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“Deuteron is the simplest
np bound state: starting
point to study nuclear
force (or NN potential)

Understand the short
range structure by probing
high momentum tails of the
deuteron

At short ranges, np
start overlap: overlap is

directly related to SRCs
in A>2 nuclei

Extract momentum
distributions beyond
500 MeV/c recoil momenta
at PWIA Kkinematics

For historical overview of the

Inter-nucleon potential (MeV)

nuclear force: SEE BACKUP SLIDES
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E12-10-003
D(e,e’p)n Kinematics
Experimental Hall C e’

Trigger:
3/4 scintillator planes
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D(e.e’p)n Feynman Diagrams
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(a) Meson-Exchange Currents (MEC) (b) Isobar Configurations (IC)
a, Gy
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(¢) Final State Interactions (FSI) (d) Plane Wave Impulse Approximation

(PWIA)



Deuteron Momentum Distribution

Fackorizakion ONLY
possibi& A PWIA

ep off-shell cross section

electron scatters off a bound proton within the nucleus; usually,
de Forest o..1 or o.» 1s prescribed

Spectral Function, S(p.,)

the momentum distribution inside the deuteron is interpreted as
the probability density of finding a bound proton with
momentum p;
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¢ Data shows FSI peaks at ~70 deg (predicted by GEA and J.M Laget)

First D(e,e’p)n Experiments at: Q% > 1 GeV?
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https://arxiv.org/abs/1501.05377
https://arxiv.org/abs/1501.05377

Data Analysis of the E12-10-003

Commissioning Experiment
at Hall C

The E12-10-003 experiment was carried out on April 3-9
(only 6 out of 21 days of the requested beam time for full experiment)

See Backup Slides for first steps in general analysis:
1. Set reference times cuts
2. Set detector time window cuts

3. Perform detector calibrations

4. Optics Optimization
S. Data-to-Simulation Comparison




D(e.,e’p)n
Data Analysis Cuts

These cuts are used to select a clean sample of e- in the SHMS
coincident with protons in the HMS that correspond to D(e,e’p)n

Exact cuts are also applied to simulation (except for PID cuts)

All plots shown have been integrated over all neutron recoil angles

SEE BACKUP SLIDES
for plots of data analysis cuts

(shown only for 80 MeV setting but are
also applied to high missing momentum data)




Extraction of D(e,e’p)n
Coincidence Cross Sections
at Hall C



Extraction of the D(e,e’p)n Cross Section
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Extraction of the D(e,e’p)n Cross Section

Missing Momentum
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D(e,e’p) Momentum Distributions

_ Bin-center Corrected
Reduced cross seckion

(Eheoretical momenkum 0_6{13]9
distributions wikthin PWIA
R L ~ ) (PryOng) bc

Exparimem&at
cross seckiowns

Kinemakic ractor
times deForesk
ep cross seckion

K=k frec ™ va Pma q R > g
kinematic factor / , ﬁ OCCl ~J GEp(Q )7 GMP(Q )

3-momentum deForest Off-shell  (Proton form factor parametrization)

final proton .
transfer ep cross-section

momentum
neutron recoil
momentum J. Arrington, Implications of the discrepancy between
proton form factor measurements, Phys. Rev. C69,

022201 (2004)

¢ Division by deForest cross section and kinematic factor removes
kinematical dependencies on reduced cross section
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.69.022201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.69.022201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.69.022201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.69.022201

Error Analysis of D(e,e’p)n
Coincidence Cross Sections
at Hall C

60 [mr] +/-0.17 Uncertainty in SHMS angle

66, [mr] +/- 0.24 Uncertainty in HMS angle

0E;/Ey +/- 9.1E-04 Uncertainty in SHMS momentum

0Ey/ Ey +/- 7.5E-04 Uncertainty in Beam Energy
dggg 6.5% < Maximum Kinematic Systematic Error on Cross Section
dagg " 3.6 -8.4 % < Normalization Systematic Error on Cross Section
oy’ 0-30% |- Satistel Ereor on Croms Scton on verae

(dopih? = (dogn)* + (dojg™)* : total systematic error is quadrature sum of kin. and norm errors

e (do'éi,t))z = (dﬁgg‘?)z + (da.j){;t)z : total error is quadrature sum of statistical and systematic errors

Total cross section error is dominated by statistical error

See Backup Slides
for detailed Tables and Plots of

Statistical/Systematic Errors




Summary of Theoretical Calculations for E12-10-003

Final State Interactions Nucleon Form Factors Deuteron
(np parametrization) (parametrization) Wave Function

Theoretical Calculation

Galster: GEn .
J.M. Laget SAID Hall A Exp: GEp Paris
i CD-Bonn
M.M. Sargsian SAID JIK V1s
S. Jeschonnek & SAID/R GKex05 C\SI‘LCZ
J.W.V. Orden €gg¢e AMT A-V 1081111

S. Galster, et al., Nucl. Phys. B32 (1971) 221 (Galster, neutron electric form factor, GEn)

0. Gayou, et al., Phys. Rev. Lett. 88 (2002) 092301 (Hall A Exp. proton electric form factor, GEp)
J.J. Kelly, Phys. Rev. C70, 068202 (2004) (JJK)

E.L. Lomon, Phys. Rev. C66, 045501 (2002) (GKex(05)

J. Arrington, W. Melnitchouk, and J.A. Tjon, Phys. Rev. C76, 035205 (2007) (AMT)

R.A. Arndt, W.J. Briscoe, I.I. Strakovsky, and R.L.. Workman, Phys. Rev. C76, 025209 (2007) (SAID)

W.P. Ford, S. Jeschonnek, and J.W.V. Orden, Phys. Rev. C 87, 054006 (2013) (Regge)

M. Lacombe, B. Loiseau, J. M. Richard, R. Vinh Mau, J. Coté, P. Pirés, and R. de Tourreil
Phys. Rec. C21, 861 (1980) (Paris Potential)

R.B. Wiringa, V.G.J. Stoks, and R. Schiavilla, Phys. Rev. C51, 38 (1995) (AV18)
R. Machleidt, Phys. Rev. C63, 024001 (2001) (CD-Bonn)

F. Gross and A. Stadler, Few Body Syst. 44, 295 (2008) (WJC2) See Backup Slides: Overview of

Theoretical Potentials to
1 4 Theoretical Cross Sections



https://inspirehep.net/literature/69346
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https://link.aps.org/doi/10.1103/PhysRevC.51.38
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Theoretical Calculations by M. Sargsian [M.M. Sargsian, Phys. Rev. C82, 014612 (2010)]

+» Effective Feynman Diagrammatic Approach (calculate scattering amplitudes)

& Scattering amplitudes are calculated using the Generalized Eikonal Approximation (GEA)
at high O ( > 1 (GeV/c)?) under the assumptions of the Virtual Nucleon Approximation

Feynman diagrams under GEA

PWIA direct FSI

J se. 8| APlss) = (s¢, 5. |A s
p(p,) 11 PF}) pipy / 7250 A%sa) = (55, 5r| A Isa) +
d P(P[-) d ppi) * +<Sf’sr|AlChex|Sd>.

(@) "R () nlet) e

n_p
d n
P n
(c)
Charge-Exchange
FSI \
A resoepfduction :
suppressed at Bjorken-x > 1 .:.
4
/d50 x | < sp,8:|A*|sq > |?
dE'dQ.dSQ,

Effects included in the amplitude calculations

Non-factorization effects

Off-shell FSI re-scattering effets
Charge-exchange re-scattering effects
Off-shell electromagnetic interaction effects

© ©©

N\
“

©

Initial (d) and final (np)
spin projections of deuteron

(£, 5r1AG I5a)

\p;d(sl’ P, 52, p2) — =

total
transition Scattering Amplitude determined within GEA
/ amplitude

<Sf’ Sr |A/11 |Sa'>

Charge-exchange FSI

= V2 (2n)32E, Z IN(Sss PrsSis Pi)
Si
\ Total E.M. current operator

( on-shell + off-shell components)

X \If;,d(si’ pz, Sr, pl‘)a

transition vertex

/ (Deuteron to np)
Sd

I/_l(pl ) Sl)lf_l(pb SZ)FDNNXsd

=
\ (1} = m?) V2 @2 (3 + m)’
Wave function used for numerical estimates

\I]NR d
P oy~ S oD

Ref: M. Sargsian and M. Strikman, Phys. Lett. B 639,223 (2006).

General Solution to
Bethe-Salpeter
Equation \Ifd( p) =

For the E12-10-003: AV 18 and CD-Bonn wave functions were
1 5 used in the calculations


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612

Theoretical Calculations by J.M. Laget [J.M. Laget, Phys. Lett. B609, 49 (2005)]

¢ Laget Diagrammatic Approach (calculate scattering amplitudes)

¢ Scattering amplitudes are calculated using the Laget diagrammatic approach
which takes into account the full kinematics from the beginning of the calculations

See Ref. 7\ Laget, Phys. Rep. 69 (1981) 1]

< Laget calculations accounts for relativistic
effects of the bound nucleons from the beginning
of the calculations

Scattering Amplitude from Laget Diagrammatic Approach

< Ypy Un|Asot|D > =< Yp, Yn|Apwia YD > + < Yp, ¥n|Arst|¥p > +
Laget FSI calculations agree with GEA

< Yp, Un|AMEC|¥D > + < Yp, Yn|Arc|p >

M. Sargsian (GEA) Predictions on FSI
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2 3.5 [ 2H(e, e'p)n —
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S T T 25 — -

p=100MeVie — _——— = .

