inorderthatthe

hardscatteringfunctionH
ijbecalculablebytheuseof

finite-orderperturbationtheory.The⌅dependenceofthe

distributionfi/pandofthelight-conewavefunction↵
j
V

are

givenbyequationsoftheDokshitzer-Gribov-Lipatov-

Altarelli-Parisi⇤DGLAP�kind,aswewilldiscussinSec.

VIII.
TypicallowestordergraphsforHareshowninFig.2.

ConsiderFig.2⇤a�,allofwhoseexternallinesarequarks.

Afterwegothroughthederivationofthefactorizationtheo-

rem,andhaveconstructeddefinitionsofthedistributionfi/p

andofthelight-conewavefunction↵V
,wewillbeableto

seethatthedefinitionofHisthesumofgraphssuchasFig.

2⇤a�contractedwithsuitableexternallinefactorsthatcorre-

spondtotheDiracwavefunctionsofthepartons.Inthecase

oflongitudinalvectormesonproduction,thefactorsare

1
2p⇤✏�

forthelowertwolinesand1
2V�✏⇤

forthelines

connectedtotheoutgoingmeson.Thesefactorsarerelatedto

spinaveragesofDiracwavefunctionsforthequarks.

Inthecaseofthegluon-inducedsubprocess,Fig.2⇤b�,the

externalfermionlinesofHaretobecontractedwiththe

samefactorsasbefore,butthetwogluonlinesaretobe

contractedwith⇧ �/2,where and�aretransverseindices,

andthe1/2representsakindofspinaverage.

SeeSec.IXformoreinformationontheprecisenormal-

izationconventionsforthehardscatteringfunction. B.Definitionsoflight-conedistributionsandamplitudes:

Longitudinalvectormeson
1.Quarkdistribution Thedistributionfunctionfi/pandmesonamplitude↵

j
V

aredefined,asusual,asmatrixelementsofgauge-invariant

bilocaloperatorsonthelightcone.Inthecaseofaquarkof

flavori,wedefine

fi/p⇤x1,x2,t,⌅�

⇥⇥
�⌥

⌥dy�

4⌃e�ix2p
⇤

y�

⇥p��T⌦̄⇤0,y�
,0T�✏⇤P⌦⇤0��p�,

⇤4�
wherePisapath-orderedexponentialofthegluonfield

alongthelightlikelinejoiningthetwooperatorsforaquark

offlavori.Wehavedefinedx1tobethefractionalmomen-

tumgivenbythequarktothehardscatteringand�x2tobe

themomentumgivenbytheantiquark;inthefactorization

theoremtheyobeyx1�x2⇥x,withxbeingtheusual

Bjorkenvariable.Atfirstsighttheright-hand-sideofEq.⇤4�

appearstodependonlyonx2andnotonx1noront.The

dependenceontheothertwovariablescomesfromthefact

thatthematrixelementisnonforward.Thedifferenceinmo-

mentumbetweenthestates�p�and�p��togetherwiththe

useofalight-coneoperatorbringsindependenceonx1and

ont.Itisnecessarytotakeonlytheconnectedpartofthe

matrixelement.
Thesamedefinitionhasrecentlybeengivenanddiscussed

byJiandRadyushkin�12–14�.AsJipointsout,whent⇣0

thereareinfacttwoseparatepartondensities,withdifferent

dependenceonthenucleonspin.Forthepurposesofour

proof,itwillbeunnecessarytotakethisintoaccountexplic-

itly;wecansimplysupposethatthisandtheotherparton

densitieshavedependenceonthespinstateofthehadron

states�p�and�p��. Theusualquarkdensityfi/p(x,⌅)isobtainedbysetting

t⇥0andx1⇥x2⇥xinEq.⇤4�.Inaddition,itwouldappear

thatonehastoremovethetime-orderingoperationfromthe

operatoroperatorsinEq.⇤4�toobtaintheoperatorusedfor

thepartondensitiesassociatedwithinclusivescattering�17�.

Weneedtime-orderedoperatorsinourpresentworkbecause

4
Infact,ourwholepaperappliestoamoregeneralcase.The

final-stateprotoninEq.⇤1�maybereplacedbyageneralbaryon:a

neutron,forexample.Thentheexchangedobjectnolongerhasto

havevacuumquantumnumbers.Theindexiinthefactorization

theoremisthentobereplacedbyapairofindicesfortheflavorsof

thetwoquarklinesjoiningthepartondensityfi/ptothehardscat-

tering.Similarly,thetwoquarklinesenteringthemesonmaybe

different,andtheindexjistobereplacedbyapairofindices.

FIG.2.Typicallowest-ordergraphsforH.

FIG.1.Factorizationtheorem.
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element.4 We will give the definition later. The factor ↵ j
V is

the light-cone wave function for the meson, and Hi j is the

hard scattering function. The sums are over the parton types

i and j that connect the hard scattering to the distribution

function and to the meson. Since the meson has nonzero

flavor, the parton j is restricted to be a quark. The factoriza-

tion theorem Eq. ⇤3� is illustrated in Fig. 1.
The above formula is correct for the production of longi-

tudinally polarized vector mesons. For the production of

transversely polarized vector mesons or of pseudoscalar me-

sons, we have a formula of exactly the same structure, but in

which the unpolarized parton density is replaced by a polar-

ized parton density ⇤the transversity density for transverse
vector mesons, and the helicity density for pseudoscalar me-

sons�. Similar changes will need to be made to the definition
of the meson wave function.

