
Experimental	  Varia.ons	  on	  QCD	  Themes	  

  Preamble 

  Elastic Form Factors and flavor decomposition 

  Transversity and the tensor charge 

  Lorentz color force 

  Orbital momentum 

Zein-‐Eddine	  Meziani	  
Temple	  University	  
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Experimental	  tools:	  ScaOering	  

 Use	  of	  lepton	  and	  hadron	  beams	  
➥ Polarized	  beams	  of	  	  e-‐,	  e+,	  μ+,	  μ-‐,	  p	  	  	  

 Use	  of	  proton	  and	  nuclei	  targets	  
➥ Targets	  in	  many	  cases	  are	  	  polarized	  (p,	  D,	  NH3,	  ND3,	  3He,	  HD)	  

  Electromagne.c	  probe:	  Compton	  scaOering,	  real	  and	  virtual	  
➥ Exclusive,	  semi-‐inclusive	  or	  inclusive	  (elas.c	  scaOering,	  inelas.c	  scaOering)	  	  

2	  

Rutherford,	  	  
1908,	  Chem.	  N.P.	  

Compton,	  	  
1927,	  Phys.	  N.P.	  

��������

p�p

l
l�

����l
l�

p�p

���
�

pp

l�l

X
3/14/2012	   Workshop	  on	  Confinement	  Physics,	  Newport	  News,	  VA	  



A	  Framework	  in	  QCD	  	  

 Generalized	  Parton	  Distribu.ons	  	  
➥ Matrix	  elements	  of	  non-‐local	  operators	  with	  quarks	  and	  gluon	  field	  

➥ Depend	  	  on	  two	  longitud.	  momentum	  frac.ons	  

➥ For	  unpolarized	  quarks	  we	  have	  two	  distribu.ons:	  
	
Hq     conserves	  proton	  helicity	  

	  Eq	  	  	  	  	  	  flips	  proton	  helicity	  
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x, ξ and t = (p− p�)2

Introduction Quarks and gluons Impact parameter Spin Conclusions

Generalized parton distributions in a nutshell

� GPDs ↔ matrix elements �p�|O|p�

O = non-local operator with
quark/gluon fields

� p �= p
� � depend on two longitud. momentum fractions x, ξ

and on t = (p− p
�)2

� for unpolarized quarks two dist’s:
• H

q conserves proton helicity
• E

q responsible for proton helicity flip

� if p = p
� � ordinary parton densities

H
q(x, 0, 0) =

�
q(x) for x > 0

−q̄(x) for x < 0

M. Diehl QCD in hard exclusive processes 3

p = p� =⇒



Elas.c	  Form	  fators	  
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➥ Integra.ng	  	  

Introduction Quarks and gluons Impact parameter Spin Conclusions

Generalized parton distributions in a nutshell

� GPDs ↔ matrix elements �p�|O|p�

O = non-local operator with
quark/gluon fields

� p �= p
� � depend on two longitud. momentum fractions x, ξ

and on t = (p− p
�)2

� for unpolarized quarks two dist’s:
• H

q conserves proton helicity
• E

q responsible for proton helicity flip

�
�

dxx
n GPD(x, ξ, t) → local operators → form factors

�
q

eq

1�

−1
dx H

q(x, ξ, t) = F1(t) Dirac

�
q

eq

1�

−1
dx E

q(x, ξ, t) = F2(t) Pauli

M. Diehl QCD in hard exclusive processes 4

M.	  Diehl	  
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What are the fundamental degrees of freedom of M-theory (the theory whose low-energy limit is

eleven-dimensional supergravity and which subsumes the five consistent superstring theories) and

does the theory describe Nature?

Louise Dolan, University of North Carolina, Chapel Hill

Annamaria Sinkovics, Spinoza Institute

Billy & Linda Rose, San Antonio College

7.

What is the resolution of the black hole information paradox?

Tibra Ali, Department of Applied Mathematics and Theoretical Physics, Cambridge

Samir Mathur, Ohio State University

8.

What physics explains the enormous disparity between the gravitational scale and the typical mass

scale of the elementary particles?

Matt Strassler, Institute for Advanced Study, Princeton

9.

Can we quantitatively understand quark and gluon confinement in Quantum Chromodynamics and

the existence of a mass gap?

Igor Klebanov, Princeton University

Oyvind Tafjord, McGill University

10.

These ten questions were presented by David Gross at the closing of the conference on Saturday July 15,

2000.