L > _ o —
09 e Y AT — -
08 — _
/ 15 —

07 | p=200MeV/c p=200MeV/c - -
0.6 1 :_ — _:
05 M. M. Sargsian, Int. J. Mod. Phys. E 10. 405 (2001). 0.5 - - == -]
. o 1 . | . — ]

0 20 40 60 80 100 120 140 160 180 — P, =200 MeV/ic =
Op,q (deg) o L1 TR ST N N SRV NN NN N I S A A B

Glauber Eikonal Approximation: recoil effects are neglected (stationary
bound nucleon) and FSI peak stays at neutron recoil angles ~90 deg

Generalized Eikonal Approximation: Accounts for the relativistic effects

of bound nucleons and predicts FSI peak at neutron recoil angles of ~ 70 deg.
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prediction of re-scattering peak at ~70 deg

J.M. Laget Predictions on FSI
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https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/0370157381901642
https://www.sciencedirect.com/science/article/abs/pii/0370157381901642
https://www.worldscientific.com/doi/abs/10.1142/S0218301301000617
https://www.worldscientific.com/doi/abs/10.1142/S0218301301000617

Theoretical Calculations by S. Jeschonnek & J.W.V. Orden
[W.P. Ford, S. Jeschonnek and J.W.V. Orden, Phys. Rev. C90, 064006 (2014)]

+» Bethe-Salpeter formalism used in the calculations of wave functions

< The new method of extracting the momentum distributions
takes into account a variety of model inputs providing a theoretical
uncertainty

¢ A wide variety of bound-state wave functions, nucleon form factors and final state
interactions are used as input in the cross section calculations (band of cross section calculations)

¢ The E12-10-003 kinematics from the m«*fa <L PWIA cnvclope
original proposal were used in the calculations > 10°F .
8 prop S F 24 calculations
2_.“ . B (8 X 3)
Final state interactions Form factors Deuteron wave function E 10 F
g -
11B g T
WIC 1 LB 10" E
Regge GKex05 WIiC 2 R P
SAID AMT AV 18 i 1‘ 1 1 | | | |
-9 1 1 1 11 1 11 1 11 1 L1 1 L1 1 11 1
MMD CD Bonn 07 03 04 05 06 07 08 09 10
NIMIL P (GeV)
NIMJ 2
NIMJ 3 . F
A f ~ 5 -l FSI envelope
< 10%E .
\V > S ’ ‘ ‘ H ‘ 48 calculations
£ i ’ | (8x3x2)
Cross section calculations using combinations of these parametrizations S e
and wave functions were provided by S. Jeschonnek and J.W.V. Orden = F
using the actual kinematics for this experiment. o i | l | ‘
o
o -
- (b) b
Y ST T T T T Y T T W N T T T W O I N
107 03 04 05 06 07 08 09 10

1 7 Pm (GeV)


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.064006
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.064006

D(e,e’p)n Cross Section
Experiment Results
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D(e,e’p)n Momentum Distributions
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T T
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e WJC2 (AMT) FSI

Hall A: Q% =3.5+0.25 GeV?

Hall C: Q? = 4.5+ 0.5 GeV?

10—1_

p, > 250 MeV/c

Lg. AV18 (GKex05) PWIA
~— 10_3 AV18 (GKex05) FSI
5 — = AVIS (AMT) PWIA
& —— AV18 (AMT) FSI
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4
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p, > 180 MeV/c

Oy = 35 £ 5° X Oy = 45 % 5° X Oy = 75 % 5°
\ \ 'Y ‘ \ <
7 N e
U000 025 050 0.5 100 000 025 050 075 100 000 025 050 075 100

e (GeV/e)
¢ Pr <250 MeV/c, FSIs small and NN dominated by OPEP (for 35 and 45 deg)

¢ Pr> 250 MeV/c, CD-Bonn differs from Paris/AV18 models (for 35 and 45 deg)

¢ Hall C data reproduces previous Hall A data very well

J.M. Laget, Phys. Lett. B609, 49 (2005) (Paris: Galster )

M.M. Sargsian, Phys. Rev. C82, 014612 (2010) (CD-Bonn/AV18: JJK parametrization)

) (CD-Bonn, AV18, WJC2:
GKex05, AMT
1 9 parametrizations)

W.P. Ford, S. Jeschonnek and J.W.V. Orden, Phys. Rev. C90, 064006 (2014



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.064006
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D(e,e’p)n Ratio to CD-Bonn (JJK) PWIA

CD-Bonn PWIA
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¢ Data agrees with CD-Bonn FSI up to Pr~700 MeV/c at 35 and 45 deg

00 0.2 04 06 08 10 12
n (GeV/e)

< At Pr~300-700 MeV/c, R~0.5-1—>35,45 deg compared to R~2 -5—>75 deg (FSIs largely reduced at smaller angles)

Approximate cancellation of amplitudes
leads to reduction in FSI at specific kinematics

¢ Pr>700 MeV/c data is NOT described by any model

2
o AFSI AFSI

> ~1—2
2
OPWIA a Apwra APWIA

- 9 9 9
o~ |Apwia +iApsr|* ~ Abwia — 2ApwiaArsr + A%rg;

where Apgr ~ i|Apgy]
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Statistical Significance Test on Reduced Cross Sections

¢ The fall-off observed in the reduced cross sections is smaller (less steep) for data compared
to theory at higher recoil momenta

Is the discrepancy between data and theory slopes statistically significant ?

¢ Compare the slopes of the theoretical and experimental reduced cross sections at
neutron recoil momenta between 0.55 - 1.0 GeV/c

data slope theory slope

¢ Calculate the Z-score to determine number of standard deviations
between slopes of the the data and theory linear fits. \ /

7 — Hdata — Htheory

Cross Section Ratio, #,, =45+ 5 deg

— = CD-Boun (JJK) PWIA Hdata
i, = (CD-Bonn (JJK) ['SI
107 1 DATA FIT
— slopc: -4.6143E | 00 =+ 5.6953E-01

CD-Bonn (JJK) PWIA FIT
—_ slope:o-Iﬂl)l,IQg%OQE)qLOO 1 4.6291E-02 data slope error

(R=9.4235)

CD-Bonn (JJK) FSI FIT
m— slope: -7.2138E+400 + 1.2627E-01
(R=4.5640)

Q* = 4.5+ 0.5 GeV? (Hall C)

1072 -

O rea|fm?]

10~ 4

1076 -
Example of linear fit ~<

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Neutron Recoil Momenta, p, ( GGV’/ ¢) See Backu Slides for
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Statistical Significance Test: Fit Slopes and Chi2

< Slopes are dependent on the NN potential and approximately independent of different parametrizations within the same potential

¢ The data differs from the CD-Bonn slopes by ~ 4 - 9 standard deviations (statistical fluctuations extremely unlikely) [See Slides 78.79 |

Theoretical Model
Paris (Galster)
AV18 (JJK)
AV18 (GKex05)
AV18 (AMT)
CD-Bonn (JJK) -10.1 -10.0 -9.6 -7.2
CD-Bonn (GKex05) -10.3 -10.3 -10.2 -1.7
CD-Bonn (AMT) -10.3 -10.2 -10.2 -7.6
WJIC2 (GKex05) -7.8 -7.8 -8.5 -7.8
WJC2 (AMT) -7.8 -7.8 -8.4 -7.8
35 deg 45 deg
DNV-S slope: -4.7 | slope: -4.6
Xy 2066 | 2 1.4
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SUMMARY

J

¢ The experiment measured cross sections for the exclusive D(e,e’p)n reaction at
0’ =45 (GeV/c)2 for neutron recoil momentum up to 1.0 GeV/c and
neutron recoil angles between 35 to 75 deg

¢ Atlarge angles ~75 deg, FSIs dominate above 300 MeV/c, and there is virtually
no difference between the models due to large FSIs which overshadow the
true momentum distributions

¢ DATA was best described by CD-Bonn models at smaller recoil angles (35 deg)
and recoil momenta up to ~700 MeV/c

<  Above 700 MeV/c, NO calculation describes the data

r()Verall, given that this was a 6-day commissioning and statistically limited experiment, it has ‘
very interesting results, as no model seems to describe the data above recoil momenta of 700

MeV/c. In addition, the data exhibits a significantly smaller fall-off (slope) beyond p,=550 MeV/c
Lcompared to all models. This discrepancy is worth exploring further in the full experiment. A
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A Brief History of the Nuclear Force: From Meson Theory to Phenomenology

1911:
E. Rutherford discovers the atomic
nucleus by “scattering alpha particles

1947,1948:

from Au foil.” In 1917, he proved the Charged pion discovered
'H nucleus is present in the nuclei of
all other atoms

in cosmic rays (1947) and
later artificially produced

in Berkeley Lab (19_48) 1950s:

1932:
J. Chadwick discovers

the neutron in a scattering Efforts devoted to develop pion (meson) field theories

motivated by pion discovery

experiment . '
-One-Pion Exchange Potential (OPEP)
described NN scattering data successfully
-Meson Theory failed to describe
neutron multi-pion exchange (Meson Theory is NOT
the fundamental theory of strong interactions)
1950s:
>
H. Becquerel discovers 1931: 19355 1951 :
: radioactivity from Uranium ' : . — _
: salt on phot}(l) graphic plates gle [‘[Jerriyrrillsrce()s‘éir‘[s H. Yukawa proposes the M. Taketani, S. Nakamura and M. Sasaki
s inlall reslil d 50 ¢ NN interaction to be propose to divide the NN potential into 3
_ u .
.. - t th h b-range
disilled liquid ot massive irual particl O
hydrogen P 2 vy i
300 RRREE MR
o 1
‘ 9 proton | neutron 2 200
. roton ‘ =
1897: E > |
- J.J. Thompson discovers < < 100} 1
the electron (beta rays g o |
deflected by an electric field), virtual massive = e plj ‘ @ | e 1w :
-the electron indicated the e particle = i S e
atom had internal structure 2 J|
= |
1
|
0O 05 10 15 20 25

Separation (fm)
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A Brief History of the Nuclear Force: From Meson Theory to Phenomenology

Quark Model (1964)
- M. Gell-Mann and G. Zweig
propose that baryons & mesons
are bound states of sub-atomic particles

termed “quarks” by Gell-Mann
Refined OBEP models

@ @ -relativistic OBE models developed

-sophisticated OBE models to include
@ 271 exchange
-Paris potential (1972, 1979)

1970s:

1970s:

1990s:
High-precision NN potentials based
on improved nn, pp, np scattering database

e.g., Argonne V18 (AVI1S), Nijmegen I & II, | derive the NN interaction from
Charge-dependent Bonn (CD-Bonn)

Fundamental problem of
nuclear physics in present day:

fundamental QCD principles

e L9505
large amounts of NN scattering
data accumulated since 1955
Discovery of heavier mesons

More sophisticated
OBEP models constructed

in experiments p(770),w(783), potential
-27 exchange contributions
- Development of the One-Boson - Full Bonn potential

Exchange Potential (OBEP)
e.g., Hamada-Johnston (HD),
Yale-Group, Bryan-Scott (BS),
Reid (1969) potentials

Quantum Chromodynamics (QCD) (1973)
QCD established as the QFT of
strong interactions
QCD exhibits 2 main properties:
- Color confinement
- Asymptotic Freedom (Gross, Wilczek, Politzer)

«»
=—0

-27 exchange contributions,
- relativistic effects

to ’(A_';_f tn

STRONG COUPLING PARAMETER a3

I
10 100
MOMENTUM TRANSFER g (GeV)
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- Argonne V14,V28 (AV14, AV28)

>
2000s:

Chiral Effective Field Theories
-development of NN potentials based on yEFT
(experimental scattering data is used as input)
-QCD-based approaches are still a set of models and
do NOT represent a true fundamental progress in
understanding nuclear forces

1990:
-Effective Field Theory (EFT)
applied to low energy QCD
(where nuclear physics operates)
by S. Weinberg (1990)
-Meson theory revisited
in terms QCD EFT
(chiral perturbation theory )




D(e,e’p) Experiments
At Q<1 GeV’
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Previous D(e.,e’p)n Experiments
107 ] ] ] ] 5 10 ;
® Orsay Linac (1964) | .
10 € Kharkov Linac (1974). 7R
»  SACLAY (1981)
o7 | B SACLAY (1984)
107’
G&
< - © N‘E -8
o 108 | 2. |g 10
b =
3
10°°
10° |
1070 |
10710 .
5 107!
.\
-11 ' . ' ' -12 -
10 100 200 300 400 500 10
pm (MeV /c)

Theoretical Calculations
W. Fabian and H. Arenhovel,
Nucl.Phys. A258, 461 (1976)

Plots Reference: W.U.Boeglin and M. Sar

10° - &

< luleld

at: Q*

® MAMI (1998)
------ PWIA j
------ PWIA + PWBA
A 7 FSI “
........ FSI + MEC
- FSI+ MEC +IC 1
----- FSI + MEC + IC +R |
SR
: \‘,;;\_ -
X - \\.\ ' =
)
[ \ “ ]
\
0 200 400 600 800 1000
pm (MeV/c)

< At Pm>300 MeV/c, FSI+MECHIC all dominate the cross section

sian Int.J.Mod.Phvs. E24 (2015) no.03. 1530003



https://arxiv.org/abs/1501.05377
https://arxiv.org/abs/1501.05377

Data Analysis of the E12-10-003
Commissioning Experiment
at Hall C
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Reference Time Cuts

M4 Correct reference time (copy of the trigger) must be chosen so that the ADCs/TDCs
subtract the correct reference time (to the right of the cut dashed line)

HMS Hodo hT1 Ref. Time HMS DC Ref 1 HMS fADC Ref. Time
hT1_ref CUT hDC1_refTime_CUT 5 hFADC_ref_CUT
Entries 269689 1 04 Entr 1 0 - Entries 268997

10* N N Mean ]
[} Std Dev 96.86 | | Std Dev | | Std Dev 98.31
[ ] [ ] [ ]
| | 1 04 |
[ ] 3 [ ] [ ]

10° [ ] 10 [ ] [ |
: : : HM
1 1 10° "
| | |

02 ] 1 02 ] ] [J

1 Ref T
: : v : cierence 11mes
| | |
| | |
] ] [ |

10 . 10 . .
[ ] 10 [ |
| | |

1 1 1
IIIIIIIIIIIIIIII IIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIII
1000 1200 1400 1600 1800 2000 2200 2400 14600 14800 15000 15200 15400 15600 15800 16000 100012001400160018002000220024002600280030003200

SHMS Hodo pT1 Ref. Time SHMS DC Ref 1 SHMS fADC Ref. Time

pT2_ref CUT pDC10_refTime_CUT pFADC_ref_CUT
Entri ies 208681y =  \Entries 265785

10*

SHMS
Reference Times

10°

10?

1500 2000 2500 3000 3500 4000

o™y 0y W [P . I
15500 2000 2500 3000 3500 4000 4500
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TDC Time Window Cuts

4 A time window cut MUST be made around the main signal peak
to reduce background from possible out-of-time events. (Specially on the DCs)

Legend: No Mult. Cut Multiplicity==

SHMS Hodo 1x1+ AdcTdcTimeDiff SHMS Hodo 1x2+ AdcTdcTimeDiff SHMS Hodo 1x3+ AdcTdcTimeDiff SHMS Hodo 1x4+ AdcTdcTimeDiff SHMS Hodo 1x5+ AdcTdcTimeDiff SHMS Hodo 1x6+ AdcTdcTimeDiff SHMS Hodo 1x7+ AdcTdcTimeDitf
E— i 3 S— E— — —— - S I I M S

i Hodoscope 1X+
il ADC-TDC) Time
al | Difference

SHMS Hodo 1x8+ AdcTdcTimeDiff SHMS Hodo 1x12+ AdeTdcTimeDiff SHMS Hodo 1x13+ AdcTdcTimeDiff

-4 20 0 20 40 60

60

SHMS DC Plane 1x2 Raw TDC SHMS DC Plane 1v2 Raw TDC

e eetoC o]
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Drift Chambers
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Detector Calibrations

108 9t e P 22

s 0 o e, e 121

T P ] P

1

SHMS Hodoscope Beta w/ Tracking SHMS DC Plane Residuals Sigma . E 7 N ] [T = =
Hod_Bela 1000 - = - -
30000— Enlries 308450 = - ~ o .
: SiiDes_oosass 00l [l 3 ] - 1 .“.:
p— soof- SHMS DC e e e o T
o SHMS HODO £ - . n HWEI - -’ivfl ] - B "j‘
ook £ rop Residuals: ~250 um . T - - n » 4
E 5 ~Y 1 (6_ ) g 600 g_ . . - -
reE g *F T T B .
- O 400~ -
10000~ ‘é’ a0 E | — —
C © "E A A A A A A A A A A A A
5000~ 200~
a 100
u_ 0|4' 'ola 0.8 o 1 — '12 1|4 .15 OE i 1 PR SRS SR A ST S N SN S T SR T T
N . ) b " ’ (o} 2 4 8 B 10
SHMS DC Planes Residuals i “_’f‘f_"f.:l;_ ""“""""""":] "f:l“'"“‘:l . "_M_.'”""'"“"Q - “’"“'""__]L ’ — :
| — - — - - -
HMS Hod Beta w/ Tracki N - .
odoscope Beta W Trackng - HMS DC Plane Residuals Sigma - : : . i
60000~ hEA';‘:':s 3:% 1000 —— - . Lo
. Sid Dev__0.05993 s00E- et me——— e - mdedmteint = ""“"""“ﬁ """"""" o
«EHMS HODO ook HMS DC . i T T AT T
aonoa - € mof- Residuals: ~350 um - - - -
E 3~ 0.94 £ .
L a 600~
30008 3 _E - —
E (protons) g sof —
20000 :— § 400 E— A A A a A A A A A A ,
: Z a00f-
10000 — E
L 200
Y T R T e 16 "’°;_
— T HMS DC Planes Residuals
T ————
AP versus Edep/P
Edep/P calibrated 3 —1DPvsBeal
hEcal C Mean x 0.7995
18000 — Entries 178628 2E Meany  -1.429
- ‘ Mean 0.7995 - Std Devx 0.2805
16000 [— SHMS Std Dev 0.2805 1= StdDevy 1527
C ¥2 I ndf 106.4/8 -
14000 CATL.ORIMETER Constant 1.743e+04 = 7.033e+01 (= ) SHMS 50
C Mean 0.8973 = 0.0001 - -
12000 :— Sigma 0.02514 + 0.00008 i = - C ALORIMETER 40
10000 [~ o T
- 2E
8000 — = 30
- -3
6000 :'— E 20
4000~ “E
C = 10
2000 )/] SE
O—'m ‘lll J...l.‘ l.“l‘l. _6:lllllllllllllllllllllllllllllllllllllll 0
0 0.2 04 0.6 0.8 1 1.2 14 16 18 2 0.2 04 086 038 1.2 14 1.6 18 2
| —— — — - -



