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Unraveling	  the	  structure	  of	  mesons	  and	  baryons	  

	  
 	  Basic	  ques@on:	  unraveling	  	  	  
strong	  QCD	  	  
Origin	  of	  mass,	  spin,	  	  	  
	  imaging	  of	  hadrons	  
	  
 	  Precision	  hadron	  physics	  	  
Impact	  on	  new	  physics	  
searches:	  (g-‐2)μ	  ,dark	  photon	  
search,	  proton	  radius	  puzzle,	  
weak	  mixing	  angle	  	  

 	  Theory	  tools	  
laIce	  QCD:	  ab	  ini6o	  
EFT/phenomenology:	  interplay	  
with	  precision	  hadron	  data	  



	  	  	  What	  is	  the	  size	  of	  the	  proton?	  	  



Shapes	  of	  deformed	  nuclei	  	  

as	  revealed	  through	  	  

inelas@c	  electron	  sca4ering	  	  	  	  	  	  	  	  	  	  	  

Sizes	  of	  nuclei	  	  

as	  revealed	  through	  	  

elas@c	  electron	  sca4ering	  	  	  	  	  	  	  	  	  	  	  

Alexandrou, Papanicolas, Vdh (2011) 

Sizes	  and	  shapes	  of	  non-‐rela@vis@c	  many-‐body	  systems	  	  	  

Perspec@ve	  on	  shape	  of	  hadrons:	  	  	  	  	  	  	  	  	  	  	  



	  
	  
	  

Electron	  sca4ering	  facili@es	  MAMI,	  Jlab:	  	  

uniquely	  posi@oned	  to	  deliver	  high-‐precision	  hadron	  data	  	  	  

MAMI	  achieved	  1%	  measurement	  of	  RE	  

recent	  cross	  sec@on	  data	  	  	  	  A1@MAMI	  

High	  momentum	  resolu@on	  	  ~	  10-‐4	  	  

Bernauer et al. (2010) 



Lamb	  shiO	  is	  dominated	  by	  vacuum	  polariza6on	  :	  
drops	  2S	  state	  by	  a	  lot	  

Experiment	  measures	  2S	  F=1	  to	  2P3/2	  F	  =	  2	  state	  

(	  F	  is	  total	  angular	  momentum	  )	  

Finite	  size	  effect	  on	  s-‐wave	  states	  (l	  =	  0)	  	  

Karplus, Klein, 
Schwinger (1952) 

Non-‐rela6vis6c	  1γ-‐exchange	  calcula6on	  

Leading	  term	  of	  order	  O(α4)	  :	  	  

 ΔELS	  =	  209.9779	  (49)	  -‐	  5.2262	  	  RE2	  +	  0.00913	  	  R3(2)	  	  meV	  

3.70	  meV	   0.026	  meV	  
R3(2)	  :	  O(α5)	  correc6on	  term	  

Lamb	  ShiO	  

	  	  extrac@on	  of	  RE	  from	  μH	  Lamb	  shi]	  	  



	  	  Principle	  of	  muonic	  Lamb	  shi]	  experiment@PSI	  	  

Experimental	  precision	  ≈	  2	  μeV	  	  	  

Energy	  shi]	  ascribed	  to	  finite	  proton	  size	  is	  310	  μeV	  less	  than	  expected	  !!!	  



	  
	  
	  

RE	  =	  0.8772	  ±	  0.0046	  fm 

RE	  =	  0.8409	  ±	  0.0004	  fm 

ep-‐data	  :	  
CODATA	  
	  

µH	  data:	  	  
	  	  

7σ	  	  
	  difference	  !?	  

Proton	  radius	  puzzle	  ?	  	  	  	  

