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PREAMBLE

? Experiment E12-14-012, approved by PAC42 in 2014, measured the
40
18Ar, 48

22Ti(e, e′p) cross sections in Jefferson Lab Hall A. The data,
collected in 2017, will allow an accurate determination of the proton
spectral functions of the nuclear targets.
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OUTLINE

? Why (e, e′p)?

I Nucleon knock out as a tool to shed light on nuclear dynamics
I Factorisation of the (e, e′p) cross section and nuclear spectral

function
I Corrections arising from the occurrence of final state interactions

? Why Argon and Titanium targets?

I Neutrino energy reconstruction in accelerator based searches of
neutrino oscillations

I Neutrino and antineutrino interactions in liquid argon detectors

? Status of the E12-14-012 analysis

? Summary and prospects
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Why (e, e′p)?
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THE PARADIGM OF NUCLEAR THEORY

? To a remarkably large extent, atomic nuclei can be described as non
relativistic systems consisting of point-like particles, whose dynamics
are dictated by the Hamiltonian

H =
∑
i

p2
i

2m
+
∑
j>i

vij +
∑
k>j>i

vijk

I vij provides an accurate descritpion of the observed properties of
the two-nucleon system, in both bound and scettering states, and
reduces to Yukawa’s one-pion-exchange potential at large distances

I the inclusion of vijk—effectively taking into account the occurrence
of processes involving the internal structure of the nucleon—is
needed to explain the ground-state energies of the three-nucleon
systems

I vij is spin and isospin dependent, non spherically symmetric, and
strongly repulsive at short distance

I nuclear interactions can not be treated in perturbation theory in the
basis of eigenstates of the non interacting system
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THE MEAN-FIELD APPROXIMATION

I Nuclear systematics offers ample evidence supporting the further
assumption, underlying the nuclear shell model, that the potentials
appearing in the Hamiltonian can be eliminated in favour of a mean
field

H → HMF =
∑
i

[
p2
i

2m
+ Ui

]
, Ui ∼ 〈

∑
j>i

vij +
∑
k>j>i

vijk 〉

[
p2
i

2m
+ Ui

]
φαi = εαiφαi , α ≡ {n, `, j}

I For proposing and developing the nuclear shell model, E. Wigner, M.
Goeppert Mayer and J.H.D. Jensen have been awarded the 1963 Nobel
Prize in Physics
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THE NUCLEAR GROUND STATE

I According to the shell model, in the nuclear groud state protons and
neutrons occupy the A lowest energy eigenstates of the mean field
Hamiltonian

HMFΨ0 = E0Ψ0 , Ψ0 =
1

A!
det{φα} , E0 =

∑
α∈{F}

εα

I Ground state of 16O: Z = N = 8

(1S1/2)2 , (1P3/2)4 , (1P1/2)2

Bottom line: the shell model is not the whole story !
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NUCLEON KNOCKOUT REACTIONS

I Nucleon knockout reactions, in which the outgoing nucleon and
the scattered beam particle are detected in coincidence, have
been readily recognized as a powerful tool for investigating the
validity of the shell model

Nuclear Physws 18 (1960) 46---64, ( ~  North-Holland Pubhsh,ng Co, Amsterdam 
Not to be reproduced by photoprmt or microfilm without wrttten permtssion from the publisher 

Q U A S I - E L A S T I C  S C A T T E R I N G  OF 153 MeV P R O T O N S  BY 
p - S T A T E  P R O T O N S  IN C t2 

I. Exper imenta l  
T J G O O D I N G  and H G P U G H  

A ERE,  Harwell, Dzdcot, Berks 

Received 31 March 1960 

A b s t r a c t :  For  the  reaction Ci2(p, 2p)B 11 at  153 MeV, the  energies of the two pro tons  emit ted m 
each event  are measured  wi th  plastic scintillators, and added The summed-energy  spec t rum 
shows a well-defined peak corresponding to an energy loss of 16 MeV in the reaction, and 
events  in this peak are in terpreted as those an which a p ro ton  is knocked ou t  of the p-shell in 
carbon For  coplanar  p-s ta te  events, angular  correlations and energy spectra  are measured 
wi th  one counter  fixed a t  15 °, 20 °, 30 °, 40 °, 60 ° and 80 ° relative to the Incident beam and the 
angle of the o ther  varied between 15 ° and 80 ° on the  o ther  side of the beam The angular  
correlations are sharp ly  peaked, while for the peak the  separat ion angle between the two 
outgoing p ro tons  depends markedly  on the angle at  which one p ro ton  is detected, vary ing  
from 35 ° when the fixed counter  is set at  15 ° to 110 ° when it is at  80 ° The results  are consis tent  
wi th  the mechanism of quasi-elastic p - - p  scat ter ing when the m o m e n t u m  dis t r ibut ion of the 
s t ruck p ro tons  is taken into account  

