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Overview

• EMC-SRC Recap 
• Tagged DIS-SRC  

• JLab12 
• EIC 

• Status of EIC simulations 
• Outlook and Summary 
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EMC Effect in Different Nuclei
B. Schmookler et al. (CLAS collaboration), Nature 566, 354 (2019)
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SRC Recap (see talks yesterday)

• Nucleon pairs that are close together in the nucleus 
• high relative and lower c.m. momentum compared to 

the Fermi momentum kF

from Jackson Pybus’ talkB. Schmookler et al., Nature 566, 354 (2019)
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EMC - SRC correlation

Quasi-ElasticDIS

—> EMC slope

B. Schmookler et al. (CLAS collaboration), Nature 566, 354 (2019)

—> SRC plateaus (a2)



Hauenstein  | 01/23/2020  6

EMC - SRC Correlation

Fig. 4: The slope of the EMC effect, dR/dx for 0.3 < x < 0.7 with R = F2
A/F2

D, is plotted                                       
versus the magnitude of the observed x > 1 plateaus, denoted as a2, for various nuclei.                             
For data that were taken by completely different groups, the linearity is striking and has                           
caused renewed interest in understanding the cause of both effects. The inset cartoons                       
illustrate the kinematic difference of deep inelastic EMC effect scatterings and the                     
scattering from a correlated pair in x > 1 kinematics.
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• Are high-momentum nucleons responsible for the EMC effect?

Weinstein et al., PRL 106, 052301 (2011), Hen et al.,PRC 85, 047301(2012)
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Advantages of deuterium

Struck nucleon had EXACTLY opposite momentum to recoil.

No residual system

Minimal final state interactions.

e
e'

recoiling
spectator

19
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Tagged DIS on Deuterium

• “Tag“ interacting nucleon by measuring spectator 

• How does the bound nucleon structure function depend on 
bound nucleon virtuality   

• Explaining the EMC effect 

v = p2 − m2
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Tagged DIS: What will be measured

• Measuring cross section ratios to minimize uncertainties 

• minimal FSI   
•           for moving nucleon  
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measurement theory

x′� = x = Q2/(2p ⋅ q)
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Tagged DIS at JLab

Scattered 
Electron

Jet from 
struck quark

LD2

Spectator 
neutron

BAND

CLAS12

Hall B: 
CLAS 12 + Backward Angle  
Neutron Detector (BAND)

• Took first data in Spring 19 
• Taking more data now
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Two upcoming experiments will test
the EMC-SRC connection.

Deep inelastic scattering with a recoiling nucleon:

scattered
electron

jet from 
struck quark

Deuterium

LAD

11 GeV e–

SHMS

HMS

GEMs
spectator
proton

JLab Hall C
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Tagged DIS at JLab

Scattered 
Electron

Jet from 
struck quark

LD2

Spectator 
neutron

BAND

CLAS12

Hall B: 
CLAS 12 + Backward Angle  
Neutron Detector (BAND)

Hall C: 
SHMS/HMS  + Large  
Angle Detector (LAD)

• Took first data in Spring 19 
• Taking more data now

Spectator
proton

• Experiment ready 
• GEMs from PRAD experiment 
• Run in 2022?
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LAD in Hall-C

Two upcoming experiments will test
the EMC-SRC connection.

Deep inelastic scattering with a recoiling nucleon:

scattered
electron

jet from 
struck quark

Deuterium

LAD

11 GeV e–

SHMS

HMS

GEMs
spectator
proton

JLab Hall C

10

Spectator
proton
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LAD - Refurbished CLAS6 Scintillators

Large	
Double	
Panels
#2

Large	
Double	
Panels
#1

Large	
Single	
Panel
#3

• 4m long, 5 panels, 55 bars 
• 6m away from the target 
• coverage 90 - 157 degree 
• ~200ps time resolution  

Hauenstein | 03/23/2019  19

LAD - Refurbished CLAS6 TOF paddles

LAD is three panels of scintillator bars,
originally from the CLAS-6 ToFs.

