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NINPHANational Initiative on the Physics of Hadrons 
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NINPHA - Research activity and topics 
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NINPHA - Productivity results (2024)
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Multidimensional picture of hadrons

6
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In DIS off a nuclear target with A nucleons:

q
0.2 ≤ x ≤ 0.8 “EMC (binding) region”: 
mainly valence quarks involved 

The EMC effect
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In DIS off a nuclear target with A nucleons:

q

Naive parton model interpretation:


“Valence quarks, in the bound nucleon, are in 
average slower that in the free nucleon”

Is the bound proton bigger than the free one??

The EMC effect

0.2 ≤ x ≤ 0.8 “EMC (binding) region”: 
mainly valence quarks involved 
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Explanation (exotic) advocated: confinement 
radius bigger for bound nucleons, quarks in bags 
with 6, 9,..., 3A 

quark, pion cloud effects... Alone or mixed with 
conventional ones...

9

In DIS off a nuclear target with A nucleons:

q

Small eff
(Everyone’s Model is Cool)

The EMC effect

0.2 ≤ x ≤ 0.8 “EMC (binding) region”: 
mainly valence quarks involved 
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Nuclear SFs and EMC ratio
To calculate the EMC ratio  for any nucleus A, we need the nuclear SFs.  

Within our approach we have:

RA
EMC(x) =

FA
2 (x)

Fd
2(x)

FA
2 (x) = ∑

N
∫

1

ξmin

dξ FN
2 ( mx

ξMA ) fN
A (ξ) * longitudinal momentum fraction carried 

         by a nucleon in the nucleus
ξ =

1) in the Bjorken limit we have the LCMD: fN
1 (ξ) = ⨋ dϵ∫

dκ⊥

(2π)3

1
2κ+

PN(κ̃, ϵ)
Es

1 − ξ
Unpolarized LF spectral function:


PN(κ̃, ϵ) =
1

2j + 1 ∑
ℳ

PN
σσ(κ̃, ϵ, S, ℳ)

Since our approach fulfill both macro-locality and Poincaré covariance the LC momentum distribution satisfies 2 
essential sum rules at the same time:              

 : Baryon number SR;    

 : Momentum SR (MSR)

A = ∫
1

0
dξ[Zf p

1 (ξ) + (A − Z)f n(ξ)]

1 = Z < ξ >p + (Z − N) < ξ >n ; < ξ >N = ∫
1

0
dξ ξ fN

1 (ξ)



Matteo Rinaldi TNPI2025 11

The EMC effect for 3HeE.Pace, M.R. G.Salmè and S.Scopetta, Phys. Lett. B 839(2023) 127810

Solid line: Av18/UIX + SMC* 
Dashed line:Av18 + SMC* 
Dotted-dashed: Av18/UIX 
+CJ15**

Small but solid effect, comparable to the experimental data

Full squares: JLab data 
from experiment E03103 
[1] as reanalyzed in [2]

[1] J. Arrington, et al,  
Phys. Rev. C 104 (6) 
(2021) 065203 

[2] S. A. Kulagin and R. 
Petti, Phys. Rev. C 82, 
054614 (2010)

*[B. Adeva, et al., Phys. Lett. B 412 
(1997) 414–424.]

**[A. Accardi, L. T. Brady, W. 
Melnitchouk, J. F. Owens, N. Sato,
Phys. Rev. D 93 (11) (2016) 114017]
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The EMC effect for 4He
F.Fornetti, E.Pace, M.R., G.Salmè, S.Scopetta and M.Viviani,  Phys.Lett.B 851 (2024) 138587

Full squares: JLab data 
from experiment 
E03103 

Both lines calculated with 
Av18/UIX 
Solid line: SMC parametrization 
of  *   
Dashed line: CJ15 +TMC 
Parametrization of ** 

 extracted from MARATHON 
data 

Fp
2

Fp
2

Fn
2

*[B. Adeva, et al., Phys. Lett. B 412 
(1997) 414–424.]