Pohl et al.(2010) 

Bernauer et al. (2010) 

Zhan et al.(2011) 

Antognini et al.(2013) 



	  	  Lamb	  shi]:	  QED	  correc@ons	  

Calculated	  by	  several	  groups	  

1	  loop	  electron	  

2	  loop	  electron	  

ΔE	  =	  205.0282	  meV	  	  

ΔE	  =	  1.5081	  meV	  	  

Muon	  self-‐energy,	  vacuum	  polariza6on	   ΔE	  =	  -‐0.6677	  meV	  	  

ΔE	  =	  0.1509	  meV	  	  

other	  QED	  correc6ons	  calculated	  :	  all	  of	  size	  0.005	  meV	  or	  smaller <<	  0.3	  meV	  

Pachucki (1996, 1999)  

Borie (1976, 2005) 



Friar(1979) 

“3rd	  Zemach	  moment”	  	  

non-‐rel.	  calcula6on	  

R3(2)	  =	  2.85	  (8)	  fm3 ΔE	  ≈	  -‐	  0.026	  meV	  	  recent	  evalua6on	  
Distler, Bernauer, 

Walcher(2011) 

What	  do	  we	  know	  model	  independently	  ?	  

Informa6on	  is	  contained	  in	  forward,	  double	  virtual	  Compton	  scakering	  	  

Lower	  blob	  contains	  both	  elas6c	  (nucleon)	  and	  in-‐elas6c	  states	  

Miller, Thomas, Caroll, Rafelski (2011) 

	  	  Lamb	  shi]:	  hadronic	  correc@ons	  (I)	  

For	  model	  es6mates,	  see	  e.g.	  recent	  work	  of	  

Finite-‐size	  correc6on:	  	  

γγ	  box	  diagram	    



Informa6on	  contained	  in forward,	  double	  virtual	  Compton	  sca4ering  

Lower	  blob	  contains	  both	  elas6c	  (nucleon)	  and	  in-‐elas6c	  states 

-‐	  Imaginary	  parts	  of	  T1	  ,	  T2:	  unpolarized	  structure	  func6ons	  of	  proton 

ΔE	  evaluated	  through	  an	  integral	  over	  Q2	  and	  ν	  	  

Elas6c	  state:	  	  involves nucleon	  form	  factors  

Subtrac6on:	  involves nucleon	  polarizabili@es 

Inelas6c,	  dispersion	  integrals:	  involves structure	  func@ons	  F1,	  F2  

Hadron	  physics	  
input	  required 

Lamb	  ShiO:	  Hadronic	  Correc6ons	  

-‐	  Described	  by	  two	  amplitudes	  T1	  and	  T2:	  func6on	  of	  energy	  ν	  and	  virtuality	  Q2	   

	  	  Lamb	  shi]:	  hadronic	  correc@ons	  (II)	  



ΔE	  =	  (-‐	  36.9	  ±	  2.4)	  µeV	  	  

Low-‐energy	  expansion	  of	  forward,	  doubly	  virtual	  Compton	  scakering	  

constrains	  subtrac6on	  term	  T1(0,Q2)	  

effec6ve	  Hamiltonian	  :	  	  	  

electric	   magne6c	     polarizabili6es	    

subtrac6on	  term	  for	  T1	  

Carlson,Vdh (2011) Pachucki(1999) Martynenko(2006) 

or	  about	  12%	  of	  the	  needed	  correc6on	  …	  

Numerical	  
evalua6ons	  :	  

	  	  Lamb	  shi]:	  hadronic	  correc@ons	  (III)	  

present	  experimental	  precision:	  2	  µeV	    



	  	  Sta@c	  Polarizability	  Status	  

Separation of Proton Polarizabilities with the Beam Asymmetry of Compton Scattering

Nadiia Krupina and Vladimir Pascalutsa
PRISMA Cluster of Excellence Institut für Kernphysik, Johannes Gutenberg–Universität Mainz, 55128 Mainz, Germany

(Received 3 April 2013)

1 We propose to determine the magnetic dipole polarizability of the proton from the beam asymmetry of

low-energy Compton scattering based on the fact that the leading non-Born contribution to the asymmetry

is given by the magnetic polarizability alone; the electric polarizability cancels out. The beam asymmetry

thus provides a simple and clean separation of the magnetic polarizability from the electric one.

Introducing polarizabilities in a Lorentz-invariant fashion, we compute the higher-order (recoil) effects

of polarizabilities on beam asymmetry and show that these effects are suppressed in forward kinematics.

With the prospects of precision Compton experiments at the Mainz Microtron and High Intensity Gamma

Source facilities in mind, we argue why the beam asymmetry could be the best way to measure the elusive

magnetic polarizability of the proton.