H(e,e’p) Yield Ratio Check

H(e, ep) Elastics Yield Ratio

Energy Loss Simulated

1.00- in the Collimator
0.98 1 : : i D(e,e’p) SHMS rates coverage
o | %l -140 - 170 kHz on SAFE ZONE
0.94 E i
: \ i il UNCorTr |
>\;§ 0.5 ‘ ! corr __ data $ Full Corrections
> \ rdata T
0.90 4 | i Q " €tLT * €htrk ° €etrk * €tgtBoil [ €pAbs
0-88 7 | Run 3288 H(e,e’p) agrees within 3% (statistical only)
- | The uncertainties due to the elastic form factors
M are NOT accounted for in SIMC, and are expected to be
0.84 larger than the statistical. {2

44.64 77.71 590.26

SHMS Rate [kHZ]

Spectrometer acceptance is studied in detailed for this run (3288), l\y
due to its proximity to the D(e,e’p)n 80 MeV kinematics =
NOT Understood:

* How does the tracking algorithm
The general cuts applied were: perform at very high rates?

|HMS Delta] < 8 % SHMS Delta: (-10, 22) %
Inv. Mass W : (0.85, 1.05), HMS Coll. Cut
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SHMS Optics Optimization for
E12-10-003 Using H(e,e’p) Elastics

The SHMS optics optimization work done
for the D(e,e’p)n experiment can be found
at Hall C Document Database

Optics Optimization for the D(e,e’p)n Experiment (E12-10-003)

Carlos Yero

July 29, 2019

1 Introduction

The commissioning of the HMS/SHMS optics took place on the 2017-18 run period and underwent multiple revisions
of the reconstruction matrix elements for both spectrometers during that period.[3, 4] This document presents the optics
optimization checks and procedures done on the High Momentum Spectrometer (HMS) and superHMS (SHMS) for the
Deuteron Electro-Disintegration Commissioning Experiment (E12-10-003) on April 2018. At the time, this experiment
also served as part of the general optics commissioning as during data-taking, it was found that the SHMS Q3 magnet
had an un-ncecessary correction in the matrix elements. As a result, the data for this experiment is divided into two
sections. Only the section after the fix in the SHMS optics was used in the optimization procedure.

The problem of optics optimization can be approached in different ways, depending on the circumstances of the
experiment. In this particular experiment, a series of H(e,e’p) elastic runs were taken at different configurations such
as to cover the entire HMS momentum range in the D(e,e’p)n reaction kinematics. The original and corrected H(e,e'p)
kinematics are summarized below.

Run  Angle [deg] Momentum [GeV] Angle [deg] Momentum [GeV]

3288 37.338 2.938 12.194 8.7
3371 33.545 3.48 13.93 8.7
3374 429 2.31 9.928 8.7
3377 47.605 1.8899 8.495 8.7

Table 1: Original H(e,e’p) Elastic Kinematics in E12-10-003.

Run Angle [deg] Momentum [GeV] Angle [deg] Momentum [GeV]

3288 37.338 2.9355 12.194 8.5342
3371 33.545 3.4758 13.93 8.5342
3374 429 2.3103 9.928 8.5342
3377 47.605 1.8912 8.495 8.5342

Table 2: Corrected H(e,e’p) Elastic Kinematics in E12-10-003.

Spec  d6[rad] d¢p[rad] X/, -offset[rad] Y}, -offset[rad]

HMS 00 1521x10% 2.852x 1073 9.5 x 1071
SHMS 0.0 0.0 0.0 0.0

Table 3: Spectrometer Offsets determined from H(e,e’p) Elastic Run 3288 in E12-10-003. See Section 4 of this document for more information.

Since this is a coincidence experiment, the spectrometers are highly correlated which makes the optics optimization
more complicated, as changes in one spectrometer can affect the other. Based on the kinematics, it was determined to
focus on the HMS first, as the momentum is well below the Dipole saturation (~5 GeV), and the optics are much better
understood from the 6 GeV era.

& Optimize SHMS delta matrix
¢ Used sieve data to optimize Ytar

¢ Determined spectrometer kinematics offsets

Details can be found in documentation

1

f!‘
|

|
}
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https://hallcweb.jlab.org/DocDB/0010/001033/001/d2_optim.pdf
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Ydata / YSIMC

Spectrometer Acceptance
DATA/SIMULATION
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Spectrometer Acceptance

Checks on D(e,e’p)n using 80 MeV setting

HMS Reconstructed Variables
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Counts

Ydata / YSIMC

SeLS mEE-
| SNBRIAX=NERIAXNS = N LW & Ui & T ®

Spectrometer Acceptance
Checks on D(e,e’p)n using 80 MeV setting

SHMS Reconstructed Variables

** Data is fully corrected for inefficiencies
(SIMC MODEL: Laget FSI)

SHMS Y,

[ ]Data | Integral: 142
—SIMC | Integral: 149
Ratio: 0.953 + 0.010

Ydata / YSIMC
SO =

-15 -1 -0.5 0 0.5 1 1.5
SHMS Y

tar
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POX=NERXNS N &
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|
o

SHMS Y',

[ ]Data | Integral: 142
—SIMC | Integral: 149
Ratio: 0.953 = 0.010

P T A T T T SR N TR S L
-0.02 -0.01 0
SHMS Y'._ [rad]

tar



Counts

[\

Ydata/YSIMC
SO ko

Spectrometer Acceptance

Checks on D(e,e’p)n using 80 MeV setting

SHMS Reconstructed Variables

** Data is fully corrected for inefficiencies

(SIMC MODEL: Laget FSI)

SRR =NERORN S

SHMS X', _ SHMS &
| []Data | Integral: 142 ? ;_ []Data | Integral: 142
 —SIMC | Integral: 149 8~ —SIMC | Integral: 149
B Ratio: 0.953 = 0.010 7E- Ratio: 0.953 + 0.010
— 3 Hratt
_ ,2 65 ++
= Z sE-
N 3 4 +
[ = + +
B 3SE +
- 2
N li_
| | 0: [l L
3 2F
3 -|_T Q1.8
= 1.6
3 4 +J[ j’}g Jer f H |
FooI oy CCIoIoIoIoITIiIiioiiooiiiiiiiiibiiicpoiiiiiiiice L. S N PP, pabriat 1 i balubels o
Siuieieieiete 5 B ] 1 [ et ‘."ﬂ‘."f"."ﬂ-:-'f":'-ﬁ-:.:"_'-l-:"_":_'!'E":':::::::::::::::H::::::::::: gwl;i__fl':'lf-t-q-;'_::_,;-1-3--""-1-3":':"_'-1-3-_"'?'_'1-:":':_'f'E"::?:::t:ﬁi:::::‘lf:}fl'::::::: __________
3 S0.6F M
3 ~ 04F
3 . M RSN IR - |+ — 0%_ T | |
06 -0.02 0 0.04 0.06 -3 -2 -1 0

SHMS X', [rad] SHMS 6 [%]
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D(e.e’p)n
Data Analysis Cuts

(shown only for 80 MeV setting but are

also applied to high missing momentum data)
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Counts / mC

Counts / mC

Nuclear Missing Energy

B |:|Data | Integral: 163
25 [ —sIMC Integral: 170
B Ratio: 0.959 = 0.009
- ] L] DATA
20— - .
i : H :  SIMC
sE 3 s
of s
5 : E
O B | | | | B | | | | | | | | | : |
-0.04 -0.02 0 0.02 0.04 0.06 0.08
Missing Energy, E_[GeV]
Z.,. Difference
50 [ |Data | Integral: 153
—  —SIMC | Integral: 151
— Ratio: 1.013 = 0.010 DATA
0 ; : SIMC
saf- s s
20— i :
10— : :
0 B | | | | I | | 1| J | | | I | | | I |
-10 -8 -6 -4 -2 0 2 4 6 8
Z,,. Difference [cm]
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Missing Energy Cut: (-20, 40) MeV

