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High resolution study of nucleons and nuclei
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Nucleons in the Nucleus

Quarks 

in Nucleons

in the Nucleus

Physicists view nuclei with different resolution

Rutherford scattering



B.E ~10 Mev



Confinement  ~1 Gev/c



B.E ~1% MN

Confinement  ~1 Gev/c

Low energy nuclear physics high energy particle physics



The European  Muon Collaboration (EMC) effect

Aubert et al., PLB (1983); Ashman et al., PLB (1988); Arneodo et al., PLB (1988); Allasia et al., 

PLB (1990); Gomez et al., PRD (1994); Seely et al., PRL (2009); Schmookler et al., Submitted 

(2018)
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2N – SRC    (two nucleons Short range Correlation)



Nucleon pairs that are close together in the nucleus

Momentum space: high relative and low c.m. 
momentum, compared to the Fermi momentum (kF)

r-space

k-space

Short-Range Nucleon Correlations 
(SRC)



B.E ~10 Mev
Confinement  ~1 Gev/c

Low energy nuclear physics high energy particle physics
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Confinement  ~1 Gev/c

nuclear physics high energy particle physics

The EMC effect

2N SRC
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Exclusive hard scattering 
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SRCDIS



Deep Inelastic Scattering (DIS) 
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W2

Incident 
lepton

E, E’  5-500 GeV

Q2 5-50 GeV2

w2 >4  GeV2

0 ≤ XB ≤ 1

xB gives the fraction of nucleon momentum 

carried by the struck parton

Information about nucleon vertex is contained in 
F1(x,Q2) and F2(x,Q2), the unpolarized structure 
functions

scattered 
lepton

Electrons, muons, neutrinos

SLAC, CERN, HERA, FNAL, JLAB
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Deep Inelastic Scattering (DIS) 
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The fraction of nucleon 
momentum carried by the 
struck parton.

Information about the nucleon is contained in 
F1(x,Q2) and F2(x,Q2), the unpolarized structure functions.
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The European  Muon Collaboration (EMC) effect

After 40 years no consensus on cause of EMC effect
Close 

nucleons

Aubert et al., PLB (1983); Ashman et al., PLB (1988); Arneodo et al., PLB (1988); Allasia et al., 

PLB (1990); Gomez et al., PRD (1994); Seely et al., PRL (2009); Schmookler et al., Submitted 

(2018)
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:
EMC
slope

SRC 
scaling factor

Comparing magnitude of EMC effect and SRC scaling factors  

d

Fe





dx

dREMC

)/(2 dFea N

Frankfurt, Strikman, Day, Sargsyan,  
Phys. Rev. C48 (1993) 2451.

Q2=2.3 GeV/c2

Gomez et al.,  Phys. Rev. D49, 4348 (1983).

Q2=2, 5, 10, 15 GeV/c2  (averaged)

SLAC data:



SRC

EMC

The EMC effect  is associated with 2N-SRC

PRL  106, 052301 (2011), PRC 85 047301 (2012), RMP 89, 04500 (2017) 

High momentum nucleons



B.E ~10 Mev
Confinement  ~1 Gev/c

Low energy nuclear physics high energy particle physics

The EMC effect

2N SRC
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Short-Range Correlations (SRC)



Summary of SRC results 

np-SRC dominance

(tensor force)

In nuclei the momentum distribution of nucleons 

can be divided into two distinct regions 

k>1.5 kFk<~0.8kF

Mean field region
Correlated / high 

momentum region

Single nucleons SRC pairs

Universality

R. Subedi et al., Science 320, 1476 (2008). 

E. Piasetzky et al., PRL. 97 (2006) 162504.   

A. Schmidt et al., Nature (in print)

SRC domain



(neutrons)

(proton)

s

( )dn k

Boys have a greater probability than Girls to be above 

the Fermi sea. 

The fraction of correlated girls/boys is 

grow/constant , as a function of the girls excess.