DOI: PACS numbers: 13.60.Fz, 14.20.Dh, 25.20.Dc

The current Particle Data Group (PDG) [1] values of the
electric- and magnetic-dipole polarizabilities of the proton
[2,3], i.e.,

!E1 ¼ ð12:0# 0:6Þ % 10&4 fm3; (1a)

"M1 ¼ ð1:9# 0:5Þ % 10&4 fm3 (1b)

are in significant disagreement with the most recent post-
dictions of chiral effective field theory [4,5], as can be seen
in Fig. 1. The state-of-the-art chiral effective field theory
calculations, based on either the baryon (B) or heavy-
baryon (HB) chiral perturbation theory (ChPT) with octet
and decuplet fields [6], are in excellent agreement with the
experimental Compton-scattering cross sections, but not
necessarily in agreement with the polarizabilities extracted
from these data by the experimental groups, cf. [7] for
review. The situation is becoming more acute as the
demand for precise knowledge of nucleon polarizabilities
is growing; they are for instance the main source of uncer-
tainty in the extraction of the proton charge radius from the
muonic hydrogen Lamb shift (see [8] for a recent review).

A likely source of these discrepancies is an underesti-
mate of model dependence in the extraction of polarizabil-
ities from Compton-scattering data. In principle, one
should opt for a model-independent extraction, based on
the low-energy expansion (LEX) of Compton-scattering
observables, where the leading-order terms, beyond the
Born term, are expressed through polarizabilities. For ex-
ample, the non-Born part of the unpolarized differential
cross section for Compton scattering off a target with mass
M and charge Ze is given by [2]

d#ðNBÞ

d!L
¼ &Z2!em

M

!
$0

$

"
2
$$0½!E1ð1þ cos2%LÞ

þ 2"M1 cos%L) þOð$4Þ; (2)

where $ ¼ ðs&M2Þ=2M and $0 ¼ ð&uþM2Þ=2M are,
respectively, the energies of the incident and scattered

photon in the lab frame, %L (d!L ¼ 2& sin%Ld%L) is the
scattering (solid) angle; s, u, and t ¼ 2Mð$0 & $Þ are the
Mandelstam variables; and !em ¼ e2=4& is the fine-
structure constant. Hence, given the exactly known Born
contribution [9] and the experimental angular distribution
at very low energy, one could in principle extract the
polarizabilities with a negligible model dependence. In
reality, however, in order to resolve the small polarizability
effect in the tiny Compton cross sections, most of the
measurements are done at energies exceeding 100 MeV,
i.e., not small compared to the pion mass m&. It is m&, the
onset of the pion-production branch cut, that severely
limits the applicability of a polynomial expansion in
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FIG. 1 (color online). The scalar polarizabilities of the proton.
Magenta blob represents the PDG summary [1]. Experimental
results are from Federspiel et al. [15], Zieger et al. [16],
MacGibbon et al. [17], and TAPS [18]. ‘‘Sum Rule’’ indicates
the Baldin sum rule evaluations of !E1 þ "M1 [18] (broader
band) and [19]. ChPT calculations are from [4] (B'PT—red
blob) and the ‘‘unconstrained fit’’ of [5] (HB'PT—blue ellipse).
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Theory:&&

�M1 = (1.9± 0.5)⇥ 10�4 fm3 [PDG]

�M1 = (4.0± 0.7)⇥ 10�4 fm3 [BChPT@NNLO]

3σ	  difference	  

More	  precise	  measurement	  of	  βM	  underway	  at	  A2@MAMI	  using	  linearly	  polarized	  photons	  



	  	  Proton	  radius	  puzzle:	  what	  could	  it	  mean	  ?	  

unknown	  correc6on	  ?	  	  …aOer	  known	  constraints	  have	  been	  built	  in	  !	  

Change	  in	  Rydberg	  constant	  ?	  	  

New	  physics	  ?	  	  	  

In	  absence	  of	  further	  (sizeable)	  correc6ons,	  use	  of	  muonic	  extrac6on	  of	  RE	  plugged	  into	  electron	  H	  
Lamb	  shiO	  yields	  R∝	  which	  is	  4.9σ	  away	  from	  CODATA	  value	  	  	  (and	  factor	  4.6	  more	  precise)	  	  	  	  

Pohl et al. (2010) 

-  explain	  3σ	  (g-‐2)µ	  discrepancy	  AND	  7σ	  RE	  discrepancy	  from	  µH	  Lamb	  shiO	  simultaneously	  
invoking	  a	  correc6on	  by	  a	  hypothe6cal	  light	  boson	  	  ?	  