A rough value is obtained for the total  cross-section for p-s ta te  events  I t  is abou t  one-sLxth 
of the expected value in the absence of absorpt ion,  thus  showing the impor tance  of this 
process By compar ison of the exper imenta l  results wi th  dis tor ted-wave calculations it should be 
possible to determine the m o m e n t u m  dis t r ibut ion of the p-s ta te  pro tons  and the m a g m t u d e  of 
the distort ion effects themselves 

1. Introduct ion 
Many experimental  studies of (p, 2p) reactions have been made. The rater- 

action is believed to proceed at high energies through the mechanism of quasi- 
elastic scattering in which the incident proton strikes a single proton in the 
target nucleus and both scattered and recoil protons are emitted. The name 
'quasi-elastic scattering' arises because the interaction between the two protons 
is similar to elastic proton-proton scattering while the reaction as a whole is 
melastlc since a proton AS ejected from the target nucleus 

Chamberlam and Segr6 1) originally studied the reaction as a test of this 
mechanism They bombarded lithium with 340 MeV protons and looked for two 
protons emitted in comcldence With one counter fixed the maximum coinci- 
dence rate appeared when the other counter was at an angle approximately 
equal to that  expected from p - - p  scattering inside the nucleus Their results 
were qualitatively in agreement with those expected if the nucleus were a 
Fermi gas of particles in a square well 

Later  Cladis et al 2) and Wilcox and Moyer 3) at 340 MeV, and Azhglrey 
46 

52 T J GOODING AND H G PUGH 

The window of the single-channel pulse-height analyzer was set to select 
summed pulses corresponding to p-state events The output from the analyzer 
could be used to gate either mult]channel analyzer, and by self-gating the 
summed spectrum the setting of the window (shown in fig. 4) was checked. 
The summed spectrum was normally displayed ungated while the spectrum from 
one of the counters was chsplayed on the gated analyzer which was calibrated 
by scattering at various angles from hydrogen. 

Measurements were made at a variety of angles for the two counters. With 
one counter fixed the angle of the other counter was varied between 15 ° and 80 ° 
relative to the proton beam This was repeated for several angles of the fixed 
counter. Combinations such as (30 ° , 40 ° ) and (40% 30 ° ) must give the same 
information and where such measurements were duplicated the results always 
agreed within the statistical error In order to estimate the total cross-section 
for the reactlon some measurements were made with one counter raised out of 
the plane defined by the incident beam and the other proton. 

4. The Binding Energy Spectrum 

The energy balance for the (p, 2p) reaction is given by eq (1). The binding 
energy E B may be split into two parts 

EB = (2) 

where Q is the energy required for the reaction if the residual nucleus is left in 
its ground state, while E* is the excitation energy of the residual nucleus. 

T ~ is 
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Fig 4 A typical  spec t rum of ( E I +  Ea) for carbon,  measured a t  (40 °, 30 °) The coun tmg  statmtlcs 
for the points  are displayed while the  absolute error on the  cross-sect,on is 4-20 % The ar rows 
md~cate the  p o m t s  below which react ions o ther  than  (p, 2p) reactmns m a y  be detected, and the  
bracket  shows selected p-s ta te  events  The spec t rum for free p - - p  scat ter ing Is shown dot ted for 

comparison 

I Early attempts with proton beams were plagued by the strong
distortion of both the incoming and outgoing particles
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FROM PROTON TO ELECTRON BEAMS
I Later the 1960s, it was argued that much cleaner information could be

obtained from electron-nucleus scattering in the kinematical region
corresponding to momentum transfer |q| � d−1—d ∼ 1.5fm−1 being
the average nucleon-nucleon distance in the target nucleus —in which
the reaction predominantly involves individual nucleons

Nuclear Physics 32 (1962) 139--151; @ North-Holland Publishing Co., Amsterdam 
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QUASI-FREE E L E C T R O N - P R O T O N  SCATTERING (I) 
G E R H A R D  JACOB t and TH.  A. J. MARIS *t 

Instituto de Fisica and Faculdade de Filoso]ia, Universidade do Rio Grande do Sul, Pdrto A legre, 
Brasil 

Received 6 Ju ly  1961 

A b s t r a c t :  I t  is shown that ,  f rom angular  and energy correlation measurements  on electron-proton 
pairs  emerging f rom the  scat ter ing of high energy (300-1000 MeV) electrons on nuclei, 
detailed informat ion  on the energy levels and s t ruc tures  of the upper  and lower shells of 
light and medium nuclei could be obtained. A calculation in which the distort ion of the out-  
going pro ton  wave is taken into account  has been performed for C 12. As compared to the 
result  for zero distort ion,  the absolute magni tude  of the correlation cross section is reduced, 
bu t  the shape of its angular  dis t r ibut ion is practical ly unchanged.  Consequent ly the observed 
energy and angular  correlations would immediate ly  give bo th  the binding energy and the  
m o m e n t u m  dis t r ibut ion of the nuclear p ro ton  in the shell model  s ta te  ou t  of which it has  
been ejected. F r o m  an ext rapola t ion  to other  nuclei of the calculated value of the reduc- 
t ion factor for the cross section, i t  is expected t ha t  this s i tuat ion prevails at  least up to nuclei 
with A = 50. Finally some corrections are quali tat ively discussed. 

