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Motivation — why eA?
» High statistics.

» Control over initial energy and interaction point — gives kinematic
constraints and ability to optimize detector.

Summary slide from talk by Costas Andreopolos at NUINT 2009
“Electron scattering data and its use in constraining neutrino models”

» Electron (and muon) scattering data provide a wealth of information about the
nucleon and nuclear structure and in-medium modifications

* Nucleon Elastic Form Factors
* PDFs, R, d/u, ...
* Resonances & QE — DIS transition, Non-Resonance Backgrounds
* Nucleon momentum distributions and binding energies
* Nuclear charge distributions, energy levels, ...
* N-N correlations
» Medium modifications
* EMC effect, ...
» Effects on hadronization: Landau-Pomeranchuck-Migdal and Cronin effects

This information has been central in building comprehensive picture of
neutrino interactions in the ~few GeV energy range

S. Manly, University of Rochester NUINT 2014, London
May, 2014




Why eA? — Hardly a need to say much to this group
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Why eA? — This work
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Old deuterium data on single pion
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MINERVA has shown preliminary results.
Expect to see final results/paper on this work soon.

Additional data constraints useful.
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Goal of this work

This work aims to produce high statistics, differential, charged pion
production measurements on different nuclei that will be useful for
learning about and tuning models for FSI.

e-Q

Multi-nt

S. Manly, University of Rochester NUINT 2014, London
May, 2014




Evolving analysis

At NUINT 2012, we “showed” preliminary, full 5-dimensional

distributions in W, Q?, p_, 6

+, using “at least one pion” and using the

leading pion as the one for which we extract the pion variables.

S. Manly, University of Rochester

The bad news:

» The 2012 result used fiducial cuts optimal for the
analysis and very difficult for others to reproduce for
comparison.

» Needed to update to newer GENIE with better
treatment of the pion nuclear interactions (not strictly
necessary for useful data).

» Realized that for D,, default GENIE 2.6.8 uses
Fermi gas model with k. for Li. Fails to reproduce
delta peak in D, data.

» Full 5-dimensional analysis requires very high
statistics and necessarily involves multiple pions.
Perhaps more useful and, in principle, cleaner and
easier to require single pion production and reduce
granularity/dimensionality.

NUINT 2014, London 8
May, 2014



Evolving analysis

At NUINT 2012, we showed preliminary, full 5-dimensional distributions
inW, Q?, p., 6, £, using “at least one pion” and using the leading pion as
the one for which we extract the pion variables.

S. Manly, University of Rochester

The bad news:

» The 2012 result used fiducial cuts optimal for the
analysis and very difficult for others to reproduce for
comparison.

» Needed to update to newer GENIE with better
treatment of the pion nuclear interactions (not strictly
necessary for useful data).

» Realized that for D,, default GENIE 2.6.8 uses
Fermi gas model with k; for Li. Fails to reproduce
delta peak in D, data.

» Full 5-dimensional anal> a3 verv high
statistics and necess>” A L ions.
Perhaps more*~ 6\>r"@r;r|nc d 'r and
easier to~ = Qode . plon prody educe
ar{‘{'\e%ooz 00‘@ _asionality.

7““\)

NUINT 2014, London 9
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Jefferson Lab (Newport News, Virginia)

Recirculation E ~ 6 GeV 12 GeV

Arcs max
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‘I/E FEL Facility "\E 5
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| S. Manly, University of Rochester NUINT 2014, London 10
May, 2014




CLAS: CEBAF Large Acceptance Spectrometer (Hall B)

_— ! N Superconducting
Drijt - Toroidal Magne!
Chambers .

35,000 wires ~ |Bdi=17Tm
Gg = 350 pm -

Cerenkoy
Counters

216 channels
099.5% efficient
over 50 m” area

Electromagnetic

Time of Flight Counters Shower

e . | Calorimeters
300+ channels, 145 ps resolution 4 1700+ channels
S/E = 109 /EYS

S. Manly, University of Rochester NUINT 2014, London
May, 2014
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CLAS Single Event Display

. » Charged particle angles 8°-144°

» Neutral particle angles 8°-70°

» Momentum resolution ~0.5% (charged)
= > Angular resolution ~0.5 mr (charged)
i, K+/K e*/e, etc.