Tucker, Smith (2010)               Barger, Chiang, Keung, Marfatia (2011) 

Batell, McKeen, Pospelov (2011)    Brax, Burrage (2011)        Rislow, Carlson (2012)   

-  (g-‐2)e	  puts	  strong	  limit	  on	  coupling	  to	  e	  -‐>	  much	  smaller,	  	  

	  	  	  	  Non-‐universality	  e	  –	  μ	  ?	  	  	  

-‐	  	  New	  parity	  viola6ng	  muonic	  forces	  ?	  	  	  

-‐	  	  Can	  rare	  Kaon	  decay	  data	  help	  ?	  

 



	  	  Proton	  radius	  puzzle:	  what‘s	  next	  ?	  

Muonic	  Lamb	  shiO	  :	  muonic	  D,	  muonic	  3He	  measurements	  planned	  

FSR	  

ISR	  

Deuteron charge radius
H/D isotope shift: r2d − r2p = 3.82007(65) fm2 C.G. Parthey, R.P. et al., PRL 104, 233001 (2010)

⇒ rp= 0.84089(39) fm from µp gives rd = 2.12771(22) fm
CODATA 2010: 2.1424(21) fm

2.11 2.115 2.12 2.125 2.13 2.135 2.14

µp + H-D(1S-2S)
CODATA 2010

CODATA 2010, only D data

e-d scattering

n-p scattering

µd

deuteron rms charge radius (fm)

nuclear structure

Randolf Pohl ECT* Trento, 28.10.2012 p. 24

rd2	  -‐	  rp2	  =	  3.82007	  ±	  0.00065	  fm2 H/D	  isotope	  shiO	  (1S-‐2S):	   Parthey et al. (2010) 



	  	  Proton	  radius	  puzzle:	  what‘s	  next	  ?	  

Muonic	  Lamb	  shiO	  :	  muonic	  D,	  muonic	  3He	  measurements	  planned	  

Electronic	  H	  Lamb	  shiO	  :	  higher	  accuracy	  measurement	  very	  6mely	  

New	  proposal	  (York	  Univ,	  Canada)	  :	  RE	  to	  0.7%	  

 

FSR	  

ISR	  

1% error estimate comes from average of 15 measurements
Obtain line center to accuracy of width/(100 to 1000)
No specific problems known.

The electronic H-atom data
rp puzzle (3): Is H-spectroscopy wrong ?

rp from H spectroscopy: • 2S-2P transition in H (independent on R∞)
• two transitions n → n′ in H (⇒ rp and R∞)

2S1/2 -  2P1/2

2S1/2 -  2P3/2

2S1/2 -  2P1/2

1S-2S + 2S- 4S1/2

1S-2S + 2S- 4D5/2

1S-2S + 2S- 4P1/2

1S-2S + 2S- 4P3/2

1S-2S + 2S- 6S1/2

1S-2S + 2S- 6D5/2

1S-2S + 2S- 8S1/2

1S-2S + 2S- 8D3/2

1S-2S + 2S- 8D5/2

1S-2S + 2S-12D3/2

1S-2S + 2S-12D5/2

1S-2S + 1S - 3S1/2

Havg = 0.8779 +- 0.0094 fm
µp : 0.84184 +- 0.00067 fm

proton charge radius (fm)   
0.8 0.85 0.9 0.95 1

The maximal deviation from our result is ∼3σ

Systematics ∼ n3

ur ∼ 10−11 ⇔ linewidth/100

A. Antognini, PANIC11, MIT, Cambridge, USA 25.07.2011 – p.12

Plot from Aldo 
Antognini

Thursday, March 14, 13



	  	  Proton	  radius	  puzzle:	  what‘s	  next	  ?	  