**[A. Accardi, L. T. Brady, W. 
Melnitchouk, J. F. Owens, N. Sato, Phys. 
Rev. D 93 (11) (2016) 114017]

The dependence on the choice of the free nucleon SFs is largely under control in the properly EMC region
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The EMC effect for 4He
F.Fornetti, E.Pace, M.R., G.Salmè, S.Scopetta and M.Viviani,  Phys.Lett.B 851 (2024) 138587

Full squares: JLab data 
from experiment 
E03103 

Both lines calculated with 
Av18/UIX 
Solid line: SMC parametrization 
of  *   

 extracted from MARATHON 
data 

Fp
2

Fn
2

*[B. Adeva, et al., Phys. Lett. B 412 
(1997) 414–424.]

Effective interactionsχ

 AV18 + UIX(NNN)

Solid baseline to investigate  

the impact of exotic effects!
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Multidimensional picture of hadrons
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Light-Front wave-function
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J/  electroproduction on light-nucleiψ
Gluon shadowing in UPC collisions @ LHC
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J/  electroproduction on light-nucleiψ
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J/  electroproduction on light-nucleiψ
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we remark that  is the same quantity appearing in the double parton scatteringΦ𝟤(𝗄⊥, − 𝗄⊥)

J/  electroproduction on light-nucleiψ
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J/Ψ exclusive production @EIC: xB ≈ 10-3 
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J/Ψ exclusive production @EIC: xB ≈ 10-3 

These Effects can be accessed also in  

Double Parton Scattering processes!
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Double Parton Scattering
Multiparton interaction (MPI) can contribute to the, pp, pA and AA cross section @ the LHC:

𝖽σ ∝ ∫ 𝖽𝟤𝗓⊥ 𝖥𝗂𝗃(𝗑𝟣, 𝗑𝟤, 𝗓⊥, μ𝖠, μ𝖡)𝖥𝗄𝗅(𝗑𝟥, 𝗑𝟦, 𝗓⊥, μ𝖠, μ𝖡)

Double Parton Distribution (DPD)

Transverse distance between two partons

N. Paver and D. Treleani, Nuovo Cimento 70A, 215 (1982) 
Mekhfi, PRD 32 (1985) 2371 
M. Diehl et al, JHEP 03 (2012) 089 
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Where and Why DPS?
in ep Colliders?

HERA data, ZEUS coll, 
Nucl. Phys. B 729, 1 (2008)
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Some Data and Effective Cross Section
If DPDs factorize in terms of PDFs then   

Effective Form Factor (EFF) =  
FT of the probability distribution TAs for the standard FF:

From the asymptotic behavior we got the following relation: 

M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018) 

σ−𝟣
𝖾𝖿𝖿 = ∫ 𝖽𝟤𝗓⊥ 𝖳̃(𝗓⊥)𝟤 = ∫

𝖽𝟤𝗄⊥

(𝟤π)𝟤
𝖳(𝗄⊥)𝟤
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Some Data and Effective Cross Section
If DPDs factorize in terms of PDFs then   

Effective Form Factor (EFF) =  
FT of the probability distribution TAs for the standard FF:

From the asymptotic behavior we got the following relation: 

M. R. and F. A. Ceccopieri, PRD 97, no. 7, 071501 (2018) 

σ−𝟣
𝖾𝖿𝖿 = ∫ 𝖽𝟤𝗓⊥ 𝖳̃(𝗓⊥)𝟤 = ∫

𝖽𝟤𝗄⊥

(𝟤π)𝟤
𝖳(𝗄⊥)𝟤

𝗓⊥

From direct 
Measurements!

In hadron-hadron collisions we do not access 

directly the distance! 

       M.R. and F. A. Ceccopieri, JHEP 09 (2019) 097
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DPS in  interactions γ − p
We consider the possibility offered by a DPS process involving a photon FLACTUATING in a quark-antiquark pair 

interacting with a proton: 
  

M. R. and F. A. Ceccopieri, PRD 105 (2022) L011501 
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DPS in  interactions γ − p
Already at HERA the importance of MPI for the 3,4 jets photo-production has been addressed:  

J. R. Forshaw et al, Z phys. C 72, 637 
S. Chekanov et al [ZEUS coll.], Nucl. Phys B 792,1 (2008)  
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A key to the proton structure M. R. and F. A. Ceccopieri, PRD 105 (2022) L011501 

The effective cross section can be also written in terms of probability distribution:

We can expand the distribution related to the photon:

Coefficients determined in a given 
approach describing the 

photon structure

[σγ𝗉
𝖾𝖿𝖿(𝖰

𝟤)]−𝟣 = ∑
𝗇

𝖢𝗇(𝖰𝟤)⟨𝗓𝗇
⊥⟩𝗉 Mean value of  the transverse distance 

between two partons in the PROTON 

If we could measure   we could access NEW INFORMATION ON THE PROTON STRUCTUREσγ𝗉
𝖾𝖿𝖿(𝖰

𝟤)

 prob. distr. of  
finding two partons at given 
transverse distance

*𝖥̃𝖠
𝟤 (𝗓⊥) =
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DPS in pA collisions
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F. A. Ceccopieri, F. Fornetti, E. Pace, M. Rinaldi, G. Salmè and N. Iles, ``Theoretical insights on nuclear double 
parton distributions’’, EPJC accepted,  [arXiv:2507.02495 [nucl-th]]. 

32

DPS in pA collisions

In this case we have two mechanisms that contribute:
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In this case we have two mechanisms that contribute:

DPS 1: The two partons belong to the SAME nucleon in the nucleus! 
  

Momentum fraction 
carried by a NUCLEON

Light-Cone 
Momentum Distribution

Transverse momentum 
of the NUCLEON

B. Blok et al, EPJC (2013) 73:2422

DPD of te nucleon inside  
the nucleus

DPS in pA collisions F. A. Ceccopieri, F. Fornetti, E. Pace, M.R., G. Salmè and N. Iles, [arXiv:2507.02495 [nucl-th]] 
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In this case we have two mechanisms that contribute:

DPS 2: The two partons belong to the DIFFERENT nucleons in the nucleus! 
  

B. Blok et al, EPJC (2013) 73:2422

Nucleus wf

Nucleon GPD

DPS in pA collisions F. A. Ceccopieri, F. Fornetti, E. Pace, M.R., G. Salmè and N. Iles, [arXiv:2507.02495 [nucl-th]] 
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DPS in pA collisions F. A. Ceccopieri, F. Fornetti, E. Pace, M.R., G. Salmè and N. Iles, [arXiv:2507.02495 [nucl-th]] 
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In p-Pb collisions there are some difficulties (personal view): 

1) both cross-sections (DPS1 and DPS2) depends on proton DPD (still almost unknown) therefore both 
     mechanisms are very important                      could be difficult to extract some information on the proton DPD     
  
2) for heavy nuclei is difficult to perform calculation with wave-function obtained from realistic potentials  

POSSIBLE SOLUTION? 

DPS in A collisions with light nuclei?γ
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In p-Pb collisions there are some difficulties (personal view): 

1) both cross-sections (DPS1 and DPS2) depends on proton DPD (still almost unknown) therefore both 
     mechanisms are very important                      could be difficult to extract some information on the proton DPD     
  
2) for heavy nuclei is difficult to perform calculation with wave-function obtained from realistic potentials  

POSSIBLE SOLUTION? 

1) In γA the DPS2 will not contain any DPD of the proton                    this mechanism can now be viewed as a     
    background that can be evaluated if we properly treat the photon (as previously discussed) and the   
    Nuclear geometry 

2) For light nuclei these calculations can be done starting from realistic wave-function (Av18 or chiral potential)!   

Could we access the DPD of bound nucleons? Double EMC effect?  

DPS in A collisions with light nuclei?γ
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DPS1 in A collisions with light nucleiγ
For example in DPS1:

The nuclear light-cone distribution can be evaluated with realistic wave-function 
(from Av18 +UIV potential) in a fully relativistic and Poincaré  covariant approach for: 

, M.R. et al, PLB 839 (2023), 137810

3) 4He from F. Fornetti, E. Pace, M. R., G. Salmé, S. Scopetta and M. Viviani, PLB 851 (2024), 138587 
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DPS1 in A collisions with light nucleiγ
For example in DPS1:

Possible solution to the EMC effect. In fact:

Ratio of SFs
Ratio of double SFs 
From DPDs of DPS1
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DPS1 in A collisions with light nucleiγ
For example in DPS1:

Possible solution to the EMC effect. In fact:

Ratio of SFs
Ratio of double SFs 
From DPDs of DPS1

Completely different models predicting 

The same EMC ratio leads to different double 

EMC ratios!! 