/
L

NUINT 2014, London

¥ > Identification of p,

May, 2014



» CLAS - International collaboration of ~230 scientists

U Physics data-taking started in May of 1997

1" Wide variety of run conditions: e-/y beams, 0.5<E<6
GeV (polarized), 1°H, 34He, 12C, “°Fe, etc.

® > EG2 running period for JLab experiments E02-104 (Quark
7 propagation through cold QCD matter) and E02-110 (Q?

- dependence of nuclear transparency for incoherent rho
~ electroproduction)

4 deuterium,; carbon, lead; tin, iron, aluminum

& 3 running periods: Sept 2003, Dec 2003 and Jan 2004

/T~ "’ ” ~
, Ml ,
I\ / | v i .l'"“ ; A .“: = 'f » | "‘ ‘ $‘ ..

s Manly, University of Rochester NUINT 2014, London
May, 2014




CLAS EG2
Targets

» Two targets in the beam
simultaneously

» 2 cm LD2, upstream
» Solid target downstream
» Six solid targets:

-Carbon

-Aluminum (2 thicknesses)

-lron

S. Manly, University of Rochester NUINT 2014, London 14
May, 2014




GENIE eA

Start with GENIE version 2.6.8 in eA mode with Q2>0.5 é
for acceptance calculations and comparison /\J\"\

C. Andreopoulos: GENIE eA mode is a “straightforward =
adaptation of the neutrino generator”

» Use charged lepton predictions of cross-section models: Rein-Sehgal,
Bodek-Yang, etc.

» Transition region handled as in neutrino mode.

» Nuclear model (Bodek-Ritchie, Fermi-Gas) same as in neutrino mode.
» Intranuclear cascade (INTRANUKE/hA) same as in neutrino mode.

» Small modifications to take into account probe charge for
hadronization model and resonance event generation.

» In-medium effects to hadronization same as in neutrino mode.

S. Manly, University of Rochester NUINT 2014, London 15
May, 2014




Using “effective spectral functions” and new
deuterium model in GENIE eA

» Bodek, Christy, Coopersmith, hep/ph: 1405.0583

» Create “effective spectral functions™ - give good fits to quasielastic e scattering data
(1/c)(do/dv) for the 2014 ’ superscaling function at Q2 values of 0.1, 0.3, 0.5, 0.7.

» Modify with correction at low Q2 to reduce nucleon removal energy.

» Effective spectral function includes more than the initial state.

» Fermi motion effects in resonance and deep inelastic regimes done in fashion similar
to Bosted and Mamyan (arXiv: 1203.2262), with probability function taken from the

effective spectral function.

Momentum Distributions

=—=HUWRD Spectral (Benhar-

12 Fantoni)
= Effective Spectral Function

14

10 =——NUWRO Global Fermi

==Local Thomas Fermi

[i] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Momentum (k) GeV

S. Manly, University of Rochester

Q' = 0.3 (GeVv/ c)

== Fres nuclean {(p-4n)

@, (arbirary unis)
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Figs. From Bodek, Christy, Coopersmith, hep/ph: 1405.0583

NUINT 2014, London
May, 2014
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Using new deuterium model in GENIE eA

> Significant data-MC disagreement in missing-mass plots for D2 traced to use of Li
Fermi gas constant in GENIE 6.8.3 D2 nuclear model.

» Using new D2 model (incorporated with the effective spectral functions from Bodek,
Christy, Coopersmith). New D2 model comes from fit to theoretical calculations from
paper in preparation by Christy, Kalantarians, Ethier, and Melnitchouk.
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S. Manly, University of Rochester NUINT 2014, London 17
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Using new deuterium model in GENIE eA

» Significant improvement in the data-MC agreement in missing-mass plots for D,
with implementation of effective spectral functions, including the fit to calculations
from Christy et al.

> Note that this is important for background subtraction in the analysis.

[ Mx: Stack HistoDn* ] » Significant improvement in the data-
MC agreement in missing-mass plots for
D, data compared to MC after all cuts
other than missing mass cut.