Listen to Prof. Gross's presentation of the problems.

See also:

CMI Millennium Prize Problems, the Clay Mathematics Institute

The Mathematical Problems of David Hilbert, David E. Joyce

David Hilbert, the MacTutor History of Mathematics archive

Unanswered Questions in Physics, Queen's University, Belfast
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Nucleon	  Electromagne.c	  	  Form	  Factors	  	  
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  Measurements	  of	  electromagne.c	  form	  
factors	  used	  as	  a	  tes.ng	  bed	  for	  models	  of	  
the	  nucleon.	  

  Observables	  used	  to	  test	  our	  understanding	  
of	  pQCD	  in	  the	  case	  of	  confined	  systems	  

  Leap	  forward	  with	  the	  new	  class	  of	  
experiments	  from	  Jefferson	  Lab	  

  Flavor	  decomposi.on	  reveals	  separate	  
informa.on	  on	  the	  cons.tuents	  and	  is	  a	  
powerful	  discriminator	  between	  models	  

E04-‐108	  GE
P-‐III	  

4

the ToF spectrum that was free from real coincidence
events. The resulting physical asymmetry, Aphys, was
then corrected for inelastic single-pion electroproduction
events, leading to the asymmetry for quasi-elastic pro-
cesses, A

QE
. The dilution from inelastic events, Din, and

the associated asymmetry, Ain, were calculated using our
Monte Carlo, which employed the plane-wave impulse
approximation (PWIA) along with the MAID parame-
terization [21]. The event yield in the Monte Carlo was
normalized to match the data. In spite of its significant
size, the inelastic background leads to only a small correc-
tion thanks to the observed asymmetry Aphys being close
to Ain. The asymmetry Aen |exp was obtained from A

QE

using the dilution factor Dp/n and the asymmetry Aep

that accounted for the dilution in our final event sample
from protons. This dilution was largely due to charge-
exchange proton interactions in the shielding upstream
of the veto planes. Dp/n and its uncertainty δDp/n were
computed by comparing data collected from three targets
(H2, 3He, and N2). The asymmetry Aep was computed
using the GEA calculations in a separate Monte Carlo,
as discussed below.

The final steps in extracting gn involve calcula-
tions of the asymmetries in the quasi-elastic processes
3−→He(�e, e �n)pp and 3−→He(�e, e �p)np. These calculations
were performed using the generalized eikonal approxima-
tion (GEA) [22], and included the spin-dependent final-
state interactions and meson-exchange currents, and used
the 3He wave function that results from the AV18 poten-
tial [23]. The yield of the quasi-elastic events and the
asymmetries were calculated as a function of W and as-
sumed values for gn with the values for the other nucleon
FFs from [24]. The estimated accuracy of the GEA cal-
culations is 2% [25]. The acceptance of the experimental
setup, orientation of the target polarization, and the cuts
applied to p⊥ and p� were all taken into account. We
note that the effective neutron polarization for the cuts
used on p⊥ and p�, as calculated in the PWIA approx-
imation, was greater than ∼96% of P

He
(in agreement

with [26]). The asymmetries for 3−→He(�e, e �n)pp calculated
within GEA were found to be within 3% of the PWIA
values, indicating that nuclear re-scattering effects were
quite small. The experimental value of gn and its statis-
tical uncertainty were calculated by comparing Aen |exp
with the asymmetries from the GEA calculations [25].
The systematic uncertainty was obtained by combining
in quadrature the contributions of individual effects, as
presented in Table III.

Our results for gn are shown in Fig. 1 along with
recent data sets that extend beyond Q2=0.5 GeV2 [5–
8, 12]. It is important to compare our results with cal-
culations that have described well the proton FF data.
Three such calculations are shown in Fig. 1. In all of
them, quark orbital angular momentum plays an im-
portant role. One is a logarithmic scaling prediction
for the ratio of the Pauli and Dirac nucleon form fac-
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FIG. 1: The ratio of µnG
n
E
/Gn

M
vs. the momentum transfer

with results of this experiment (solid triangles) and selected

published data: diamonds [5], open triangles [6], circles [7],

squares [8], open circles [12], and calculations: pQCD [27],

RCQM [28], DSE [29], GPD [30], and VMD [31]. The curves

labeled pQCD present pQCD-based scaling prediction [27]

normalized to 0.3 at Q2
=1.5 GeV

2
. The error bars for our

data points show the statistical and the systematic uncertain-

ties added in quadrature. Our fit is also shown; see parame-

terization in the text.