The parameter ⌅ in Eq. ⇤3� is the usual renormalization-
factorization scale. It should be of order Q , in order that the

hard scattering function Hi j be calculable by the use of

finite-order perturbation theory. The ⌅ dependence of the

distribution f i/p and of the light-cone wave function ↵ j
V are

given by equations of the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi ⇤DGLAP� kind, as we will discuss in Sec.
VIII.

Typical lowest order graphs for H are shown in Fig. 2.

Consider Fig. 2⇤a�, all of whose external lines are quarks.
After we go through the derivation of the factorization theo-

rem, and have constructed definitions of the distribution f i/p
and of the light-cone wave function ↵V, we will be able to

see that the definition of H is the sum of graphs such as Fig.

2⇤a� contracted with suitable external line factors that corre-
spond to the Dirac wave functions of the partons. In the case

of longitudinal vector meson production, the factors are
1
2 p

⇤✏� for the lower two lines and 1
2V

�✏⇤ for the lines

connected to the outgoing meson. These factors are related to

spin averages of Dirac wave functions for the quarks.

In the case of the gluon-induced subprocess, Fig. 2⇤b�, the
external fermion lines of H are to be contracted with the

same factors as before, but the two gluon lines are to be

contracted with ⇧ �/2, where  and � are transverse indices,
and the 1/2 represents a kind of spin average.

See Sec. IX for more information on the precise normal-

ization conventions for the hard scattering function.

B. Definitions of light-cone distributions and amplitudes:

Longitudinal vector meson

1. Quark distribution

The distribution function f i/p and meson amplitude ↵ j
V

are defined, as usual, as matrix elements of gauge-invariant

bilocal operators on the light cone. In the case of a quark of

flavor i , we define

f i/p⇤x1 ,x2 ,t ,⌅�

⇥⇥
�⌥

⌥ dy�

4⌃
e�ix2p

⇤y�
⇥p��T⌦̄⇤0,y�,0T�✏

⇤P⌦⇤0 ��p�,

⇤4�

where P is a path-ordered exponential of the gluon field

along the lightlike line joining the two operators for a quark

of flavor i . We have defined x1 to be the fractional momen-

tum given by the quark to the hard scattering and �x2 to be

the momentum given by the antiquark; in the factorization

theorem they obey x1�x2⇥x , with x being the usual

Bjorken variable. At first sight the right-hand-side of Eq. ⇤4�
appears to depend only on x2 and not on x1 nor on t . The

dependence on the other two variables comes from the fact

that the matrix element is nonforward. The difference in mo-

mentum between the states �p� and �p�� together with the
use of a light-cone operator brings in dependence on x1 and

on t . It is necessary to take only the connected part of the

matrix element.

The same definition has recently been given and discussed

by Ji and Radyushkin �12–14�. As Ji points out, when t⇣0
there are in fact two separate parton densities, with different

dependence on the nucleon spin. For the purposes of our

proof, it will be unnecessary to take this into account explic-

itly; we can simply suppose that this and the other parton

densities have dependence on the spin state of the hadron

states �p� and �p��.
The usual quark density f i/p(x ,⌅) is obtained by setting

t⇥0 and x1⇥x2⇥x in Eq. ⇤4�. In addition, it would appear
that one has to remove the time-ordering operation from the

operator operators in Eq. ⇤4� to obtain the operator used for
the parton densities associated with inclusive scattering �17�.
We need time-ordered operators in our present work because

4In fact, our whole paper applies to a more general case. The

final-state proton in Eq. ⇤1� may be replaced by a general baryon: a
neutron, for example. Then the exchanged object no longer has to

have vacuum quantum numbers. The index i in the factorization

theorem is then to be replaced by a pair of indices for the flavors of

the two quark lines joining the parton density f i/p to the hard scat-

tering. Similarly, the two quark lines entering the meson may be

different, and the index j is to be replaced by a pair of indices. FIG. 2. Typical lowest-order graphs for H .

FIG. 1. Factorization theorem.
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element.4 We will give the definition later. The factor ↵ j
V is

the light-cone wave function for the meson, and Hi j is the

hard scattering function. The sums are over the parton types

i and j that connect the hard scattering to the distribution

function and to the meson. Since the meson has nonzero

flavor, the parton j is restricted to be a quark. The factoriza-

tion theorem Eq. ⇤3� is illustrated in Fig. 1.
The above formula is correct for the production of longi-

tudinally polarized vector mesons. For the production of

transversely polarized vector mesons or of pseudoscalar me-

sons, we have a formula of exactly the same structure, but in

which the unpolarized parton density is replaced by a polar-

ized parton density ⇤the transversity density for transverse
vector mesons, and the helicity density for pseudoscalar me-

sons�. Similar changes will need to be made to the definition
of the meson wave function.

The parameter ⌅ in Eq. ⇤3� is the usual renormalization-
factorization scale. It should be of order Q , in order that the

hard scattering function Hi j be calculable by the use of

finite-order perturbation theory. The ⌅ dependence of the

distribution f i/p and of the light-cone wave function ↵ j
V are

given by equations of the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi ⇤DGLAP� kind, as we will discuss in Sec.
VIII.

