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    The CaFe Experiment: 

 Isospin Dependence of  
   Short-Range Correlations in Nuclei

Proposal: PR12-16-004

Spokespeople:   D. Higinbotham (JLab),  F. Hauenstein (JLab), O. Hen (MIT), L. Weinstein (ODU)

https://hallcweb.jlab.org/wiki/images/9/91/CaFe_proposal_May2017.pdf
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CaFe Experiment Overview
8-day measurement of (e, e’p) cross sections on: 
d,  [  -  -  - ],  [  -  - ]   
(… still need 1 PAC day of data-taking to complete experiment  ) 

A(e, e’p) at selected kinematics:

 mean-field (MF) nucleons (  < 250 MeV/c)

 short-range correlated (SRC) pairs (  250 MeV/c) 

what will CaFe extract? 

 double ratios  (SRC/MF)_A1 /  (SRC/MF)_A2 
=> relative pairing probability of high-p protons in different nuclei 

single ratios SRC (high-p) / MF (low-p)   
=> proton pairing probability 

 absolute & reduced cross sections 
=> distorted spectral function (not observable)

9Be 10B 11B 12C 40Ca 48Ca 54Fe

krel
krel ≳
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CaFe Experiment Kinematics
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SHMS  
(-8.55 GeV/c, 

8.3 deg)

HMS 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48.3 deg)

kr

−kr
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A-2

e

knocked-out proton 

SHMS 
(-8.55 GeV/c, 

8.3 deg)

HMS 
(1.325 GeV/c, 

66.4 deg)

recoil (“missing”) 
nucleon  

(“proton” or “neutron”)

mean-field (MF) kinematics: 

(  ~ 250 MeV/c), kr < kF

“Electron scattering off 
MF nucleon”

short-range correlation (SRC) kinematics: 

(  ~ 250 MeV/c), kr > kF

“Electron scattering off 
SRC nucleon”

ω, Q2

⃗q

kr

pm = − kr
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Motivation: Which nucleons form SRC pairs?

SRC pairs: 

 account for almost all high   
momentum nucleons in nuclei 

 are predominantly np

 
CaFe will answer:  

 Which nucleons form pairs? 

 How does adding neutrons  
speed up protons? 

 How does NN-SRC pairing  
change with A  and  N/Z? M. Duer et al.  

(CLAS collaboration),  
Nature 560, 617 (2018)

Projected CaFe Results
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Data Analysis
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Set Ref. Times / Detector Time Windows / Calibrations (COMPLETED) 

Quality Check of Kinematics (COMPLETED)  

SHMS Optics Delta Optimization (IN-PROGRESS)

 H(e, e’p), d(e, e’p), C(e, e’p) data-to-simulation (PENDING) 

Analysis Challenges  
Ca-48 Contamination Studies (IN-PROGRESS)

 Estimate (Hydrogen, Carbon) contamination fraction (COMPLETED)

 Results of chemical analysis of mineral oil from lab (IN-PROGRESS) 
(results needed to confirm our estimates) 

Beam Current Dependency (IN-PROGRESS)

  BCM Linearity? HCANA tracking algorithm @ high rates ? 



Set Reference Times

6Plots made by: Noah Swan

HMS

SHMS



Set Detector Time Windows

7Plots made by: Noah Swan

HMS

SHMS

( a single detector element  per detector is shown for illustration purposes )



Detector Calibrations 

8Plots made by: Noah Swan

SHMS Hodo Beta HMS Hodo Beta

SHMS Calorimeter

SHMS DC Residuals
HMS DC Residuals

~340 um
~240 um

D2 
Be9 
B10 
B11 
C12

Legend

( ONLY light nuclei @ MF 
kinematics is shown for 
illustration purposes )
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Kinematics Quality Check: Light Nuclei