Select true D(e,e’p)n events

Em=w-—T,—T,
1 1

Missing energy Assume the mass
is the B.E. of deuteron of the neutron
(~2.22 MeV)

Reconstructed Z vertex difference Cut:
+/- 2 cm relative the peak value

require event Z-vertex position
to be the same for both HMS and SHMS to

select true coincidences and not
accidental events




Counts / mC

Counts / mC

SHMS o

9 f— |:|Data | Integral: 142
— —SIMC | Integral: 149
8E"  Ratio: 0953 = 0.010
E DATA
6 f— .|.'H' ++
- SIMC 1
5k .
af- ) H
3 f_ +F +
- +
2
1— X
0: | TR | | | |
-3 -2 -1 0 1 2 3
SHMS 6 [%]
HMS 9§
14 [ |:|Data | Integral: 151
| — SIMC | Integral: 160
12 [ Ratio: 0.944 = 0.009
10-DATA : 1
s: SIMC :
sF-
-
2
0_| ) u DN N N NN I NN NN OSSN IO N IO OREISSINNENN
-15 -10 -5 0 5 10 15
HMS § [%]

SHMS Delta Acceptance (-3, 3) %

SHMS Delta Acceptance is

constrained by the HMS Acceptance
to be in the range (-3, 3)%

HMS Delta Acceptance Cut: (-8, 8) %

Select HMS acceptance region

where Optics Reconstruction
is reliable
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Counts / mC

% B

107!

1072

10?

10

Counts / mC

107!

1072

SHMS Calorimeter Total Normalized Energy

Data | Integral: 142

DATA

| | L | L | | | |

04 0.6 0.8 1
SHMS Calorimeter E. /P

S
o

dep ~ trk

Coincidence Time

Data | Integral: 145

DATA

] ]
1 | I | i 1 | |.I | | I.l | | L |

I

L

5 10 15 20
Coincidence Time [ns]

25

* 48

SHMS: Total energy deposited in

Calorimeter normalized by the best track

CUT: > 0.7

select true electrons in SHMS

and not pions (looks very clean!)

Coincidence Time Cut
CUT: (10.5, 14.5) ns

select true electron-proton coincidences
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Counts / mC
()

W
—
th IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

[\
—

[y
=]

NS

4-Momentum Transfer, Q2

|:| Data | Integral: 787

— SIMC | Integral: 822
Ratio: 0957 = 0.006 4-Momentum Transfer Cut

DATA 4 CUT: Q=4.5 +/- 0.5 GeV’
SIMC ' '

Kinematics cut to select only

events with high momentum transfer
(as stated on the proposal)

3 3.5 4 4.5 5 5.5
Q* [GeV?]
HMS Collimator
15
' Lo.1 HMS Collimator Cut
o[- o (Geometrical cut on
: 1, collimator dimensions)
T b |
% i —0.1
E oL 0.1 Select events that passed through
< I 00 collimator and NOT scattered at the
T sf oo edges of the collimator
E 0.0
-10~
i 0.0

L1 11 I L1 I J I L1 | L1 11
B TR S— 0 5 10 T 49
HMS Y Collimator [cm]



Extraction of the D(e,e’p)n Cross Section

Efficiencies and
Correction Factors
Determination
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uncorr
y corr _ data f?"ad

data —
Q " €tLT " €htrk ° €Cetrk " €tgtBoil T €pAbs

e Time that the DAQ is unable to register/process triggers results in event loss which
must be accounted for

Total EDMT Live Time vs. Run Number

1.05
———  avg=0.922762
B 80 (setl)
B 580 (setl)
1.00 B 580 (set2)
B 750 (setl)
- B 750 (set2)
2 0.95 1 B 750 (set3)
E
E _______________
;ﬁ 0.90 A
0.85 1 . - 0
Average Live Time: ~ 92.2 %
0.80

3300 3320 3340 3360 3380 3400
Run Number
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uncorr f g
corrT data ra

i —
data
Q " €tLT " €htrk ° €etrk " €tgtBoil * €pAbs

e Account for potential lost tracks due to bad track reconstruction by the tracking algorithm

Tracking Efficiency vs. Run Number

B HMS @ SHMS - 80(setl)
104 B HMS @ SHMS - 580 (setl)
B HMS B SHMS — 580 (set2)
. B HMS @ SHMS - 750 (setl)
' ¥ HMS B SHMS - 750 (set2)
B OHMS  F gHMs - 750 (set3)
1.00 m
nE *f*i *}Eiﬁf** *Hﬁ iﬁ*& Fﬁﬁ?}fﬁ it
2 0.98- .
=
:
ke o
0.94 -
Average Tracking Efficiency

0.92 - HMS: -~ 98.86 %
SHMS: ~ 96.36 %

0.90 . T . . .
3300 3320 3340 3360 3380 3400

Run Number
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Y

data

Fractional Normalized Yield

1.01

1.00

o
©
©

o
©
©

©
©
N

o
©
)

o

©

vl
L

0.94

0.93 -

corr

UNCOTT
data

Zf}ad

HMS Boiling Studies (April 2018 data set)

HMS Boiling Studies (April 02, 2018)

| LH2: -0.0006 / uA

fit: slope = -0.0002 +/- 0.0003
offset = 1.00 +/- 0.01

fit: slope = -0.0006 +/- 0.0001
offset = 1.00 +/- 0.00

fit: slope = -0.0008 +/- 0.0001

- offset = 1.00 +/- 0.00
@ data: C12 tracking Yield
B data: LH2 tracking Yield
& data: LD2 tracking Yield

LD2: -0.0008 / uA
Carbon-12: -0.0002 /uA

Fit slope: fractional yield loss / uA

10 20 30 40 50 60 70 80
BCM4B Avg. Current [uA]

Target Boiling Corrections
See DOC DB Link HERE!
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1.04 1

1.02 1

—_
o
()

S
©
o0

Target Boiling Factor

0.94 1

0.92 1

0.90

Q " €tLT " Ehtrk ° €Cetrk " €tgtBoil - €pAbs

LD2 Boiling Factor vs. Run Number

<

o)

(@]
1

-—— avgyotl = 0.957673

80 (setl)

580 (setl)

580 (set2)

750 (setl)

750 (set2)
(set3)

HH HH HH HH HKH HH

gy

Average Yield left due to Target Boiling: 95.7 %

3340 3360 3380 3400

Run Number

3300 3320


https://hallcweb.jlab.org/DocDB/0010/001023/002/TargetBoiling.pdf

uncorr
y corr _ data f?"ad

data —
Q " €tLT " €htrk ° €Cetrk " €tgtBoil * €pAbs

Counts / 8 MeV

> _— h W should
Proton Absorption = 4.66 £ 0.472% e
Mean 0.9462
- Std Dev 0.02133
— Integral 2083
[ W dd
300 I Entries 1968
— Mean 0.9461
— Std Dev 0.02099
: Integral 1986
250 —
200 [—
— . e did 1986
— 'Transmission — = —— =0.9534
150 |— e~ should 2083
100 —
50—
— | | | | 1 1 | | i i\ \\l\\ \\\\ll\\J\ h\ Ny ‘\L\ SOOI |
%.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

o Invariant Mass W [GeV]
For Full Description of

Proton Absorption Analysis,

See DOC DB Link HERE'! 54


https://hallcweb.jlab.org/DocDB/0010/001020/002/ProtonAbsorption_slides.pdf

uncorr f g
corrT data ra

Ydata ~

Q " €tLT " €htrk ° €Cetrk " €tgtBoil T €pAbs

Radiative Correction Factor, 6, =45 + 5°

s Radiative Correction Factor, 8, = 35 £ 5° 5
& rPwia ®  FSISO (setl) ® prwiA QO  FSI80 (setl)
b o 5 o § m § e
PWIA FSI 580 (set2)
4 35 deg ¥ PWIA T FSI750 (setl) 4 45 de ¥ pwia T FSIT750 (setl)
¢ pPwiA @ FSI750 (set2) g ¢ PWIA @ FSI 750 (set2)
& rwia & FSI 750 (set3) - ¢ prwia O FSI750 (set3)
% 31 % 31 1
s e ; !
o 27 B a © 2] T H 8
8 B 3
= | §¥o0ccc0ce FEagga, < | 8s0000000]s PEg,lo,
1 Oy T’ A i o
$o : &0
)4 n-physical value v
1 (edge of acceptance)
0.0 0.2 04 06 08 1.0 1.2 0.0 02 04 0.6 0.8 1.0 12

Recoil Momenta. P- (GeV/c) Recoil Momenta, P, (GeV/c)
s Radiative Correction Factor, 6, =75 £ 5°

® rwiA Q  FSI80 (setl)
B PWIA O  FSI580 (setl)
A PWIA A FSI 580 (set2)
+ 75 deg Pooia 8 e
4 prwia & FSI 750 (set3)
93] |
ke L] [ ] Y [ ] ;
Radiative Correction factor
12
& §°goo§§0300000 S/SIMC

) f g = norad
rad — y-SIMC
0 Yrad

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Recoil Momenta, P, (GeV/c)