Muonic	  Lamb	  shiO	  :	  muonic	  D,	  muonic	  3He	  measurements	  planned	  

Electronic	  H	  Lamb	  shiO	  :	  higher	  accuracy	  measurement	  very	  6mely	  

New	  proposal	  (York	  Univ,	  Canada)	  :	  RE	  to	  0.7%	  

 
new	  GEp	  measurements	  at	  very	  low	  Q2	  down	  to	  Q2	  ≈	  2x10-‐4	  GeV2	  

FSR	  

ISR	  

JLAB/Hall	  B	  approved	  expt	  	  	  	  :	  magne6c-‐spectrometer-‐free	  experiment (HyCal)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Q2	  =	  2x10-‐4	  -‐	  2x10-‐2	  GeV2	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ep→ep	  cross	  sec6ons	  normalized	  to	  Moller	  scakering 	  



	  	  Proton	  radius	  puzzle:	  what‘s	  next	  ?	  

Muonic	  Lamb	  shiO	  :	  muonic	  D,	  muonic	  3He	  measurements	  planned	  

Electronic	  H	  Lamb	  shiO	  :	  higher	  accuracy	  measurement	  very	  6mely	  

New	  proposal	  (York	  Univ,	  Canada)	  :	  RE	  to	  0.7%	  

 
new	  GEp	  measurements	  at	  very	  low	  Q2	  down	  to	  Q2	  ≈	  2x10-‐4	  GeV2	  

MAMI/A1	  :	  using	  ini6al	  state	  radia6on	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2013)	  

FSR	  

ISR	  

JLAB/Hall	  B	  approved	  expt	  	  	  	  :	  magne6c-‐spectrometer-‐free	  experiment (HyCal)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Q2	  =	  2x10-‐4	  -‐	  2x10-‐2	  GeV2	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ep→ep	  cross	  sec6ons	  normalized	  to	  Moller	  scakering 	  



	  	  Proton	  radius	  puzzle:	  what‘s	  next	  ?	  

Muonic	  Lamb	  shiO	  :	  muonic	  D,	  muonic	  3He	  measurements	  planned	  

Electronic	  H	  Lamb	  shiO	  :	  higher	  accuracy	  measurement	  very	  6mely	  

New	  proposal	  (York	  Univ,	  Canada)	  :	  RE	  to	  0.7%	  

 
new	  GEp	  measurements	  at	  very	  low	  Q2	  down	  to	  Q2	  ≈	  2x10-‐4	  GeV2	  

MAMI/A1	  :	  using	  ini6al	  state	  radia6on	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2013)	  

FSR	  

ISR	  

JLAB/Hall	  B	  approved	  expt	  	  	  	  :	  magne6c-‐spectrometer-‐free	  experiment (HyCal)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Q2	  =	  2x10-‐4	  -‐	  2x10-‐2	  GeV2	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ep→ep	  cross	  sec6ons	  normalized	  to	  Moller	  scakering 	  

μ	  –	  p	  scakering	  (MUSE)	  at	  low	  Q2	  at	  PSI:	  (2015	  –	  2017)	   SF GEM

WC

scintillator

beam
GEM

simulataneous	  measurement	  of	  μ±	  p	  and	  e±	  p:	  lepton	  universality	  test	  
0.002	  GeV2	  	  	  <	  Q2	  <	  	  0.07	  GeV2	  	  	  	  	  	  	  
2	  beam	  polari6es	  give	  2γ	  exchange	  test 	  



	  
	  
	  

   y-‐axis:	  	  

	  	  µP	  GE	  /GM 

e-‐	  p	  →	  e-‐	  p	   e+	  e-‐ → p	  p	  

q2	  

— 

	  	  Complemen@ng	  hadron	  structure	  in	  space-‐	  and	  @melike	  regions	  	  

	  	  	  

Proton	  spacelike	  
form	  factors	  

	  JLab,	  MAMI	  

Proton	  @melike	  
form	  factors	  

	  BES-‐III,	  PANDA	  



	  
	  
	  

proton	   neutron	   p	  -‐>	  Δ+	  (1232)	  	  
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-‐

-‐

	  	  Spa@al	  	  imaging	  of	  hadrons	  	  	  

Charge,	  mass,	  spin	  densi@es	  of	  quarks	  in	  a	  hadron	  

Miller(2007)   Carlson,Vdh(2008) 



	  
	  
	  

fully-‐correlated	  	  
quark	  distribu6ons	  in	  both	  	  

coordinate	  and	  momentum	  space	  

Deep-‐Inelas@c	  	  
Sca4ering	  
longitudinal	  

quark	  distribu6on	  
in	  momentum	  space	  

Elas@c	  Sca4ering	  
transverse	  quark	  
	  distribu6on	  in	  	  
coordinate	  space	  