tors: F2/F1 ∝ ln2(Q2/Λ2)/Q2 [27], based on pQCD,
which is shown for two values of the soft-scale param-
eter Λ. It is in clear disagreement with the combined
neutron data, despite providing a good description of
the proton data. The authors of [27] noted, however,
that the agreement with the proton data may well have
been due to delicate cancellations, given the relatively
low values of Q2 involved. Another calculation is the
Light Front Cloudy Bag Model [28], an example of a
relativistic constituent quark model (RCQM) calcula-
tion that, in this case, includes a pion cloud. Several
RCQMs anticipated the observed decreasing Q2 depen-
dence of Gp

E
/Gp

M
. Finally, we show a calculation based on

QCD’s Dyson-Schwinger equations (DSE) [29], in which
the mass of the quark propagators is dynamically gener-
ated. The calculation [29] is closest to our results. Also
shown in Fig. 1 are predictions based on GPDs [30] and
Vector Meson Dominance [31] that were fit to the data
available prior to this work. Finally, our Galster-like
fit to the 13 data points (used in Fig. 1) is shown by
a solid black line: gn = µn [aτ/(1 + bτ)] G

D
/Gn

M
, where

G
D
= 1/(1 + Q2/(0.71GeV2))2, Gn

M
is from [24], and we

find a = 1.39, b = 2.00, and a total χ2 = 7.8.

Flavor-separated Dirac and Pauli FFs of the nucleon,
F d
1,2 and Fu

1,2 (for u and d in the proton), can be obtained
from the electric and magnetic FFs of the proton and the
neutron, assuming isospin symmetry and neglecting the
contribution of the strange quark FFs [32]. Experimen-
tal data for gn and the Kelly fit [24] for Gp

E
, Gp

M
, and Gn

M

were used to compute the ratio F d
1 /F

u
1 , shown in Fig. 2,

which exhibits a downward trend with increasing Q2.
This means that the corresponding infinite-momentum-

E02-013:  GE
N	  



Flavor	  decomposi.on	  of	  Pauli	  and	  Dirac	  form	  factors	  
	  	  A	  di-‐quark	  picture	  unravels	  ?!	  

 Using	  	  proton	  and	  neutron	  
world	  data	  including	  JLab	  6	  
GeV	  data	  a	  flavor	  
decomposi.on	  has	  been	  
performed	  

 Q2	  dependence	  hints	  at	  a	  di-‐
quark	  picture	  at	  some	  scale.	  

3/14/2012	   Workshop	  on	  Confinement	  Physics,	  Newport	  News,	  VA	  
7	  

Surprise #2:  very different scaling for 

the up and down quarks.

In the QCD DSE approach, it is the diquark that causes 

such a different behavior for the u and d quarks.
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Cates, de Jager, Riordan 

and Wojtsekhowski, PRL 

vol. 106, pg 252003 (2010)

Fd seems to scale like 1/Q4 whereas 
Fu seems to scale more like 1/Q2

Cates,	  de	  Jager,	  Riordan	  Wojtsekhowski	  
Phys.Rev.Le3.	  106	  (2011)	  252003	  

Dirac	  and	  Pauli	  form	  factors	  for	  up	  and	  down	  quarks	  



12	  GeV	  reach	  (Dirac	  and	  Pauli	  form	  factors)	  	  
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  12	  GeV	  upgrade	  reach	  is	  
cri.cal	  	  

  Is	  there	  a	  regime	  where	  
this	  exclusive	  process	  can	  
be	  described	  in	  pQCD?	  

Courtesy	  of	  B.	  Wojtsekhowski	  



Q2	  

Factorization 

1	  GeV2	  

σh
l,S ∝

�

f

σqf ⊗ pdf(x)⊗ fragqf ,g→h(z)

• Beam	  polarized	  
• Target	  polarized	  transverse	  (T)	  or	  longitudinal	  (L)	  
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Transversity	  distribu.on	  
  	  Quark	  transverse	  polariza.on	  in	  a	  transversely	  polarized	  

nucleon:	  

➥  Can	  be	  probed	  in	  Semi-‐Inclusive	  DIS,	  Drell-‐Yan	  processes.	  