1. Introduct ion 
Assuming the approximate validity of the shell model of the nucleus, it is 

apparent that  low energy experiments are able to give detailed information 
only on certain aspects of nuclear structure, namely on the properties of the 
least bound proton and neutron shells. To break up the more strongly bound 
shells a relatively high energy is needed; for low energy experiments the core of 
the nucleus much resembles an elementary particle of which only overall 
properties are relevant and can be determined. 

In recent years high energy (150-440 MeV) investigations of quasi-free 
proton-proton scattering have given information on the structure of the more 
strongly bound nuclear shells. Loosely speaking, in a quasi-free scattering event 
in a nucleus, a high energy particle knocks out a nucleon of the nucleus without 
any additional violent interaction of the incoming or the two emerging particles 
with the nucleus. Experimentally these events are recognizable by  the more or 
less sharp peaks they cause in the spectrum of the summed energies of the two 
emerging particles, corresponding to the binding energies of the shell model 
state of the ejected nucleon. The peaks are superimposed on a background 
caused by  multiple scattering and by  excitations from rearrangements in the 
residual nucleus. A short discussion of these processes and references may be 

* Now on leave at  the Ins t i tu te  for Theoretical Physics, Universi ty of Copenhagen. 
t t  Present  address: Physics Depar tment ,  Universi ty  of Illinois, Urbana.  
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THE (e, e′p) REACTION

I Consider the process e+A→ e′ + p+ (A− 1) in which both the
scattered electron and the outgoing proton, carrying momentum
p′, are detected in coincidence

e e′

p′

q,ω

I In the absence of final state interactions (FSI), the initial energy
and momentum of the knocked out nucleon can be identified
with the measured missing momentum and energy, respectively

pm = p′ − q , Em = ω − Tp′ − TA−1 ≈ ω − Tp′
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FACTORISATION OF THE NUCLEAR CROSS SECTION

? for λ� dNN ∼ 1.5 fm , the average NN distance in the target nucleus,
nuclear scattering reduces to the incoherent sum of scattering processes
involving individual nucleons

Σ
i

2 2
q,ω q,ω

i
x

? Basic assumptions

. JµA(q) ≈
∑
i j
µ
i (q) (single-nucleon coupling)

. |(A− 1)n,p
′〉 ≈ |(A− 1)n〉 ⊗ |p′〉 (factorization of the final state)

? As a zero-th order approximation, Final State Interactions (FSI) and
processes involving two-nucleon Meson-Exchange Currents (MEC) are
neglected
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THE FACTORISED (e, e′p) CROSS SECTION

? Factorisation allows to rewrite the nuclear transition amplitude in the
simple form

〈(A− 1)n,p
′|JµA|0〉 →

∑
i

Mn(p′ − q)〈p′|jµi |p
′ − q〉

I The nuclear amplitude Mn is independent of momentum transfer
I The matrix element of the current between free-nucleon states can

be computed using the fully relativistic expression

? (e, e′p) cross section

dσA
dEe′dΩe′dEpdΩp

∝ σepP (pm, Em)

? The spectral function, trivially related to the two-point Green’s function
through P (k, E) = −Im G(k, E)/π, is a fundamental quantity of
many-body theory
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THE NUCLEAR SPECTRAL FUNCTION

? The analytic structure of the two-point Green’s function is reflected by
the spectral function

P (k, E) =
∑
h∈{F}

Zh|Mh(k)|2fh(E − eh) + PB(k, E)

? The spectral function yields the probability of removing a particle with
momentum k from the target ground state leaving the residual system
with excitation energy E

? In the mean field approximation underlying the nuclear shell model

. Spectroscopic factors Zh → 1

. Momentum dependence Mh(k) = 〈h|ak|0〉 → φh(k), the
momentum-space wave function of the single-particle state h

. Energy distribution Fh(E − eh)→ δ(E − eh)

. Smooth contribution PB(k, E)→ 0: pure correlation effect
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P (k, E) OF ISOSPIN-SYMMETRIC NUCLEAR MATTER
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FSI: DISTORTED WAVE IMPULSE APPROXIMATION (DWIA)
I In the presence of FSI, the distorted mean field spectral function can be

written in the form

PDMF (pm,p, Em) =
∑
α

Zα|φDα (pm,p)|2fα(Em − Eα)

with √
Zα φ

D
α (pm,p) =

∫
d3pi χ

?
p(pi + q)φ(pi)

where the distorted wave χ?p(pi + q) includes the effects of FSI, described
by a complex optical potential

I The large body of existing (e, e′p) data suggests that the effects of FSI
can be strongly reduced measuring the cross section in parallel
kinematics, that is with p ‖ q.