0.6 0.8 1 1.2 1.4 1.6 1.8 2
 Xb

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 N
or

m
_c

ou
nt

Be9
B10
C12
B11

MF

1.6 1.8 2 2.2 2.4 2.6 2.8 3
 Q2

0

0.05

0.1

0.15

0.2

 N
or

m
-c

ou
nt

MF

0.05− 0 0.05 0.1 0.15 0.2
 Emiss [GeV]

0

0.02

0.04

0.06

0.08

 N
or

m
-c

ou
nt

MF

0.6 0.8 1 1.2 1.4 1.6 1.8 2
 Xb

0

0.05

0.1

0.15

0.2

0.25

 N
or

m
_c

ou
nt

SRC

1.6 1.8 2 2.2 2.4 2.6 2.8 3
 Q2

0

0.02

0.04
0.06

0.08
0.1

0.12
0.14

0.16
0.18

 N
or

m
-c

ou
nt

SRC

0 0.1 0.2 0.3 0.4 0.5
 Emiss [GeV]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 N
or

m
-c

ou
nt

SRC

40 45 50 55 60 65 70
 Th_P [Degree]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 N
or

m
-c

ou
nt

MF

0 5 10 15 20 25 30
 Th_Pq [Degree]

0

0.05

0.1

0.15

0.2

 N
or

m
-c

ou
nt

MF

0 20 40 60 80 100
 Th_rq [Degree]

0

0.01

0.02

0.03

0.04

0.05

0.06

 N
or

m
-c

ou
nt

Be9
B10
C12
B11

MF

40 45 50 55 60 65 70
 Th_P [Degree]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 N
or

m
-c

ou
nt

SRC

0 5 10 15 20 25 30
 Th_Pq [Degree]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

 N
or

m
-c

ou
nt

SRC

0 20 40 60 80 100
 Th_rq [Degree]

0

0.05

0.1

0.15

0.2

0.25

 N
or

m
-c

ou
nt

SRC

Plots made by: Dien Nguyen

• Overlayed kinematics 
for light targets  
at (MF) and (SRC)

• histograms normalized to 1
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Kinematics Quality Check: Heavy Nuclei

Plots made by: Dien Nguyen

• Overlayed kinematics 
for heavy targets  
at (MF) and (SRC)

• histograms normalized to 1



Ca-48 Contamination Studies: Background
• Ca-48 target found to be contaminated with hydrogen (H) during initial 2 runs @ 

mean-field (MF) kinematics  

• During Ca-48 short-range correlation (SRC) running, target received ~50-55 uA beam  
throughout ~ 22 hr period (with occasional beam trips, and few runs < 50 uA) 

• Ca-48 MF data (3 runs) was taken  again and found that the H-contamination peak 
had been significantly reduced

Invariant Mass W

Ca-48 MF  
Run: 16979
Ca-48 MF  (round 2) 
Run: 17096

Hydrogen peak 
(Mp = 0.938 GeV)

Both Histos 
Normalized to 1

Hypothesis: 
pure mineral oil was only present on the 
surface of Ca-48 and was “washed off”on 
its own + high-current beam received 
during SRC running helped with 
decontamination process.  
 
Purpose of this study: quantify hydrogen 
contamination (and scale to  Carbon) 
present on Ca-48 during both MF and SRC 
kinematics runs 

W [GeV]11



Ca-48 Contamination Studies Analysis Steps

• determine H-thickness (g/cm2)  for each Ca48 MF run 

• determine C-thickness (g/cm2) : Scale H-thickness to C-thickness 
assuming a specific H/C ratio for mineral oil (research mineral oil 
chemical composition for this) 

• ** Calculate T2 (e- singles) scalers / charge for all Ca48 runs to quantify 
relative drop in contamination for all Ca48 SRC runs 

• absolute (H, C) contamination in Ca48 MF  + 
relative drop in contamination in Ca48 SRC runs  
—> absolute drop in contamination for Ca48 SRC runs

**  cannot directly measure absolute H-contamination 
     determine @ SRC kinematics (not kinematically possible+singles were

     pre-scaled significantly)