Typical lowest order graphs for H are shown in Fig. 2.

Consider Fig. 2⇤a�, all of whose external lines are quarks.
After we go through the derivation of the factorization theo-

rem, and have constructed definitions of the distribution f i/p
and of the light-cone wave function ↵V, we will be able to

see that the definition of H is the sum of graphs such as Fig.

2⇤a� contracted with suitable external line factors that corre-
spond to the Dirac wave functions of the partons. In the case

of longitudinal vector meson production, the factors are
1
2 p

⇤✏� for the lower two lines and 1
2V

�✏⇤ for the lines

connected to the outgoing meson. These factors are related to

spin averages of Dirac wave functions for the quarks.

In the case of the gluon-induced subprocess, Fig. 2⇤b�, the
external fermion lines of H are to be contracted with the

same factors as before, but the two gluon lines are to be

contracted with ⇧ �/2, where  and � are transverse indices,
and the 1/2 represents a kind of spin average.

See Sec. IX for more information on the precise normal-

ization conventions for the hard scattering function.

B. Definitions of light-cone distributions and amplitudes:

Longitudinal vector meson

1. Quark distribution

The distribution function f i/p and meson amplitude ↵ j
V

are defined, as usual, as matrix elements of gauge-invariant

bilocal operators on the light cone. In the case of a quark of

flavor i , we define

f i/p⇤x1 ,x2 ,t ,⌅�

⇥⇥
�⌥

⌥ dy�

4⌃
e�ix2p

⇤y�
⇥p��T⌦̄⇤0,y�,0T�✏

⇤P⌦⇤0 ��p�,

⇤4�

where P is a path-ordered exponential of the gluon field

along the lightlike line joining the two operators for a quark

of flavor i . We have defined x1 to be the fractional momen-

tum given by the quark to the hard scattering and �x2 to be

the momentum given by the antiquark; in the factorization

theorem they obey x1�x2⇥x , with x being the usual

Bjorken variable. At first sight the right-hand-side of Eq. ⇤4�
appears to depend only on x2 and not on x1 nor on t . The

dependence on the other two variables comes from the fact

that the matrix element is nonforward. The difference in mo-

mentum between the states �p� and �p�� together with the
use of a light-cone operator brings in dependence on x1 and

on t . It is necessary to take only the connected part of the

matrix element.

The same definition has recently been given and discussed

by Ji and Radyushkin �12–14�. As Ji points out, when t⇣0
there are in fact two separate parton densities, with different

dependence on the nucleon spin. For the purposes of our

proof, it will be unnecessary to take this into account explic-

itly; we can simply suppose that this and the other parton

densities have dependence on the spin state of the hadron

states �p� and �p��.
The usual quark density f i/p(x ,⌅) is obtained by setting

t⇥0 and x1⇥x2⇥x in Eq. ⇤4�. In addition, it would appear
that one has to remove the time-ordering operation from the

operator operators in Eq. ⇤4� to obtain the operator used for
the parton densities associated with inclusive scattering �17�.
We need time-ordered operators in our present work because

4In fact, our whole paper applies to a more general case. The

final-state proton in Eq. ⇤1� may be replaced by a general baryon: a
neutron, for example. Then the exchanged object no longer has to

have vacuum quantum numbers. The index i in the factorization

theorem is then to be replaced by a pair of indices for the flavors of

the two quark lines joining the parton density f i/p to the hard scat-

tering. Similarly, the two quark lines entering the meson may be

different, and the index j is to be replaced by a pair of indices. FIG. 2. Typical lowest-order graphs for H .

FIG. 1. Factorization theorem.
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element.4 We will give the definition later. The factor ↵ j
V is

the light-cone wave function for the meson, and Hi j is the

hard scattering function. The sums are over the parton types

i and j that connect the hard scattering to the distribution

function and to the meson. Since the meson has nonzero

flavor, the parton j is restricted to be a quark. The factoriza-

tion theorem Eq. ⇤3� is illustrated in Fig. 1.
The above formula is correct for the production of longi-

tudinally polarized vector mesons. For the production of

transversely polarized vector mesons or of pseudoscalar me-

sons, we have a formula of exactly the same structure, but in

which the unpolarized parton density is replaced by a polar-

ized parton density ⇤the transversity density for transverse
vector mesons, and the helicity density for pseudoscalar me-

sons�. Similar changes will need to be made to the definition
of the meson wave function.

The parameter ⌅ in Eq. ⇤3� is the usual renormalization-
factorization scale. It should be of order Q , in order that the

hard scattering function Hi j be calculable by the use of

finite-order perturbation theory. The ⌅ dependence of the

distribution f i/p and of the light-cone wave function ↵ j
V are

given by equations of the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi ⇤DGLAP� kind, as we will discuss in Sec.
VIII.

Typical lowest order graphs for H are shown in Fig. 2.

Consider Fig. 2⇤a�, all of whose external lines are quarks.
After we go through the derivation of the factorization theo-

rem, and have constructed definitions of the distribution f i/p
and of the light-cone wave function ↵V, we will be able to

see that the definition of H is the sum of graphs such as Fig.

