
Neutron-tagged DIS at Jefferson Lab 
with CLAS12 and BAND

Efrain Segarra

May 4, 2022 
DIS2022



First measurement of strongly  
interacting bound proton structure

2

• EMC effect 

• Tagged DIS 

• CLAS12 + BAND 

• Bound proton structure

FN*
2 /FN

2

Proton 
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Neutron 
(predicted)

Outline today
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How does the strong nuclear force 
affect quark distributions

Comparing quark distributions in a bound and free proton 
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Quarks modified heavily  
in nuclear environment
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The “EMC” effect

CLAS Collaboration, Nature (2019)

https://doi.org/10.1038/s41586-019-0925-9
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Puzzled for decades… until now?
•No solution to the EMC effect 
for decades 

•Novel Drell Yan measurements 
changed our understanding 

•Phenomenology bridged some 
gaps in recent years 

•Need another novel 
observable to close the loop

Strongly interacting 
nucleons correlate 
with EMC strength!
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E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (submitted, 2021)

>1000 publications, only 
thing agreed upon is 
modification is needed 

Need a new observable

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130


6

Today: spectator tagging to 
study the EMC effect

Proton

Goal is to investigate modification effects  
in strongly interacting systems

Neutron
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Spectator tagging in deuterium:  
study EMC effect as a function of ⃗p

Proton

e−

e−

Neutron
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Spectator tagging in deuterium:  
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Spectator tagging in deuterium:  
study EMC effect as a function of ⃗p

Proton

e−

e−

• Detect electron 
• Detect neutron

Fp*
2 (x, Q2, ⃗p ) Neutron
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Spectator tagging at JLab
Hall B

Jefferson Lab, 
12 GeV  beam e−
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Hall B at Jefferson Lab
CLAS12
• Spectrometer system 
• Electron identification



12

Hall B at Jefferson Lab
CLAS12
• Spectrometer system 
• Electron identification

Need a new neutron 
detector (BAND)

Beam

Scattered 
electron

“Jet”

Neutron
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• 140 scintillator bars 

• 5 layers (36cm) + veto layer 

• ToF resolutions < 250 ps at 2 
MeVee 

• 3 meters upstream of target, 
coverage in ° θ ∼ 155 − 176

Design of the Backward Angle 
Neutron Detector (BAND)

E.P. Segarra et al., NIMA (2020) 
A. Denniston, E.P. Segarra et al.” NIMA (2020)  

https://doi.org/10.1016/j.nima.2020.164356
https://doi.org/10.1016/j.nima.2020.164177
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At the end of the day, the result!
BAND response in d(e, e′ nBAND)X

CLAS Collaboration, NIMA (2020)

https://doi.org/10.1016/j.nima.2020.163419
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Data taken for Run-Group B
Data taking 2019-2020 
•  ~90 days 
•  10.2, 10.4, 10.6 GeV 

beam 
•  Liquid deuterium target
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Observable to study bound structure

Bound proton: Fp*
2 ∼

d4σd(e,e′ n)X

dQ2dαSdpTdx′ 
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Observable to study bound structure

Relative to 
free proton 
(simulated):

Bound proton:

Fp*
2 /Fp

2 ∼ σexp(x′ )/σsim(x′ )

Fp*
2 ∼

d4σd(e,e′ n)X

dQ2dαSdpTdx′ 
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Observable to study bound structure

Rtag ≡
σexp(x′ )/σexp(x′ ref )
σsim(x′ )/σsim(x′ ref )

∼
Fp*

2 (x′ )/Fp*
2 (x′ ref )

Fp
2(x′ )/Fp

2(x′ ref )

Relative to 
free proton 
(simulated):

Bound proton: Fp*
2 ∼

d4σd(e,e′ n)X

dQ2dαSdpTdx′ 

Fp*
2 /Fp

2 ∼ σexp(x′ )/σsim(x′ )

Luminosity 
normalized 

(double ratio):
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Observable to study bound structure
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2 ∼

d4σd(e,e′ n)X

dQ2dαSdpTdx′ 

Fp*
2 /Fp

2 ∼ σexp(x′ )/σsim(x′ )

Luminosity 
normalized 

(double ratio):
Rtag ≡

σexp(x′ )/σexp(x′ ref )
σsim(x′ )/σsim(x′ ref )

∼
Fp*

2 (x′ )/Fp*
2 (x′ ref )

Fp
2(x′ )/Fp

2(x′ ref )

• Detect electron 
• Detect neutron 
• Compare to simulation
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Observable to study bound structure

Rtag ≡
σexp(x′ )/σexp(x′ ref )
σsim(x′ )/σsim(x′ ref )

