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⇠2|hẼi|2]

Leading	twist	σL				

d

4
�

dQ

2
dxBdtd�⇡

= �(Q

2
, xB , E)

1

2⇡

(�T + ✏�L + ✏ cos 2�⇡�TT +

p
2✏(1 + ✏) cos �⇡�LT )

The	brackets	<F>	denote	the	
convolu5on	of	the	elementary	process	
with	the	GPD	F	(Generalized	Form	
Factors,	GFF)	

σL		suppressed	by	a		factor	coming	from:	

3	

13

D
˜H
E
=

X

�

Z 1

�1
dxM(x, ⇠, Q2,�) ˜H(x, ⇠, t)

D
˜E
E
=

X

�

Z 1

�1
dxM(x, ⇠, Q2,�) ˜E(x, ⇠, t)

5

|⌘i = cos ✓8|⌘8i � sin ✓1|⌘1i
|⌘0i = sin ✓8|⌘8i + cos✓1|⌘1i,

(2)

where

|⌘8i =
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ep→ epπ 0

S.	Goloskokov	and		P.	Kroll	
S.	Liu5	and	G.	Goldstein	

Structure	func5ons	and	GPDs	



Structure	func5ons	and	GPDs	
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ep→ epπ 0

HT	and	ET=2HT+ET	
_	 ~	

Transversity	GPD	model	
S.	Goloskokov	and		P.	Kroll	
S.	Liu5	and	G.	Goldstein	
•  		σL<<σT



π0/η	Exclusive	Electroproduc5on	
with	CLAS		
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•  The	measured	cross	sec5on	of	π0	electroproduc5on	is	much	larger	
than	expected	from	leading-twist	handbag	calcula5on.	This	means	that	
the	contribu5on	of	the	longitudinal	cross	sec5on	σL	is	small	in	comparison		
with	σT.	The	same	conclusion	can	be	made	in	a	almost	model	independent		
way	from	the	comparison	of	the	cross	sec5ons	σU,	σTT	and	σLT.	

•  The	data	appear	to	confirm	the	expecta5on	that	pseudoscalar	and,		
in	par5cular,	π0	electroproduc5on	is	a	uniquely	sensi5ve	process	to		
access	the	transversity	GPDs	ET	and	HT.	



Rosenbluth	separa5on	σT	and	σL	
Hall-A	Jefferson	Lab	
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σT	

σL	

•  Experimental	proof	that	the	transverse	
π0	cross	sec5on	is	dominant!		

•  It	opens	the	direct	way	to	study	the	
transversity	GPDs	in	pseudoscalar	
exclusive	produc5on	

Hall-A,	Phys.Rev.Lej.	117,262001(2016)	

Q2=1.5	GeV2	

Q2=2.0	GeV2	

Q2=1.75	GeV2	
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t-slope	parameter:	xB	dependence	

dσ
dt

∝ ebt

The	slope	parameter	is	decreasing	with	increasing	xB.	The	Q2	dependence	is	weak.	
Looking	to	this	picture	we	can	say	that		the	perp	width	of	the	partons	with	xà1	
goes	to	zero.		
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Structure	Func5ons	
(σT + εσL	)		σTT			σLT		
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Transversity	GPD	model	



CLAS	data	and	GPD	theory	predic5ons	
Solid:	S.	Goloskokov	and		P.	Kroll	
Dots:		S.	Liu5	and	G.	Goldstein	
		

•  	Transversity		GPDs			HT	
and																						.				dominate	in	CLAS	
kinema5cs.	

•  	The	model	was	op5mized	for	low	
xB	and	high	Q2.	The	correc5ons	t/Q2	
were	omijed	

•  The	model	successfully	describes	
CLAS	data	even	at	low	Q2	

•  Pseudoscalar	meson	produc5on	
provides	unique	possibility	to	
access	the	transversity	GPDs.		