4/18/17	 6	

Large	
Double	
Panels	
#2	

Large	
Double	
Panels	
#1	

Large	
Single	
Panel	
#3	

EMC-SRC	Detectors	
Detectors	at	the	different	planes	from	Target	
Panels	overlap	reducing	or	eliminaIng	gap	

Detector	Supports	to	be	
designed	to	clear	Flex	Line	

29
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LAD - BAND Comparison

• ~ 1035 cm-2s-1 luminosity 
• No tracking of neutrons 
• Some regions with high material 

between target and BAND 
• x' coverage: 0.2 - 0.5

BAND:
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LAD - BAND Comparison

• ~ 1036 cm-2s-1 luminosity 
• Proton tracking with GEMs 
• Low material budget between 

target and LAD 
• x' coverage: 0.2 - 0.6 

• ~ 1035 cm-2s-1 luminosity 
• No tracking of neutrons 
• Some regions with high material 

between target and BAND 
• x' coverage: 0.2 - 0.5

LAD:BAND:
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LAD - BAND Comparison

• ~ 1036 cm-2s-1 luminosity 
• Proton tracking with GEMs 
• Low material budget between 

target and LAD 
• x' coverage: 0.2 - 0.6 

LAD wins!

—> reduced (accidental) background 
—> higher luminosity 
—> higher x’ coverage

• ~ 1035 cm-2s-1 luminosity 
• No tracking of neutrons 
• Some regions with high material 

between target and BAND 
• x' coverage: 0.2 - 0.5

LAD:BAND:
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Expected Impact
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DIS Recoil Tagging d(e,e’N)X - Expected Results
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Tagged DIS at EIC

• Polarized deuterons (vector/tensor) 
• A > 2 nuclei  
• Proton and Neutron tagging 
• Exclusive processes 

• Advantages at EIC 
• Detection of low momentum recoils 
• Higher Q2  
• Possible detection of A-2 system 

Jefferson Labs’ LDRD project (2014/15)  
``Physics potential of polarized light ions with EIC@JLab“ 

Webpage: https://www.jlab.org/theory/tag/ 

Tagging with EIC: Unpolarized 7
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Unpolarized spectator tagging e + d → e' + p + X

x = 0.08-0.10, Q2 = 50-60 GeV2

Int. luminosity 1 fb-1

CM energy seN = 2000 GeV2

JLEIC simulation

Kinemat. limit

Free neutron

Proton LC fraction αp = 1.00
1.04
1.08

• Measure tagged structure functions

Recoil momentum dependence αp,pT

Uncertainty mainly systematic:
Steep recoil momentum dependence,
beam momentum spread
LDRD project: Detailed estimates

• Extract free neutron structure

On-shell extrapolation in t − m2 ↔ |ppT |2

Eliminates nuclear binding and FSI
Sargsian, Strikman 05

F2n extracted with few-percent accuracy

• Same measurements could be used to
study tagged EMC effect

Finite |ppT | ∼ few 100 MeV

Theoretical interpretation, EMC ↔ FSI?

e + d —> e’ + p + X
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Detection in Forward Ion Direction

• Detection demanding 
• need good resolutions 
• particles down to pT = 0 GeV/c 
• neutral detection 

• Detectors  
• roman pots 
• zero degree calorimeter 
• tracking detectors  

Interaction region concept

HUGS 2019

Possible to get ~100% 
acceptance for the 
whole event

Total acceptance detector (and IR)

19
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``Tagged SRC for medium and heavy ions at EIC’’ (LDRD1912)

• Feasibility of tagged SRC in DIS 
• Rates  
• Resolution 
• Detector requirements (focus on forward direction) 
• Required beam energies 

• Tools 
• BeAGLE - eA event generator 
• g4e - Geant4 simulation for EIC 
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DIS Rates for High-x
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x = 0.75

x = 0.95

x = 1.15x = 1.35

x = 1.55 

x = 1.75

x = 1.95

based on super-fast quark yield parametrization,  
N. Fomin PRL 105, 212502 (2010)