I in parallel kinematics, factorisatios of the nuclear cross section is also
preserved to very high accuracy, the distorted momentum distribution
only depends on missing momentum

nDα (pm) = Zα |φD(pm)|2 ,

and the effects FSI can be easily identified.
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DISTORTED MOMENTUM DISTRIBUTION
I knock out of a p-shell protons in oxygen. Proton kinetic energy
Tp = 196 MeV; parallel kinematics

I Distortion described by a complex optical potential (OP)

I FSI lead to a shift in missing momentum (real part of the OP), and a
significant quenching, typically by a factor ∼ 0.7 (imaginary part of the
OP).
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SPECTRAL FUNCTION MEASUREMENTS AT SACLAY
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QUASI-FREE (e, e’p) SCATTERING ON “(2, “Si, 40Ca AND ‘*Ni 

J. MOUGEY, M. BERNHEIM, A. BUSSIERE, A. GILLEBERT, PHAN XUAN H& 
M. PRIOU, D. ROYER. I. SICK+ and G. J. WAGNER++ 

Dkpartement de Physique Nuclt?aire, CEN Saclay, BP 2, 91 I90 Gif-SW-Yvette, France 

Received 29 August 1975 
(Revised 19 January 1976) 

Abstract:The (e, e’p) reaction on “C, a8Si, 40Ca and 58Ni has been measured at 497 MeV incident 
electron energy. The experiment covered the region E $ 80 MeV for the separation energy and 
P 5 250 MeV/c for the recoil momentum. Cross sections, calculated in the distorted wave impulse 
approximation, have been utilized in a shell-model expansion of the spectral function. Average 
separation and kinetic energies of protons in individual shells are extracted from the data. The 
validity of Koltun’s sum rule is discussed. 

NUCLEAR REACTIONS “C, ‘sSi, 40Ca, 58Ni(e, e’p), E = 497 MeV; measured 6, missing 
E energy, recoil momentum. iZC, 28Si, 40Ca, s8Ni deduced average proton kinetic and 

separation energies. 

1. Introduction 

The energy eigenvalues and spectroscopic properties of single particle levels, the 
most direct experimental information connected with the shell-model picture of 
nuclei, have been thoroughly investigated in the past. A great wealth of information 
has resulted from one-nucleon transfer experiments using incident particle beams of 
energies of less than about 100 MeV. These experiments have led to a detailed 
knowledge of the single particle structure of energy levels within ) 10 MeV of the 
Fermi surface. As a consequence, for a large number of nuclei, we do have a fairly 
complete picture of the properties of the topmost filled and the lowest empty major 
shells. 

Comparatively very little is known for larger separation energies, i.e. more deeply 
bound states. The above mentioned experiments necessarily involve composite 
projectiles in the entrance or exit channel, and these nuclei are strongly absorbed. 
As a consequence one has little access to the interior of the nucleus where the more 
strongly bound shells (containing a large fraction of all nucleons) would give a 
sizeable contribution. Moreover at the rather large incident energies required when 
aiming to separate deeply bound nucleons, the pick-up reactions are hampered by 

+ Present address: Institut fur Physik, Universitat Basel, Switzerland. Supported in part by the Swiss 
National Science Foundation. 
++ Present address: Max-Planck-Institut .ftir Kernphysik, Heidelberg, West Germany. 
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I Carbon data

QUASI-FREE (e, e’p) 473 

8% PG 180 M&J/” 

MISSIffi ENERGY (McV) 

Fig. 9. Missing energy spectra from “C(e, e’p), (a) 0 S P 5 36 MeV/c, (b) SO $ P 5 180 MeV/c and 
(c) 0 s P s 60 MeV/c for 20 5 E 5 60 MeV. 

3OG E< 50 MeV 

0 50 la, ls0 2co 250 300 
RECOIL MOMENTUM (M&/c) 

Fig. 10. Momentum ~s~ibution from “C(e, e’p); (a) I5 s E 4 21.5 MeV and (b) 30 5 E s 50 MeV. 
The solid and dashed lines represent DWIA and PWIA ~lcula~ons respectively, with nonfiction 

obtained by a fit to the data. 

shells of “C. The lp, shell, at a separation energy of 16 MeV (fig. 9), exhibits 
the expected I = 1 distribution having a zero at P = 0 and a single maximum at 
PW 100 MeVJc. The two lines occurring in S(E, P) at 18 and 21 MeV correspond 
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Fig. 9. Missing energy spectra from “C(e, e’p), (a) 0 S P 5 36 MeV/c, (b) SO $ P 5 180 MeV/c and 
(c) 0 s P s 60 MeV/c for 20 5 E 5 60 MeV. 