12



 Ca48 Absolute Carbon Contamination Limiting Cases                                                               
                            MF                                                    MF 
                         [ 16979,  . . . SRC runs . . . 17093   ] 
 1C/2H :        [ 3.1 %    . . .     ?          . . .  0.65 %]   —> ~  3  %  drop on C-thickness (assuming 1C/2H: alkanes or cyclic alkanes) 
 2C/1H:         [ 12.3 %  . . .     ?          . . .  2.6 %  ]  —> ~ 10 % drop on C-thickness (assuming 2C/H : alkylated aromatics)


• T2 scaler analysis of relative contamination consistent with lower limit (1C / 2H) of absolute contamination measurements 
(expectation from chemical analysis is that there be little to none alkylated aromatics i.e., 2 C-atom / 1 H-atom ratio, and abundance of 1 C / 2 H atoms )

13
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fit: Ae°ÆQ + C
A = 3.090E-02 ± 1.331E-03
Æ = 6.422E-04 ± 7.258E-05
C = 9.728E-01 ± 9.806E-04

Ca48 Corrected to 55 uA

Ca48 Corrected to 55 uA
(only last 3 runs)

(Excluded last 3 points in fit)

MF runs
MF runs

~3 drop%

T2 scalers: SHMS EL-REAL singles trigger

Ca48 
SRC runs

Relative Contamination  (using scalers)
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Beam Current Dependency Study: Motivation

LD2 MF scaled down x200 
All other MF scaled down x100

• Normalized Yield is defined as: 
<latexit sha1_base64="6BKw3gseTBfVqVercXUTlS6rEdU="></latexit>

Y =
Nc

Q · ✏htrk · ✏etrk · ✏multi.trk · ✏LT · �A · T

• SRC data low stats (large error bar) 
so beam current dependence not 
obvious as it could be smaller than 
error bar

• MF data high stats (small error bar) 
so beam current dependence is 
obvious (next slide)

• Yield/charge dependence on 
beam-current observed ! Ca40 Ca48

Fe54

C12 Be9 B10

LD2

B11
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Beam Current Dependency Study: Motivation

LD2 MF scaled down x200 
All other MF scaled down x100

• Normalized Yield is defined as: 
<latexit sha1_base64="6BKw3gseTBfVqVercXUTlS6rEdU="></latexit>

Y =
Nc

Q · ✏htrk · ✏etrk · ✏multi.trk · ✏LT · �A · T

• SRC data low stats (large error bar) 
so beam current dependence not 
obvious as it could be smaller than 
error bar

• Yield/charge dependence on 
beam-current observed ! Ca40 Ca48

Fe54

C12 Be9 B10

LD2

B11

~6% drop in Ca48 MF 
yield/charge

~30 uA

~60 uA
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• relative yield drops ~6-8 %  
when beam current increases 
~30 uA —> 60 uA (dashed)

• charge-normalized 
data yield should NOT change 
with beam current

• relative T2 scalers (e-) increase 
~4-6 %  when beam current 
increases ~30 uA —> 60 uA (solid)

yield

scalers

heavy nuclei

light nuclei

• Possible Causes of Yield  
Dependency on Current: 

‣ BCM linearity issue ? 

‣ HCANA tracking algorithm?
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Beam Current Dependency Study: BCM Linearity?
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• calibrated BCMs using  Aug 23, 2022 BCM run 

• Fit up to 50 uA as there is non-linearity at 
higher currents for BCM1,2 (non-linearity 
correction was added by D. Mack in 2019) 

• dependency on yields/charge observed  
also < 50 uA,  so it is unlikely it is a BCM issue 

** how stable is the non-linearity correction factor ?

Plot cut-off x-axis so 
I added axis snapshot 
from similar plot

BCM1
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Beam Current Dependency Study: BCM Sanity Check

Ca48 charge 
(using old BCM  

calibration)

