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Motivation (nucleon resonances)
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New accurate data from modern accelerators (JLab, MAMI, ELSA,
MIT-Bates ...) associated with N∗ states with increasing W
(1.4–1.8 GeV) and large Q2 (2–6 GeV2)

⇒ New challenges:
Interpret the data ↔ Theory ↔ relativistic models
Make predictions: higher W , higher Q2 – JLab-12 GeV–upgrade
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Plan of the talk

Theoretical framework
Covariant Spectator Quark Model

Calculations of N∗ transition form factors at large Q2
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... some results at low-Q2

Extension of the model (SU(3) and nuclear medium)

Summary and conclusions
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Covariant Spectator Quark Model – Introduction (1)

Baryon as qqq systems

Covariant Spectator Theory: wf ΨB defined in terms of a 3-quark vertex:
system with 2 on-shell quarks and an off-shell quark

⇒ qq pair replaced by an effective diquark with mass mD

Gross and Agbakpe PRC 73, 015203 (2006); Gross, GR and Peña PRC 77, 015202 (2008)

⇒ reduction to a quark-diquark structure: ΨB(PB , k)
Baryon wave function ΨB(PB , k) free of singularities
Stadler, Gross and Frank PRC 56, 2396 (1998); Savkli and Gross PRC 63, 035208 (2001)

Spin-flavor structure ≈ relativistic SUF (3)× SUS(2) structure

Radial wave function ψB(PB , k) determined phenomenologically
Not a solution of a dynamical wave equation – mass MB ≡Mexp

B

Shape determined by momentum scale parameters using experimental data
or lattice data of some ground state systems
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Covariant Spectator Quark Model – Introduction (2)

Quarks with electromagnetic structure
(impulse approximation)

jµq =

(

1

6
f1+ +

1

2
f1−τ3

)

γµ +

(

1

6
f2+ +

1

2
f2−τ3

)

iσµνqν

2MN

form factors fi± parametrize dressing of quarks (gluons and qq̄) κq = f2q(0) ≈ 2

Vector meson dominance parameterization at quark level:

Quark current parametrized in terms of vector meson poles (mv, Mh)
F Gross, GR, MT Peña, PRC 77, 015202 (2008); GR, MT Peña, JPG 36, 115011 (2009); PRD 80, 013008 (2009);

GR, K Tsushima, AW Thomas, JPG 40, 015102 (2013); GR, K Tsushima, F Gross, PRD 80, 033004 (2009)

4 parameters determined by the fit to the nucleon data
F Gross, GR, MT Peña, PRC 77, 015202 (2008)
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Covariant Spectator Quark Model – Introduction (2)
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Covariant Spectator Quark Model – Introduction (3)

Radial wave functions dependent of (P − k)2= (quark momentum)2

MB = baryon mass; mD = diquark mass

χB =
(MB −mD)

2 − (P − k)2

MBmD

ψB(P, k) ∝
NB

mD(β1 + χB )(β2 + χB )

Motivation: obtain correct large-Q2 falloff in the LO form factors

Gi(Q
2) ∝ 1

Q4
(apart logQ2 corrections)

F Gross, GR, MT Peña, PRC 77, 015202 (2008); GR, MT Peña, F Gross, EPJA 36, 329 (2008)
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Covariant Spectator Quark Model – Introduction (4)

Transition current – relativistic impulse approximation
F Gross, GR, MT Peña, PRC 77, 015202 (2008); EPJA 36, 329 (2008)

J
µ = 3

∑

λ

∫

k

Ψ̄f (P+, k)j
µ
q Ψi(P−, k) k

P+ P−

N∗ N

Ψf Ψi

diquark on-shell

Generalization to lattice QCD:

fi±(Q
2;mρ,MN ) → fi±(Q

2;mlatt
ρ ,M latt

N ) – VMD

ψB(MB) → ψB(M
latt
B )

GR, MT Peña, JPG 36, 115011 (2009); PRD 80, 013008 (2009); GR, K Tsushima,

F Gross, PRD 80, 033004 (2009); GR, K Tsushima, AW Thomas, JPG 40, 015102 (2013)

Meson cloud neglegible for large mπ
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Results – Part 1