∼
Fp*

2 (x′ )/Fp*
2 (x′ ref )

Fp
2(x′ )/Fp

2(x′ ref )

Double ratio to simulation: 
• Luminosity cancels 
• Electron & neutron detection effects 

partially cancel 

Need reliable simulation
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Theoretical PWIA calculation

dσ[D(e, e′ ns)X] ∼ K
2S(αS, pT)

2 − αS
⋅ F2

Cross section model from Strikman & Weiss PRC (2018):

• Kinematic factor 
• Spectral function of proton in deuterium 
• Bound proton structure function 
• Includes finite  effectsQ2

Simulate generated events (include QED radiation) in GEANT4 
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Simulation
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Large validation effort

• Created BAND & upstream material in Geant4 
• Designed detector response, digitization, reconstruction
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Validated detector response  
over wide phase space

d(e, e′ )X

(pmiss − pn)/pmiss

d(e, e′ pn)

x
Simulated 
electron in 

CLAS12

Simulated 
neutron in

 BAND

4 GeV 
Simulation
Data
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Analysis focuses 
on low pT

[GeV/c]

Spectator tagging  with BAND d(e, e′ n)X
Simulation
Data
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Analysis 
focuses on 
high statistics 

 regionαS

Simulation
Data

Spectator tagging  with BAND d(e, e′ n)X
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Preliminary bound proton structure

Rtag ≡
σexp(x′ )/σexp(x′ ref )
σsim(x′ )/σsim(x′ ref )

∼

PRELIMINARY

Fp*
2 (x′ )/Fp*

2 (x′ ref )
Fp

2(x′ )/Fp
2(x′ ref )

2 < Q2 < 6
pT < 0.1
1.3 < αS < 1.4

1
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Predicts opposite 
and large neutron 

modification

E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (2021)

FN*
2 /FN

2

Proton 
(extracted)PRELIMINARY

Neutron 
(predicted)

What does BAND mean for  
bound nucleon structure 

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130


29

Conclusion
• First measurement of strongly interacting bound 

proton structure using spectator tagging 

• Preliminary results show large modification 
• consistent with inclusive measurements 
• predicts large & opposite neutron modification 

(will be tested with LAD) 
• future analysis to examine quark modification 

• Completing analysis prior to collaboration review

E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., NIMA (2020) 
A. Denniston, E.P. Segarra et al.” NIMA (2020)  
E.P. Segarra et al., Phys. Rev. D (2021) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (submitted, 2021)

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1016/j.nima.2020.164356
https://doi.org/10.1016/j.nima.2020.164177
https://doi.org/10.1103/PhysRevD.103.114015
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130


Thank you!
Comments, questions?

FN*
2 /FN

2

Proton 
(extracted)PRELIMINARY

Neutron 
(predicted)





Backups
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What does BAND mean for  
bound nucleon structure 

E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (2021)

FA
2 = ∫

A

xB

dα
α ∫

0

−∞
dν[ZFp*

2 (x′ , α, ν) ρA
p (α, ν) + NFn*

2 (x′ , α, ν) ρA
n (α, ν)]

Use inclusive DIS data + BAND tagged DIS data

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130
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E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (2021)

Comparing extraction with other efforts

PRELIMINARY

FN*
2 /FN

2

Proton 
(extracted 

with BAND)

Neutron 
(predicted) KP δf(x′ )

CJ δf(x′ )

x′ 

(isospin 
symmetric) 

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130


Theory
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Similar previous experiment d(e, e′ ps)X

FSI effects prominent around θnq ∼ 90 deg

(Jefferson Lab, Hall B CLAS, 6 GeV -beam)e

ps  [GeV/c]ps  [GeV/c]

Counts −1 < cos θpq < − 0.3 −0.3 < cos θpq < 0.3

PWIA MC

Data

A. V. Klimenko et al. Phys. Rev. C 73, 035212 (2006)
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Puzzled for decades… until now?
•No solution to the EMC effect 
for decades 

•Novel Drell Yan measurements 
changed our understanding 

•Phenomenology bridged some 
gaps in recent years 

•Need another novel 
observable to close the loop

Binding, motion, 
pion clouds?
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E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (submitted, 2021)

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130
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dσ
dxdQ2

=
4πα2

Q4 (1 − y −
m2

p y2
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x

+ y2F1(x, Q2)

Structure Functions of a free proton
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Which nucleons are modified?
Mean field

Large separation
Low momentum

Short-range correlated pairs
Small separation
High momentum

2H (AV18)



42

Theoretical PWIA calculation

dσ[D(e, e′ ns)X] = K
2S(αS, pT)

2 − αS
⋅ F2

Cross section model from Strikman & Weiss PRC (2018):