BCM1,2,4A,4C 
show consistency

BCM4B has issues 
(DO NOT use)

Ca48 charge 
(using new BCM  

calibration)

Before 
Calibration

After 
Calibration
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Beam Current Dependency Study: HCANA Track Algorithm?
Hall C Track Algorithm Philosophy:

correlated 
spacepoints 

un-correlated  
spacepoints

bad tracks

bad track

good track 
(correlated 
with trigger)

• With increasing beam current current (and rates) 

‣  Number of spacepoints increases  
(more potential junk hits)  

‣ Higher probability of forming bad 
tracks 

‣ over-estimate track efficiency 
(more tracks than there should be)  
—> this could lead to beam current dependency 
       on yield/charge


• Always try to find as many tracks 
as possible 

• Kill a bad track as late as possible 
in the algorithm

Track Selection in HCANA (MKJones, 2019)

https://www.google.com/url?q=https://hallcweb.jlab.org/DocDB/0010/001062/001/HCANA_pruning.pdf&source=gmail&ust=1673620244062000&usg=AOvVaw3rEd2zRZL_N8lrYxXI_MS9
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Beam Current Dependency Study: HCANA Track Algorithm?
CaFe Track Algorithm Philosophy:

correlated 
spacepoints 

un-correlated  
spacepoints

bad tracks

bad track

good track 
(correlated 
with trigger)

• With increasing beam current current (and rates) 

‣  Number of spacepoints increases  
(more potential junk hits)  

‣ Higher probability of forming bad 
tracks 

‣ over-estimate track efficiency 
(more tracks than there should be)  
—> this could lead to beam current dependency 
       on yield/charge


• Kill a bad track as early as possible 
in the algorithm

Track Selection in HCANA (MKJones, 2019)

https://www.google.com/url?q=https://hallcweb.jlab.org/DocDB/0010/001062/001/HCANA_pruning.pdf&source=gmail&ust=1673620244062000&usg=AOvVaw3rEd2zRZL_N8lrYxXI_MS9
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Enforce Reduction of Possible Tracks Being Formed

Track Selection in HCANA (MKJones, 2019)

Run 17094 (30 uA) Run 17096 (60 uA)

R = 8800/8573 ~ 1.0264 R = 8343/8143 ~1.0245

~ 2.5 % more events ~ 2.5 % more events

• Modified “NewLinkStubs()” method:  reduced possible number of bad tracks being formed 
(increase probability of a good track being selected —> recovered Emiss events ) 

• Expectation:  more “bad tracks” removed in high-current compared to low-current,  
leaving room for more good tracks being formed in high-current compared to low current  

• Expectation NOT MET:  low and high current runs increased number of good tracks by same amount

‣ Implies relative change in yield/mC stays constant (rate-dependence issue NOT solved)


(Study: used last two Ca48 MF runs, where a bean-current dependency was observed)

https://www.google.com/url?q=https://hallcweb.jlab.org/DocDB/0010/001062/001/HCANA_pruning.pdf&source=gmail&ust=1673620244062000&usg=AOvVaw3rEd2zRZL_N8lrYxXI_MS9
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Beam Current Dependency Study
• Investigated ~6% drop in yield/mC on Ca48 runs 17094 (~30 uA),  17096 (~60)


• enforced stub selection criteria + tightened pruning cuts but no improvement in relative yield/charge 
(I expected to recover more events for high-current than low current run but did not occur)

single-tracks  
increase

multi-tracks  
decrease

relative 
norm yield 
constant=
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Beam Current Dependency Study

What next steps to take? 

• Implement matching trigger to hodoscopes paddle that 
was hit and require this condition to form a track  
 
  after Holly, Dien and Carlos’ discussion on tracking with M. Jones :  
 
  - there is no clear path for implementing trigger match to hodo hits   
 
  - it is non-trivial to enforce the pruning variables as hard-cuts in the 
    part of the code where tracks are initially formed from chamber hits

Any ideas that might give insight as to why there is a beam-
current dependency with yield/charge are welcomed ! ! ! 