» Will come back to this after
introduction to analysis

" Mx (GeV)

S. Manly, University of Rochester NUINT 2014, London 18
May, 2014




Samples
EG-2 data sample size (EM:S.MS GeV):

Deuterium + C/Fe/Pb raw events 1.1/2.2/1.5 (x10°)
D,/C events passing all cuts 4.7/0.7 (x10°)

Simulated sample size (Genie MC + detector simulation):

D,/C generated events (2)x1.0x108
D,/C events passing all cuts 1.6/1.1 (x10°)

Recently began using the effective spectral function and new D, nuclear model
modifications. Only had time to generate D, and C simulations to date. Plan to
do same for Pb and Fe. Target dependent MC important for acceptance/radiative

corrections/unfolding. So will not show Pb or Fe data here.

S. Manly, University of Rochester NUINT 2014, London
May, 2014
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Analysis cuts

» Demand electron enter calorimeter safely away from
edges

» Demand energy deposit as function of depth in ECAL
be uneven

» Adjust vertex Z position for sector-by-sector beam
offset

» Demand momentum of outgoing e-: p>0.64 GeV (or
y<0.872) (removes bias due to electromagnetic energy [ S AR
threshold |n tl’lgger) -gou 400 -300 -200 -100 0 100 200 300 400 ;00
» Implement “relatively” easy to model cuts in W, Q?, 6

for the electron and p_, 6. for the pion

[ Electron vertex z uncorrected |

[__Electron vertex z corrected |

12000— Il e
C — Sector1 F — Sector1
r — Sector2 12000 — — Sector2
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S. Manly, University of Rochester NUINT 2014, London 20
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Fiducial volume complications

Electron Beam Six azimuthal regions of
angular acceptance that are a
Electromagnetic I
ko i A function of 6, p, charge

o
@)
Torus Cerenkov  Q
Counters
(&)
(<b)
o
wn
o
Chambers o
=
=
[¢B)

METERS Time of Flight =) N

O A I A I Scintillators c >

< :
Azimuthal angle
» The optimal fiducial regions for the detector are not
conveniently modeled for comparison to calculations
S. Manly, University of Rochester NUINT 2014, London 21
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Fiducial volume complications

Angle with respect to beam

N
74

Azimuthal angle

» Report results with geometric correction to be azimuthally symmetric
» Implement “relatively” easy to model cuts in W, Q?, 6 for the electron
and p_, 6_ for the pion

S. Manly, University of Rochester NUINT 2014, London
May, 2014
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Geometric acceptance

| Fiducial Volume Ratio : n* |

» Geometric scaling for electron and pion
independently

» Use region in W and Q2 for electron

» Use region in theta and ppi for pion
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Radiative corrections

(W vs. @*: C target |
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» Use “externals_all” routine designed for
EG1-DVCS experiment (P. Bosted, EG1-DVCS
technical note 5, 2010)
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with and without QED radiative effects in the
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Unfolding

» Using RooUnfold with GENIE MC as prior and default 4 iterations
» Included here, but needs further study, one of reasons results are “preliminary’

2

Background removal

: Use cut in missing mass

e e

9 - \2

My=(p,*Py—P)

> Assume target nucleon is at rest
» For single charged pion production, expect
the “missing mass” distribution to peak around

the target nucleon mass

S. Manly, University of Rochester NUINT 2014, London 25
May, 2014




Background removal — sideband subtraction

| Mx: Stack Histo D * |
b S =y > Use signal region Mx<1.3 GeV
S = > Select sideband region 2<Mx<1.7 GeV
LTS > Scale MC Nx background to match data
0.04 in bins of Q2. Scale factors ~1+0.05.
0.03 »Loose cut on signal region leads to purity

0.02

0.01

0 0.5 1

of ~50%.

» Can get much higher purity with tighter
Mx cut about peak, but MC width does not
match well the data (might be physics).

» This aspect of analysis not yet optimized.

