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Nucleon spin structure at low Q :  
dawn of hadron physics
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Nobel	Prize	Physics	(1943):	
“for	his	contribu;on	to	the	development	of	
the	molecular	ray	method	and	his	discovery	
of	the	magne;c	moment	of	the	proton"

ODo	Stern’s	measurement	of	the	
g-factor	of	the	proton	(1932-33):

gproton	=	5.586		

Devia;on	from	point	par;cle	value	(g=2)		

indicates	that	proton	has	internal	structure		

https://en.wikipedia.org/wiki/Magnetic_moment
https://en.wikipedia.org/wiki/Proton


Form factors: 2D densities of hadrons
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Nucleon spin structure at large Q :  
Quark-gluon structure
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Q2	>>	1	GeV2
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Nucleon spin and orbital angular momentum

Ji (1995)  Ji’s	angular	momentum	sum	rule
Z +1

�1
dxx {Hq(x, ⇠, 0) + E

q(x, ⇠, 0)} = A(0) +B(0) = 2Jq

laTce	QCD	calcula;ons	at	the	physical	point
Alexandrou et al.(2017)  

d,	s-quarks	carry	very	small	
total	J	in	proton,		
u-quark	carries	around	60%,	
gluons	around	30%		

𝜇 =	2	GeV		

Sharing	of	momentum	and	
total	angular	momentum	
between	quarks	and	gluons	
iden;cal	in	proton	!

Deep-inelas;c	experiments:

H,	E:	generalized	parton	distribu;ons	(GPDs)

see	talks:	Alexandrou,	Lin,	O;nad	



Nucleon spin structure with real photons
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forward	real	Compton	scaDering		 T (⌫, ✓ = 0) = ~" 0⇤ · ~" f(⌫) + i~� · ("0 ⇤ ⇥ ~") g(⌫)

k = k0, p = p0

low-energy		
expansion		

f(⌫) =
�e2

4⇡M
+ (↵E + �M ) ⌫2 + O(⌫4)

g(⌫) =
�e22

8⇡M2
⌫ + �0 ⌫3 + O(⌫5)

LET		 polarizabili;es		

�0 = � 1
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e2⇡2

2M2
=
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d⌫0
�3/2 � �1/2
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term	in	ν	:		GDH	sum	rule

Gerasimov(1966); Drell,Hearn(1966)  

term	in	ν3	:		forward	spin	polarizability	sum	rule

�� = �3/2 � �1/2

Drechsel,Tiator(2004)  

lhs	SR:	204	μb rhs	SR:		(211	±15)	μb ✓

proton:		

~�~p ! X

�0 = �(1.01± 0.08± 0.10)⇥ 10�4 fm4



Proton spin polarizabilities
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effec;ve	Hamiltonian	(3rd	order):	nucleon	spin	polarizabili;es		

theory	predic;ons	(units	10-4	×	fm4	):	 dispersion	theory	
chiral	EFT	

polarized	Compton	scaDering	

Martel et al.(2015)MAMI/A2	data	

forward	spin	polarizability			

McGovern,Phillips,Griesshammer(2013)

Drechsel,Pasquini,Vdh(2000)

see	talks:	Ahmed,	Martel	(exp);		

Pascalutsa,	SconfieO	(th)	

measure	angular	dependence	of	asymmetries	

Pasquini,Vdh: Ann.Rev.Nucl.Part.Sci.68(2018)75-103
Lensky,McGovern,Pascalutsa(2015)



Nucleon spin structure with virtual photons
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forward,	virtual	Compton	scaDering		
Tµ⌫
spin =
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spin	structure	func;ons	

forward,	virtual	Compton	scaDering		

moments	of	spin	structure	func;ons		(	x0	:	inelas;c	threshold)	

GDH	sum	rule	

parton	helicity	structure	(DIS)	
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Bjorken	sum	rule	

Kuhn,	Chen,

Ripani,	Slifer	

see	talks:	



Nucleon spin polarizabilities with virtual photons 
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higher	moments	of	spin	structure	func;ons:	spin	polarizabili;es

�0, Q2 ! 0

provide	strong	test	for	theory: LO

NLO

NNLO

}

Lensky, Alarcon, Pascalutsa(2014)

chiral	EFT	calcula;ons	/	laTce	QCD

see	talks:	Pascalutsa,	Lensky,	Rijneveen
Guller et al.(2015)JLab/CLAS	data	



New spin sum rules with virtual photons at low Q 
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P (M1,M1)1(Q2), P (L1,L1)1(Q2) Generalized	Polarizabili;es
->	measured	in	Virtual	Compton	ScaDering	

I1(Q
2) =

2M2

Q2

Z x0

0
dx g1(x,Q

2)with

Can	we	formulate	sum	rules	relaZng	observables	to	observables	for	
virtual	photons	as	is	the	case	for	real	photons	(GDH,	FSP)	?	

Pascalutsa, Vdh (2015)

Sum	rules	relaZng	RCS,	VCS,	VVCS	
Can	be	tested	by	experiment	!