3OG E< 50 MeV 

0 50 la, ls0 2co 250 300 
RECOIL MOMENTUM (M&/c) 

Fig. 10. Momentum ~s~ibution from “C(e, e’p); (a) I5 s E 4 21.5 MeV and (b) 30 5 E s 50 MeV. 
The solid and dashed lines represent DWIA and PWIA ~lcula~ons respectively, with nonfiction 

obtained by a fit to the data. 

shells of “C. The lp, shell, at a separation energy of 16 MeV (fig. 9), exhibits 
the expected I = 1 distribution having a zero at P = 0 and a single maximum at 
PW 100 MeVJc. The two lines occurring in S(E, P) at 18 and 21 MeV correspond 
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where the “distorted momentum density” is given by eq. (5.4). 
For the four nuclei we have extracted the energy distributions 9JE) by fitting 

the expansion (6.5), limited to the normally occupied orbits (except for 28Si where 
a 2s contribution was necessary). For Ga we used the distorted momentum distribu- 
tions computed from theoretical single particle wave functions. The quality of the 
data in the outer shells allowed a comparison with the model predictions of the shape 
of the momentum distribution; we find good agreement with the momentum 
distributions used, whereas less realistic distributions, like harmonic oscillator wave 
functions, can definitely be excluded 19) when fitting the lp, shell in 12C, for instance. 
The shape of the measured momentum distribution is generally well reproduced as 
shown in figs. 10, 12, 14 and 16. 

In the case of “C, the lp and 1s shells are almost completly separated experi- 
mentally, the only region where both shells contribute is between 22 and 30 MeV. 
It is worth noting that, above 30 MeV, the best fits to the momentum distribution, 
in energy bins of 5 MeV, all correspond to a pure 1 s momentum distribution, showing 
that all parts of the broad bump in the energy spectrum have the same momentum 
dependence. This justifies the assumption which was tacitly made in eq. (6.2), i.e. 
the use of a unique momentum distribution even if the state was spread over several 
ten MeV. 

Fig. 17 shows the strength distributions of the various shells in 28Si, 40Ca and 
58Ni. The most striking feature is the large spread of the 1 s hole strength, more than 
40 MeV, showing the difficulty of using the notion of shells for nucleons bound so 
strongly. The non-uanishing lp hole strength at high excitation energy (see for 
example the second maximum in 4oCa) is probably meaningless. It could result from 
the contribution of multiple scattering events of the outgoing proton, which we have 
neglected in the analysis. One also may note the splitting of lp hole strength in 28Si 
already deduced from (d, z) reactions 24): trying to fit the energy range 15-17.5 MeV 
with a mixture of 2s and Id subshells only, one definitely obtains a bad fit. That 
splitting has been explained 25) by a strong difference between the average Id,-lp, 
and Id,-lp, interactions. 

40 a EPkV) 20 40 KIE(MeV) 20 40 60 8OECMeV) 

Fig. 17. Hole strength distribution from (e, e’p) reaction on ‘*Si, 40Ca, 58Ni. 

416 I. MOUGEY et al. 

RECCIL MOMENTUM (M&/c) 
7 

1”“1”~‘,““,‘~(‘,~ 

4oC~k,ip)39K 

9SC EC 12 0 MCV 
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Fig. 14. Momentum distribution from 40Ca(e, e’p); (a) 7.5 5 E 2 9 MeV, (b) 9.5 5 E =< 12 MeV, 
(c) 12.5 $ E S 20 MeV, (d) 20 s E 5 40 MeV and (e) 40 6 E s 70 MeV. The solid line represents the 

DWIA calculation. 

cross section, because the negative cross-section values (resulting from the subtrac- 
tion of accidental coincidences and radiative tails) are not plotted. 

At low separation energy, the 40Ca spectral function (fig. 5) is dominated by the 
2sld shell contribution which was not resolved by previous (e, e’p) or (p, 2p) 
experiments. The Id momentum distributions (fig, 14) are characterized by a zero 
at P = 0 and a single maxims near 150 MeVjc, whereas the 2s shell shows very 
nicely the two expected maxima at P = 0 and 150 MeV/c with a zero in between. 
The removal of a 2s: proton requires an energy of 10.9 MeV and leads to the first 
excited state of 3gK at 2.52 MeV. Due to the spin-orbit interaction, the Id strength 
is split into two main regions above and below the 2s peak. The Id, strength is seen 
at 8.3 MeV separation energy, whereas the Id, strength is located between 13- 
18 MeV. Fig. 13b, which shows the projection of g(E, P) onto the E-axis, indicates 
that we resolve three individual (groups of) levels in this region. Part of the Id, 
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Why Argon and Titanium targets?
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THE ISSUE OF NEUTRINO ENERGY RECONSTRUCTION

I Oscillation probability after traveling a distance L (two neutrino
flavors, for simplicity)

Pα→β = sin2 2θ sin2

(
∆m2L

4Eν

)

Observable'Oscilla9on'Parameters'

Elba,'June'26,'2014'ElectronNNucleus'ScaPering'XIII' 4'

I The energy of the incoming neutrino, Eν is not precisely known,
but broadly distributed according to a flux Φ(Eν)
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MINIBOONE NEUTRINO FLUX
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KINEMATIC NEUTRINO ENERGY RECONSTRUCTION

I In the charged current quasi elastic (CCQE) channel, assuming
single nucleon single knock, the relevant elementary process is

ν` + n→ `− + p

I The reconstructed neutrino energy is

Eν =
m2
p −m2

µ − En2 + 2EµEn − 2kµ · pn + |pn2|
2(En − Eµ + |kµ| cos θµ − |pn| cos θn)

,

where |kµ| and θµ are measured, while pn and En are the
unknown momentum and energy of the interacting neutron