ET = 2 HT +ET
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CLAS	collabora5on.	I	Bedlinskiy	et	al.	
Phys.Rev.Lej.	109	(2012)	112001	



	η Structure	Func5ons	
(σT + εσL	)		σTT			σLT		
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Curves:	Goloskokov,	Kroll	
Transversity	GPD	model	
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Comparison	π0/η	
	

•  σU=σT+εσL	drops	by	a	factor	of	2.5	for	η
•  σTT	drops	by	a	factor	of	10	
•  The	GK	GPD	model	(curves)		follows	the	experimental	data	
•  The	statement	about	the	ability	of	transversity	GPD	model	to	describe	the	

pseudoscalar	electroproduc5on	becomes	more	solid	with	the	inclusion	of	η	data	

π0	 η	

σu	

σTT	
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η/π0	ra5o	 σ (ep→ epη)
σ (ep→ epπ 0 )

•  The	dependence	on	xB	and	
						Q2	is	very	weak.		
•  Chiral	odd	GPD	models	predict	this	ra5o	

to	be			~1/3	at	CLAS	kinema5cs	
•  Chiral	even	GPD	models	predict	this	

ra5o	to	be	around	1	(at	low	–t).	
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η/π0	ra5o	 σ (ep→ epη)
σ (ep→ epπ 0 )

•  The	dependence	on	the	xB	and	
						Q2	is	very	week.		
•  Chiral	even	GPD	models	predict	this	

ra5o	to	be	around	1	(at	low	–t).	
•  Chiral	odd	GPD	models	predict	this	ra5o	

to	be			~1/3	at	CLAS	kinema5cs	
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CLAS-Phys.Rev.C95(2017)		



Structure	func5ons	and	GPDs	

The	brackets	<F>	denote	the	
convolu5on	of	the	elementary	
process	with	the	GPD	F		
(generalized	form	factors)	

16	

1

d�T

dt
=

4⇡↵

2k0
µ2

P

Q8

�
1 � ⇠2

�
|hHT i|2 �

t0

8m2

��hĒT i
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•  We	did	not	separate	σT	and	σL	
•  However	in	the	approxima7on	of	the	transversity	GPDs	

dominance,	that	is	supported	by	Jlab	data,	σL<<σT	we	
have	direct	access	to	the	generalized	form	factors		for	π 
and	η produc5on.	

	
		

	Goloskokov,	Kroll	
Transversity	GPD	model	

ET=2HT+ET	
_	 ~	



•  ET		>	HT	for	π0	and	η
•  t-dependence	is	steeper	

for	ET	than	for	HT	
•  Es5ma5on	of	the	

systema5c	uncertain5es	
connected	with	the	used	
approxima5on	is		in	
progress	

Generalized	Form	factors	
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π0	Generalized	Form	Factors	
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•  t-dependence	is	steeper	

for	ET	than	for	HT	
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•  |<ET,HT>|~exp(bt)	
•  b(ET)=1.27	GeV-2	
•  b(HT)=0.98	GeV-2	

VK,	arXiv:1601.04367	



GPD	Flavor	Decomposi5on	

19	
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_	

•  GPDs	appear	in	different	flavor	
combina5ons	for	π0	and	η

•  The	combined	π0	and	η	data	permit	
the	flavor	(u	and	d)	decomposi5on	
for	GPDs	HT	and	ET	

•  The	u/d	decomposi5on	was	done	
under	simple	assump5on	that	the	
rela5ve	phase	between	u	and	d	is	0	
or	180	degrees.	

_	
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•  |<ET>|d		and	|<ET>|u	seem	to	
have	the	same	signs		

	

_	 _	

Flavor	Decomposi5on	of	the	
Transversity	GPDs	
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u	quarks	

d	quarks	

u	quarks	

d	quarks	

•  <HT>u			and	<HT>d		have	
different	signs	for	u	and	d-
quarks	in	accordance	with	
the	transversity	func5on	h1	
(Anselmino	et	al.)	