Calculations of N ∗
transition form factors at large Q2
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γ∗N → ∆(1232) – Introduction [Burkert and H Lee, JMP E13, 1035 (2004)]

Transition dominated by Magnetic Dipole G∗
M : N(↑↑↓) −→ ∆(↑↑↑) (spin-flip)

Small contributions from G∗
E and |q|

2M∆
G∗

C ; indication of (small) ∆ deformation
GR, MT Peña, A Stadler, PRD 86, 093022 (2012)

G∗
M usually underestimated by quark models at small Q2
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∆(1232) - S-wave model - covariant

ΨN =
1√
2

SU(6)
︷ ︸︸ ︷
(
φ0Iφ

0
S + φ1Iφ

1
S

)
ψN (P, k) Ψ∆ = −

SU(6)
︷ ︸︸ ︷

φ̃I1(ε
∗
P )αu

α(P ) ψ∆(P, k)

Radial wave functions: ψN (P, k); ψ∆(P, k)
ψN (P, k): determined by the nucleon data;
ψ∆(P, k): determined by lattice QCD data or bare core estimate (gMB1B2

= 0)

Argonne-Osaka dynamical coupled-channel model (previously EBAC/Sato-Lee)

S-wave model

G
∗
M (Q2) =

4

3
√
3

M

M +M∆
(

f1− +
M∆ +M

2M
f2−

)
∫

k

ψ∆ψN

G∗
M (0) = 2.07

∫

k
ψ∆ψN ≤ 2.07

Cauchy-Schwarz inequality

Underestimation of G∗
M (0)|

exp
≃ 3
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γ∗N → ∆: G∗
M in lattice [GR, MT Peña, PRD 80, 013008 (2009)]
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Core contributions (EBAC model)

mπ= 0.138 GeV

Lattice: Alexandrou et al, PRD 77, 085012 (2008) mπ = 411 – 563 MeV

EBAC estimate: B J-Diaz, TSH Lee, T Sato, L Smith, PRC 75 015205 (2007)
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γ∗N → ∆: G∗
M in lattice [GR, MT Peña, PRD 80, 013008 (2009)]
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Core contributions (EBAC model)

mπ= 0.138 GeV

— Model calibrated by EBAC bare data
- - - Model extended to lattice QCD
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γ∗N → ∆: G∗
M in lattice [GR, MT Peña, PRD 80, 013008 (2009)]
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Core contributions (EBAC model)

mπ= 0.138 GeV

— Model calibrated by EBAC bare data
- - - Model extended to lattice QCD Good description bare part
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γ∗N → ∆: G∗
M (valence + pion cloud)
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Valence quarks insuficient to describe low Q2 data (GB
M ∝ 1/Q4)

Include phenomenological pion cloud contribution (Gπ
M ∝ 1/Q8)

GR, MT Peña J Weil, H van Hees and U Mosel, PRD 93, 033004 (2016)
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γ∗N → ∆: How to simulate the pion cloud? [phenomenology]

Recent application – two pion cloud contributions
Motivated by study of the octet to decuplet transitions: almost 50% – 50%

GR, K Tsushima, PRD 88, 053002 (2013)

Gπ
M = 3λ(a)π Fπ(q

2)

(
Λ2
π

Λ2
π − q2

)2

︸ ︷︷ ︸

π−coupling

+3λ(b)π

(
Λ2
D

(Λ2
D − q2)2 + Λ2

D(ΓD(q2))2

)2

︸ ︷︷ ︸

B′−coupling

GR, MT Peña J Weil, H van Hees and U Mosel, PRD 93, 033004 (2016)

Fπ(q
2): phenomenologic electromagnetic pion form factor;

Λ2
D = 0.9 GeV2; ΓD(q2) phenomenological width; λ

(a)
π , λ

(b)
π ≃ 0.448
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γ∗N → ∆: timelike region (1) q2max = (M∆ −MN)
2
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Timelike region q2 > 0 ↑
∆(1232) Dalitz decay

∆ → γ∗N → e+e−N

Γ ≡ Γ∆→e+e−N = Γe+e−N

dΓ
dq ≡ Γ′(q,W ) =

A(q2,W )|GM (q2,W )|2
(W replace M∆)