Summary of SRC results

In the  high momentum tail,  #protons = #neutrons, 

irrespectively of the neutron excess.

The fraction of correlated protons /neutrons is 

grow/constant , as a function of neutron excess.

Generalized Nuclear Contact Formalism

Protons have a greater probability than neutrons to be 

above the Fermi sea. 

Nature, 560 (2018)  617-621. 
For nuclei with  N>Z

Phys. Lett. B780 (2018) 211.
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EMC
2N SRC

nucleon structure SRC

If both EMC and 2N-SRC are associated 

high-momentum nucleons



26
EMC: small number of strongly modified nucleons.

Prediction for the EMC effect



Prediction for the EMC effect

For nuclei with  N>Z

Universal modification of the  bound nucleon 

structure function  (same for all nuclei).

SRC universality     

SRC np-dominance   

More protons larger EMC effect.

More Neutrons Saturation.

Universal function (data from all nuclei)

can be used to extract 2

nF



Neutrons Saturate, Protons Grow
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Schmookler, Duer, and Schmidt  et al., Nature 566 (2018) 354-358



Nucleus -independent



Universal!A Dependent A Dependent

Schmookler, Duer, and Schmidt  et al., Nature 566 (2018) 354-358



Nature 566 (2018) 354-358 Nature 566 (2018) 354-358



Segarra et al., Phys. Rev. Lett. (2020); 
Segarra and Pybus et al., Phys. Rev. Research (2021)



Segarra et al., Phys. Rev. Lett. (2020); 
Segarra and Pybus et al., Phys. Rev. Research (2021)



Segarra et al., Phys. Rev. Lett. (2020); 
Segarra and Pybus et al., Phys. Rev. Research (2021)



SRC

EMC

PRL  106, 052301 (2011), PRC 85 047301 (2012), RMP 89, 04500 (2017) 
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All nuclear data

(DIS and SRC) with 

SRC/EMC correlations

MARATON 

prediction

Segarra et al., Phys. Rev. Lett. (2020)



Verified Predictions!

31

MARATHON Data: Abrams et al., Phys. Rev. Lett. (2022)

SRC/EMC Prediction: Segarra et al., Phys. Rev. Lett. (2020)

SRC/EMC 
Prediction

MARATHON
Data
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EMC 2N SRC

nucleon structure                      SRC
(nPDF)
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Extracting nPDFs

Data

DIS

DY

W Z production

Traditional 

nCTEQ

2 2 2

A p nF Z F N F   

All nucleons 

modified

nucleus (A) dependent 

parameters

SRC inspire 

nCTEQ

Only pairs are 

universally modified

SRC

traditinal

Equal quality global fits

Fit well non DIS data 

Fit well large and low XB 

beyond the EMC range

A. Kusina talk, 

DIS202
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Can go beyond EMC data?
Nuclear Drell-Yan Data

Nuclear DIS

(EMC + Shadowing)

LHC p+Pb W production
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Predict: np dominance 
and 

SRC Abundances

Parton data extraction
Nuclear data extraction
Nuclear structure theory

Preliminary

# modified p = # modified n 
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Predict large modification in SRC pairs

10.10.01

1.5

1.0

0.5

0

Average 
Nucleon

SRC 
Nucleon

xB

Preliminary



Focus on the deuteron:

Is the EMC effect associated with large momentum nucleons ?

Hypothesis can be verified  by measuring DIS off Deuteron 

tagged with high momentum recoil nucleon



Is the EMC effect associated with large momentum nucleons ?

12 GeV  JLab/ Hall B  took data in 

2019     E 12-11-107
12 GeV  JLab/ Hall C approved 

experiment E12-11-003a



Neutron tagged DIS on 2H

BAND experiment at CLAS12/JLab: 

large modification 

of deeply bound proton

BAND

e

e'

BAND n p

n
p

CLAS12/JLab



Summary 

np-SRC 

dominance

In nuclei the momentum distribution of nucleons 

can be divided into two distinct regions 

k>kFk<kF

Mean field region
Correlated / high 

momentum region

#protons = #neutrons, irrespectively 

of the neutron excess.