(alternative model: J. Freese et al. Phys. Rev. D 99, 114019) 

12C
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BeAGLE - Benchmark eA Generator for LEptoproduction
Mark Baker, E. Aschenauer, J.H. Lee, L. Zheng

https://wiki.bnl.gov/eic/index.php/BeAGLE

Merger of 
• PYTHIA 6 (hard interaction) 
• Energy loss of partons: 

PyQM 
• Nuclear environment 

• DPMJET 
• nPDF from EPS09 

• Nuclear evaporation by 
DPMJET3+FLUKA 
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SRCs in BeAGLE
• SRC-DIS in development  

• scaling from deuterium 
• SRC-EMC model 

• GCF-Quasielastic (QE) implemented 
• (A-2)-system handled by DPMJET3+FLUKA 
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GCF-QE 
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N
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} Optional (BeAGLE) 
• FSI  
• Intranuclear 

cascading
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Quasi-Elastic SRC Simulations for EIC
• 5 GeV electrons and 50 GeV carbon head-on 
• Interaction point crossing angle applied individually 

• 25 mrad for eRHIC 
• 50 mrad for JLEIC 

• Separation of leading, recoil and evaporation nucleons 

Quasi elastic selection 
• Q2 > 3  
• x > 1.2 cut

Q2

x
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QE Simulation Results (no crossing angle)
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• Leading, recoil, evaporation nucleons well separated 
• Assume similar separation of evaporation and recoil 

nucleons for SRC-DIS 

Note: Plots without FSI and intranuclear cascading
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eRHIC Interaction Point

�  mrad±4

Holger Witter talk, EIC meeting Oct 2019,  
https://indico.fnal.gov/event/21416/timetable/#20191009

6 - 20 mrad
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JLEIC Interaction Point Design
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Tagged Short Range Correlations for  
Medium to Heavy Ions at the EIC (LDRD1912)

F. Hauenstein, M. Baker, D. Higinbotham, V. Morozov, A. Deshpande, O. Hen, C. Hyde,  
A. Schmidt, B. Schmookler, Z. Tu, P. Nadel-Tiuronski, L. Zheng  
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Fig. 4: The slope of the EMC effect, dR/dx for 0.3 < x < 0.7 with R = F2

A/F2
D, is plotted                                       

versus the magnitude of the observed x > 1 plateaus, denoted as a2, for various nuclei.                             
For data that were taken by completely different groups, the linearity is striking and has                           
caused renewed interest in understanding the cause of both effects. The inset cartoons                       
illustrate the kinematic difference of deep inelastic EMC effect scatterings and the                     
scattering from a correlated pair in x > 1 kinematics.

SRC pair density (a2)

EM
C 

slo
pe

 (-
dR

/d
x)

Motivation Goals Tool
Feasibility of tagged SRC at JLEIC 

Rates at high x 
Resolution at high x 
Beam energies 
Physics Reach 

Simulation and Modeling 
BeAGLE - eA event generator for EIC 
Implementing SRCs in BeAGLE 
EIC detector requirements 
Reconstruction methods 

Connection between SRC and EMC SRCs in BeAGLE

Generalized 
Contact 

Formalism 
(DIS and QE)

Superfast 
Quark 

Parametrization 
(DIS)

Quasi-elastic SRCs at EIC

Separation between Leading, Recoil and Evaporation 
Nucleon 
No FSI and Intranuclear cascading 
0 degree crossing angle

Summary and Outlook
Tagged SRC physics possibilities at JLEIC 
Included SRC models for medium to heavy ions in 
BeAGLE with proper kinematics 
Simulation of SRC nucleons in forward ion direction 

Future: 
Simulation of DIS event from SRC-EMC model 
Effects of FSI and intranuclear cascading  
Resolution requirements 

Forward Detection of SRCs
Based on observed scale separation 
A-2 System via DPMJET + FLUKA —> Evaporation