DPS is more sensitive to the inner partonic 

structure of hadrons then SPS 
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For example in DPS2:

DPS2 in A collisions with light nucleiγ
F. A. Ceccopieri, F. Fornetti, E. Pace, M.R., G. Salmè and N. Iles, [arXiv:2507.02495 [nucl-th]] 
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For example in DPS2:

DPS2 in A collisions with light nucleiγ

Standard LC correlator parametrized by GPDs

Off-forward 
LC momentum distribution

We address the possible role of nucleon spin-flip effects for the first time!

No Spin-Flip 

Spin-Flip

We have: 
1) the Off-forward LCMDs which depends 
      of the deuteron obtained within the Av18  
      Potential + LF approach to properly fulfill  
      the Poincaré covariance 

2) the role of spin effects could be important to make  
    Realistic predictions

F. A. Ceccopieri, F. Fornetti, E. Pace, M.R., G. Salmè and N. Iles, [arXiv:2507.02495 [nucl-th]] 
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Finally:

DPS in A collisions with light nucleiγ

Full deuteron DPDs at :k⊥ = 0

1) For DPS1 we used the product of 
PDFs  as phenomenological nucleon 
DPDs (standard strategy) 

2) For DPS2 we used the Goloskokv-Kroll   
    model for the nucleon GPDs 
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Calculated for 3He and 4He in: 

V. Guzey, M.R., S. Scopetta, M. Strikman and M. Viviani et al, “Coherent J/Ѱ  electroproduction on  
He4 and He3 at the EIC: probing Nuclear shadowing one nucleon at a time”, PRL 129 (2022) 24, 242503

Nuclear 2-body form factor  

Before closing let us mention that the integral over  and  yields the nuclear two-body form factor:ξ𝟣 ξ𝟤

DPS in A collisions with light nucleiγ
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Conclusions

45

EMC of light-nuclei within a Poincaré covariant LF approach
We developed a rigorous formalism for the calculation of nuclear SFs, TMD LCMDs, spin-dependent SFs and DPDs                                                                                                                 
involving only nucleonic DOF with the conventional nuclear physics 
 For 3He we obtain results in agreement with experimental data  for the EMC effect.

For  the deviations from experimental data could be ascribed to genuine QCD effects: 
    our results provide a reliable baseline to study exotic phenomena 

To do next
Application of the approach to calculate the EMC effect of heavier nuclei (6Li starting project)

Calculate the Double Parton Scattering cross-section of light-nuclei

The approach has been successfully applied to the calculation of spin-dependent SFs 

NR calculations
Calculation of the 4He GPDs which are in good agreement with data (both for coherent and incoherent) channels 

Calculation of the 3He GPDs and predictions for asymmetries for the positron beam JLab upgrade 

Calculation of the J/  electro-production of 3He and 4He including effects beyond IA ψ
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The EMC effect
Conventional (NR) calculations:

Qualitative agreement No fulfillment of both particle 
and momentum sum rules

In general, the lack of the Poincarè covariance and macroscopic locality* generates biases for the study of genuine QCD effects 
(nucleon swelling, exotic quark configurations …)

Macroscopic locality (= cluster separability (relevant in nuclear physics)): i.e. observables associated to different  
space-time regions must commute in the limit of large space like separation (i.e. causally disconnected).  

In this way, when a system is separated into disjoint subsystems by a sufficiently large space like separation, then the 
subsystems behave as independent systems

B.D.Keister and W.N.Polyzou, Adv.Nucl.Phys. 20 (1991), 225-479
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LF approach in pills

Poincaré covariance  Find 10 generators: 
  displacements and Lorentz transformation, that fulfill: 
   

                                    

→
Pμ → 4D Mνμ →

[Pμ, Pν] = 0; [Mμν, Pρ] = − i(gμρPν − gνρPμ)
[Mμν, Mρσ] = − i(gμρMνσ + gνσMμρ − gμσMνρ − gνσMμσ)

Such a goal can be achieved in different 
equivalent ways depending on the initial 

conditions LF
𝗑+ = 𝗑𝟢 + 𝗑𝟥 = 𝟢

IF 𝗍 = 𝗑𝟢 = 𝟢

• 7 Kinematical generators (max n°):  i) 3 LF boosts (in instant form they are dynamical!) ;                                                        
 ;  iii) Rotation around the z-axis 