Delta Dalitz decay width
Γe+e−N =

∫W−M
2me

Γ′(q,W )dq

Model Γe+e−N = 4.9 keV

GR, MT Peña J Weil, H van Hees and

U Mosel, PRD 93, 033004 (2016)
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γ∗N → ∆: timelike region (2)
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Timelike region q2 > 0 ↑
∆(1232) Dalitz decay

∆ → γ∗N → e+e−N
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GR, MT Peña J Weil, H van Hees and

U Mosel, PRD 93, 033004 (2016)
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γ∗N → ∆: timelike region (3)

HADES, PRC 95, 065205 (2017): pp→ p∆+ → ppe+e−
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γ∗N → ∆: timelike region – ∆ Dalitz decay – PDG
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γ∗N → ∆: timelike region – ∆ Dalitz decay – PDG

HADES is planning to measure Dalitz decay widths of hyperons
Σ∗0 → e+e−Λ, Σ∗+ → e+e−Σ+, ...

HADES EPJA 57, 139 (2021); GR PRD 102, 054016 (2020)
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γ∗N → N(1440) – Introduction
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CSQM: Roper defined as the 1st radial excitation of the nucleon
Same spin/flavor structure as the nucleon
Radial wave function defined by the orthogonality with nucleon state
GR and K Tsushima, PRD 81, 074020 (2010); PRD 89, 073010 (2014)
No adjustable parameters; No meson cloud components included

CLAS data: IG Aznauryan et al., PRC 80, 055203 (2009);

VI Mokeev et al., PRC 86, 035203 (2012); PRC 93, 025206 (2016)
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γ∗N → N(1440) – Results
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Good results for Q2 > 1.5 GeV2 – valence quark dominance
Support Roper as 1st radial excitation of the nucleon

Failure for Q2 < 1.5 GeV2 – meson cloud ?
GR and K Tsushima, AIP Conf.Proc. 1374, 353 (2011)
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γ∗N → N(1440) – Comparing results
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—- CSQM === Holography
Holographic calculation
GR, D Melnikov, PRD 97, 034037 (2018); GR, PRD 96, 054021 (2017)

Very different formalisms; Very similar results at large Q2
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γ∗N → N ∗ – 2nd radial excitation of the nucleon
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N∗ is identified as N(1880)
Comparison with Roper and Nucleon (A1/2 ∝ GM ; S1/2 ∝ GE)
Similar result for large Q2 (same short range structure)
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γ∗N → ∆(1600) [GR and K Tsushima, PRD 82, 073007 (2010)]

∆(1600) as the 1st radial excitation
of ∆(1232) EPJA, 36, 329 (2008) [S-state]
G∗

E ≡ 0, G∗
C ≡ 0

Bare : GB
M (0) = −1.113

Valence quarks insuficient to explain data

π cloud effects: rough estimate - - -

Final result consistent with Q2 = 0 data
Predictions for large Q2
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γ∗N → N(1535)12
−
and γN ∗ → N(1520)32

−

Negative parity states

Valence quark contributions estimated within the CSQM framework
Radial wave functions determined using 6= prescriptions

N(1525): GR and MT Peña, PRD 84, 033007 (2011)

GR and MT Peña, PRD 101, 114008 (2020) – N(1535) Dalitz decay
N(1520): GR and MT Peña, PRD 89, 094016 (2014);

GR and MT Peña, PRD 95, 014003 (2017) – N(1520) Dalitz decay

Recent development – Semirelativistic approximation
GR, PRD 95, 054008 (2017)

Mass difference (MR and MN ) neglected in a first approximation

Radial wave function determined by ψN (nucleon)
Orthogonality ensured; Non-relativistic properties; Covariant expressions

Form factors determined without any adjustable parameter
Model parameters determined by Nucleon system
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γ∗N → N(1535) – SR approx – Results
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2 form factors; Data from CLAS, MAID and Jlab/Hall C

Good results for F ∗
1 (Q2 > 1.5 GeV2); consequence of meson cloud !

F ∗
2 wrong sign; (F ∗

2 )exp ≈ 0 for Q2 > 1.5 GeV2

Interpretation: Cancellation between valence and meson cloud
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γ∗N → N(1535): Relation between A1/2 and S1/2

Implications of F ∗
2 = 0 ?