QE diagram

Leading Nucleon in challenging 10 - 50 mrad detection 
Separated cone in forward direction

References: B. Schmookler et al., Nature 566 (2019), Weinstein et al., PRL 106, 052301 (2011), N. Fomin et al., PRL 105, 212502 (2010) , https://wiki.bnl.gov/eic/index.php/BeAGLE, http://www.mit.edu/~src_emc/fri/schmidt_20190322.pdf (GCF)

e+C (5x50 GeV2), QE cuts: Q2 > 3GeV2, xB > 1.2
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JLEIC IP: 50 mrad crossing angle
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Tagged Short Range Correlations for  
Medium to Heavy Ions at the EIC (LDRD1912)

F. Hauenstein, M. Baker, D. Higinbotham, V. Morozov, A. Deshpande, O. Hen, C. Hyde,  
A. Schmidt, B. Schmookler, Z. Tu, P. Nadel-Tiuronski, L. Zheng  
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Fig. 4: The slope of the EMC effect, dR/dx for 0.3 < x < 0.7 with R = F2

A/F2
D, is plotted                                       

versus the magnitude of the observed x > 1 plateaus, denoted as a2, for various nuclei.                             
For data that were taken by completely different groups, the linearity is striking and has                           
caused renewed interest in understanding the cause of both effects. The inset cartoons                       
illustrate the kinematic difference of deep inelastic EMC effect scatterings and the                     
scattering from a correlated pair in x > 1 kinematics.
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Feasibility of tagged SRC at JLEIC 
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BeAGLE - eA event generator for EIC 
Implementing SRCs in BeAGLE 
EIC detector requirements 
Reconstruction methods 

Connection between SRC and EMC SRCs in BeAGLE
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Contact 

Formalism 
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Superfast 
Quark 

Parametrization 
(DIS)

Quasi-elastic SRCs at EIC

Separation between Leading, Recoil and Evaporation 
Nucleon 
No FSI and Intranuclear cascading 
0 degree crossing angle

Summary and Outlook
Tagged SRC physics possibilities at JLEIC 
Included SRC models for medium to heavy ions in 
BeAGLE with proper kinematics 
Simulation of SRC nucleons in forward ion direction 

Future: 
Simulation of DIS event from SRC-EMC model 
Effects of FSI and intranuclear cascading  
Resolution requirements 

Forward Detection of SRCs
Based on observed scale separation 
A-2 System via DPMJET + FLUKA —> Evaporation

QE diagram

Leading Nucleon in challenging 10 - 50 mrad detection 
Separated cone in forward direction

References: B. Schmookler et al., Nature 566 (2019), Weinstein et al., PRL 106, 052301 (2011), N. Fomin et al., PRL 105, 212502 (2010) , https://wiki.bnl.gov/eic/index.php/BeAGLE, http://www.mit.edu/~src_emc/fri/schmidt_20190322.pdf (GCF)

e+C (5x50 GeV2), QE cuts: Q2 > 3GeV2, xB > 1.2
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• Recoil nucleons within magnet 
aperture 
• all neutrons detectable 
• proton detection more difficult  

LAB: e- beam
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eRHIC IP: 25 mrad crossing angle
Leading 
 Nucleon

Recoil 
 Nucleon

θLAB [mrad]

ϕ
LA

B 
[d

eg
]

• Recoil nucleons covered by 
forward spectrometer and forward 
direction detectors 

• Ongoing: Implementation of IP 
into g4e —> Detailed simulations 

LAB: e- beam

�  mrad±4
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Summary and Outlook
• EMC-SRC correlation from electron scattering 
• Tagged SRC physics possibilities at EIC 

• Recoils nucleons well separated 
• Detection of recoils in both IP designs 
• Requirements for beam energies moderate 

Near term: 
• GCF-QE events processed through g4e 
• Simulation of DIS-SRC events 
• Study of FSI and intra nuclear cascading effects 
• Detector requirements 
• Resolutions 

