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Why	  electron	  beams?	  

energy	  &	  
resolu?on	  
of	  probe	  

low 

high 

N 

π	  

Q	  

Electron	  beams	  have	  tunable	  resolu?on	  (Q=e-‐e’)	  
and	  are	  clean	  (e.m.)	  probes	  of	  the	  hadron	  structure.	  

Central	  	  ques?on	  in	  hadron	  physics:	  	  
“What	  are	  the	  effec.ve	  degrees	  of	  freedom	  at	  varying	  

distance	  scale	  and	  what	  do	  they	  reveal	  about	  the	  
nucleon	  structure”?	  

By	  measuring	  the	  resonance	  excita?on	  strength	  with	  
virtual	  photons	  we	  probe	  the	  contribu?ons	  to	  the	  
resonance	  strength	  from	  	  

	  -‐	  hadronic	  degrees-‐of-‐freedom	  (meson-‐baryons)	  
	  -‐	  the	  evolu.on	  of	  dressed	  quarks	  to	  bare	  quarks	  
	  -‐	  hybrid	  baryons	  	  
	  -‐	  the	  running	  quark	  mass	  func.on	  
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Inclusive	  Electron	  ScaGering	  	  ep→e’X	  

Ø 	  Resonances	  cannot	  be	  uniquely	  separated	  in	  inclusive	  scafering	  	  
→	  measure	  exclusive	  processes	  with	  Nπ,	  Nη	  and	  Nππ	  final	  states	  to	  iden?fy	  specific	  QN	  	  

Q2=-‐(e-‐e’)2;	  	  	  W2	  =(e-‐e’+p)2	  
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1st	   2nd	   3rd	   4th	   resonance	  



Tools	  for	  N*	  and	  Δ*	  analysis	  

Hadronic	  	  
produc?on	  

Electromagne?c	  	  
produc?on	  

Data	  

Amplitude	  	  
analysis	  

Reac?on	  
Theory,	  
UIM,	  
DR	  

CQCD	  LQCD	   N*,	  Δ*	  

QCD	  
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V.B.,	  T.-‐S.H.	  Lee	  
IJMP	  E13	  (2004)	  1035	  

§  UIM	  includes	  	  π	  Born	  terms	  in	  s-‐	  and	  
u-‐channel	  nucleon	  exchanges	  and	  t-‐
channel	  meson	  exchanges	  (π,	  ρ,	  ω,	  
b1,	  a2,…).	  	  

§  In	  fixed-‐t	  DR	  the	  real	  part	  is	  
determined	  from	  π	  Born	  terms	  +	  
dispersion	  integral	  over	  imaginary	  
parts	  of	  all	  known	  resonances.	  	  	  

§  The	  pπ+π-‐	  analysis	  uses	  a	  data-‐driven	  
reac?on	  model	  (JM)	  JLAB-‐MSU.	  

I.G.	  Aznauryan,	  T.-‐S.	  H.	  Lee,	  V.	  Mokeev.	  	  	  	  	  	  	  



Nucleon	  resonance	  transi.ons	  	  
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Results	  based	  on	  over	  150,000	  cross	  sec.ons	  and	  polariza.on	  observables	  in	  W,	  Q2,	  cosθ,	  φ.	  	  



Response	  func.ons	  of	  pπ0	  in	  Δ(1232)	  

5/23/15	  

Q2=	  0.4	  GeV2	   0.75	   1.45	   3.0	   4.2	   5.0	  

CIPANP	  2015	  	  May	  19-‐26,	  Vail,	  CO	  

Measure	  azimuth	  and	  polar	  angle	  dependence	  of	  p(e,e’p)π0	  cross	  sec?on	  and	  
polariza?on	  observables	  and	  extract	  resonant	  part	  with	  UIM	  and	  DR	  approach.	  	  