Q2=1.8	GeV2,		xB=0.22	

•  Decisions	shown	with		
posi5ve	values	of		u-
quark’s	GPDs	only	

	

<HT>	

<ET>	
_	

VK	arXiv:	1601.04367	[hep-ex]	2016	



Impact	parameter	distribu5ons	
for	u	and	d	quarks	

21	

•  u	and	d	qurks	spa5al	distribu5ons	are	different	
•  u	quarks	are	more	compact	in	comparison	with	q	quarks		

Radius	vs	xB	 3D	image	



π0 Electroproduc5on	off	Neutron	
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σT	

σTT	

σL	

σLT	

•  Data,	Hall-A	Phys.	Rev.	Lej.	118,222002	(2017)	
•  Theory,	S.	Goloskokov	and	P.	Kroll,		
						Eur.	Phys.	J.	A47,	112		

The	neutron	cross	sec5ons		
•  dominated	by	σT	and	σΤT	
•  σL	and	σLT	are	compa5ble	with	

zero	
•  It	is	in	good	agreement	with	

the	previous	measurement	off	
a	proton	

•  The	data	are	in	a	a	fair	
agreement	with	the	
theore5cal	expecta5ons	based	
on	the	transversity	GPDs	

Neutron		
Deutron	



Flavor	decomposi5on:n	and	p	
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Proton,	neutron	and	η	data		
Will	solve	the	problem	of	
unknown	phase	between	u	
and	d	GFF	

•  															is	larger	than		
•  Good	agreement	with	GK	model	
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From	GFF	to	GPD	
•  	The	access	to	GPDs	through	DVMP	is	indirect	because	cross	sec5on	

does	not	depend	on	GPDs,	but	on	Generalized	Form	Factors	(GFFs),	
i.e.		integrals	of	GPDs.	Weighted	

•  GFF	(or	CFF	in	DVCS)		form	factors	are	an	intermediate	step	
towards	GPD	extrac5on	

•  The	way	to	go	is	the	global	fit	of	experimental	observables	using	
GPD	models	with	parameters.	It	may	include	DVCS	and	DVMP	
experimental	data	set.	

•  The	DVCS	community	made	an		impressive	steps	in	this	direc5on.	
We	can	do	similar	ajempts	for	the	transversity	GPDs.	

•  	There	are	several	models	on	the	market	that	provide	such	a	
parameteriza5on	(PK,SL,SG,GG,CW..)	

•  The	Jlab	pseudoscalar	electroproduc5on	data(cross	sec5on	on	
different	target,	asymmetries	etc)	gives	the	unique	opportunity	to	
access	the	cri5cal	parameters	of	the	transversity	GPDs.	
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Transverse	Densi5es	for	u	and	d	
Quarks	in	the	Nucleon	

Strong	distor5ons		
for	unpolarized	
quarks	in	transversely		
polarized	nucleon	

Strong	distor5ons		
for	transversely		
polarized	quarks		
in	an	unpolarized		
nucleon	

Described	by	E	 Described	by	ET=2HT+ET	
_	

~	

Gockeler	et	al,	Phys.	Rev.	Lej.	98,	222001	(2007),	lavce	
25	



Future	developments	

•  CLAS12	is	taking	data	with	proton	target.	Next	
in	a	queue	–	deuteron	target.	

•  Cross	sec5ons:	

	
•  Asymmetries:	
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ep ! ep(⇡0, ⌘)

en ! en(⇡0, ⌘)

ALU � beam spin asymmetry

AUL � target spin asymmetry

ALL � beam target asymmetry

ALU � beam spin

AUL � target spin

ALL � beam target



 
•  Jlab π0 and η data supports the dominance of the 

transversity GPDs HT and  ET in the processes of the 
pseudoscalar meson electroproduction 

•  The generalized form factors <HT> and  <ET> are directly 
connected to the structure functions σT and σTT within 
handbag approach 

•  The combined π0 and η proton and neutron data will 
provide the way for  the flavor decomposition of 
transversity GPD 

•  We are taking data with proton target. New CLAS12 data 
are around the corner. Stay tuned! 

•  The	next	genera5on	of	experiments	will	bring	along	data	that	
will	seriously	constrain	models	and	lead	to	GPD	extrac5on	with	
high	reliability.	 

 

Summary 
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The	End	
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