New spin sum rules with virtual photons
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Generalized Polarizabilities of nucleon
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induced	polariza;on

energy	shin: �E = � ~E · ~P0

combina;on	of	nucleon	

	new	MAMI	data

combina;on	of	nucleon	
generalized	polarizabili;es

 Correa (2016)  

Gorchtein,Lorcé,Pasquini,Vdh(2009); Pasquini,Vdh(2018)  

 Blomberg(2016)  

see	talk:	Sparveris

electric	(E1)	GP magneZc	(M1)	GP

e-  
e-  

N N 

q’ -> 0  
q  

Q2 = -q2   
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Proton structure in Hydrogen spectroscopy

s-wave	leptons	have	a	finite	probability	to	be	found	at	the	origin	of	the	proton:	

->			sensiZvity	to	the	charge/magneZzaZon	distribuZon	of	the	proton	



Lamb shift: Proton charge radius puzzle
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Pohl et al.(2010)  

RE	=	0.8409	±	0.0004	fm	

RE	=	0.8775	±	0.0051	fm	

5.6	σ	difference	!?	

ep	data:	

μH	data:	

Antognini et al.(2013)  

CODATA(2012)  

see	talks:			

Gasparian	(exp)	

Alarcon	(th)
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rp puzzle (2): Is the µp theory wrong ?

∆Eth = 206.0668(25)− 5.2275(10) r2p [meV]
Discrepancy = 0.31 meV
Theory uncertainty = 0.0025 meV
⇒ 120δ(theory) deviation?

10 -3 10 -2 10 -1 1 10 10 2

1-loop eVP
proton size
2-loop eVP

µSE and µVP
discrepancy

1-loop eVP in 2 Coul.
recoil

2-photon exchange
hadronic VP

proton SE
3-loop eVP

light-by-light

meV

Pachucki, PRA 60, 3593 (1999)
Borie, arXiv: 1103.1772-v6
Jentschura, Ann. Phys. 326, 500 (2011)
Karshenboim et al., PRA 85, 032509 (2012)

A. Antognini ECT∗, Trento 01.08.2013 – p. 13

Lamb shift: status of known corrections

μH	Lamb	shif:	summary	of	correcZons

Two-photon	exchange:	largest	theoreZcal	uncertainty



Impressive 1 ppm accuracy requires improvement on 2Ɣ !!

� �

l l

p p
1S-HFS measurement in   H 

with 1 ppm accuracy 
µ

forthcoming PSI

relative 
contribution (✕10-3) 

relative 
uncertainty

X=p (Zemach) -7,36 140 ppm

X=p (recoil) 0,8476 0.8 ppm

X=p, πN,…
(polarizability)

0,363 86 ppm

total -6,149 164 ppm
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Muonic hydrogen hyperfine splitting:  
TPE for proton spin dependent amplitude 

Carlson,Nazaryan,Griffioen(2011);  

Tomalak et al.(2016)  

see	talks:	Antognini,	Kanda

Carlson,	Distler,	Hagelstein,	Pachucki,	Pineda

see	talks:	

1S-HFS in   H µ

Hagelstein,Miskimen,Pascalutsa 
Prog.Part.Nucl.Phys.88(2016)29-97  



17Bernauer et al.(2010, 2013)  

Andivahis et al.(1994)  Rosenbluth	separa;on	technique

Precise GM at low Q2  needed

GM	=	F1	+	F2	

GE	=	F1	-	τ	F2	
GE2/	τ		

ε		

see	talk:	

Bernauer
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forward	scaDering		 non-forward	scaDering		
account	for	all	inelas;c	2γ				

� �

l

p p

l

� �

l

p p0

l0

X = p+ ⇡N + ...

dispersion	rela;ons

based	on	on-shell	informa;on
Borisyuk, Kobushkin (2008)  

Tomalak, Vdh (2014, 2015, 2016) 

Pasquini, Tomalak, Vdh (2017)   

TPE in dispersive framework 
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-	2Ɣ	at	large				agrees	with	empirical	fit:

unpolarized	proton	structure

�2� =

Z
d⌫�dQ̃

2(!1(⌫� , Q̃
2) · F1(⌫� , Q̃

2) + !2(⌫� , Q̃
2) · F2(⌫� , Q̃

2))

GE	extrac;on✓"

�2� ⇠ a
p

Q2 + b Q2 lnQ2 + c Q2 ln2 Q2

Feshbach elas;cinelas;c

Tomalak, Vdh (2016)   

McKinley, Feshbach (1948)  

R.W.Brown (1970) 

M. Gorchtein (2013)   

2γ-exchange at low Q2

Q2 = 0.05 GeV2

Q2 = 0.25 GeV2A1@MAMI
Feshbach
box diagram model
total 2γ

� 2
�
,
%

0.5

1.0
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A1@MAMI
Feshbach
box diagram model
total 2γ

� 2
�
,
%

0

0.5

1.0

1.5

ε
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-	devia;ons	from	empirical	fit	seen	at	low			:	" GM	extrac;on	sensi;ve



Workshop goals
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ElasZc	electron	sca;ering	has	reached	level	of	precision	where	TPE	effects	are	clearly	visible	

		Hadronic	correcZons	to	hyperfine	spliTng	in	muonic	H	

-	full	assessment	of	TPE	correc;ons	needed

TheoreZcal	understanding	of	low	Q2	spin	structure:

		-	crucial	input:	GM,	spin	polarizabili;es,	polarized	structure	func;ons,	…

-	new	sum	rules	rela;ng	RCS,	VCS,	and	VVCS	can	be	tested	in	exp.	in	a	model	independent	way	

	-	what	is	the	state	of	ChEFT	in	describing	the	low	Q2	spin	structure

-	high	precision	data	forthcoming:	PRad@JLab,	MAGIX@MESA		

	Spin	structure	funcZons	at	low	Q2		:	experiment

-	several	JLab	6	GeV	analysis	completed	or	near	completed		

-	what	are	next	experimental	steps?		
-	polarizability	program:	RCS,	VCS		

	-	test	for	theory	used	for	calcula;ng	the	proton	spin	structure	in	hyperfine	spliTng	in	muonic	H

wish you a productive meeting	