UIM	   DR	   MAID2007	  	  

6	  

W	  =	  1.232	  GeV	  	  
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The	  NΔ(1232)	  Transi.on	  

§ 	  Large	  MB	  contribu?ons	  (1/3)	  needed	  to	  describe	  magne?c	  dipole	  transi?on	  at	  Q2=0	  
§ 	  For	  G*M	  the	  MB	  contribu?on	  are	  decreasing	  with	  increasing	  Q2	  

§ 	  	  REM	  and	  RSM	  described	  with	  MB	  contribu?ons	  only	  
§ 	  No	  approach	  to	  asympto?c	  behavior	  REM	  =>	  +100%	  	  

REM	  

RSM	  

CLAS 
Hall A 
Hall C 
MAMI 

CLAS  
Hall A 
Hall C  
MAMI 

QM 

MB 

0.2 

Sato,	  	  Lee	  	  
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LNc:	  Pascalutsa,	  Vanderhaeghen	  2007	  

LNc	  

Maid,	  2007	  



Total	  cross	  sec.on	  at	  W	  <	  2.1	  GeV	  	  

5/23/15	   CIPANP	  2015	  	  May	  19-‐26,	  Vail,	  CO	  

Q2=1.7GeV2	   Q2=3.15GeV2	  

Access	  “Roper”	  N(1440)1/2+,	  N(1520)3/2-‐,	  and	  N(1535)1/2-‐	  

1st	  	   2nd	  	   3rd	  	  
nucleon	  resonance	  region	  

1st	  	   2nd	  	   3rd	  	  
nucleon	  resonance	  region	  

γ*p	  	  	  	  	  	  π+n	  

8	  

K.	  Park	  et	  al.,	  PR	  C77	  (2008)	  015208;	  	  PR	  C91	  (2015)	  045203	  
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Electrocouplings	  of	  γvpN(1520)3/2-‐	  
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Ahel=	  
(A1/2)2+(A3/2)2	  
(A1/2)2-‐	  (A3/2)2	  

§ 	  Lowest	  nega?ve	  parity	  spin	  3/2	  state	  =>	  3	  amplitudes	  	  	  
§ 	  Firmly	  established	  switch	  from	  A3/2	  dominance	  at	  Q2=0	  
	  	  	  to	  A1/2	  dominance	  at	  Q2	  >	  1	  GeV2.	  

A1/2	   S1/2	  A3/2	  

• 	  A1/2	  strength	  at	  high	  Q2	  from	  bare	  quarks	  
• 	  MB	  dominate	  amplitudes	  at	  low	  Q2	  	  
• 	  A3/2	  =	  0,	  not	  computed	  in	  this	  model	  

CS	  QM:	  G.	  Ramalho	  and	  M.	  T.	  Peña,	  PR	  D89	  (2014)	  094016	  	  

Aznauryan	  et	  al.	  (CLAS),	  PRC80,	  055203	  (2009),	  V.	  Mokeev	  et	  al.	  (CLAS),	  PRC86,	  035203	  (2012)	  	  

CS	  QM	  



Electrocouplings	  of	  γvpN(1535)1/2-‐	  
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§ 	  Chiral	  unitary	  model	  analyses:	  state	  may	  have	  large	  KΛ	  and	  pφ	  components	  

LFQM	  
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Hall	  C	  

LCSR	  (LO)	  

LCSR	  (LO)	  

LCSR:	  V.M.	  	  Braun	  et	  al.,	  PRL	  103	  (2009)	  

Is	  it	  a	  3-‐quark	  state	  or	  a	  hadronic	  molecule?	  	  

	  	  KΛ	  or	  pφ	  could	  explain	  low	  Q2	  	  behavior	  that	  contrasts	  LFQM	  predic?ons.	  	  	  



Electrocouplings	  of	  γvpN(1535)1/2-‐	  in	  QCD	  
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A1/2	  (10-‐3GeV-‐1/2)	  

S1/2	  (10-‐3GeV-‐1/2)	  

	  blue	  symbols:	  	  pη	  	  	  	  
	  magenta	  symbols:	  Nπ	  

I.V.	  Anikin,	  V.M.	  Braun,	  N.	  
Offen,	  arXiv	  1505.05759	  	  

	  	  	  	  	  	  	  	  	  	  	  	  LCSR	  (NLO)	  

Quan?ta?ve	  descrip?on	  at	  Q2	  ≥	  2	  GeV2.	  	  	  