Far term: 
• Yellow report section 
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Back up slides
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eRHIC Full Interaction Region
Holger Witte talk, EIC meeting Oct 2019
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Quasi-elastic SRCs - Beam Rigidity
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Leading

(JL)EIC e+C, 5x50 GeV2, QE selection cuts

• Recoils close to ion direction 
• Rigidity below 0 as expected 
• Rigidity for recoils smaller than 

for leading 
• Coverage for   

challenging
Δp/p < − 0.5

-0.5      0       0.5
Δp/p

from V. Morozov 
CFNS Summer 
 School 2019
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at 6T
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DIS Recoil Tagging d(e,e’N)X - Expected Results
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F2 from N. Fomin Paper and Reimplementation
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The structure function per nucleon, F2ð!; Q2Þ, is ex-
tracted from the measured cross section as follows:

F2 ¼
d2"

d!dE

$ !

"Mottf1 þ 2tan2ð#=2Þ½ð1 þ !2=Q2Þ=ð1 þ RÞ'g ; (1)

with R ( "L="T , and is parametrized as R ¼
ð0:32 GeV2Þ=Q2 [9] with $R=R ¼ 50%, yielding an addi-
tional uncertainty of & 1% in F2.

Scaling of the proton structure functions has been ob-
served over a large kinematic range in high energy inclu-
sive scattering. Based on these measurements, the DIS
region is often taken to be W2 > 4 GeV2, Q2 > 1 GeV2,
whereW2 ¼ M2

p þ 2Mp! ) Q2 is the square of the invari-
ant mass of the undetected hadronic system and Mp is the
proton mass. It has been shown that scaling violations are
reduced when one examines F2 at fixed % ¼ 2x=ð1 þ rÞ
[20], where r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ Q2=!2

p
. % is equivalent to x in the

Bjorken limit, but when examining scaling at fixed %,
rather than fixed x, the observed scaling behavior extends
to lowerW2 [12,13], corresponding to larger % values. This
improved scaling can be seen clearly in Fig. 1, where the
upper sets of curves show F2 for carbon plotted against x
(red squares) and % (blue circles) for all Q2 values. The
extended % scaling of the nuclear structure function, seen
to begin above 3– 4 GeV2, may allow access to quark
distributions for % * 1 [21,22]. Beyond the empirical ob-
servation that it yields reduced scaling violations, % is the
variable representing the quark momentum fraction on the
light cone, and also arises naturally from the operator
product expansion [1].

We compare our data to higher Q2 measurements, using
a partonic framework to look for deviations from the scal-
ing picture. Rather than simply examining F2 as a function
of %, as was done previously, we account for the kinemati-
cal scaling violations using the prescription of Ref. [1]

[Eq. (23)] and study the scaling of Fð0Þ
2 ð%; Q2Þ:

x2

%2r3
Fð0Þ
2 ð%; Q2Þ ¼ F2ðx;Q2Þ ) 6M2x3

Q2r4
h2ð%; Q2Þ

) 12M4x4

Q4r5
g2ð%; Q2Þ; (2)

where h2ð%; Q2Þ ¼ R
A
% u

) 2Fð0Þ
2 ðu;Q2Þdu and g2ð%; Q2Þ ¼

R
A
% v

) 2ðv ) %ÞFð0Þ
2 ðv;Q2Þdv. In the operator product ex-

pansion, it is Fð0Þ
2 ð%; Q2Þ, rather than F2ðx;Q2Þ, that should

be independent ofQ2 in the absence of QCD evolution and
higher twist. One could incorporate these effects into a
partonic model for F2, rather than extracting an ‘‘ideal-

ized’’ scaling function, but the improved scaling in Fð0Þ
2

makes it easier to directly compare different data sets.
To calculate h2 and g2, we use a factorized model for

Fð0Þ
2 ð%; Q2Þ, with a common Q2 dependence for all targets

and a simple fit to Fð0Þ
2 ð%; Q2

0Þ for each nucleus. In the
partonic picture, the Q2 dependence should come only
from QCD evolution. Because we cannot determine QCD
evolution without knowing the partonic structure, we fit the
Q2 dependence of the world’s data (shown in Fig. 2),
excluding our lower Q2 points, at several % values to a
functional form chosen to be consistent with evolution.
This is used to scale our new data to Q2