TRIGGER RATES

Trigger Rates vs. Run Number

170 - u -

<) [ | [ |

= " o - = e . 80 (setl)
. 160 - - "= . = . B 580 (setl)

u

= " " B 580 (set2)
150 1 N n =, B 750 (setl)
)

2140 C . - . A = . B 750 (set2)
53 " m m m m m " m 750 (set3)
2 130, . B, - & i

N

120 - [ ] Dm — 0 7\/[:3\//0
. . Scaled x0.2
N ] n
EOJG -
O
+ | | |
< | [ |
o a ﬁ = - e
= 0.14 - - - o . - e " e = .I-
2 Lol LN " & = "
= o . m u
% 0.12 1 n L .-..l - o ]
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g | P,, =80 MelV /c
E 3.0 - - Scaled x0.02
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| m u
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BPM Position [cm]

0.0325 -

0.0300 ~

O O O
[\ (\) [\
(\) Ut I
&) ) &1

0.0200 -

0.0175 1

0.0150 +

BEAM POSITION MONITORING (BPMs)

Beam Position Monitor vs. Run Number

Run Number
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[ & H(eep)
X BPMs B 80 (setl)
o B 580 (setl)
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40

AVERAGE BEAM CURRENT
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50 1
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ACCEPTED COUNTS / CHARGE
Accepted Coincidence Triggers / Charge vs. Run Number

130 1 A 80 (setl), scaled x0.06
} A 580 (setl)
125+ A 580 (set2)
190 A 750 (setl)
A 750 (set2)
115 A 750 (set3)

Accepted Coin. Triggers / mC
-
-

3300 3320 3340 3360 3380
Run Number
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BIN-CENTERING

CORRECTIONS

60



Bin Centering Corrections

Cross Seckion

gmodel (1_{) Model cross section evaluated at the averaged kinematic bin

o mOdel(k) Average (SIMC) model cross section evaluated over a kinematic bin, k

Bin-center corrected data cross section at Kinematic bin, k



Bin Centering Corrections

** Currently, Hall C software does NOT do energy loss corrections, therefore,
the average kinematics were calculated from vertex quantities in

simulation.
Kinematic bin (e.q. Pm bin

where cross section is stored)

T = /
2. Wi /K

Averaged kinematic variable x over kinematic bin k

Weight times kinematic variable summed over all events

Sum of the weights over all events
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Bin Centering Corrections

** Once the averaged kinematics have been calculated, . . .

IN Theoretical Model OUT - - -
- . TTmodae = cm
48 ! o (Eb7Q27w7(9pq 7¢pQ)

T : avg. kinematics == (usually a code that -3
takes the input)

Averaged Model Cross Section

+* Correct the data bin-by-bin using the model cross sections ratio ...

EXP ~EIP

> o Umadel (Eba sz W, 952"’7 ¢pq)
b —

C 5-m0del
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Umooellémooel

fbc

1.4-

1.27

=
o0

0.61

Bin Centering Correction Factor, 6, = 35 £ 5°
® PWIA Q FSI, 80 (setl)
B PWIA 0 FSI, 580 (setl)
A PWIA A FSI, 580 (set2)
¥ PwiA ¥  FSIL 750 (setl)
® PWIA @  FSI, 750 (set2)
¢ PWIA $  FSI 750 (set3)
0 o EUN%QEGQQ O
go@” LR
1 § A Q ¢ g
o)
®
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Recoil Momenta, P, (GeV/c)
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fbc=amoae|/5moae|

1.41

1.27

0.81

0.61

Bin Centering Correction Factor, 6, =45+ 5°

® PWIA Q FSI, 80 (setl)
B PWIA 0 FSI 580 (setl)
A PWIA A FSI, 580 (set2)
¥ PwWIA ¥  FSIL 750 (setl)
A ® PWIA @  FSI, 750 (set2)
¢ prPwia {$  FSI, 750 (set3)
l A %88 gaén
I e LTS
1 a0 "'
Q
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Recoil Momenta, P, (GeV/c)
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Umooel/amooel

fbc

1.4-

1.27

S
o0

0.61

Bin Centering Correction Factor, 6, = 75 £ 5°

® PwiA Q FSI 80 (setl)
B PWIA O FSIL 580 (setl)
A PWIA A FSI, 580 (set2)
¥ PWIA ¥  FSL 750 (setl)
® PWIA @  FSI 750 (set2)
PWIA FSI, 750 (set3)
&
: 0 ¢
o)
0 o o ¢ g Q §
o] &
[ o & & %
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Recoil Momenta, P, (GeV/c)
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Error Analysis
of D(e.,e’p)n
Cross Section
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NORMALIZATION

HMS

sHMS

Proton

CORRECTION FACTORS for D(e,e’p)n

. . Target Boiling . Total Live  Total Charge
Tracking Tracking . Absorption .
Efficiency Efficiency Correction Correction Time (mC)
80 0.989 0.965 0.958 0.953 0.908 142.140
>80 0.990 0.965 0.960 0.953 0.929 1686.830
(set 1)
580
0.987 0.964 0.959 0.953 0.929 1931.770
(set 2)
750
0.988 0.964 0.957 0.953 0.924 5329.490
(set 1)
750
0.989 0.962 0.956 0.953 0.923 1894.010
(set 2)
750
0.989 0.962 0.956 0.953 0.924 1083.700
(set 3)

€ Correction factors were averaged over all runs of individual data sets
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UNCERTAINTY (%) IN NORMALIZATION CORRECTION FACTORS for D(e,e’p)n

HMS sHMS - Proton .
kg e SUSUBO i, T T
Efficiency Err. Efficiency Err. ; Correction Err. ; ;
80 0.034% 0.040% 0.378% 0.472% — —
(Ssjol) 0.396% 0.732% 0.362% 0.472% — —
580 0 0 0 0
(set 2) 0.473% 0.583% 0.369% 0.472% — —
750 0 0 0 0
(set 1) 0.526% 0.689% 0.384% 0.472% — —
750 0 0 0 0
(set 2) 0.467% 0.682% 0.401% 0.472% — —
750 o o o
0.507% 0.729% 0.397% 0.472% — —
(set 3) P P

** Uncertainty on EDTM and BCM
is not finalized. Conservative estimates
on the cross section error were

made (See next slide)
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SYSTEMATIC UNCERTAINTY ON NORMALIZATION

— dosst, | df,
O-ggjfr :0-181,:7?():07“7“°f1 f2fz > _e(;)gr T
Ocorr It fz

f; : normalization correction factors
df; : error in normalization correction factors

Relative Systematic Error (%) on the Cross Section due to:

Trglcv[kisng T:::Icl\lfiig Target Boiling Al}: l;(:'t[())tlilon Total Live Total Charge
Efficiency Efficiency Correction Correction Time (mC)

30 0.0344% 0.0413% 0.3948% 0.4951% 3.0% 2.0%
(85501) 0.3999% 0.7586% 0.3766% 0.4951% 3.0% 2.0%
(855(;) 0.4786% 0.6041% 0.3842% 0.4951% 3.0% 2.0%
(87;01) 0.5329% 0.7155% 0.4013% 0.4951% 3.0% 2.0%
(sZOz) 0.4719% 0.7089% 0.4196% 0.4951% 3.0% 2.0%
(87;(;) 0.5127% 0.7584% 0.4150% 0.4951% 3.0% 2.0%

Systematic errors that DO NOT vary are
added in quadrature to the final result

added in quadrature for
overlapping Pm bins
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SPECTROMETER KINEMATIC SYSTEMATIC UNCERTAINTIES on D(e,e’p)n

00 |mr +/- 0.17
08, [mr. +/- 0.24
0OEf/Ef | +/-9.1E-04
OFy/Ey | +-7.5E-04
AT eap 6.5%
dog,, = d—aéée)z + (d—a

do.

Covariance Errors

do,

Uncertainty in SHMS angle

Determined from
Uncertainty in HMS angle g —- fit to H(e,e’p) coincidence
elastic data.
Uncertainty in SHMS momentum (See DOC DB link HERE!)

Uncertainty in Beam Energy

_ Max. Kin. Systematic
Error on Cross
Section

59p)2+ ( do oE; Ef)2 N ( do 5EbEb)2+

dE; E; dE, B,

Kinematic uncertainties are due to our limited knowledge of the beam, spectrometer momenta and angles.
Each of these uncertainties affects our knowledge of the cross section, since the cross section depends

on these kinematics

The kinematic uncertainties are point-to-point which means they vary depending for each data point, as each
corresponds to a different missing momentum Kinematic bin.