τ = Q2

(MR+MN )2 Q2 > 1.5 GeV2

S1/2 ≃ −
√
1 + τ√
2

M2
R −M2

N

2MRQ
A1/2

GR, K Tsushima,
PRD 84, 051301 (2011)

GR, D Jido, K Tsushima,

PRD 85, 093014 (2012)

Cancellation between

valence and meson cloud
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More data are welcome
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γ∗N → N(1520) – SR approx – Results
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3 independent form factors: GM , GE , GC

—- SemiRelativistic approach (SR); data from CLAS

SR very good description of the data – Except for GE

Explanation: amplitude A3/2 ∝ (GE +GM ) dominated by meson cloud
CSQM (no meson cloud): A3/2 ≡ 0, GE ≡ −GM

Describe well valence quark degress of freedom (apart GE +GM )
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N(1535) helicity amplitudes at low Q2

Ambiguity about S1/2 near Q2 = 0

Siegert’s theorem: at PT A1/2 =
√
2(MR −MN )

S1/2

|q|
GR, PLB 759, 126 (2016); PRD 100, 114014 (2019), Devenish et al, PRD 14, 3063 (1976)
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Data: PDG 2012, PDG 2016, PDG 2020

Case 1 (Thick lines): A1/2 smooth: A1/2 > 0 ⇒ S1/2 must change sign

Case 2 (Thin lines): S1/2 smooth: S1/2 < 0 ⇒ A1/2 must change sign
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Combination with SQTM

Single Quark Transition Model ⊕ CSQM
Hey and Weyers, PL 48B, 69(1974); Cottingham and Dunbar, ZPC 2, 41 (1979);

Burkert et al, PRC 67, 035204 (2003)

Models applied to [70, 1−] multiplet

Use CSQM results for N(1535)12
−
, N(1520)32

−

Predict amplitudes for
N(1650)12

−
, N(1700)32

−
, ∆(1620)12

−
, ∆(1700)32

−

GR, PRD 90, 033010 (2014)

Estimates compared with data from CLAS, MAID and PDG
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Multiplet [70, 1−] GR PRD 90, 033010 (2014)
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Model compares well with N(1650) and ∆(1620)

More large Q2 data are necessary to test the calculations
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Results – Part 2

Some calculations of N ∗
transition form factors at low Q2
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γ∗N → ∆: G∗
E(Q

2), G∗
C(Q

2) [GR, MT Peña, PRD 80, 013008 (2009)]
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Pion cloud: large Nc relations ∝ G̃En = GEn

Q2 ; No extra parameters
Pascalutsa and Vanderhaeghen, PRD 76, 111501 (2007); Buchmann PRD 66, 056002 (2002)

Bare (QM) ⊕ pion cloud (th) contributions ≈ data [CLAS, MAMI, MIT, PDG]
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γ∗N → ∆: quadrupoles – Siegert’s theorem

The previous parametrizations are not consistent with Siegert’s theorem κ = M∆−M
2M∆

Siegert’s theorem: at pseudothreshold |q| = 0; Q2 = −(M∆ −M)2; G∗
E = κG∗

C

Improved Large-Nc: GR, EPJA 54, 75 (2018) α = Q2

2M∆(M∆−M) = O
(

1
N2

c

)

Gπ
E =

(

M

M∆

)3/2 M2
∆ −M2

2
√
2

G̃En

1 + α
, Gπ

C =

(

M

M∆

)1/2 √
2MM∆G̃En

Siegert’s theorem valid New data JLab/Hall A: A Blomberg, PLB 760, 267 (2016)
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Results – Part 3

Extension of the model to SUF (3)
and nuclear medium
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Extension to SUF (3) and nuclear medium EMFF (1)

SUF (3) quark current:

jµq = j1γ
µ + j2

iσµνqν
2MN

, ji = fi+λ0 + fi−λ3 +

quark s
︷ ︸︸ ︷

fi0λs

λa Gell-Mann matrices;
radial wave functions defined for systems with strange quarks

Baryons with strange quarks: octet, decuplet, octet to decuplet, ...
PRD 88, 053002 (2013); PRD 87, 093011 (2013); PRD 86, 114030 (2012); PRD 84, 054014 (2011); GR, Jido,