I Existing simulation codes routinely use |pn| = 0 , En = mn − ε ,
with ε ∼ 20 MeV for carbon and oxygen, or the Fermi gas (FG)
model
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RECONSTRUCTED NEUTRINO ENERGY IN THE CCQE CHANNEL

I Neutrino energy
reconstructed using 2
×104 pairs of (|p|, E)
values sampled from
realistic (SF) and FG
oxygen spectral functions

I The average value 〈Eν〉
obtained from the realistic
spectral function turns out
to be shifted towards
larger energy by
∼ 70 MeV
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? The reconstruction of neutrino and antineutrino energy in liquid
argon detectors will require the understanding of the spectral
functions describing both protons and neutrons

? The Ar(e, e′p) cross section only provides information on proton
interactions. Arguably, useful information on neutrons can be
obtained from the Ti(e, e′p)

16

Physics Motivation
Experimental Goals

Experimental conditions
Titanium idea

Physics motivation

Use few hours of beam time investigating the feasibility of running
on a titanium target, as suggested by the PAC.
The neutron spectral function of argon is needed to model
quasielastic neutrino scattering. In pion production both neutrons
and protons take part in charged-current interactions.

40
18Ar

p’s n’s

48
22Ti

p’s n’s

C. Mariani for E12-14-012 Collaboration Spectral function of 40Ar through the (e, e0p) reaction

23 / 31



Jefferson Lab Experiment E12-14-012
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? Argon & Titanium target

? Beam energy Ee = 2.222 GeV; parallel kinematics

? Five kinematic settings

2

E12-14-012: (e,e’) and (e,e’p) on Ar and Ti

Aim: Obtaining the experimental input indispensable to construct the argon
spectral function, thus paving the way for a reliable estimate of the neutrino
cross sections in DUNE. In addition, stimulating a number of theoretical
developments, such as the description of final-state interactions.
[Benhar et al., arXiv:1406.4080]

Ee = 2.222 GeV

Exploratory analysis of the full dataset
? Overall coverage

15 ≤ pm ≤ 300 MeV , 12 ≤ Em ≤ 80 MeV
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DETERMINATION OF THE SPECTRAL FUNCTION

? The measured reduced cross-section defined as

PD(pm, Em) =
1

Kσep

dσA
dEe′dΩe′dEpdΩp

,

with K = |p′|Ep′ , has been fitted using the model spectral function

PD(pm, Em) =
∑
α

Zα|φDα (pm)|2fα(Em − Eα) + PDcorr(pm, Em) ,

corrected to take into account the effects of FSI within the DWIA
scheme.

? The unit normalised momentum distributions, |φDα (pm,p)|2 are
obtained from Relativistic Mean Field calculations

? The energy distributions fα(Em −Eα), of width Γα, have been assumed
to be gaussian

? The fit yields the values of the spectroscopic factors Zα, the energies of
the shell model states Eα, and their widths Γα
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MAIN ELEMENTS OF THE ANALYSIS
Missing momentum (top) and missing
energy (bottom) distributions

Monte Carlo (MC) events are generated over a broad
phase-space, and propagate through a detailed model of the
electron and proton spectrometers, accounting for accep-
tances and resolution effects. The events are weighted
by the σcc1 cross section of de Forest [28] and the SF. The
final weighted events are then background subtracted. We
estimated the background performing analysis for each bin
of Em (1 MeV) and pm (1 MeV=c). We use events selected
in anticoincidence between the electron and proton arms.
This region corresponds to 100 times the nominal coinci-
dence time window width that was set to ≈2 ns [18]. The
events are then rescaled based on the width of the
coincidence peak. The background-event distributions
were then generated and subtracted bin by bin from the
Em and pm distributions.

B. Test spectral function

In general, the spectral function could be decomposed
into mean-field and correlation components,

Pðpm; EmÞ ¼ PMFðpm; EmÞ þ Pcorrðpm; EmÞ: ð5Þ

In constructing the test spectral function, we express its
mean field part as a sum of the contributions of the states
expected to be occupied in the independent-particle shell
model

PMFðpm; EmÞ ¼
X

α

SαjϕαðpmÞj2fαðEmÞ: ð6Þ

Here, Sα denotes the spectroscopic factor of the state α,
whose unit-normalized momentum-space wave function is
ϕαðpmÞ, while fαðEmÞ is the corresponding missing energy
distribution.
In order to approximately account for the depletion of

the shell-model states arising from short-range nucleon-
nucleon correlations, the values of the spectroscopic factors
are set to Sα ¼ 0.8Nα, Nα being the occupation number of
the state α in the independent-particle shell model. For fully
occupied shells, Nα ¼ 2jþ 1, with j being the correspond-
ing total angular momentum.
We employ the wave functions of Ref. [31]. The

resulting momentum distribution is presented in Fig. 1,
which shows that states of different orbital momentum tend
to peak at different values of missing momentum.
The missing energy of the shell-model states is assumed

to follow the Gaussian distribution,

fαðEmÞ ¼
1ffiffiffiffiffiffi
2π

p
σα

exp
"
−
#
Em − Eαffiffiffi

2
p

σα

$
2
%
; ð7Þ

peaked at the value Eα and with the width governed by σα.
All the parameters of the mean-field spectral function are
provided in Table II. The resulting missing energy distri-
bution is presented in Fig. 2.