The tables of the PWIA Laget Cross section derivatives with respect to the kinematic variables were used
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https://hallcweb.jlab.org/DocDB/0010/001036/002/HC_SoftwareMeeting_Oct03_2019_pdf.pdf
https://hallcweb.jlab.org/DocDB/0010/001036/002/HC_SoftwareMeeting_Oct03_2019_pdf.pdf

D(e.,e’p)n Cross Section Relative Errors Summary Plots

D(e, e'p)n Cross Section Relative Errors

® Statistical Error T
O
404 @ Systematics Error an — 35 1 5
® Total Error T

201 T
=
s-4
O
=
=01 @ 0 9000000000000
=
o
e
~

—o01 1 |

—40 1

0.0 0.2 0.4 0.6 0.8
Recoil Momenta P, |GeV/(]
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D(e.,e’p)n Cross Section Relative Errors Summary Plots

D(e, e'p)n Cross Section Relative Errors

® Statistical Error L 1 EO
® Systematics Error an o 45 — 5
407 ® Total Error T
=y 20) 1 T
S
S
LE 0 .i}} o0 9000000000000 00
-
=
)
= 201 1
—40- .
0.0 0.2 0.4 0.6 0.8 1.0

Recoil Momenta P, [GeV /(]
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Relative Error [%]

D(e,e’p)n Cross Section Relative Errors Summary Plots
40
30 -

20 1

—t
-

-

|
—
-

|
D
S

|
9
S

|
S
-

D(e, e'p)n Cross Section Relative Errors

—_ . o T -
an — 75 —4 5 T
® ® [ ® ® ® ® ® @
- ® Statistical Error
® Systematics Error 1 1
® Total Error -
0.05 010 015 020 025 030  0.35
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From Theoretical Potentials
to Theoretical Cross Sections

How are the theoretical cross sections
determined from an NN potential ?
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Construction of NN potential
(by theory groups)

|

Nuclear wave function, ”(p (’]7 )

NN theoretical potential
Elastic nn, pp, np

scattering data

Paris, CD-Bonn, AVI8, WJC2, ...

Theoretical cross-section
calculations from NN wave function

Nucleon form factor parametrization
e.g., Galster, JJK, GKex05, AMT

Theoretical np data parametrization for
Calculations : FSI calculations

M. Laget e.g., SAID, Regge

= Paris (Galster) v

. < Vp, Yn|Atot|¥D >=< Vp, Yn|Apwa|tVD > + < Yy, Y| Arst|¥p >

=M. M. Sargsian

 Costiomn 09) Val t N T <Y ¥nlAueclYp > + < Pp, ¥nlAic|vp >

np final state total initial state

: S. Jeschonnek and wave finction transition Wave function

: LWV, Orden amplitude

- wic2 (GKex05)

= CD-Bonn (GKex05)

: AVIS (GKex05) d° o 5

: X | < A > 7 s ical di : i

L wic2 (AMT) d L/ dQe de ’ wpa wn‘ tot ‘wD ’ 5-fold theoretical differential cross section

CD-Bonn (AMT) for the deuteron
“AVIS (AMT)

*

J.M. Laget, Phys. Lett. B609, 49 (2005)

M.M. Sargsian, Phys. Rev. C82, 014612 (2010)

W.P. Ford, S. Jeschonnek and J.W.V. Orden, Phys. Rev. C90, 064006 (2014)
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https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
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Interpreting the Statistical Significance Test

p-value definition:

The p-value is the probability of

getting the observed value of the test
statistic, or a value with even greater
evidence against H0, if the null hypothesis

is true

Ho : = po (null hypothesis)
Hg :p> po (alternative hypothesis)

/.-test statistic

X = o
- o/vn

X : measured variable

A

Lo : population mean of Hy
o : population standard deviation of Hy

n : number of trials or experiments

For the E12-10-003:
X = Hdata — Htheory (Slope difference)

probability of observation

Cross Section Ratio, #,, =45 £ 5 deg

== (CD-Bonn (JJK) PWIA
= CD-Bonn (JJK) I'SI
DATA FIT

10° +
slope: -4.6143E | 00 £ 5.6953E-01
CD-Bonn (JJK) PWIA FIT
slope: -9.9809E+00 L 4.6291E-02
(R=0.4230)

CD-Bonn (JJK) FSI FIT

slope: -7.2138E+00 = 1.2627E-01
(R=4.5640)

® Q>=43+05GeV? (Hall C)

1079 1

00 02 04 06 08 1.0 12
Neutron Recoil Momenta, p, (GeV/c)

Distribution of Z if Hy is true:

True value under the null hypothesis
and most likely observation

{

95% statistical
significance threshold

Observed p-value
(statistical significance)
very unlikely
observations

Ho

Ob.served

very unlikel
o Y result (value)

observations

A

set of possible results

Y4 p-value = p(Z > Zj)

/LOZO n=1

0 = O-:udata

null hypothesis: if the E12-10-003 were to be repeated n times, the difference between the
data and theory slopes would follow a standard normal distribution with a mean of zero. That is,
the difference in the slopes would only be due to statistical fluctuations.
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Statistical Significance Test: Z-score and p-values

< The p-values describe the probability that the observed difference in the measurements
is due to a statistical fluctuation

< The data differs from the CD-Bonn slopes by ~ 4 - 9 standard deviations (statistical fluctuations extremely unlikely)

PWIA PWIA FSI FSI

(35deg) p-value (45deg) p-value (35deg) p-value (45deg) p-value
Z-score Z-score Z-score Z-score

Theoretical
Model

Paris
(Galster)

AV18 (JJK)

AV1S
(GKex05)

AV1S
(AMT)

CD-Bonn
(JIK)

CD-Bonn
(GKex05)

CD-Bonn
(AMT)

WJC2
(GKex05)

7.321 | 1.2E-13| 9.423 |2.1E-21] 6.648 1.4E-11 4.564 | 2.5E-06

7.611 |1.3E-14| 9.895 |2.1E-23| 7.484 3.6E-14 5.383 | 3.6E-08

7.586 |1.6E-14| 9.882 |2.4E-23]| 7.460 4.3E-14 5.516 | 1.7E-08

4.241 |1.1E-05] 5.575 |1.2E-08] 5.133 1.4E-07 5.519 | 1.7E-08

wJC2
(AMT)

4.217 |1.2E-05] 5.561 |1.3E-08] S5.110 1.6E-07 5.598 | 1.0E-08
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Orea[M?]

10°

10~2

10~

106

Paris Potential (Galster parametrization)

D(e,e’p)n Linear Fit Plots

Cross Section Ratio, f,,, = 35 £ 5 deg

1

1

Paris (Galster) PWIA

Paris (Galster) FSI

DATA FIT

slope: -4.6954L54+00 = 7.32961:-01
Paris (Galster) PWIA FIT

slope: -8.3080E+00 | 1.6091E-01
(R=4.9297)

Paris (Galster) TST T'TT

slope: -8.2067E 1 00 + 1.1950E-01
(R=4.7910)

Q? —4.5+0.5 GeV? (llall Q)

0.0

0.2

0.4

0.6

T

Neutron Recoil Momenta, p, (GeV/c)

0.8 1.0 1.2

10° -

10¢

80

Cross Section Ratio, 0,,, = 15 £ 5 deg

Paris (Galster) PWIA
Paris (Galster) FSI
DATA KI'T

slope: -4.6143E | 00 + 5.6953E-01
Paris (Galster) PWIA FIT

slope: -8.3397E+00 | 1.7100E-01
(R=06.541c)

Paris (Galster) FSI FIT

slope: -7.6610K+00 £ 1.1021E-01
(R—5.3550)

Q> =45 105 GeV? (Hall C)

0.0

I
0.2

041

0.6

0.8 1.0 1.2

Neutron Recoil Momenta, p, (GeV/c)




D(e,e’p)n Linear Fit Plots

AV18 (JJK parametrization)

Cross Section Ratio, 0,, = 35 £ 5 deg

10" 4 o
; — = AVI8 (JJK) PWIA
. —— AVIS8 (JJK) FSI
107 5 DATA FIT
] slope: -4.6954E | 00 = 7.3296E-01
10-1 AVIR (LJK) PWIA FIT
— slope: -T.900315-+00 + B.137315-02
(R=4.373¢)
10 # 4 AVI8& (JJK) FSI FIT
slope: -8.4050E+00 £ 5.7884E-02
) (R=5.184¢)
1077 5 ® Q7 _15+05GeV? (llall Q)
104 4
107" 5
10-5 E
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Neutron Recoil Momenta, p, (GeV/c)

10" 4

10~?