2⇤a� contracted with suitable external line factors that corre-
spond to the Dirac wave functions of the partons. In the case

of longitudinal vector meson production, the factors are
1
2 p

⇤✏� for the lower two lines and 1
2V

�✏⇤ for the lines

connected to the outgoing meson. These factors are related to

spin averages of Dirac wave functions for the quarks.

In the case of the gluon-induced subprocess, Fig. 2⇤b�, the
external fermion lines of H are to be contracted with the

same factors as before, but the two gluon lines are to be

contracted with ⇧ �/2, where  and � are transverse indices,
and the 1/2 represents a kind of spin average.

See Sec. IX for more information on the precise normal-

ization conventions for the hard scattering function.

B. Definitions of light-cone distributions and amplitudes:

Longitudinal vector meson

1. Quark distribution

The distribution function f i/p and meson amplitude ↵ j
V

are defined, as usual, as matrix elements of gauge-invariant

bilocal operators on the light cone. In the case of a quark of

flavor i , we define

f i/p⇤x1 ,x2 ,t ,⌅�

⇥⇥
�⌥

⌥ dy�

4⌃
e�ix2p

⇤y�
⇥p��T⌦̄⇤0,y�,0T�✏

⇤P⌦⇤0 ��p�,

⇤4�

where P is a path-ordered exponential of the gluon field

along the lightlike line joining the two operators for a quark

of flavor i . We have defined x1 to be the fractional momen-

tum given by the quark to the hard scattering and �x2 to be

the momentum given by the antiquark; in the factorization

theorem they obey x1�x2⇥x , with x being the usual

Bjorken variable. At first sight the right-hand-side of Eq. ⇤4�
appears to depend only on x2 and not on x1 nor on t . The

dependence on the other two variables comes from the fact

that the matrix element is nonforward. The difference in mo-

mentum between the states �p� and �p�� together with the
use of a light-cone operator brings in dependence on x1 and

on t . It is necessary to take only the connected part of the

matrix element.

The same definition has recently been given and discussed

by Ji and Radyushkin �12–14�. As Ji points out, when t⇣0
there are in fact two separate parton densities, with different

dependence on the nucleon spin. For the purposes of our

proof, it will be unnecessary to take this into account explic-

itly; we can simply suppose that this and the other parton

densities have dependence on the spin state of the hadron

states �p� and �p��.
The usual quark density f i/p(x ,⌅) is obtained by setting

t⇥0 and x1⇥x2⇥x in Eq. ⇤4�. In addition, it would appear
that one has to remove the time-ordering operation from the

operator operators in Eq. ⇤4� to obtain the operator used for
the parton densities associated with inclusive scattering �17�.
We need time-ordered operators in our present work because

4In fact, our whole paper applies to a more general case. The

final-state proton in Eq. ⇤1� may be replaced by a general baryon: a
neutron, for example. Then the exchanged object no longer has to

have vacuum quantum numbers. The index i in the factorization

theorem is then to be replaced by a pair of indices for the flavors of

the two quark lines joining the parton density f i/p to the hard scat-

tering. Similarly, the two quark lines entering the meson may be

different, and the index j is to be replaced by a pair of indices. FIG. 2. Typical lowest-order graphs for H .

FIG. 1. Factorization theorem.
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element.4 We will give the definition later. The factor ↵ j
V is

the light-cone wave function for the meson, and Hi j is the

hard scattering function. The sums are over the parton types

i and j that connect the hard scattering to the distribution

function and to the meson. Since the meson has nonzero

flavor, the parton j is restricted to be a quark. The factoriza-

tion theorem Eq. ⇤3� is illustrated in Fig. 1.
The above formula is correct for the production of longi-

tudinally polarized vector mesons. For the production of

transversely polarized vector mesons or of pseudoscalar me-

sons, we have a formula of exactly the same structure, but in

which the unpolarized parton density is replaced by a polar-

ized parton density ⇤the transversity density for transverse
vector mesons, and the helicity density for pseudoscalar me-

sons�. Similar changes will need to be made to the definition
of the meson wave function.

The parameter ⌅ in Eq. ⇤3� is the usual renormalization-
factorization scale. It should be of order Q , in order that the

hard scattering function Hi j be calculable by the use of

finite-order perturbation theory. The ⌅ dependence of the

distribution f i/p and of the light-cone wave function ↵ j
V are

given by equations of the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi ⇤DGLAP� kind, as we will discuss in Sec.
VIII.

Typical lowest order graphs for H are shown in Fig. 2.

Consider Fig. 2⇤a�, all of whose external lines are quarks.
After we go through the derivation of the factorization theo-

rem, and have constructed definitions of the distribution f i/p
and of the light-cone wave function ↵V, we will be able to

see that the definition of H is the sum of graphs such as Fig.

2⇤a� contracted with suitable external line factors that corre-
spond to the Dirac wave functions of the partons. In the case

of longitudinal vector meson production, the factors are
1
2 p

⇤✏� for the lower two lines and 1
2V

�✏⇤ for the lines

connected to the outgoing meson. These factors are related to

spin averages of Dirac wave functions for the quarks.

In the case of the gluon-induced subprocess, Fig. 2⇤b�, the
external fermion lines of H are to be contracted with the

same factors as before, but the two gluon lines are to be

contracted with ⇧ �/2, where  and � are transverse indices,
and the 1/2 represents a kind of spin average.

See Sec. IX for more information on the precise normal-

ization conventions for the hard scattering function.