The fraction of correlated protons /neutrons is 

grow/constant , as a function of neutron excess.

Generalized Nuclear Contact Formalism

Single nucleons SRC pairs



* Nucleon is normally normal except 

when close to another nucleon.

* Small number of universal strongly 

modified nucleons.

*Protons  are more medium modified 

than neutron

Summary 

EMC is associate with 2N SRC:

EMC effect is 

isospin 

dependent 

preliminary

preliminary

Universality
Strong modification
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12C(e,e’pn) / 12C(e,e’p)

[12C(e,e’pp)  /  12C(e,e’p)] / 2

[12C(e,e’pp)  /  12C(e,e’pn)] / 2

BNL / EVA

R. Subedi et al., Science 320, 1476 (2008). 

12C

12C(p,ppn) / 12C(p,pp)

The high momentum tail in nuclei is dominated by SRC pairs

Most of the SRC pairs (90%) are np only 5% pp and 5% nn 

Piasetzky et al., PRL. 97 (2006) 162504.   
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300-600 MeV/c

)(rVc

12)()()( SrVrVrV TcNN 

212112 )ˆ)(ˆ(3   rrS

only np-SRC
pp- nn- np- SRC

Nucleons has Isophobia

(np – dominance)

The reason: tensor force

Protons have a greater probability than 

neutrons to be above the Fermi sea. 

More Neutrons => More Correlated Protons

The consequences:

For nuclei with  N>Z



12C(e,e’pn) / 12C(e,e’p)

[12C(e,e’pp)  /  12C(e,e’p)] / 2

[12C(e,e’pp)  /  12C(e,e’pn)] / 2

BNL / EVA

R. Subedi et al., Science 320, 1476 (2008). 

12C

12C(p,ppn) / 12C(p,pp)

The high momentum tail in nuclei is dominated by SRC pairs

Most of the SRC pairs (90%) are np only 5% pp and 5% nn 

Piasetzky et al., PRL. 97 (2006) 162504.   



SRCs Dominated by np pairs
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JLab Hall A, direct

JLab CLAS, indirect
This Work

Duer, PRL (2019); Duer, Nature (2018); Hen, Science (2014); Korover,

PRL (2014); Subedi, Science (2008); Shneor, PRL (2007); Piasetzky,

PRL (2006); Tang, PRL (2003); Review: Hen RMP (2017);
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Data

Pmiss [GeV/c]

Nature (in print)
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Nature, in-print (2020) 

Nature (in print)



Universality (factorization)

Compering ab-initio 

VMC and nuclear 

contact calculations 

Momentum Distribution

GCF:  Generalized Contact Formalism Phys. Lett. B780 (2018) 211.

a factorized ansatz

• Universal function: the zero energy 

solution to the 2 body problem



Phys. Lett. B780 (2018) 211.

a factorized ansatz

GCF:  Generalized Contact Formalism

• Universal function: the zero 

energy solution to the 2 body 

problem
• Nucleus (A-2) 

specific function

A universal description of SRC:

0l s j  

pp, nn, np pairs 
np pairs 

0,2 1 1l s j  

Compering ab-initio 

VMC and nuclear 

contact calculations 

Momentum Distribution

Residual
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Exclusive Hard scattering in selected  kinematics

( , , )eN i recoil recoil FSIK D p p E T    

2( ) ( )CM N relativen p C p


 GCF
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selected  kinematics 

 scale separation, factorization

( , , )eN i recoil recoil FSIK D p p E T    

2( ) ( )CM N relativen p C p


 
GCF

SRC

A-2

Universality

Sensitivity to 

NN interaction

A. Schmidtet al. (CLAS Collaboration), Nature, in print  (2020) 



Adapted from Rolf Ent talk

All these particles you cannot see. That’s what 

drove me to drink. But now I can see them. 

PDF

TMD