• Kinematic factor 
• Spectral function of bound protons in deuterium 
• Bound proton structure function 
• Includes finite  effectsQ2

Simulate generated events (include QED radiation) in GEANT4 
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Convolution framework

Fd
2 ∼ Fp

2 + Fn
2

Fd
2 = ∫

2

xB

dα
α ∫

0

−∞
dν[Fp*

2 ( ˜x, α, ν) ρd
p(α, ν) + Fn*

2 (x̃, α, ν) ρd
n(α, ν)]

Assume:
Fp*

2 = Fp
2 (1 + νf off(x′ ))

• How well do we know the free neutron structure? 
• Is this the right functional form? 
• Is modification same for protons and neutrons? 
• Is modification same in all nuclei?

Fn*
2 = Fn

2 (1 + νf off(x′ ))

E.P. Segarra et al., PRL (2020) 
E.P. Segarra et al., Phys. Rev. Research (2021) 
E.P. Segarra et al., arXiv: 2104.07130 (submitted, 2021)

https://doi.org/10.1103/PhysRevLett.124.092002
https://doi.org/10.1103/PhysRevResearch.3.023240
https://arxiv.org/abs/2104.07130
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Modification effects consistent  
even in Carbon

Convolution prediction 
using modification 

from BAND



Jefferson Lab
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Electron beam

• Produced from laser light on photocathode lattice 
with high polarization 

• Continuous-wave beam, electrons bunched every 2 
or 4 ns. 



CLAS12



CLAS12 target

•5cm LD2 target 



S, ~5T

T, ~3.5T

CLAS12 magnets



S: 0 
T: 0

S: 0 
T: -1

S: -1 
T: -1

S: 0 
T: -1

Electrons 
Photons



CLAS12 DC
• Argon/C02 mixture (90-10) 

• 3 regions, each with 12 
layers, each with 112 sense 
wires 



HTCC

• Electrons with < 4.9 GeV/c 
separation from pion/kaon/
proton 

•CO2 mixture, full coverage, 
48 mirrors focus on PMT 
readout 



FTOF

•Scintillator bars read out with PMTs 

•ToF resolution from 80ps - 150ps 



Calorimeters
•“Pre-shower” and “EC” 

•Pre-shower added to 
improve spatial 
resolution and have full 
EM shower containment 

•Sampling calorimeters 
(plastic scintillators 
sandwiched between 
lead sheets) 



BAND



Geant4 efficiency



Electronic readout

PMT 1

PMT 2


…

BAND

Splitter

Discriminator

ADC TDC

Laser System 
Photodiode

Trigger

CLAS12 
DAQ



PMT Optimization



ToF with laser system



QC PMT testing



Bar attenuation lengths



Final construction procedure
1. Select pair of matched PMTs 
2. Wrap scintillator with ESR, leaving window-flap for laser 
fiber 

3. Glue PMTs to light guides with RTV615 silicone rubber 
compound 

4. Glue one light-guide PMT assembly to each end of bar 
with UV curing glue 

5. Wrap with light-tight foil 
6. Glue optical fiber to center of the bar and seal window 
7. Install mu-metal shields 
8. Search for light leaks 
9. Install bar in BAND  
10. Connect fibers, HV, and signal cables 
11. Final test for leaks



Hit algorithm
1.Find clusters 
2.Try to group clusters 
3.Cut on cluster hit multiplicity

Hits Clusters found

Clustering  
algorithm



Clusters found

Two-cluster 
combination

Single lead hit

Hit algorithm
1.Find clusters 
2.Try to group clusters 
3.Cut on cluster hit multiplicity
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Event-mixing procedure

50− 0 50 100 150 2000

200

400

600

800

1000

1200

nHits->getTof()  {nleadindex!=-1 && nHits[nleadindex]->getEdep()>5500}

ToF [ns]

1. Take background neutron from event i 
2. Pair it with trigger electron from event j 
3. Shift neutron ToF into signal region 
4. Recalculate kinematic quantities 

Repeat for many electrons and all 
background neutrons
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Can check consistency with real off-time neutrons



67

Minimizing off-time neutron contribution
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Validating analysis with different channels
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CLAS12

LD2 target

electron

Ebeam = 10.2-10.6 GeV

BAND

Testing CLAS12: Inclusive DIS
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Inclusive  datad(e, e′ )X

+e PID, fiducial cuts

Q2 > 2 GeV2

W > 2 GeV
y < 0.7
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Inclusive  comparisond(e, e′ )X

+e PID, fiducial cuts

Q2 > 2 GeV2

W > 2 GeV
y < 0.7
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Inclusive  comparisond(e, e′ )X

+e PID, fiducial cuts

Q2 > 2 GeV2

W > 2 GeV
y < 0.7

Simulated electron in CLAS12

DC#

LTCC#

FTOF#PCAL#

EC#

HTCC#
Central#Detector#
BST,#BMT,#FMT,##
CTOF,#CND#

Figure 14: The CLAS12 central and forward detectors. In the forward part: the HTCC,
3 regions of drift chambers (DC), the LTCC, three panels of time-of-flight and the two
electro-magnetic calorimeters PCAL and EC. Two simulated tracks produced hits (in red)
in the various detector. Photons are the blue straight tracks.