To estimate the correlated spectral function we follow
the approach of Ref. [32]. We express it as a convolution
integral involving the momentum distributions of the
relative and center-of-mass motion of a correlated pro-
ton-neutron (pn) pair,

FIG. 1. Missing momentum distribution of protons in argon in
the test spectral function, presented with the geometric factor
of 4πp2

m.

FIG. 2. Missing energy distribution of protons in argon in the
test spectral function.

TABLE II. Parametrization of the test spectral function of
protons in argon. For each shell-model state α, we compare
the occupation number in the independent particle shell-model
Nα with the assumed spectroscopic factor Sα. The peak of the
missing energy distribution Eα of the width σα is also provided.
For the correlated part, we give its total normalization and the
threshold for two-nucleon knockout Ethr.

α Nα Sα Eα (MeV) σα (MeV)

1d3=2 2 1.6 12.53 2
2s1=2 2 1.6 12.93 2
1d5=2 6 4.8 18.23 4
1p1=2 2 1.6 28.0 6
1p3=2 4 3.2 33.0 6
1s1=2 2 1.6 52.0 10
Corr. … 3.6 20.60 …
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Monte Carlo (MC) events are generated over a broad
phase-space, and propagate through a detailed model of the
electron and proton spectrometers, accounting for accep-
tances and resolution effects. The events are weighted
by the σcc1 cross section of de Forest [28] and the SF. The
final weighted events are then background subtracted. We
estimated the background performing analysis for each bin
of Em (1 MeV) and pm (1 MeV=c). We use events selected
in anticoincidence between the electron and proton arms.
This region corresponds to 100 times the nominal coinci-
dence time window width that was set to ≈2 ns [18]. The
events are then rescaled based on the width of the
coincidence peak. The background-event distributions
were then generated and subtracted bin by bin from the
Em and pm distributions.

B. Test spectral function

In general, the spectral function could be decomposed
into mean-field and correlation components,

Pðpm; EmÞ ¼ PMFðpm; EmÞ þ Pcorrðpm; EmÞ: ð5Þ

In constructing the test spectral function, we express its
mean field part as a sum of the contributions of the states
expected to be occupied in the independent-particle shell
model

PMFðpm; EmÞ ¼
X

α

SαjϕαðpmÞj2fαðEmÞ: ð6Þ

Here, Sα denotes the spectroscopic factor of the state α,
whose unit-normalized momentum-space wave function is
ϕαðpmÞ, while fαðEmÞ is the corresponding missing energy
distribution.
In order to approximately account for the depletion of

the shell-model states arising from short-range nucleon-
nucleon correlations, the values of the spectroscopic factors
are set to Sα ¼ 0.8Nα, Nα being the occupation number of
the state α in the independent-particle shell model. For fully
occupied shells, Nα ¼ 2jþ 1, with j being the correspond-
ing total angular momentum.
We employ the wave functions of Ref. [31]. The

resulting momentum distribution is presented in Fig. 1,
which shows that states of different orbital momentum tend
to peak at different values of missing momentum.
The missing energy of the shell-model states is assumed

to follow the Gaussian distribution,

fαðEmÞ ¼
1ffiffiffiffiffiffi
2π

p
σα

exp
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−
#
Em − Eαffiffiffi

2
p

σα
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peaked at the value Eα and with the width governed by σα.
All the parameters of the mean-field spectral function are
provided in Table II. The resulting missing energy distri-
bution is presented in Fig. 2.

To estimate the correlated spectral function we follow
the approach of Ref. [32]. We express it as a convolution
integral involving the momentum distributions of the
relative and center-of-mass motion of a correlated pro-
ton-neutron (pn) pair,

FIG. 1. Missing momentum distribution of protons in argon in
the test spectral function, presented with the geometric factor
of 4πp2
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FIG. 2. Missing energy distribution of protons in argon in the
test spectral function.

TABLE II. Parametrization of the test spectral function of
protons in argon. For each shell-model state α, we compare
the occupation number in the independent particle shell-model
Nα with the assumed spectroscopic factor Sα. The peak of the
missing energy distribution Eα of the width σα is also provided.
For the correlated part, we give its total normalization and the
threshold for two-nucleon knockout Ethr.