Electrocouplings	  of	  ‘Roper’	  γvpN(1440)1/2+	  	  

• 	  A1/2	  	  changes	  sign	  and	  has	  large	  magnitude	  at	  high	  Q2	  
• 	  Nπ	  and	  Nππ	  give	  consistent	  results	  
• 	  QM	  assign	  state	  to	  the	  1st	  radial	  excita?on	  -‐	  fails	  to	  reproduce	  low	  Q2	  behavior,	  LCQM	  befer	  at	  large	  Q2	  

• 	  Both	  A1/2(Q2)	  and	  S1/2(Q2)	  are	  inconsistent	  with	  hybrid	  baryon	  model	  predic?on	  

Aznauryan	  et	  al.	  (CLAS),	  PRC80,	  055203	  (2009),	  V.	  Mokeev	  et	  al.	  (CLAS),	  PRC86,	  035203	  (2012)	  	  
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LF-‐RQM:	  I.G.	  Aznauryan,	  2007	  
	  	  	  	  	  	  G.	  Ramalho,	  K.	  Tsushima,	  2010	  



Electrocouplings	  of	  ‘Roper’	  γvpN(1440)1/2+	  	  

• 	  A1/2	  	  changes	  sign	  and	  has	  large	  magnitude	  at	  high	  Q2	  
• 	  Nπ	  and	  Nππ	  give	  consistent	  results	  
• 	  QM	  assign	  state	  to	  the	  1st	  radial	  excita?on	  -‐	  fails	  to	  reproduce	  low	  Q2	  behavior,	  LCQM	  befer	  at	  large	  Q2	  
• 	  Both	  A1/2(Q2)	  and	  S1/2(Q2)	  are	  inconsistent	  with	  hybrid	  model	  predic?on	  
• 	  Significant	  Nσ	  coupling	  needed	  to	  describe	  small	  Q2	  behavior	  

Aznauryan	  et	  al.	  (CLAS),	  PRC80,	  055203	  (2009),	  V.	  Mokeev	  et	  al.	  (CLAS),	  PRC86,	  035203	  (2012)	  	  
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The	  “Roper”	  resonance	  in	  2015	  	  
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Descrip.on	  of	  	  the	  N(1440)1/2+	  A1/2	  electro-‐
coupling	  in	  LF	  QM	  that	  incorporate	  the	  inner	  core	  
of	  three	  dressed	  quarks	  in	  the	  first	  radial	  excita.on	  
and	  outer	  meson-‐baryon	  (MB)	  	  cloud:	  	  	  	  	  	  

	  Quark	  core	  contribu?ons	  from	  DSE/QCD	  (2015)	  
J.	  Segovia	  et	  al.,	  arXiv:1504.04386	  

	   	  Nπ	  loops	  to	  model	  MB	  cloud;	  running	  
quark	  mass,	  in	  LF	  RQM.	  I.G.	  Aznauryan,	  V.B.,	  Phys.	  
Rev.	  C85,	  055202	  (2012).	  	  

	  Nσ	  loops	  to	  model	  MB	  cloud;	  frozen	  
cons.tuent	  	  quark	  mass.	  I.T.	  Obukhovsky,	  et	  al.,	  Phys.	  
Rev.	  D89,	  014032	  (2014).	  	  

	  MB	  cloud	  inferred	  from	  the	  CLAS	  data	  as	  
the	  difference	  between	  the	  data	  and	  quark	  core	  
evaluated	  in	  DSE/QCD.	  	  

The	  structure	  of	  N(1440)1/2+	  resonance	  is	  determined	  by	  the	  interplay	  between	  a	  core	  of	  
three	  dressed	  quarks	  in	  the	  1st	  radial	  excita.on	  and	  the	  external	  meson-‐baryon	  cloud.	  	  	  