➥  Does	  not	  mix	  with	  gluons,	  has	  valence	  like	  behavior.	  
➥  Nucleon	  tensor	  charge	  can	  be	  extracted	  from	  the	  lowest	  

moment	  of	  h1	  and	  compared	  to	  LQCD	  calcula.on:	  
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Nucleon	  Spin	  
Quark	  Spin	  h1T	  =	  

�PSψ̄σµνψPS� =
� 1

0
dx [δq(x) − δq̄(x)]

σUT : sin (φh − φs)f⊥1T ⊗D1, cos (φh + φs)h1 ⊗H
⊥
1

10	  

Tensor	  Charge	  



Transversity	  and	  the	  Tensor	  Charge	  

�PSψ̄σµνψPS� =
� 1

0
dx [δq(x) − δq̄(x)]

11	  

GDH	  sum	  rule	  

Bjorken	  Sum	  rule	  
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Tensor	  Charge	  

Axial	  Charge	  

And	  

Vector	  Charge	  	  



Transversity	  using	  COMPASS	  and	  HERMES	  SIDIS	  data	  	  
and	  the	  Belle	  data	  	  	  
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  A	  good	  start,	  good	  	  
agreement	  with	  models	  

  Soffer	  bound	  imposed	  in	  
the	  extrac.on	  

  What	  happens	  if	  it	  is	  not	  
imposed.	  Is	  the	  Soffer	  
bound	  	  violated?	  

  Son	  gluon	  emission	  should	  
reduce	  the	  extracted	  
quan.ty	  by	  a	  factor	  of	  2	  ?!	  
(Boer,	  2008)	  	  

• Exploiting (transverse momentum dependent) Collins effect (Collins, 1992)

→ combined analysis of COMPASS and HERMES data for e N↑ → e H X
and Belle data for e+ e− → H1 H2 X (Anselmino et al, 2008)
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– good/fair agreement with almost all models, but ...

– soft gluon emission should reduce extracted ∆Tq by about factor of 2 (Boer, 2008)

– how can this puzzle be resolved ?

– new input from theory and experiment required !

Anselmino	  et	  al.	  2008	  

e
+
e
− → H1H2X

eN
↑ → eHX

12	  
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Courtesy	  of	  Prokudin	  



Parton	  Distribu.ons	  Func.ons	  at	  Large	  x	  
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Understand the nucleon structure in the 
valence quark region 

  What is required? 
  Complete knowledge of parton distribution 

functions (PDFs). 
At Large x 

  large x  exposes valence quarks 
 - free of sea effects  

-  no explicit hard gluons to be  included 

 x->1  behavior – sensitive test of  
    spin-flavor symmetry breaking 

  important for higher moments of  
    PDFs - compare with lattice QCD 

  intimately related with resonances,  
   quark-hadron duality 

  n = 2,4,.. 



A1
n and Helicity-Flavor Decomposition  
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JLab	  E99-‐117	  
15	  



Effect of considering transverse 
momentum of quarks in the nucleon 

Inclusive Hall A and B and Semi-Inclusive Hermes Avakian,	  Brodsky,	  Deur	  and	  Yuan	  
Phys.Rev.Le3.99:082001,2007.	  	  

BBS 

BBS+OAM 
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 Longitudinal Double Spin Asymmetry in SIDIS 
	  Ee	  =11	  GeV	  	  NH3	  and	  3He	  

•  Asymmetry	  measurements	  with	  
different	  hadrons	  (π+,π-)	  and	  
targets	  (p,n)	  allows	  for	  flavor	  
separa.on	  	  

At JLab 12 GeV with SIDIS 
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A1
n at 11 GeV Hall  C 

Inclusive double spin asymmetries using  12 GeV 

W>1.2 
CLAS12	   Proton 
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Quark	  Gluon	  Correla.ons	  
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Average	  Color	  Lorentz	  Force	  (M.	  Burkardt)	  
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Moments of Structure Functions 

• Both d2 and f2  are required to determine the color polarizabilities 
• To extract f2, d2 needs to be determined first. 

  target mass correction term 

  dynamical twist-3 matrix element 

  dynamical twist-4 matrix element 
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Hall A  d2
n and Hall C SANE experiments  

Neutron     and        Proton 

Spokespeople: 
B. Sawatzky, S. Choi, X. Jiang and Z.-E.M 

Students: 
D. Flay, D. Parno, M. Posik 

and the Hall A collaboration 

Spokespeople: 
O. Rondon, S. Choi, M. Jones,, Z.-E. M 

Students: 
W. Armstrong, H. Kang, A. Liyanage, J. Maxwell,  
J. Mulholland 

and the Hall C collaboration 
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Experiment	  E06-‐114	  (d2n)	  in	  Hall	  A	  