α Nα Sα Eα (MeV) σα (MeV)

1d3=2 2 1.6 12.53 2
2s1=2 2 1.6 12.93 2
1d5=2 6 4.8 18.23 4
1p1=2 2 1.6 28.0 6
1p3=2 4 3.2 33.0 6
1s1=2 2 1.6 52.0 10
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Differential cross section for elastic
scattering of 800 MeV protons on
Argon. Theoretical results obtained
from the optical potential employed in
the analysis
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MISSING ENERGY DISTRIBUTIONS
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MISSING MOMENTUM DISTRIBUTIONS

? The agreement—within uncertainty—between distributions
corresponding to different kinematical settings supports the
validity of the DWIA treatment of FSI, and, more generally, of
factorisation
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SUMMARY & PROSPECTS

? Jlab experiment E12-14-012 is well on track to achieve its primary
goal: providing a representation of the data based on a realistic
model of the Argon spectral function, suitable for use in
simulations of neutrino interactions in liquid argon detectors

? The picture emerging from the comparison between data and
MC—yielding a χ2/d.o.f = 1.9—largely confirms the validity of
the theoretical framework underlying the analysis

? The development of a more refined model of the spectral
function will require the use of advanced theoretical calculations
based on microscopic nuclear dynamics

? The analysis of Titanium data is in progress. The extent to which
a proton in Titanium is a good proxy for a neutron in Argon, as
well as the feasibility of a neutron knockout experiment, need to
be carefully investigated.
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Thank you!
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Backup slides
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ELASTIC SCATTERING: e+ A→ e′ + A, λ� RA ∼ A1/3

(
dσ

dΩ

)
eA

=

(
dσ

dΩ

)
Mott

|F (q)|2 ,

I The Mott x-section described the electromagnetic interaction of a
relativistic electron with a point target

HOFSTADTER, FECHTER, AND McINTYRE
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FzG. 10. The angular distribution of scattered electrons from a
beryllium foil, 50-mils thick, at 125 Mev. The experimental curve
has been corrected empirically for the broadening observed in the
elastic curves at larger scattering angles. (See Fig. 6.) The dashed
curve is the corrected curve. A theoretical curve based on the
erst Born approximation for an exponential charge distribution
is shown. Also shown is the point charge calculation of Feshbach.
Arbitrary normalization of all curves is made at 35'.

Thus, multiple scattering corrections in the target foil
are unnecessary for the accuracy involved in this work.
The multiple scattering in the aluminum windows is
of the order of 0.4' and can be neglected since it is 4
times as small as the rms scattering angle in the gold
foil. The beryllium 50-mil foil has an rms scattering
angle of 0.6' which is negligible also.
The errors resulting from double (large-angle) scat-

tering are estimated to be 0.15 percent at 90' for two
mjls of gold at 125 Mev and 0.01 percent at 150' under
the same conditions. For 50 mils of Be at 125 Mev the
errors are 1.5 percent at 150' and 0.04 percent at 90'.
Hence, all double scattering corrections are ignored
since they are very small effects.
The geometrical corrections for the aperture can be

estimated from the effective aperture which is approxi-
mately 0.8 square inch at twelve inches. A calculation
similar to that of I yman et al. leads to corrections of a
few tenths of a percent, which are thus negligible for
our purposes.
The angular resolution of our scattering resu]. ts de-

pends on the size of the beam spot on the target foil
and on the efIective aperture of the entrance port o
the analyzing magnet. Each of these contributions is
about the same at the present time and each contributes
about. 2', fairly independently of angles between 35
and 140', for a target foil setting of 45'. Hence, our

angular acceptance width is about ~4', or a total of 8'.
Structure in the scattering curves within such small
angular ranges would not be resolved in our experi-
ments. On the other hand, such fine structure is not
expected.
Radiative straggling and electron-electron straggling

aGect the shape of the elastic-scattering peaks. Since in
all the cases we have studied, with the exception of Be,
the elastic profile is the same at all angles, no relative
corrections for these eGects need to be made. As a
matter of fact, the same argument applies to the
Schwinger correction.
With the exception of Be, all corrections are extremely

small and will be ignored. In the case of Be (Fig. 6) the
elastic profile changes as a function of angle, because
of the combination of the recoil effect and the energy
loss straggling in the target. Both sects are appreciable
for Be. The correction has been taken into account
empirically by measuring the areas under the elastic
curves taken at various angles. At 90' the area is
approximately 1.5 times the area at 35' when both
curves are normalized to the same peak values. Hence,
a correction of 50 percent is applied to the counting
rate at 90'. At 35 the correction is zero, and a smooth
curve has been drawn in Fig. 10 (the dashed line) to
represent the corrected data at intermediate angles.
Since the cross section varies rather violently with
angle, the largest correction of 50 percent produces
only a mild effect.
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FIG. 11.The angular distribution of electrons scattered from a
2-mil gold foil at 125 Mev. The point charge calculation of Fesh-
bach is indicated. Theoretical points based on the 6rst Born
approximation for exponential charge distributions are shown.
Values of em=2.0, 2.2, 2.36, 2.8&&10 "cm are chosen to demon-
strate the sensitivity of the angular distribution to change of
radius. All curves are normalized arbitrarily at 35'.

V. RESULTS

The relative angular distributions have been meas-
ured in Be, Au, and Pb at 125 Mev and in Ta at 150
Mev. In addition, as mentioned previously, check runs

Hofstadter et al, A.D. 1953
Gold target, Ee = 125 MeV
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KINEMATIC RANGES
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SYSTEMATICS
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