Q 2 GeV 2A1/2*1000 GeV  -1/2-60-40-20020406080100024



Light-‐cone	  N*	  transi.on	  charge	  densi.es

where the spin projections are along the z-axis (chosen along the virtual photon direction)

and where the transverse photon polarization vector entering A1/2 is given by ϵλ=+1 =

−1/
√

2(1, i, 0). Furthermore in Eq. (2), e is the proton electric charge, related to the fine-

structure constant as αem ≡ e2/(4π) ≃ 1/137, and K is the “equivalent photon energy”

defined as :

K ≡
M∗ 2 − M2

N

2M∗
. (3)

The helicity amplitudes are functions of the photon virtuality Q2, and can be expressed in

terms of the FFs F NN∗

1 and F NN∗

2 as :

A1/2 = e
Q−√

K (4MNM∗)1/2

{

F NN∗

1 + F NN∗

2

}

, (4)

S1/2 = e
Q−√

2K (4MNM∗)1/2

(

Q+Q−

2M∗

)

(M∗ + MN )

Q2

{

F NN∗

1 −
Q2

(M∗ + MN )2
F NN∗

2

}

,(5)

where we introduced the shorthand notation Q± ≡
√

(M∗ ± MN )2 + Q2.

For numerical evaluation, we will use the MAID2007 parameterization [4] for the γ∗N →

P11(1440) helicity amplitudes A1/2 and S1/2. They have been parameterized as :

A1/2(Q
2) = A0

1/2

(

1 + a1 Q2 + a2 Q4 + a3 Q8
)

e−a4Q2

, (6)

S1/2(Q
2) = S0

1/2

(

1 + s1 Q2 + s2 Q4 + s3 Q8
)

e−s4Q2

. (7)

The improved proton fit is based on π0p data from [8, 22, 23] and π+n data from [10, 11, 12].

The neutron fit is based only an older pre-2000 quasi-free π−p data from the SAID data

base [24]. The resulting values of the parameters are given in Table (I, II) for both proton

and neutron.

In Fig. 1, we show the helicity amplitudes for the γ∗p → P11(1440) transition, which

have been measured up to Q2 ≃ 5 GeV2. One notices that the helicity amplitude A1/2 for

transverse photons displays a sign change from a large negative value at the real photon

point to a broad positive maximum around Q2 ≃ 2 GeV2. The helicity amplitude S1/2 for

longitudinal photons stays positive and has a maximum around Q2 ≃ 0.6 GeV2.

The corresponding helicity amplitudes for the neutron are shown in Fig. 2. One sees

that apart from the value at the real photon point for A1/2, these amplitudes are yet to be

measured. The MAID2007 analysis shows an A1/2 helicity amplitude for the neutron which

does not display a sign change as in the proton case.

4
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Exp: 0 <Q2 < 4.5-7 GeV2   

L.	  Tiator,	  M.	  Vanderhaeghen,	  
PLB	  672	  (2009)	  344	  	  	  
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+½	  -‐>	  -‐½	  	  	  

b2ρT	  

ρ0	  

N(1535)1/2-‐	  

ρT	  

b2ρT	  

	  Electric	  Dipole	  moment	  	  

	  N(1440)1/2+	  

+½	  -‐>	  -‐½	  	  	  

ρ0	   ρT	  



Electrocouplings	  of	  	  γvpN(1680)5/2+	  	  
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§ 	  Switch	  from	  A3/2	  dominance	  at	  Q2	  =	  0	  to	  A1/2	  at	  high	  
Q2	  dominance	  slower	  than	  predicted	  from	  CQM.	  	  

§ 	  Are	  there	  large	  MB	  contribu?ons	  in	  A3/2	  at	  high	  Q2?	  