Tsushima, PRD 85, 093014 (2012); GR, Peña, PRD 83, 054011 (2011); Gross, GR, Tsushima, PLB 690, 183 (2010);

GR, Tsushima, Gross, PRD 80, 033004 (2009)

Octet baryon EM form factors:

GEB = ZB

[
GB

EB +Gπ
EB

]
, GMB = ZB

[
GB

MB +Gπ
MB

]

ZB : normalization; GB
αB bare contribution;

Gπ
αB phenomenological pion cloud contribution ∝ g2πBB′
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Extension to SUF (3) and nuclear medium EMFF (2)

Calibration of model in vacuum by Lattice QCD data
(radial wave functions) – bare part &
Physical data (N form factors, magnetic moments, baryon radii)
– pion cloud part GR, Tsushima, Thomas, JPG 40, 015102 (2013)

Generalize model to the nuclear medium (∗) for a density ρ
Medium propertites estimated by Quark-Meson-Coupling Model
Saito, Tsushima and Thomas, Prog. Part. Nucl. Phys. 58, 1 (2007)

mh → m∗
h; gMBB′ → g∗MBB′

Use VMD character of the CSQM in the extension

Octet baryon GE/GM in vacuum and in medium
GR, Melo, Tsushima, PRD 100, 014030 (2019)
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Extension to SUF (3) and nuclear medium EMFF (3)

Proton and neutron double ratio: RN =
G∗

E/G∗
M

GE/GM
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Data 4He(~e, e′~p)3H, JLab, MAMI ρ0 = normal nuclear density

Dieterich, PLB 500 (2001); Strauch, EPJA 19 S1 (2004); Paolone, PRL 105 (2010)
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Octet baryon axial-vector form factors in vacuum
[GR and K Tsushima PRD 94, 014001 (2016)] Generalization of nucleon to octet baryon

(Jµ
5 )a = ū(P+)

[

GA(Q
2)γµ +GP (Q

2)
qµ

2M

]

γ5u(P−)
λa
2
,

Extend octet model to the axial-vector transition; P-state mixture

jµAq =

(

gqAγ
µ + gqP

qµ

2M

)

γ5
τa
2
, ΨN =

√

1− n2PΨS + nPΨP

gqA ≡ f1− (isovector); gqP fit to the lattice QCD data for nucleon

GA = GB
A +GMC

A , GP = Gpole
P +GB

P +GMC
P , Gpole

P =
4M2

µ2 +Q2
GB

A

µ = mπ (∆S = 0), µ = mK (∆S = 1)
GMC

A : SU(3) effective model (D, F ∼ g2πNN )

Bare: lattice data, SU(6); Meson-Cloud: nucleon and GB,B′

A (0) data
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Octet baryon: axial-vector transitions
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∆S = 0 (d → u)

n → p

Σ− → Λ
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Σ0 → Σ+

Σ+ → Λ (u → d)
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∆S = 1 (s → u)

Σ− → n

Σ0 → p

Λ → p

Ξ− → Σ0

Ξ− → Λ

Ξ0 → Σ+

Study Q2-dependence of form factors
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Axial-vector form factor GA: ∆S = 0, ∆S = 1
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Axial-vector form factor GP : ∆S = 0, ∆S = 1
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Extension to the nuclear medium GA(n → p) [ρ = 0, ρ0]

Study Q2-dependence of form factors in medium

== experimental data in vacuum Preliminary calculation for ρ = ρ0
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Model can be used to calculate B′ → e−ν̄B, e+νB,
and reactions with (anti-)neutrinos in nuclear medium
νB ↔ e−B′, ν̄B ↔ e+B′, νB → νB, ν̄B → ν̄B
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Summary and conclusions

We present covariant calculations of the electromagnetic transition form
factors for several N∗ states at large Q2

∆(1232), N(1440), N(1520), N(1535), ∆(1600), ...
N(1650), N(1700), ∆(1620), ∆(1700)
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Future data will be useful to test the present predictions
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The formalism can be extended to different regimes