0 ¼ 7 GeV2, and

we obtain a fit for Fð0Þ
2 ð%; Q2

0Þ from a subset of these data,
chosen to minimize contributions from quasielastic
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FIG. 1 (color online). F2 for the E02-019 carbon data (2:3 &
Q2 & 9 GeV2) as a function of x (top set of points) and %
(middle), and Fð0Þ

2 vs % (bottom). In each case, the higher points
correspond to the smaller scattering angles.
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FIG. 2 (color online). Fð0Þ
2 vs Q2 for fixed % value. For this

work and BCDMS, the carbon data are shown, while the SLAC
points are carbon pseudodata taken from measurements on
deuterium. The solid curves are the global fit, the short horizon-
tal red lines show the BCDMS % ¼ 1:15 upper limit, and the
green crosses show the falloff between % ¼ 0:75 and 1.05 based
on the CCFR iron data (see text for details).

PRL 105, 212502 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

19 NOVEMBER 2010
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N. Fomin PRL 105, 212502 (2010 
Reimplementation based on 
N. Fomin scripts 
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QE Simulation Results (no crossing angle)
e + C (5 GeV + 50 GeV)

• Leading, recoil, evaporation nucleons well separated 
• Expecting similar separation of evaporation and recoil 

nucleons for DIS 

Note: This results are without FSI and intranuclear cascading
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LAD - Experimental Conditions

• 11 GeV electron beam 
• Extended LD2 target 
• Approved for ~34 PAC days 
• 1036 cm-2s-1 luminosity (10x larger than BAND in HallB) 
• Low and high x’ settings in both HallC spectrometers
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QE Event Handling Procedure

Check of Q2 and x distribution 
(Q2 > 3 and x > 1.2 cut)

2 4 6 8 10 12
2Q

1

1.2

1.4

1.6

1.8

2

2.2

2.4

x

• GCF-QE output of electrons with Pe = 537 GeV on Carbon (fixed target)

• Process through BeAGLE and convert to ROOT-file


• Fixed target events to collider events 
• Boost from lab to c.m.s with fixed target kinematics (Pe = 537 GeV)

• Boost from c.m.s to collider lab with e+C (5x50[40]) beams


• Add crossing angle via  
• Boost along x-axis with beta = 0.025

• Rotate along y-axis by -0.025 mrad
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SRC-EMC Model and Universal function

• Data driven approach 
• Modification of F2 by np-SRC pairs (neglect nn and pp pairs)

ZFp
2 + NFn

2

Bound = ``Quasi-free“ + Modified SRC

+nA
SRC(ΔFp

2 + ΔFn
2)FA

2 =

B. Schmookler et al., Nature 566, 354 (2019)



Hauenstein  | 01/23/2020  39

SRC-EMC Model and Universal function (2)

• Data driven approach 
• Modification of F2 by np-SRC pairs (neglect nn and pp pairs)

ZFp
2 + NFn

2

Bound = ``Quasi-free“ + Modified SRC

+nA
SRC(ΔFp

2 + ΔFn
2)FA

2 =

B. Schmookler et al., Nature 566, 354 (2019)

not well constrained but solve by

•   

•   

Fd
2 = Fp

2 + Fn
2 + nd

SRC(ΔFp
2 + ΔFn

2)

a2 =
2
N

nA
SRC /nd

SRC

Fn
2
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SRC-EMC Model and Universal function (3)
B. Schmookler et al., Nature 566, 354 (2019)

nd
SRC

ΔFp
2 + ΔFn

2

Fd
2

=

FA
2

Fd
2

− (Z − N)
Fp

2

Fd
2

− N

A
2 a2 − N

Universal function Nucleus Dependent

—> Can be used for 
DIS event generators
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QE Simulation Results (no crossing angle)
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