A1/2	  
S1/2	  A3/2	  

Ahel	  	  =	  
(A1/2)2+(A3/2)2	  
(A1/2)2-‐	  (A3/2)2	  

16	  

Q2(GeV2) 
K.	  Park	  et	  al.,	  	  PRC91	  (2015)	  045203	  



MB	  contribu.on	  to	  γvpN(1675)5/2-‐	  

Quark	  components	  to	  the	  helicity	  amplitudes	  of	  the	  
N(1675)5/2-‐	  are	  strongly	  suppressed	  for	  proton	  target.	  	  	  

Single	  Quark	  Transi?on:	  
Ap

1/2	  =	  Ap
3/2	  =	  0	  	  

§ 	  Measures	  the	  meson-‐baryon	  contribu?on	  to	  γ*pN(1675)5/2-‐	  directly	  
§ 	  Calibrate	  the	  dynamical	  coupled-‐channel	  model	  input	  

	   	   	  E.	  Santopinto	  and	  M.	  M.	  Giannini,	  PRC	  86,	  065202	  (2012)	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B.	  Juliá-‐Díaz,	  T.-‐S.H.	  Lee,	  et	  al.,	  PR	  C	  77,	  045205	  (2008)	  
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CLAS	  CLAS	  

MB	  	  

Q2	  (GeV2)	   Q2	  (GeV2)	  

	  	  	  q3	  	  

q3	  	  

MB	  	  

I.	  Aznauryan,	  V.B.,	  arXiv:1412.1296	  



Nucleon	  resonance	  transi?ons	  amplitudes	  probe	  the	  quark	  mass	  func?on	  
from	  cons?tuent	  quarks	  to	  dressed	  quarks	  and	  elementary	  quarks.	  	  
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N(1440)1/2+	  

qu
ar

k 
m

as
s (

G
eV

) 

accessible	  
at	  6	  GeV	  	  	  

accessible	  
at	  12	  GeV	  	  	  

	  	  	  LQCD	  
DSE	  



N*	  Transi.on	  FF	  Physics	  @	  JLAB12	  
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E12-‐09-‐003	  	  N*	  @	  Q2	  <	  12	  GeV2	  



Conclusions	  &	  Outlook	  
•  The	  3-‐quark	  core	  becomes	  dominant	  to	  MB	  contribu?ons	  in	  

electroexcita?on	  with	  Q2	  >	  2-‐4	  GeV2	  in	  all	  studied	  excited	  states.	  	  	  

•  The	  structure	  of	  the	  Roper	  resonance	  is	  determined	  by	  the	  
interplay	  between	  the	  core	  of	  3	  dressed	  quarks	  in	  the	  1st	  radial	  
excita?on	  and	  the	  external	  meson-‐baryon	  cloud.	  	  

•  Transverse	  charge	  transi?on	  densi?es	  reveal	  significant	  differences	  
for	  different	  excited	  states.	  

•  Precise	  computa?on	  of	  electromagne?c	  transi?on	  form	  factors	  has	  
become	  a	  topic	  of	  strong	  QCD.	  	  

•  Planned	  experiment	  with	  CLAS12	  at	  JLab@12GeV	  will	  measure	  
resonances	  at	  highest	  Q2	  as	  a	  probe	  of	  the	  running	  quark	  mass.	  	  

•  Electroexcita?on	  of	  resonances	  may	  be	  an	  essen?al	  tool	  to	  isolate	  
gluonic	  baryon	  excita?ons	  that	  can	  be	  explored	  with	  CLAS12.	  	  
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Addi?onal	  slides	  
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Gluonic	  Baryons	  q3G	  

	  regular	  states	  

	  ‘hybrid’	  states	  

J.J.	  Dudek	  and	  R.G.	  Edwards,	  	  PRD85	  (2012)	  054016	  

1.3GeV	  

N	  

Hybrid	  states	  have	  same	  JP	  values	  as	  q3	  baryons.	  How	  to	  iden?fy	  them?	  
	  -‐	  Overpopula?on	  of	  N1/2+	  and	  N3/2+	  states	  compared	  to	  QM	  projec?ons?	  
	  -‐	  Transi?on	  form	  factors	  in	  electroproduc?on?	  

