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The Roper Resonance

radially-excited three-quark state
𝑛 = 2 (radial quantum no.)

molecule-like bound state of a 
nucleon and a pion

• Nucleon Resonance of mass 𝑀 ≈ 1440 and width 𝛤 ≈ 300 MeV/𝑐2

• Total Spin-Parity 𝐽 = Τ1
2

+

• Isospin 𝐼 = Τ1
2

Can be decomposed as

ۧ𝑃11 1440 = 𝛼 ۧ𝑢𝑢𝑑 + 𝛽 ۧ𝑁𝜋 + ⋯
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DVCS

ℓ𝑁 → ℓ′𝑁′𝛾
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skewness: ξ =
𝑥𝑖−𝑥𝑓

2
→

𝑥𝐵

2−𝑥𝐵

forwardness: Δ2 = 𝑝′ − 𝑝 2 = 𝑡
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final state 𝑁 + 𝜋 can be achieved by

• 𝑁 𝑝 → 𝑁 𝑝𝐼 + 𝜋 𝑘𝜋  before the lepton scattering,

OR

• 𝑅 𝑝𝑅 → 𝑁 𝑝′ + 𝜋 𝑘𝜋  after the lepton scattering

𝑁 𝑝

𝜋 𝑝𝜋

𝑁 𝑝 − 𝑝𝜋

𝑁 𝑝′where 𝑝′ + 𝑝𝜋 = 𝑝𝑅
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7-fold differential cross section

d𝜎

d𝑄2 d𝑥𝐵 d𝑡 d𝑀𝜋𝑁
2  dΩ𝜋

∗



Tensor Algebra using xAct

• Written for the Wolfram Language in 2004 primarily by José M. 
Martín-García.

• Often used for General Relativity.

• Handles really complex Tensor Algebra reasonably intuitively.

• SYMBOLIC!!!
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no. of dimensions indices linked to manifold

chart labels for manifold

𝑔𝜇𝜈 =

1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

𝐼𝐴𝐴 𝐵𝐵 =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
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Minkowski Vectors

DefTensor[label[index], manifold, options]

𝑝𝜇 =
𝐸

𝑐
𝑝𝑥 𝑝𝑦 𝑝𝑧
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Bispinors
(Euclidean vectors)

DefTensor[label[index], manifold]

e.g, 𝑢𝐴𝐴 could be 1 0 0 1 T
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Dirac 𝜸 Matrices
(a Minkowski 4-vector of 4 × 4 Euclidean matrices)

DefTensor[label[index1,index2,…], {manifold1, manifold2,…}]

𝛾𝜇
𝐴𝐴

𝐵𝐵 =

𝛾 4×4
0

𝛾 4×4
1

𝛾 4×4
2

𝛾 4×4
3
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Relativstic Spin Matrices
(a 4 × 4 Minkowski matrix of 4 × 4 Euclidean matrices)

DefTensor[label[index1,index2,…], {manifold1, manifold2,…}]

𝜎𝜇𝜈
𝐴𝐴

𝐵𝐵 =

𝜎 4×4
00 𝜎 4×4

01 𝜎 4×4
02 𝜎 4×4

03

𝜎 4×4
10 𝜎 4×4

11 𝜎 4×4
12 𝜎 4×4
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𝜎 4×4
20 𝜎 4×4

21 𝜎 4×4
22 𝜎 4×4

23

𝜎 4×4
30 𝜎 4×4

31 𝜎 4×4
32 𝜎 4×4
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= −𝑖𝑔𝑓𝑒 𝛾𝜇
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= 𝑖 𝜕𝜌𝜙 𝛾𝜌 𝛾5
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= 𝑖
𝑝𝜆 𝛾𝜆 + 𝑚 I4×4

𝑝2 − 𝑚2



16

Spinors

e.g. 𝑢𝑒 𝑝, 𝑚 =
𝑝𝜔 𝛾𝜔 + 𝑚 I4×4

𝑝0+𝑚

1
0
0
1



DVCS Tensor 𝐻𝑁𝑅
𝜇𝜈
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DVCS Tensor 𝐻𝑁𝑅
𝜇𝜈
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Everything up until now has been entirely general: no frame dependence
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What’s remaining?

One really long SCALAR function of our kinematic variables AND the GPDs

𝐻1 𝑥, 𝜉, Δ2 , 𝐻2 𝑥, 𝜉, Δ2 , ෪𝐻1 𝑥, 𝜉, Δ2 , ෪𝐻2 𝑥, 𝜉, Δ2 .

We need a parameterisation of these GPDs.

Use a product of the transition form factor and a 𝜉-independent valence-
quark parameterisation.

𝐻1,2
𝑝𝑃11 𝑥, 𝜉, Δ2 = 𝑁 𝐹1,2

𝑝𝑃11 Δ2 +
2

3
𝐹1,2

𝑛𝑃11 Δ2 𝑥𝑟 1 − 𝑥 𝑠,

 where 𝑁 is chosen such that the first moments correctly give the FFs 
and 𝑟 and 𝑠 can be fine-tuned to incoming data.
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Need some Transition FFs: use MAID data!
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THE CURRENT STAGE

proton

neutron

𝑄 [GeV]

𝑭𝟏 𝑸𝟐

𝑭𝟐 𝑸𝟐



Then what???

1. Integrate over the solid angle to get a total cross-section.

2. Repeat the process for the pion-emitted first and Bethe-Heitler 
interference terms.

3. Compare the cross-sections.

4. Repeat everything for other resonances or extend to other meson-
baryon molecules

• Program can be converted into a script that takes as input the 
kinematics, resonance, and meson and returns a total cross-section. 

28compute time ≈ 6 minutes
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