10-°
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Cross Section Ratio, 6, = 15 £ 5 deg

AVIS (JJK) PWIA

AV18 (JJK) FSI

DATA FIT

slope: -4.6143LE+00 + 5.6953L-01
AV18 (JJK) PWIA FIT

slope: -7.8218E+400 + 8.3845E-02
(R=5.6320a)

AVIR (IJK) FST FIT
slope: -7.3031E | 00 +
(R=1.7210)

Q2 =45+05

7.8914E-02

eV? (Hall C)

0.0

0.2

0.4

0.6

0.8 10 19

Neutron Recoil Momenta, p, (GeV/c)




D(e,e’p)n Linear Fit Plots

AV18 (GKex(05 parametrization)

Cross Section Ratio, 0,, = 35 £ 5 deg

101 4
1 @ AV18 (GKex05) PWIA
o] AVI18 (GKex05) T'SI
10 DATA FIT
:  slope: -4.6954E400 + 7.3296E-01
10 ! 4 AV18 (GKex05) PWIA [IT
— slope: -8.0836K | 00 £ 9.2541E-02
® (R=4.6230)
10 24 ® AV18 (CKex05) FSIELT
8 — slope: -8.8119E4+00 £ 9.3677F-02
= . (R=0.6160)
g 1077 5 ® 02=45105GeV? (Hall C)
—4 |
10 ,.
10— 3
10_6 3
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Neutron Recoil Momenta, p, (GeV/c)

Cross Section Ratio, 0,,, = 45 £ 5 deg

1 ]
103 o AV18 (GKex05) PWIA
AV18 (GKex05) FSI
100 3 DATA KIT
— slope: -1.6113E+00 + 3.6953E-01
10-1 | AV18 (GKex05) PWIA FIT
slope: -8.0767E+00 L 9.7773E-02
° (R=6.079¢)
—10~2 4 AV18 (GKex05) FSI FIT
™ ] m— Slope: -7.9685E | 00 £ 6.5268E-02
= (R=5.889c)
g 107 5 ® @ 4.5+0.5GeV? (Ilall C)
)
o
10~ 4 *e
-5 | ‘
10 °
10 6 _
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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D(e,e’p)n Linear Fit Plots

AV18 (AMT parametrization)

Cross Section Ratio, 0,, = 35 £ 5 deg

10" 4 —
E —— AV18 (AMT) PWIA
» —— AV18 (AMT) FSI
107 5 DATA FIT
slope: -4.6954E+00 L 7.3296E-01
10-1 4 AVIR (AMT) PWIA FIT
] —— slope: -8.0658E-+00 L 9.3166E-02
(R=4.508)
10 2 4 AVI8 (AMT) FST FIT
m— slopce: -&.7974E | 00 & 9.4009E-02
(R=3.5070)
10 L 2 X 9
Q% =451 0.5 GeV? (Hall )
104
1075 4
1075 -
\\
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Neutron Recoil Momenta, p, (GeV/c)

10" -
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Cross Section Ratio, 6,, =45+ 5 deg

10° ;

107 5

— = AVI8 (AMT) PWIA

—— AV18 (AMT) TSI

DATA FIT

slope: -4.6143F+00 £ 5.6053F-01

AV18 (AMT) PWIA FIT

m—— slope: -8.0693E400 + 9.7857E-02
(R=6.0660)
AV18 (AMT) FSI FIT

m— slope: -8.0180E400 = 6.8099FE-02
(R=5.9760)

Q*=15+0.5 GeV? (Hall C)

0.0

0.2 0.4 0.6 0.8 1.0 1.2
Neutron Recoil Momenta, p, (GeV/c)




Ored [hng]

D(e,e’p)n Linear Fit Plots

CD-Bonn (JJK parametrization)

Cross Section Ratio, #,, = 35 £ 5 deg

10° |

1072 A

10=1 +

10 6 -

CD-Bonn (JJK) PWTA

CD-Bonn (JJK) FST

DATA IFIT

slope: -4.6954E+400 + 7.3296E-01
CD-Bonn (JJK) PWIA TIT
slope: -1.0061E+01 + 2.9137E-02
(R=7.3210)

CD-Bonn (JJK) FSTFIT

slope: -9.5682E400 £+ 1.6926F-01
(R=6.648)

Q% =15+0.5 GeV? (Hall C)

0.0

0.2 0.4 0.6 0.8 1.0 1.2
Neutron Recoil Momenta, p, (GeV/c)

O vod [fm?]

10°

101

10—(5
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Cross Section Ratio, 6,, = 45 £ 5 deg

CD-Boun (JJK) PWIA
CD-Bonn (JJK) FSI

DATA FIT

slope: -4.6143E | 00 = 5.6953E-01
CD-Bonn (JJK) PWIA FIT
slope: -9.9809E+00 L 4.6291E-02
(R=9.4234)

CD-Bonn (JJK) FSI FIT

slope: -7.2138E+00 = 1.2627E-01
(R=4.5640)

Q* =4.5+0.5 GeV? (Hall C)

0.2 0.4 0.6 0.8 1.0 1.2

0.0 |
Neutron Recoil Momenta, p, (GeV/c¢)
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D(e,e’p)n Linear Fit Plots

CD-Bonn (GKex05 parametrization)

Cross Section Ratio, t,, = 35 £ 5 deg

= = (CD-Bonn (GKex05) PWIA
= (CD-Bonn (GKex05) FSI
DATA FIT
slope: -4.6954F | 00 & 7.3296E-01
CD-Bonn (GKex05) PWIA FI'T
— slope: -1.0271E401 + 3.8697E-02
(R=7.6110)

CD-Bonn (GKex05) FSI FIT
= slope: -1.0181E+01 + 1.1410E-01
(R=7.4840)

Q* = 4.5+ 0.5 GeV? (Hall C)

(.0

(.2 0.4 0.6 0.8 1.0 1.2
Neutron Recoil Momenta, p, (GeV/c)
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10°

10 ©

Cross Section Ratio, 0,,, = 45+ 5 deg

= =  (CD-Bonn (GKex03) PWIA
m— CD-Bonn (GKex03) FSIL

DATA FIT
slope: -4.6143E+00 L 5.6953E-01

CD-Bonn (GKex03) PWIA FIT

slope: -1.0250E+4-01 + 4.7124E-02

(R=9.895¢7)

CD-Bonn (GKex03) FSI FIT

—— slope: -7.6802E+00 L 2.0112E-01
(R—5.3830)

® Q’=15+0. GeV? (Hall C)

0.0

0.2 0.4 0.6 0.8 1.0 1.2
Neutron Recoil Momenta, p, (GeV/c)




10°

1076

D(e,e’p)n Linear Fit Plots

CD-Bonn (AMT parametrization)

Cross Section Ratio, 0,;, = 35 £ 5 deg

CD-Bonn (AMT) PWIA
CD-Bonn (AMT) FSI

DATA FIT

slope: -4.6954E4-00 L 7.3296E-01
CD-Bonn (AMT) PWTA FIT
slope: -1.0256LL+01 + 3.9264%-02
(R=7.5860)

CD-Bonn (AMT) I'SITIT

slope: -1.0163E+01 L 1.1467E-01
(R=7.4600)

® ° 45+0.5GeV? (Ilall C)

0.0

0.2 0.1 0.6 0.8 1.0 1.2
Necutron Recoil Momenta, p, (GeV/c)
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Cross Section Ratio, 0, = 45 £ 5 deg

CD-Bonn (AM'1') PWIA
CD-Bonn (AMT) I'SI
DATA FIT

slope: -4.6143E+00 + 5.6953E-01
CD-Bonn (AMT) PWIA TIT
slope: -1.0242E+01 + 4.7122E-02
(R—9.8820)

CD-Bonn (AMT) FSIFIT

slope: -7.7559E+00 + 2.0243E-01
(R=5.5160)

Q% = 1.5+ 0.5 GeV? (Hall C)

10° 1

1075 4

0.2 0.4 0.6 0.8 1.0
Neutron Recoil Momenta, p, (GeV/c)
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10"

10°

1071

Ored|fm?

].(]_L‘l s

10—

107°

D(e,e’p)n Linear Fit Plots

WJC2 (GKex05 parametrization)

Cross Section Ratio, 0, = 35 £ 5 deg

WJC2 (GKex05) PWIA

WJC2 (GKex05) TSI

DATA FIT

slope: -4.6954E4+00 + 7.3206E-01
WJIC2 (GKex05) PWIA TIT
slope: -7.8039E+00 + 1.3349E-01
(R—4.2410)

WIJC2 (GKex05) I'ST I'IT
slope: -8.4574E4+00 £ 1.4971E-01
(R=5.1330)

Q% = 1.5+ 0.5 GeV? (Hall C)
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Neutron Recoil Momenta, p, (GGV /C)

87

Cross Section Ratio, 0,,, = 45 £ 5 deg

¢

e

WJC2 (GKex05) PWIA
WJC2 (GKex05) FSI

DATA FIT
slope: -4.6143E+4-00 + 5.6953E-01

WJC2 (GKex05) PWIA FIT
slope: -7.7892E+00 + 1.3993E-01
(R=5.5750)

WJC2 (GKex05) FSI FIT
slope: -7.7576E+00 + 1.3574E-01
(R=5.5190)

Q*=4.5+0.5 GeV? (Hall C)
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D(e,e’p)n Linear Fit Plots

WJC2 (AMT parametrization)

Cross Section Ratio, 0,y = 35 £ 5 deg

10! 4 . .
] - = WJIC2 (AMT) PWIA
o e WJC2 (AMT) IFSI
10 1 DATA FIT
] slope: -4.6954E400 + 7.3296-01
10-! 4 WJIC2 (AMT) PWIA T'IT
m— slope: -7.7863E 1 00 £+ 1.3603E-01
(R=4.2170)
10 2 - WJC2 (AMT) ESLEIT
e slOpe: -8 4407FEA400 £ 1.4944E-01
(R=0h.11007)
1073 4 ® Q*=45+05GeV? (Hall C)
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10 7 4 slope: -7.7818E+00 + 1.1001E-01
(R=h.5617)
— 10 2 4 WJC2 (AMT) FSI FIT
e} m— slope: -7.8026E400 £ 1.3835FE-01
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