B. Definitions of light-cone distributions and amplitudes:

Longitudinal vector meson

1. Quark distribution

The distribution function f i/p and meson amplitude ↵ j
V

are defined, as usual, as matrix elements of gauge-invariant

bilocal operators on the light cone. In the case of a quark of

flavor i , we define

f i/p⇤x1 ,x2 ,t ,⌅�

⇥⇥
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⌥ dy�
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⇤P⌦⇤0 ��p�,

⇤4�

where P is a path-ordered exponential of the gluon field

along the lightlike line joining the two operators for a quark

of flavor i . We have defined x1 to be the fractional momen-

tum given by the quark to the hard scattering and �x2 to be

the momentum given by the antiquark; in the factorization

theorem they obey x1�x2⇥x , with x being the usual

Bjorken variable. At first sight the right-hand-side of Eq. ⇤4�
appears to depend only on x2 and not on x1 nor on t . The

dependence on the other two variables comes from the fact

that the matrix element is nonforward. The difference in mo-

mentum between the states �p� and �p�� together with the
use of a light-cone operator brings in dependence on x1 and

on t . It is necessary to take only the connected part of the

matrix element.

The same definition has recently been given and discussed

by Ji and Radyushkin �12–14�. As Ji points out, when t⇣0
there are in fact two separate parton densities, with different

dependence on the nucleon spin. For the purposes of our

proof, it will be unnecessary to take this into account explic-

itly; we can simply suppose that this and the other parton

densities have dependence on the spin state of the hadron

states �p� and �p��.
The usual quark density f i/p(x ,⌅) is obtained by setting

t⇥0 and x1⇥x2⇥x in Eq. ⇤4�. In addition, it would appear
that one has to remove the time-ordering operation from the

operator operators in Eq. ⇤4� to obtain the operator used for
the parton densities associated with inclusive scattering �17�.
We need time-ordered operators in our present work because

4In fact, our whole paper applies to a more general case. The

final-state proton in Eq. ⇤1� may be replaced by a general baryon: a
neutron, for example. Then the exchanged object no longer has to

have vacuum quantum numbers. The index i in the factorization

theorem is then to be replaced by a pair of indices for the flavors of

the two quark lines joining the parton density f i/p to the hard scat-

tering. Similarly, the two quark lines entering the meson may be

different, and the index j is to be replaced by a pair of indices. FIG. 2. Typical lowest-order graphs for H .

FIG. 1. Factorization theorem.
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π + T (A, N) → jet1 + jet2 + T (A, N) Frankfurt, Miller, MS 93 & 03

partonic scattering process, which is calculable in powers of . The indices label

the different parton species. The contribution of diagrams in which the hard scattering process

involves more than the minimum number of partons is suppressed by . An important con-

sequence of factorization is that the –dependence of the amplitude rests entirely in the GPD.

Thus, different processes probing the same GPD should exhibit the same –dependence.

4.2 Space–time picture: “Squeezing” of hadrons

The physics of hard exclusive processes at small becomes most transparent when following

the space–time evolution in the target rest frame. As in the case of inclusive scattering, this

approach allows one to expose the limits of the leading–twist approximation, and to quantify

power corrections due to the nite transverse size of the produced meson.

In exclusive vector meson production, , one can identify three distinct stages

in the time evolution in the target rest frame. The virtual photon dissociates into a dipole

of transverse size at a time coh before interacting with the

target, cf. Eq. (3). The dipole then scatters from the target, and “lives” for a time

before forming the nal state vector meson. The difference in the time scales is due to the

smaller transverse momenta (virtualities) allowed by the meson wave function as compared to

the virtual photon.

In the leading logarithmic approximation in QCD , the effects of QCD radiation can

again be absorbed in the amplitude for the scattering of the small–size dipole off the target. It

can be shown by direct calculation of Feynman diagrams that the leading term for small dipole

sizes is proportional to the generalized gluon distribution, eff , where eff

[7]. A simpler approach is to infer the result for the imaginary part of the amplitude from

the expression for the cross section, Eq. (6), via the optical theorem. The imaginary part is

proportional to the generalized gluon distribution at and . At sufciently large

t

x
1

!xx
1

process
Hard scattering

amplitude
Meson distribution

Generalized
parton distribution

f

H

!
"*

L

M

Figure 4: Factorization of the amplitude of hard exclusive meson production, Eq. (12).
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Baryo-baryonic

�� + N � � + N(baryonic system)

��L + N � ”meson”(mesons) + N(baryonic system)

D.Muller 94 et al, Radyushkin 96, Ji 96, Collins &Freund 98

Brodsky,Frankfurt, Gunion,Mueller, MS 94
 - vector mesons, small x

general case Collins, Frankfurt, MS 97 - provide  first effective tools for study of the 
3D hadron structure



Quark density

For a quark of flavor i - qi (in case of charged mesons i 
stands for the flavor indices of the initial and final quarks)

where P is a path-ordered exponential of the gluon field 
along the light-like line joining the two operators for qi
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Generalized parton distributions 
= form factor to remove quark with x1 , pt~Q 
and put it back with x’=x1-x, pt’= pt+q  (t~ q2) 

with the same transverse coordinate



New idea - if squeezing occurs in large angle  2 →2 process,   
factorization in 2 →3 processes