Summary

• Initial Analysis Steps 
-> completed ref. times / time windows / calibrations - N. Swan / C. Yero 

• SHMS Optics Optimization  
-> in progress - Holly Szumila-Vance 

• Ca48 Contamination Studies  
-> contamination estimates complete,   
-> (lab analysis of chemical composition of oil in progress - D. Meekins) 

• Beam Current Dependency  on Charge-Norm Yield 
-> enforced tight pruning parameters in tracking algorithm (dependence persists) 
-> need try and implement something similar to track-matching to hodoscope paddles in  
    tracking algorithm - D. Nguyen / C. Yero

24
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Meson-Exchange Currents (MEC) Delta, N* Resonance Excitations (IC)
suppressed at  xBj > 1suppressed at  Q2 > 1(GeV/c)2

suppressed at specific  degθnq < 40

pm
pm

Plane Wave Impulse Approximation  (PWIA)

deuteron

deuteron deuteron

Final State Interactions (FSI)

pm

deuteron FSI

virtual photon - nucleus interactions

27
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Event Selection (MF)

| tcoin | ≤ 2.5 ns

Accidental peaks are selected and 
used for subtraction (not shown)

(For illustration purposes, Ca48 MF run 17096 is used)
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Event Selection (MF)

• SHMS acceptance  
determined (OR SET) by HMS 
(angular cut will not do much, 
but is still applied)
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Event Selection (MF)
Momentum Acceptance Definition

|δHMS | ≤ 10 %

−10 % ≤ δSHMS ≤ 22 %

δ ≡
P − P0

P0
P0 : Spectrometer central momentum

P : Particle track momentum
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Event Selection (MF)
1 e- peak

2 e-’s peak

3 e-’s peak

• multiple peaks  
constitue (~4-5%)

• n peak: n times the energy 
deposited  (n valid electrons) 

n=1,2,3
• Account for  multi-peak events: 

(multi-track efficiency) 

<latexit sha1_base64="l5acGOxgeqDy8iUYUWbr85C+9lw="></latexit>

✏multi.trk =

P
n=2,3 Edep/P0P
n=1 Edep/P0

• Particle Identification: 
select electrons in SHMS0.8 ≤ Edep /Ptrack ≤ 1.3
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Event Selection (MF)

• Kinematic Cut to 
Suppress Meson-Exchange 
Currents (MEC)

<latexit sha1_base64="6iKF5pOF06tpfLSCuFeW2nvFjoI=">AAACEHicbVA9SwNBEN2LXzF+nVraLAbRKtyFoKkkaKFlAuYDkhj2NpNkye7dsbsnhON+go1/xcZCEVtLO/+Ne0kKTXww8Hhvhpl5XsiZ0o7zbWVWVtfWN7Kbua3tnd09e/+goYJIUqjTgAey5REFnPlQ10xzaIUSiPA4NL3xdeo3H0AqFvh3ehJCV5ChzwaMEm2knn1au4+LyaVbKOPOSIWEQlwUIukIokdSxPgGGmlD0rPzTsGZAi8Td07yaI5qz/7q9AMaCfA15USptuuEuhsTqRnlkOQ6kQKzbkyG0DbUJwJUN54+lOATo/TxIJCmfI2n6u+JmAilJsIznemhatFLxf+8dqQH5W7M/DDS4NPZokHEsQ5wmg7uMwlU84khhEpmbsV0RCSh2mSYMyG4iy8vk0ax4J4XSrVSvnI1jyOLjtAxOkMuukAVdIuqqI4oekTP6BW9WU/Wi/VufcxaM9Z85hD9gfX5A6YPnGM=</latexit>

Q2 > 1.8 GeV2
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Event Selection (MF)