35
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Testing CLAS12 + BAND: quasi-elastic d(e, e′ pn)

CLAS12
proton

neutron

electron

Ebeam = 4.2 GeV

BAND

LD2 target
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 (GeV)Emiss  (GeV)mmiss

Quasi-elastic d(e, e′ p)n

θpq < 25 deg
pmiss > 0.2 GeV

⃗n → BAND

Simulated electron & proton in CLAS12
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(pmiss − pn)/pmiss

75

Quasi-elastic d(e, e′ pn)
θpq < 25 deg
pmiss > 0.2 GeV

⃗n → BAND

Simulated electron & proton in CLAS12

75

+ n PID

Simulated neutron in BAND
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Tagged DIS with BAND

 
 
 

 
 

 

Q2 > 2 [GeV2]
W > 2 [GeV]
pe > 3 [GeV]

pn > 0.25 [GeV]
Edep > 10 [MeVee]

W′ > 1.8 [GeV]
pT < 0.1 [GeV]
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Systematic studies

Variations with run period 

Theoretical assumptions in model cross section 

Neutron efficiency cancellation
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Stability with run period
RE = Rtag(E)/Rtag(E = 10.6 GeV)
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R = Rtag(Asymptotic)/Rtag(Full)
Assessing theory assumptions
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Neutron efficiency

.Rϵn
=

Nstandard (x′ )/Nstandard (x′ = x0)
Nreweight (x′ )/Nreweight (x′ = x0)

GEANT4

Decreasing

Increasing

Flat
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Pheno work



Many approaches to extract , but all depend 
on modeling off-shell modification

Fn
2

82

FA
2 = (Z − nA

SRC)Fp
2 + nA

SRC (Fp*
2 + Fn*

2 )+(N − nA
SRC)Fn

2[

[Free nucleons Modified high-
momenta nucleons

Use all 
nuclear DIS

E. P. Segarra et al. Phys. Rev. Lett. 124, 092002 (2020)

Use all 
nuclear DIS



Modified high-
momenta nucleons
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FA
2 = (Z − nA

SRC)Fp
2 + nA

SRC (Fp*
2 + Fn*

2 )+(N − nA
SRC)Fn

2[

[Free nucleons

E. P. Segarra et al. Phys. Rev. Lett. 124, 092002 (2020)

Fn
2

Fp
2

=
2ℛ − F3He

2 /F3H
2

2F3He
2 /F3H

2 − ℛ
Measured

Theoretical input

Use all 
nuclear DIS

Use 3He, 3H

Many approaches to extract , but all depend 
on modeling off-shell modification

Fn
2



Fn
2

Fp
2

=
2ℛ − F3He

2 /F3H
2

2F3He
2 /F3H

2 − ℛ

E.P. Segarra et al. arxiv 2104.07130 (to be submitted- this work)

FA
2 = (Z − nA

SRC)Fp
2 + nA

SRC (Fp*
2 + Fn*

2 )+(N − nA
SRC)Fn

2[

[Free nucleons

Use all 
nuclear DIS

Measured

Theoretical input
Use 3He, 3H

FA
2 = ∫

A

xB

dα
α ∫

0

−∞
dν[ZFp

2 (x̃)ρp(α, ν)

+Nρn(α, ν)Fn
2(x̃)] ⋅ (1 + νf off(x̃))

Use light 
nuclei

E.P. Segarra et al. arxiv 2006.10249 (submitted)

Modified high-
momenta nucleons

Many approaches to extract , but all depend 
on modeling off-shell modification

Fn
2
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 dependent on motion, off-shell 
structure, and data used

Fn
2

FA
2 = ∫

A

xB

dα
α ∫

0

−∞
dνFp

2 (x̃)[Zρp(α, ν) + Nρn(α, ν)
Fn

2(x̃)
Fp

2(x̃) ] ⋅ (1 + νf off(x̃))

off-shell 
modification

nucleon motion

free structurecompare 
to data

Toggle options: 
• Data used  
• Nuclear motion  
• Off-shell parameterization

E.P. Segarra et al. arxiv 2104.07130 
(to be submitted- this work)