T.	  Barnes	  and	  F.E.	  Close,	  	  PLB128,	  277	  (1983)	  	  

LQCD	  	  
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clustered	  
in	  mass	  
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Electrocouplings	  of	  ‘Roper’	  N(1440)1/2+	  	  

• 	  nrQM	  assign	  it	  to	  the	  1st	  radial	  excita?on	  of	  the	  nucleon,	  but	  fails	  in	  A1/2	  
• 	  A1/2	  dominant	  amplitude	  at	  high	  Q2	  indicates	  radial	  q3	  excita?on	  but	  fails	  at	  low	  Q2	  	  
• 	  Significant	  meson-‐baryon	  coupling	  needed	  to	  describe	  small	  Q2	  behavior	  
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• 	  A1/2(Q2)	  and	  S1/2(Q2)	  are	  inconsistent	  with	  gluonic	  excita?on	  
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nπ+	  

pπ+π-‐	  
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Unitary	  Isobar	  Model	  (UIM)	  

5/23/15	   CIPANP	  2015	  	  May	  19-‐26,	  Vail,	  CO	  

MAID	  Model:	  	  	  D.	  Drechsel,	  O.	  Hanstein,	  S.	  Kamalov,	  L.	  Tiator,	  Nucl.Phys.	  A	  645	  (1999)	  145	  	  	  

Include	  Regge	  exchanges	  at	  high	  s,	  I.	  Aznauryan,	  	  	  
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Fixed-‐t	  DRs	  for	  invariant	  Ball	  amplitudes	  

Dispersion	  rela.ons	  for	  6	  invariant	  Ball	  amplitudes:	  

17	  Unsubtracted	  Dispersion	  Relafons	  

1	  Subtracted	  Dispersion	  Relafon	  

γ*N→Nπ	  

(i=1,2,4,5,6) 

fsub(t, Q2) = -(1.62 + 0.5*t) + Q2(0.32 + 0.11*t) From	  fit	  to	  high	  Q2	  data:	  
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Legendre	  Moments	  for	  ep→eNπ	  
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Q2=0.4 GeV2 
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FIG. 3: Our results for the Legendre moments of the e⃗p → epπ0 structure functions in comparison with experimental data [1]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.
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FIG. 4: Our results for the Legendre moments of the e⃗p → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.
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FIG. 3: Our results for the Legendre moments of the e⃗p → epπ0 structure functions in comparison with experimental data [1]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.
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FIG. 4: Our results for the Legendre moments of the e⃗p → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.
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§ 	  LF-‐RQM	  quark	  core	  and	  MB	  of	  similar	  magnitude	  at	  Q2=0.	  
§ 	  Describes	  GM	  at	  Q2	  ≥	  5	  GeV2.	  
§ 	  Transi?on	  to	  asympto?c	  behavior	  REM	  	  	  	  	  	  	  	  	  	  	  +100%	  not	  in	  sight.	  Described	  with	  MB.	  	  	  
§ 	  Predicts	  RSM	  to	  con?nue	  to	  grow	  in	  magnitude	  at	  large	  Q2.	  	  (AdS/QCD	  =>	  -‐100%)	  

CLAS	  
Hall	  C	  

Hall	  A	  
MAMI	  

28	  

The	  NΔ(1232)	  Transi.on	  in	  γ*p	  	  	  	  	  pπ0	  

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12

Q2 (GeV2)

G
M

,A
sh

/3
G

D

-8
-6
-4
-2
0
2
4
6
8

R EM
 (%

)

-50

-40

-30

-20

-10

0

0 2 4 6 8 10 12

Q2 (GeV2)
R SM

 (%
)

LF-‐RQM	  
LF-‐RQM	  

LF-‐RQM	  

LF-‐RQM:	  I.	  Aznauryan,	  VB;	  prel.	  (2015)	  

meson-‐baryon	  

MAID	  