GPD

N

t ’b
d

e (baryon)

c (meson)

t t

e (meson)N

GPD

t ’b d

c (baryon)

If the upper block is a hard (2 →2 ) process,   “b”, “d”, “c” are in small size configurations as well as 
exchange system (qq, qqq). Can use CT argument as in the proof of QCD factorization of  meson  
exclusive production in DIS (Collins, LF, MS 97)

⇓

14

M⇡N!⇡⇡N = GPD(N ! N)⌦  i
⇡ ⌦H ⌦  ⇡f ⌦  ⇡0

f

2 →3 amplitude is convolution of  several blocks:



Main challenge for CT studies performed at intermediate energies is lack of 
freezing: |qqq> ( |qq> is not an eigenstate of the QCD Hamiltonian.  So even if we find an 
elementary process in which interaction is dominated by small size configurations - they are 
not frozen. They evolve - expand after interaction to average configurations and contract 
before interaction  from average configurations (Frankfurt,Farrar,Liu, MS88)

lcoh~ (0.4- 0.8) fm Eh[GeV]

p
p

p

pA→ pp (A-1) at large t and 
intermediate energies

lcoh

Quantum 
Diffusion model 

of expansionactually incoherence length

MC’s at RHIC assume much 
larger lcoh= 1fm Eh/mh; 

for pions  lcoh= 7 fm Eh[GeV] - 
a factor of 10 difference !!!

-

e
p

e

eA→ ep (A-1) at large Q

lcoh
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⇥PLC(z) =
�

⇥hard +
z

lcoh
[⇥ � ⇥hard]

⇥
�(lcoh � z) + ⇥�(z � lcoh)

| PLC(t)i =
1X

i=1

ai exp(iEit) | it)i = exp(iE1)

1X

i=1

ai exp

✓
i(m2

i �m2
1)t

2P

◆
| it)i



Experimental evidence  for CT in electroproduction meson production

☀ γ* +A →π A*   transparency  increases
                            with Q2 (Dutta et al 07)

A- dependence checks not only 
squeezing but small lcoh as well
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Glauber m.

prediction of quantum diffusion model
Ghent

Miller &MS

☺γ* +A →ρ A*   also report
 increase of transparency with Q2
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FIG. 3. (color online) Nuclear transparency as a function of
lc. The inner error bars are the statistical uncertainties and
the outer ones are the statistical and point-to-point (lc depen-
dent) systematic uncertainties added in quadrature. There is
an additional normalization systematic uncertainty of 1.9%
for carbon and 1.8% for iron (not shown in the figure) with ac-
ceptance and background subtraction being the main sources.
The carbon data has been scaled by a factor 0.77 to fit in the
same figure with the iron data.

the Frankfurt-Miller-Strikman (FMS) [38] calculations.250

While the KNS and GKM models yield an approximately251

linear Q2 dependence, the FMS calculation yields a more252

complicated Q2 dependence as shown in Fig. 4. The mea-253

sured slope for carbon corresponds to a drop in the ab-254

sorption of the ⇢0 from 37% at Q2 = 1 GeV2 to 32% at255

Q2 = 2.2 GeV2, in reasonable agreement with the cal-256

culations. Despite the di↵erences between these models257

in the assumed production mechanisms and SSC inter-258

action in the nuclear medium, they all support the idea259

that the observed Q2 dependence is clear evidence for260

the onset of CT, demonstrating the creation of small size261

configurations, their relatively slow expansion and their262

reduced interaction with the nuclear medium.263

The onset of CT in ⇢0 electroproduction seems to264265

occur at lower Q2 than in the pion measurements. This266

early onset suggests that di↵ractive meson production is267

the optimal way to create a SSC [26]. The Q2 depen-268

dence of the transparency ratio is mainly sensitive to the269

reduced interaction of the SSC as it evolves into a full-270

sized hadron, and thus depends strongly on the expansion271

length over which the SSC color fields expand to form a272

⇢0 meson. The expansion length used by the FMS and273

GKM models is between 1.1 and 2.4 fm for ⇢0 mesons274

produced with momenta from 2 to 4.3 GeV while the275

KNS model uses an expansion length roughly a factor of276

two smaller. The agreement between the observed Q2 de-277

pendence and these models suggests that these assumed278

expansion distances are reasonable, yielding rest-frame279

SSC lifetimes of about 0.5� 1⇥ 10�24 second.280

In summary, we have experimentally observed the for-281
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FIG. 4. (color online) Nuclear transparency as a function
of Q2. The inner error bars are statistic uncertainties and the
outer ones are statistic and point-to-point (Q2 dependent)
systematic uncertainties added in quadrature. The curves
are predictions of the FMS [38] (red) and GKM [37] (green)
models with (dashed-dotted and dashed curves, respectively)
and without (dotted and solid curves, respectively) CT. Both
models include the pion absorption e↵ect when the ⇢0 meson
decays inside the nucleus. There is an additional normaliza-
tion systematic uncertainty of 2.4% for carbon and 2.1% for
iron (not shown in the figure).