• The LF boosts have a subgroup structure: trivial separation of intrinsic and global motion, as in the NR case 
• meaningful Fock expansion, once massless constituents are absent 
• The infinite-monentum frame (IMF) description of DIS is easily included

P̃ = (P+ = P0 + P3, P⊥)

P+ ≥ 0 →
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LF + Bakamjian-Thomas construction
BT properly constructed the 10 Poincaré operators in presence of interactions following this scheme:

A

∑
i=1

ki = 0

For a nucleus A:   MBT[1,2,3,…, A] = M0[1,2,3,…, A]+V(k2; k ⋅ ki; kj ⋅ ki)
Free mass

M0[1,2,3,…, A] =
A

∑
i

m2 + k2
i

2 & 3 body forces 
operator

From this construction:

1) The commutation rules impose to  invariance for translations and rotations as  
    well as independence on the total momentum, as it occurs for 

V
VNR

2) One can assume  MBT[1,2,…, A] ∼ MNR

i) Only the mass operator  contains the interaction 

ii)  It generates the dependence of the 3 dynamical generators (  and LF transverse rotations) 

iii)  The eigenvalue equation is formally equivalent to the Schrödinger equation

M

P−

M2 |ψ > = s |ψ >
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i) Only the mass operator  contains the interaction 

ii)  It generates the dependence of the 3 dynamical generators (  and LF transverse rotations) 

iii)  The eigenvalue equation is formally equivalent to the Schrödinger equation
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P−

M2 |ψ > = s |ψ >
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LF + Bakamjian-Thomas construction
BT properly constructed the 10 Poincaré operators in presence of interactions following this scheme:

A

∑
i=1

ki = 0

For a nucleus A:   MBT[1,2,3,…, A] = M0[1,2,3,…, A]+V(k2; k ⋅ ki; kj ⋅ ki)
Free mass

M0[1,2,3,…, A] =
A

∑
i

m2 + k2
i

2 & 3 body forces 
operator

From this construction:

1) The commutation rules impose to  invariance for translations and rotations as  
    well as independence on the total momentum, as it occurs for 

V
VNR

2) One can assume  MBT[1,2,…, A] ∼ MNR

Therefore what has been learned till 
now about the nuclear interaction, 
within a non-relativistic framework, 

can be re-used in a Poincaré 
covariant framework.
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Deeply Virtual Compton Scattering

50

Exclusive electro-production of real photon: access to GPDs:

GPDs depend on:

κ κ′￼

Δμ = (𝗉′￼− 𝗉)μ

𝗍 = Δ𝟤

𝗉̄μ =
𝗉μ + 𝗉′￼

μ

𝟤

 
Light-Cone 
coordinates

𝖺± = 𝖺𝟢 ± 𝖺𝗓

ξ =
Δ+

𝟤𝗉̄+

𝗑 =
𝗄̄+

𝗉̄+

𝖰𝟤 = (κ′￼− κ)𝟤

GPDs are defined from non-local matrix elements

𝖥𝗊
λ,λ′￼

(𝗑, ξ, 𝗍) = ∫
𝖽𝗓−

𝟦π
𝖾𝗂𝗑𝗉̄+𝗓−⟨𝗉′￼, λ′￼| ψ̄(−𝗓/𝟤)γ+ψ(𝗓/𝟤) |𝗉, λ⟩ |𝗓+=z⊥=0 =

𝟣
𝟤𝗉̄+ [𝖧𝗊(𝗑, ξ, 𝗍)𝗎̄(𝗉′￼, λ′￼)γ+𝗎(𝗉, λ)+𝖤𝗊(𝗑, ξ, 𝗍)𝗎̄(𝗉′￼, λ′￼)

𝗂σ+νΔν

𝟤𝖬
𝗎(𝗉, λ)]

at leading twist and for 1/2 spin target (the scale dependence is omitted)
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GPDs properties

51

- Forward limit: Δμ = 𝟢

κ
κ′￼

𝖧(𝗑, ξ, 𝗍) ⟶
Δμ→𝟢

𝖿(𝗑) f(x) = Parton Distribution Function (PDF)

- First moment: relations between GPDs and form factors

∫
𝟣

−𝟣
𝖽𝗑 𝖧𝗊(𝗑, ξ, 𝗍) = 𝖥𝗊

𝟣(𝗍) ∫
𝟣

−𝟣
𝖽𝗑 𝖤𝗊(𝗑, ξ, 𝗍) = 𝖥𝗊

𝟤(𝗍)