GPDs	  

Unifying	  concept	  	  

	  	  Generalized	  Parton	  Distribu@ons	  (GPDs):	  	  3D	  image	  of	  hadrons	  	  	  	  

Burkardt (2000, 2003), 
Belitsky, Ji, Yuan (2004)  



	  
	  
	  

Diehl, Feldmann, Jakob, Kroll (2005)  

Guidal, Polyakov, Radyushkin, Vdh (2005)  

b⊥	  (fm)	  

x	  
u-‐quark	  GPD	  

LHPC Coll.   

laIce	  QCD:	  	  
moments	  of	  GPDs	  

GPDs:	  quark	  distribu6ons	  w.r.t.	  
longitudinal	  momentum	  x	  and	  
transverse	  posi6on	  b⊥	  

xn	  moment	  of	  u-‐d	  GPD	  

-‐t	  (GeV2)	  Fourier	  transform	  

203	  ,	  mπ	  =	  293	  MeV	  	  

x1	  	  

x0	  	  

x2	  	  

	  	  GPDs:	  	  transverse	  image	  of	  hadrons	  	  	  	  



	  	  QCD	  factoriza@on:	  tool	  to	  access	  GPDs	  

Q2	  >>	  1	  GeV2	  

* 
x	  +	  ξ	   x	  -‐	  ξ	  

t   

GPD	  (x,	  ξ	  ,t)	  

Müller et al.(1994), Ji(1995), Radyushkin(1995), 
Collins, Frankfurt, Strikman (1996)  

at	  large	  Q2	  :	  QCD	  factoriza@on	  theorem	  	  :	  	  
	  hard	  exclusive	  process	  described	  by	  GPDs	  	  	  
model	  independent	  !	  	  

Q2	  leverage	  required	  to	  test	  	  QCD	  scaling	  

	  world	  data	  on	  proton	  F2	  	  

	  	  	  collider	  

	  KEY	  	  

	  fixed	  
target	  



	  	  „complete“	  picture	  of	  nucleon	  

PDFs FFs 

TMDs 

Charges 

GTMDs 

GPDs 

TMSDs 

TMFFs 

Transverse density in 
momentum space 

Transverse density in 
position space 

Longitudinal  

Transverse 

Momentum 
space 

Position 
space 

 Lorcé (2011) 



	  	  Quark	  orbital	  angular	  momentum	  in	  proton	  

Lorce’, BP, Xiong, Yuan, PRD85 (2012)

Proton spin
u-quark OAM
d-quark OAMResults in a light-front constituent quark model:



	  
	  
	  

JLab	  11	  GeV	  
projec6ons: 
Guidal, Moutarde, Vdh 

(2013) 

	  	  Energy-‐luminosity	  fron@er	  in	  lepton-‐nucleon	  physics	  	  	  

	  
 	  High-‐energy,	  high-‐luminosity	  	  	  	  
	  	  	  facili@es:	  Compass,	  JLab@11	  GeV,	  	  	  
	  	  	  collider	  projects	  (EIC,	  ENC,	  ...)	  	  

	  	  
 	  Global	  nucleon	  structure	  analysis	  
	  	  	  effort	  required	  



	  
	  
	  

CONCLUSIONS	  

	  
 	  Strong	  interplay	  between	  	  
	  	  	  high-‐energy	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  precision	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  low-‐energy	  fron@ers	  
	  
	  
 	  Impact	  of	  hadron	  physics	  on	  new	  physics	  searches:	  	  
	  	  	  (g-‐2)μ	  ,	  Qweak	  ,	  new	  dark	  photon	  searches	  	  
	  
	  
 	  Unraveling	  hadron	  structure	  in	  strong	  QCD:	  	  
	  	  	  -‐	  proton	  radius	  puzzle	  has	  shaken	  textbook	  beliefs	  	  
	  
	  	  	  -‐	  combina@on	  of	  	  new	  experiments	  +	  theory	  opens	  perspec@ves	  	  
	  	  	  	  	  for	  an	  imaging	  of	  hadrons	  to	  an	  unprecedented	  level	  of	  detail	  
	  