SU(3): Octet baryon, decuplet baryon, ...
Nuclear medium: electromagnetic and axial-vector transitions
Applications to astrophysics (OMEG)
Timelike region ...
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Hyperon elastic form factors at large q2
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GR, MT Peña and K Tsushima PRD 101, 014014 (2020); GR, PRD 103, 074018 (2021)

Data from CLEO, BaBar, BES-III
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Summary and conclusions Thank you

We present covariant calculations of the electromagnetic transition form
factors for several N∗ states at large Q2

∆(1232), N(1440), N(1520), N(1535), ∆(1600), ...
N(1650), N(1700), ∆(1620), ∆(1700)

Calculations based on the covariant spectator quark model
Dominance of valence quark effects for large Q2 (Q2 & 2 GeV2)
In same cases meson cloud may be important to Q2 = 1–3 GeV2

Future data will be useful to test the present predictions
JLab-12 GeV upgrade – Very large Q2

The formalism can be extended to different regimes

SU(3): Octet baryon, decuplet baryon, ...
Nuclear medium: electromagnetic and axial-vector transitions
Applications to astrophysics (OMEG)
Timelike region ...
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Extra

More information
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Other applications

Electromagnetic form factors of hyperons at large q2 †
GR, Tsushima, Peña, PRD 101, 014014 (2020); GR, PRD 103, 074018 (2021)

Babar, BES-III, CLEO, ...

Baryons with strange quarks: octet, decuplet, octet to decuplet, ...
PRD 88, 053002 (2013); PRD 87, 093011 (2013); PRD 86, 114030 (2012); PRD 84, 054014 (2011); GR, Jido,

Tsushima, PRD 85, 093014 (2012); GR, Peña, PRD 83, 054011 (2011); Gross, GR, Tsushima, PLB 690, 183 (2010);

GR, Tsushima, Gross, PRD 80, 033004 (2009)

Deep inelastic stattering – nucleon
Gross, GR, Peña, PRD 85, 093006 (2012); PRD 85, 093005 (2012); PRC 77, 015202 (2008)

Transition form factors in the timelike region – HADES

Dalitz decays (N∗ → e+e−N , B′ → e+e−N) hyperons
GR, Peña, PRD 85, 113014 (2012); PRD 95, 014003 (2017); GR, Peña, Weil, Hees, Mosel, PRD 93, 033004 (2016);

GR, Peña, PRD 101, 114008 (2020); GR, PRD 102, 054016 (2020)

Structure of baryons in the nuclear medium
GR, Melo, Tsushima, PRD 100, 014030 (2019); GR, Tsushima, Thomas, JPG 40, 015102 (2013)

Axial structure of octet baryon (in vacuum)
GR, Tsushima, PRD 94, 014001 (2016)
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Dynamical Coupled-Channel – EBAC model

EBAC = Excited Baryon Analysis Center @ Jefferson Lab
https://ebac-theory.jlab.org → Argonne-Osaka DCC model

γ∗B →MB′ and MB →M ′B′ transitions
Include intermediate baryon resonances B∗ (B∗ →MB, B∗ → γB)

Gl = Gbare
l +GMC

l

γ
∗

N N
∗

=

Quark Core

++ +
B

M

M

B1

B2

Meson Cloud

Turn off meson coupling (gMBB′ = 0): Gl → Gbare
l

B J-Diaz, TSH Lee, T Sato, L Smith, PRC 75 015205 (2007)
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γN → N(1440) – Helicity amplitudes (optional)
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γ∗N → N(1520) – SR app – Amplitudes (optional)
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3 independent helicity amplitudes

—- SemiRelativistic approach (SR); data from CLAS, include MAID fit

SR very good description of the Q2 > 1.5 GeV2 data
Except for A3/2 (CSQM: A3/2 ≡ 0) – A3/2 ← dominated by meson cloud ?

Describe well valence quark degress of freedom ((A3/2)bare ≈ 0)
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γ∗N → N(1535)12
−
, γ∗N → N(1520)32

−
– SR approach

Semirelativistic approximation – Summary
GR, PRD 95, 054008 (2017)

SR approach gives a good description of form factor/
helicity amplitude data in the region Q2 > 1.5 GeV2

Deviations (low Q2) may be the result of the missing meson cloud

No parameters adjusted (ψR ≡ ψN ) – Predictions
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