mation of small size configurations in di↵ractive ⇢0 meson282

electroproduction and its reduced interaction as it travels283

through the nucleus. We see a clear onset of color trans-284

parency and, based on the existing models, provide the285

first estimate of the expansion time (lifetime) for these286

exotic configurations. Having established these features,287

detailed studies of the theoretical models will allow the288

first quantitative evaluation of the structure and evolu-289

tion properties of the SSCs. Such studies will be further290

enhanced by future measurements [39], which will include291

additional nuclei and extend to higher Q2 values.292

TABLE I. Fitted slope parameters of the Q2-dependence of293

the nuclear transparency for carbon and iron nuclei. The re-294

sults are compared with theoretical predictions of KNS [36],295

GKM [37] and FMS [38].296

Measured slopes Model Predictions

Nucleus GeV�2 KNS GKM FMS

C 0.044± 0.015stat ± 0.019syst 0.06 0.06 0.025

Fe 0.053± 0.008stat ± 0.013syst 0.047 0.047 0.032

297

298299

The Jlab π,ρ data are consistent with CT predictions with coherence length 
  lcoh ~ 0.6fm ph [GeV] . Additional evidence for presence of small size components in mesons

El Fassi et al , 2012

For typical CERN  kinematics freezing is very effective:
 Lcoh(pπ =50 GeV)= 30 fm >> 2RPb= 12 fm

T = (A/2)↵

  Lcoh(pπ =30 GeV)= 20 fm >> 2RFe



So far we don’t have a  good understand the origin of one of the 
most fundamental hadronic processes in pQCD -large 
angle two body reactions (-t/s=const,  s        )→∞

 π +p → π +p, p +p → p +p,...

17

Are large angle two body processes being  point like probes?

Dimensional quark counting rules:

number of constituents
 in initial  state

number of constituents
 in final state

d�

dt
= f(✓c.m.)s

(�
P

nqi�
P

nqf
+2)
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Indicates dominance of minimal Fock components of small size?

Describes regularities of studies hadronic reactions  pretty well

n-2=8

n-2=10

Quark counting expectations work pretty well: 

n-2=8

n-2=8
n-2=8
n-2=8

n-2=10

n-2=8

n-2=8
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Another interesting observation - cross sections of  reactions where  
quark exchanges is allowed have much larger cross section. For 
example  -- pp elastic  >> pp  elastic

_

K+ K+ K+

p p p

K+p→K+p

K- K- K- K-

p p p

K-p→K-p

p

�(K+p ! K+p) � �(K�p ! K�p)
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Do these regularities indicates dominance of minimal Fock components of small size?

Theory (A.Mueller et al 80-81) - competition between diagrams corresponding to the 
scattering in small size  configurations and pinch contribution (Landshoff diagrams)

⇡+

⇡+ ⇡+ ⇡+ ⇡+

⇡+ ⇡+

u

u

d̄

d̄

1

s6

1

s5
+ Sudakov logarithm 
   suppression of large     
size configurations ! 1/s6

??
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All mechanisms of large angle two body scattering predict  
squeezing of the colliding hadrons. However they lead to a 
different  dependence  of the squeezing rate  on  t.  

Landshoff mechanism cannot explain quark exchange dominance 
➙ it is possible that the rate of squeezing is stronger in 
processes where quark exchange is allowed

Squeezed configurations are present with significant probability in 
mesons (evidence from observations of CT & and exclusive processes 
in DIS). Squeezing is likely to be more effective for mesons.
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Expectations for the elementary reaction π-p → π-π N(Δ) 

π- π+

Factorization:

GPD

N

t ’b
d

e (baryon)

c (meson)

t t

e (meson)N

GPD

t ’b d

c (baryon)

If the upper block is a hard (2 →2 ) process,   “b”, “d”, “c” are in small size configurations as well as 
exchange system (qq, qqq). Can use CT argument as in the proof of QCD factorization of  meson  
exclusive production in DIS (Collins, LF, MS 97)

�

MNN�N�B = GPD(N ⇥ B)� �i
b �H � �d � �c

-
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π- π-

π0GPD

p p nΔ+

pt(⇡1) ⇡ �pt(⇡2) � 1GeV/c;�(pt(⇡1) + pt(⇡2)) ⇡ t ⇠ 0

Kinematics
p(⇡1)

pinc
= ↵ ⇠ 1/2,

p(⇡2)

pinc
= 1� ↵ M2

⇡⇡ =
p2t

↵(1� ↵)

Bromberg et al  1981

recoil nucleon kinematics  very similar to diffractive case 

pπ-=100, 175 GeV/c

M2ππ up to 16 GeV2, θc.m.=900

� /
✓

M2
⇡⇡

2mNpinc

◆2 ✓
1

M2
⇡⇡

◆6

Note - π-π- -scattering -  no s-channel resonances - early onset scaling? 
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Fig. 28. 100 GeV/c scatter plot of - t,,, against M~,, for It) < 0.10 (GeV/c) 2. 

Except  for cos 0~s very close to 1, I 0 values could  be  ob ta ined  in b ins  wi thout  11 
since only I 0 is p resen t  in cos 0Gj project ions .  