 -independence is a 
consequence of Lorentz 

invariance

ξ
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- The Fourier Transform of GPDs at  have a probabilistic interpretationξ = 𝟢

κ
κ′￼

ρ𝗊(𝗑, 𝖻⃗⊥) = ∫
𝖽𝟤Δ⊥

(𝟤π)𝟤
𝖾𝗂 ⃗Δ⊥⋅𝖻⃗⊥𝖧𝗊(𝗑, 𝟢, 𝗍) + . . . Hadron tomography 

- Moments of GPDs  are related to gravitational form factors∫ 𝖽𝗑 𝗑𝗇𝖦𝖯𝖣𝗌

Mechanical properties of hadrons

- Ji’s sum rule:

⟨𝖩𝗊⟩ = ∫
𝟣

−𝟣
𝖽𝗑 𝗑[𝖧𝗊(𝗑, ξ, 𝟢) + 𝖤(𝗑, ξ, 𝟢)] Solution to the proton spin crisis?



Matteo Rinaldi TNPI2025

GPDs meet experiments

53

There are several GPDs (for quarks and gluons) depending on the spin of the target hence we need  
several observable from different processes: DVCS, double DVCS, DVMP (double virtual meson production)

We need to take into account the Bethe-Heitler contribution to the final state:

with

function of

Compton Form Factors (CFFs)

GPD = H, E,…
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There are several GPDs (for quarks and gluons) depending on the spin of the target hence we need  
several observable from different processes: DVCS, double DVCS, DVMP (double virtual meson production)

We need to take into account the Bethe-Heitler contribution to the final state:

Asymmetries are fundamental to disentangle  
the real and imaginary parts of different CFFs.

- Beam Charge Asymmetry: 
<latexit sha1_base64="Qoi1Htnok4Od1i4EQxH8gQwYPqw="></latexit>

dω+ → dω→

dω+ → dω→ ↑ReF

- Beam Spin Asymmetry: 
<latexit sha1_base64="3RQ1xJ78HSyzUyQg+U/+Sr3Lh5w="></latexit>

dω→ → dω↑

dω→ → dω↑ ↑ImF
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To access the neutron GPDs Light nuclear targets 
play a special role! 2H and 3He are well known and 
nuclear effects can be properly taken into account 
thanks to the realistic wave functions available.

To get a complete flavor 
decomposition of GPDs

To study the neutron  
spin structure

Nuclear tomography!

why is it important?

CLAS data demonstrate that measurements for 4He are  
    possible, separating coherent and incoherent channels; 
  

 Realistic microscopic calculations are necessary

Several reasons. For example: 
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In DIS off a nuclear target with A nucleons:

q
x ≤ 0.3 “Shadowing, anti-shadowing region”:  
coherence effects, the photon interacts with  
partons belonging to different nucleons

0.2 ≤ x ≤ 0.8 “EMC (binding) region”: 
mainly valence quarks involved 

0.8 ≤ x ≤ 1 “Fermi motion region” 

Small effect! Several models can explain it 
(Everyone’s Model is Cool) 

Collinear information could not be enough! 

A nuclear Tomography 
could shed some light on 

this effect!
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Nuclear DVCS
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In the nuclear case we have two channels:

Coherent channel we access the GPDs of the nucleus 
Tomography of the nucleus

Incoherent channel we access the GPDs of the bound nucleons 
Same distribution of the free one? 
Tomography of the bound nucleon
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Some Data and Effective Cross Section
Differential X-section single parton scattering for the process:

Results for W, Jet productions…

Results for quarkonium productions

Differential X-section double parton scattering for the process:

First observation of 
same sign WW via DPS: 

[CMS coll.],  PRL 131 (2023) 091803 

1) Process dependent? 
2) Sensitive to correlations 
3) Sensitive to the inner structure? 

predicted by all models!
M.R. et al PLB 752,40 (2016) 
M. Traini, M. R. et al, PLB 768, 270 (2017) 
M. R. et al, Phys.Rev. D95 (2017) no.11, 114030 

  

New analysis of same 
sign WW via DPS: 

[ATLAS coll], arXiv:2505.08313
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