• Kinematic Cut to 
suppress radiative tail/ 
select (e, e’p) events

<latexit sha1_base64="l5q+sjmbu9Kp/+tcqyZk7gRCam4=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjRd0IRRFcVugL2mHIpJk2NMkMSUYowyzc+CtuXCji1o9w59+YtrPQ1gOXezjnXpJ7gphRpR3n2yqsrK6tbxQ3S1vbO7t79v5BW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfDP1Ow9EKhqJpp7ExONoKGhIMdJG8u3yrZ/yDF7BvkjgKWz6aZzNu8x8u+JUnRngMnFzUgE5Gr791R9EOOFEaMyQUj3XibWXIqkpZiQr9RNFYoTHaEh6hgrEifLS2REZPDbKAIaRNCU0nKm/N1LElZrwwExypEdq0ZuK/3m9RIeXXkpFnGgi8PyhMGFQR3CaCBxQSbBmE0MQltT8FeIRkghrk1vJhOAunrxM2mdV97xau69V6td5HEVQBkfgBLjgAtTBHWiAFsDgETyDV/BmPVkv1rv1MR8tWPnOIfgD6/MHRUSWmQ==</latexit>

Em = ⌫ � Tp � Tr

−20 MeV ≤ Em ≤ 100 MeV
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Event Selection (MF)

• Kinematic Cut to 
select mean-field (MF)  
nucleons

Pm ≤ 250 MeV/c
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Event Selection (SRC)

• Kinematic Cut to Suppress 
Meson-Exchange Currents (MEC)

<latexit sha1_base64="6iKF5pOF06tpfLSCuFeW2nvFjoI=">AAACEHicbVA9SwNBEN2LXzF+nVraLAbRKtyFoKkkaKFlAuYDkhj2NpNkye7dsbsnhON+go1/xcZCEVtLO/+Ne0kKTXww8Hhvhpl5XsiZ0o7zbWVWVtfWN7Kbua3tnd09e/+goYJIUqjTgAey5REFnPlQ10xzaIUSiPA4NL3xdeo3H0AqFvh3ehJCV5ChzwaMEm2knn1au4+LyaVbKOPOSIWEQlwUIukIokdSxPgGGmlD0rPzTsGZAi8Td07yaI5qz/7q9AMaCfA15USptuuEuhsTqRnlkOQ6kQKzbkyG0DbUJwJUN54+lOATo/TxIJCmfI2n6u+JmAilJsIznemhatFLxf+8dqQH5W7M/DDS4NPZokHEsQ5wmg7uMwlU84khhEpmbsV0RCSh2mSYMyG4iy8vk0ax4J4XSrVSvnI1jyOLjtAxOkMuukAVdIuqqI4oekTP6BW9WU/Wi/VufcxaM9Z85hD9gfX5A6YPnGM=</latexit>

Q2 > 1.8 GeV2

** coincidence time + acceptance  + PID cuts are same as (MF) kinematics

(For illustration purposes, Ca48 SRC run 17057 is used)
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Event Selection (SRC)

• Kinematic Cut to  
suppress inelastic + DIS 
events at x<1  
 
(i.e., suppress  
excitations)

Δ, N*

xBj ≥ 1.2
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Event Selection (SRC)

• Kinematic Cut to  
suppress re-scattering of 
recoil SRC nucleon  
 
(i.e.,  suppress final-state 
interactions) 

θrq ≤ 40∘

Angle between recoil system  
and virtual photon directionθrq :



38

Event Selection (SRC)

• Kinematic Cut to 
select short-range 
correlated nucleon 

350 ≤ Pm ≤ 700 MeV/c



Relative T2 Scalers / Charge vs Cumulative Charge
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light nuclei (MF) heavy nuclei (MF)
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light nuclei (SRC) heavy nuclei (SRC)

Ca48 
decontamination 
(exponential)

Relative T2 Scalers / Charge vs Cumulative Charge



Relative T2 Scalers (or Yield) / Charge vs T2 Scaler Rates

last 3 Ca48 
MF runs 

(~ no contamination)
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Efficiencies 
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