Two types  of fits were made  on the I 0 as a funct ion of  cos 0Gj. F o r  compar i son  
with  ref. [17], the exponent ia l  form d I 0 / d c o s  0 j  = Ae b(1-c°s°~J) was used for for- 
ward  peaks  at  masses  above  1.9 G e V / c  2. Legendre  po lynomia l  series were used 
elsewhere. P roduced  event  totals  f rom these fits for masses  above  1.7 G e V / c  2 were 
inc luded  in fig. 13. They  were sl ightly be low m o m e n t  fits at the O °, in comple te  
agreement  at the f, and  sys temat ica l ly  above  m o m e n t  results  at  masses  above  1.9 
G e V / c  2. The  high mass  di f ference is due  to the use of  an exponent ia l  funct ion for 
the forward  peak,  a shape not  well t racked  with  a l imi ted  n u m b e r  of moments .  

The  second set of  I 0 fits used the empir ica l  form 

d l o / d  cos 0Gj = I X/~-eBx/2 + x / ~ e ( D x / 2  +i~°)12 (19) 

where  x = (1 - cos 0c j )  for masses  above  2.1 G e V / c  2. These interfer ing exponent ia l  
fits t r acked  the high mass  fo rward  peaks,  first m i n i m u m  and  secondary  max imum.  
Tab le  4 gives the resul t ing coefficients.  

I 0 d i s t r ibu t ions  and  fit results  are shown in fig. 29 for masses  above  1.7 G e V / c  2 
af ter  t r ans fo rma t ion  to t . .  with 

t,,,~ = - 2q 2 (1 - cos 0~j ) ,  (20) 

θc.m.=900
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Expectations for ππ  elastic scattering blok  based on dominance 
of quark exchange diagrams in the scattering amplitude

�(⇡�⇡� ! ⇡�⇡�) = �(⇡�⇡0 ! ⇡�⇡0)

�(⇡�⇡� ! ⇡�⇡�) � �(⇡�⇡+ ! ⇡�⇡+)

many other interesting channels: πρ,πη, K+π, etc
πρ production corresponds to different G-parity of quark - antiquark pair  - 
different GPD .  These nondiagonal GPDs are connected to flavor diagonal GPDs 
via SU(2).  K+ - related through SU(3).

CERN experiments are  in position to produce the first data on high 
momentum transfer 2→3 processes. For small t pion exchange dominates - so 
interpretation is pretty simple independent of whether the process is hard



How to check that squeezing takes place and one can use GPD logic?

Use as example process π-A→ππ A* pft(π-)+ pft(π-(0)) ~ 0

c
b

d

A

lcoh=60 fm
for W=20 GeV

π-

π-(0)

Branching (2→3) processes with 
nuclei - freezing is 100% effective for 
pinc > 100 GeV/c - study of one effect 
only - size of fast hadrons. Freezing 
remains strong for incident pion  
momenta down to  20 -- 30 GeV/c

consider the rest frame of the nucleus

If size is small,  cross section is proportional to A - full CT

π-

A

Qualitative advantage as compared to suggestion of Mueller and Brodsky to measure size 
using  CT directly in 2→2 since for moderate t in difference from 2→3 it is impossible to 
suppress diffusion



0.03

0.1

1

10 100 30020 50 200

A

5 mb

10 mb
15 mb
20 mb

T 
(A

)

σeff = 25 mb

Large effect even if the pion 
radius is changed just by 20%

If squeezing is large enough one can measure quark- 
antiquark size using “small dipole” - nucleon cross section 
known from pQCD
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TA( pb,  pc,  pd) =
1
A

�
d3r�A( r)Pb( pb, r)Pc( pc, r)Pd( pd, r)

⇤pb, ⇤pc, ⇤pd
�

�A(⇧r)d3r = A Pj( pj , r) = exp
�
�

⇤

path
dz ⇥e�( pj , z)�A(z)

⇥
three momenta of the incoming  and outgoing particles

TA =
d�(⇡�A!⇡1⇡2A

⇤)
d⌦

Z d�(⇡�p!⇡1⇡2N(�))
d⌦ +N d�(⇡�n!⇡1⇡2N(�))

d⌦

⇤(d, x) =
⇥2

3
�s(Q2

eff )d2

�
xGN (x, Q2

eff ) +
2
3
xSN (x, Q2

eff )
⇥



Model independent way to extract TA  from proton and lead data: 
use π-A→π-π0 A*, since  

           σ(π-p→π-π0 p (N*))= σ(π-n→π-π0 n (N*)) 

and make the same missing energy cut (reasonably small) for 
proton and lead data.

Another option: comparing proton (deuteron)  and nuclear targets for other 
ππ channels:  study pt dependence of  TA for the same cut on Emis. Relies on 
factorization of  GPD blob. Onset of CT = increase of  TA with pt.
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“Defrosting” point like configurations - energy dependence for fixed s’,t’

Use lcoh~ 0.6 fm Eh[GeV]

Quantum 
Diffusion model 

of expansion
⇥PLC(z) =

�
⇥hard +

z

lcoh
[⇥ � ⇥hard]

⇥
�(lcoh � z) + ⇥�(z � lcoh)

which describes well CT for pion and rho electroproduction
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Conclusions

At the very least, analysis of the discussed processes would allow 
to measure for the first time cross sections of large angle pion - pion scattering

Resolve long standing puzzle of sizes of configurations  involved in large angle scattering

to measure several nucleon quark GPDs.

If  CT is observed, it would be possible 

to measure quark GPDs of other hadrons and photon (tagged photons in DIS?)

to use beams of lower energies to map space time evolution of small wave 
packets at distances 1 < z <6 fm.
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