Two beam energies 4.7 and 5.89 GeV 
(4 pass, 5 pass) BigBite fixed at single scattering angle (θ=45°) 

(data divided into 10 bins during analysis)	  
Experiment	  ran	  	  Jan.-‐Mar.	  09	  3/14/2012	   23	  Workshop	  on	  Confinement	  Physics,	  Newport	  News,	  VA	  
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A1	  	  He3	  at	  4.7	  and	  5.89	  GeV	  beam	  energy	  

A2	  	  He3	  at	  4.7	  and	  5.89	  GeV	  beam	  energy	  



Expected	  precision	  in	  Experiment	  E06-‐114	  

  At large Q2, d2 coincides with the 
reduced twist-3 matrix element of 
gluon and quark operators 

  At low Q2, d2 is related to the spin 
polarizabilities 
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SANE	  Kinema.cs	  and	  Layout	  

  Two	  beam	  energies:	  
–  6.0	  GeV	  (black)	  
–  4.8	  GeV	  (green)	  

SANE experiment in Hall C 

Experiment Ran  January-March 09 



Big	  Electron	  Telescope	  Array	  -‐	  BETA	  BETA detector 

  Three	  subsystems:	  
–  Lead	  glass	  calorimeter	  BigCal:	  

Energy	  Measurement	  	  
–  Gas	  Cherenkov:	  e-‐	  

iden.fica.on	  
–  Lucite	  hodoscope:	  tracking	  
–  Front	  tracker:	  tracking	  

  Target	  field	  sweeps	  low	  E	  
background	  

  Characteris.cs	  
–  Effec.ve	  solid	  angle	  (with	  

cuts)	  =	  0.194	  sr	  
–  Energy	  resolu.on	  5%/√E

(GeV)	  
–  angular	  resolu9on	  =	  2˚ 
–  1000:1	  pion	  rejec9on	  
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d2p	  	  RSS	  and	  SANE	  d2p	  projec.on	  in	  Hall	  C	  

RSS spokesperons: M. Jones, O. Rondon 
SANE spokespersons: S. Choi, M. Jones, O. Rondon, Z.-E. M 
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12	  GeV	  Projected	  results	  for	  g2n	  and	  d2n	  

Projected g2n points are 
vertically offset from zero 
along lines that reflect 
different (roughly) constant 
Q2 values from 2.5—7 GeV2.   

•  g2	  	  for	  3He	  is	  extracted	  directly	  
from	  L	  and	  T	  spin-‐dependent	  
cross	  sec.ons	  measured	  within	  
the	  same	  experiment.	  

•  Strength	  of	  SHMS/HMS:	  	  
	  nearly	  constant	  Q2	  (but	  

less	  coverage	  for	  x	  <	  0.3)	  



Nucleon Spin  Sum Rule 

➥  Through	  the	  momentum	  sum	  
rule	  and	  HERA	  DVMP	  with	  J/
Psi	  data	  we	  have	  a	  glimpse	  on	  
GPD	  Hg	  

➥  Nothing	  is	  known	  about	  GPD	  
Eg	  
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Ji	  Sum	  rule	  (1997)	  

Spin	  of	  quarks	  
Contribu.on:	  
Measured	  in	  DIS	  

Orbital	  angular	  
momentum	  of	  quarks:	  
Input	  from	  Latce	  
and	  measurements	  at	  
JLab	  12	  GeV	  

Total	  angular	  momentum	  of	  gluons	  

30	  
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Extractions and lattice QCD
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Extrac.on	  using	  SIDIS	  Sivers	  data	  from	  Hermes,	  Compass	  and	  JLab	  



Summary	  

 There	  are	  important	  observables	  that	  tell	  a	  “story”	  about	  the	  
cons.tuents	  of	  the	  nucleon	  but	  need	  to	  be	  measured	  with	  
precision.	  	  

 Theore.cal	  tools	  to	  interpret	  the	  measurements	  are	  rapidly	  
improving	  allowing	  the	  inves.ga.on	  of	  the	  structure	  of	  the	  
nucleon	  as	  well	  as	  the	  dynamics	  of	  the	  cons.tuents	  in	  the	  
valence	  region.	  

 An	  EIC	  would	  be	  a	  natural	  extension	  for	  the	  inves.ga.on	  of	  
the	  sea	  and	  the	  glue	  in	  a	  confined	  nucleon.	  
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