' " Mx (GeV)
: < < ,\
Signal region

Sideband region

S. Manly, University of Rochester NUINT 2014, London 26
May, 2014



More caveats

» All results shown here are preliminary

» Significant modifications in the analysis are recent and might
not be optimal

» The errors shown are statistical only

» Systematic errors are under investigation

» Expectation/goal is to hold the systematic errors to <10%

S. Manly, University of Rochester NUINT 2014, London
May, 2014
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Systematics (under study)

» observed pion/beam current stability

» target thickness

» acceptance stability with different generator

» stability with respect to missing mass and sideband cuts

» also have haprad implemented for radiative corrections

» Integrated total x-secs agree roughly with GENIE

» Looking to compare with published delta xsec measurements
» May release data in form of nuclear target ratios as well as
absolute single target measurements

S. Manly, University of Rochester NUINT 2014, London
May, 2014
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©* momentum and angle distributions
for carbon and deuterium
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©~ momentum and angle distributions
for carbon and deuterium

< C
Q
S B
L -
£
%= i —.—+ +_._
g - -
11— ——
;+_ —a—
: ) -
B +++ +++—.— —
I e g L
L —a -C —I—_._ g
=D - £ T
i ml:
10" £ )
- 8 107F e
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 — ++ —_——
0.5 1.0 1.5 2.0 25 - - e
p, (GeV) R -
L - C +—I—I——'—'—‘—I—+
=D -—+ g
102 |— -
C | | | Ll Ll | | [
10 15 20 25 30 35 40 45 50
8, (deg)
S. Manly, University of Rochester NUINT 2014, London 30

May, 2014



©t momentum data-MC comparison
for carbon and deuterium

© momentum : D target, n* ‘
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©~ momentum data-MC comparison
for carbon and deuterium

© momentum : D target, 1’ |
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n* angle data-MC comparison
for carbon and deuterium
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n~ angle data-MC comparison
for carbon and deuterium
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High precision neutrino
results are a product of many
pieces carefully fit together

B

»CLAS/EG2 Is making significant progress toward releasing multi-
dimensional precision ©t* production cross-sections on different
nuclei in a region of phase space relevant for the current precision
neutrino physics program. We hope for final results to be released

this year.
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Hall B Side View
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Super-conducting toroidal magnet with six kidney-shaped coils
5 m diameter, 5 m long, 5 M-Amp-turns, max. field 2 Tesla
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CLAS:ep - eX, E=4 GeV ]
NQ630) From Will Brooks at NUINTO2

H target with E, ., = 4 GeV
Illustrates the power of CLAS

Missing Mass (GeV)

Wil Brooks - Nuint02
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Analysis cuts

Remove events with
even energy depostion in

Stay away from edges the two layers of the
ECAL
> 500¢
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Mostly pions and muons

Calorimetric fiducial and ID cuts on outgoing e-
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Analysis cuts

| Electron momentum |
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» Momentum of outgoing e-: p>0.64 GeV (or y<0.872)
» Removes bias due to electromagnetic energy threshold in trigger.
> Also reduces sensitivity to radiative effects.
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d’o/dQdE' [nb / st GeV]

GENIE eA validation Joeeeys

. . . Data from Donal Day’s online quasielastic
GENIE eA with different Fermi gas electron nucleus scattering archive

models (red IS default) http://faculty.virginia.edu/ges-archive/index.html

Differential cross section for e)é(}.ﬁscie\a‘, 8=60"° Differential cross section for e~ + C12, E=0.62GeV, 8=60°
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v=E-E' [GeV] v=E-E' [GeV]
Gaussian fit to data -From C. Andreopoulos

Comparison with electron quasi-elastic scattering data
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GENIE eA validation

Data from Hampton University and JLab Hall C

USing GENIE resonance data archive
version 2.5.1 http://hallcweb.jlab.org/resdata/
JLAB, E = 2.445 GeV, 0 = 20.0 de JLAB, E = 2.445 GeV, 0 = 30.0 de
— | | J I I I | | I I | 1 I -} —— | 1 I 1 L] L] L] I 1 1 1 | -|
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5 600 B : &%
= + = 60 % %
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— ~, 40 p
= $ o | K
© S | "
! 3 4 i
200 j 20
[ 1 ] | | — | | — 1 - L1 1 |. I — ]&
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W2 (GeV?) W2 (GeV?)
-From C. Andreopoulos
Comparison with electron scattering resonance data
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