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Cross Section in the Resonance Region

Q=15 (GeV/c)’, E =3.245 GeV, 0 = 26.98°
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 Data on the Proton:
Clear resonant
structure, separation
from the non-resonant
background is possible
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Exclusive n~ electro-production
D(e,e’np)p

Detect e, == and at least ONE of the two final state
protons in D(e,e’np)p to ensure exclusivity and select
events where the “spectator” proton has low, backwards
momentum. Conservation of energy and momentum

allows to determine the initial state of the neutron.
el

— P

Low momentum
“spectator” proton

Novel approach by the BoNuS collaboration:
detect the spectator proton directly.




TU Production Kinematics
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0* = polar angle of the outgoing n~ in C.M. frame

¢* = Azimuthal angle of the outgoing =~ in C.M. frame



Final State Interations
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FSI Prediction for D(y,n p)p, by Laget
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J. M. Laget, Phys. Rev. C. 73, 044003 (2006).
R = ratio of the total to the quasi-free cross section
Or = polar angle between photon and spectator proton
Pr = momentum of the spectator proton

Strong momentum and anglular dependence



Off-Shell and FSI for
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Jefferson Lab Experiment E03-012
Barely off-shell Nucleon Structure

(BONuS)

Electron beam energies: 2.1, 4.2, 5.3 GeV

Spectator protons were detected by the newly built
Radial Time Projection Chamber (RTPC)

Scattered electrons and other final state particles
were detected by CEBAF Large Acceptance
Spectrometer (CLAS)

Target: 7 atm D, gas, 20 cm long
Data were taken from Sep. to Dec. in 2005



RTPC Sits In the Center of CLAS

PC




Radial Tlme Projection Chamber (RTPC)

20cm

Sensitive to protons with
momenta of 67-250 Mev/c

3 layers of GEM
3200 pads (channels)
5 Tesla B field
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RTPC Gain Calibration
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RTPC Resolution

[ Z(CLAS corrected)-Z{BoNuS) | '~ w2 | [ z BoNuS vs z_CLAS (electrons) |
Frob [}
Canstant 5238 £ 20T -E'Dﬂ
Moan 0.088E3 * .02650 £ .45
5i TIT & —
|- A7 = o] i
:
P —38

4000

58 8 8 8

.II|III'|III|III|III

L as

-~ Trigger electrons
i measured by CLAS
10
, are compared to the
%0 -a0 an"-'zld"hld”'cl'"55"'&1':" 30 40 50 oo 0 same eIeCtronS
Z{CLAS)-Z{BoNuS5), mm z CLAS {mm) measured In BONUS

e ~ 01 during High Gain

3000

2000

1000

>
D

B Constant 1.206es04 + 45 4500 Constant 3835 + 15.0 . .
12000 wen  oom:ooname [ wan 1072002 | Calibration runs.

B Eigma 1396 = 0.004 Slgma 4322 + 0011
10000 |- 3500

- 3000
8000 |

- 2500
&000 n 2000
000 |- 1500

: 1000
2000 [

- 500

[ ||||I||||I||||I||||I||

% S5 0 5 L e T 15
Theta_CLAS - Theta_RTPC, deg Phi_CLAS - Phi_BONUS,deg

13
H. Fenker, et.al. Nucl.Instrum. Meth. A592:273-286,2008



Analysis Outline
Quality Checks
Vertex correction and vertex z cuts
Particle identifications (electron, n— and proton )
Fiducial cut for trigger electron, n— and proton
Energy loss correction for electron, n— and proton
Exclusive cut (2-c Missing Mass cut)
Acceptance cut and acceptance correction
Background subtraction

© 0 N O Ok DR

Trigger efficiency correction, CLAS proton and RTPC proton
detection efficiency correction

10. Radiation correction

11. Luminosity analysis

12. Extract the cross section and structure functions
13. Systematic error estimation



Simulation Overview

RTPC(Geant4) > CLAS(geant3) > Reconstruction - Analysis

Dnift
Chambers

e

What have been done with simulation?
* Debug/optimize RTPC reconstruction packages
« Generate energy loss correction tables, radiation length tables

« Study Detector’s acceptance for D(e,e npc as)P and D(e,e m Prrpc)P
« Study particle detection efficiency
» Model the background... 15



W (GeV)

Kinematic coverage and binning, 5 GeV

D(e,e‘nt’p)
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cos0*: 8 bins with boundaries
at -1.0, -0.5, -0.1, 0.3, 0.55,
0.7,0.8,0.9,1.0

¢*: 15 bins, 24 degrees each
bin, [0.0,360.0)
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Energy Loss Correction for CLAS Particles
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Energy Loss Correction for RTPC Proton
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Missing Mass Cut: 26 from Gaussian Center
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2.X 0.9436 +/- 0.0509 0.9374 +/- 0.0400
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5.X 0.9389 +/- 0.0718 0.9350 +/- 0.0615
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Background Subtraction
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where 0.9545 is the coverage of 2c in a gaussian distribution.




Background of D(e,e m P as)P, 5G Real
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Background of D(e,e ' n P as)P, 5G Sim.

Background Fraction
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P (GeV)

CLAS trigger efficiency, 5G
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Trigger efficiency is the fraction that the trigger particle (electron) is
detected. It is obtained by scaling the simulation data to the real data,
then calculating the ratio of real event counts in each p-6 grid to the

simulated event counts in the same grid. 23
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CLAS proton efficiency
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Radiation Correction, e=5.3 cev
Q%=0.29 Q%=0.65 Q%=0.95 Q%*=1.31 Q%*=1.95
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Leading Log approximation  Calculation Based on Maid07 (I)

Using upraded “Exclurad”. Updated with MAIDO7 multipole model for both
neutron and proton. A dedicate clas-note will be vesy soon. 26



Cross Section Calculations
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Cross Section: BoNuS Vs MAID and SAID

Cos0* Q%=0.93 Q°=1.33 Q%=2.11 Q’=3.59 GeV?
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0.75 | 3
.8 .
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Minimizing Final State Interactions

2GeV,W =1.23 GeV
Q%=0.25 Q32=0.57 Q32=0.93 Q3=1.33

VIP Cut=0_ 1000 Prediction: FSI + Binding < 20% under VIP cut
Pq
and 70<p.,<120 MeV

removing data points to the results with larger Q2

Co0s0*=0.95

Co0s6*=0.85

Co0s67=0.95

Co0s0*=0.85

Data: 1)Better agreement between CLAS and RTPC
channel for low Q?; 2) No obvious change other than



Systematic Error acev,w =123cev

do/dQ (ub)
(%) ]

Q%=0.93 Q3%=1.33 Q%=2.11 Q2%=3.59 GeV?
10: BE_ 4L+ +
it i, Hll F
2 i 5 S

r 1K
0_“.4: L ’
1

[u8]

Co0s6*=0.85

-

kel il

—achan’ | . "R

i, .
| D(e,e’ﬂ_pRTpc)p | | D(ele'n_pCLAS)p |

15% in average, mainly come from the following (values are all in average):
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Rad. corr. ~5% Background corr. 5%
Acceptance cut 10% Missing mass cut 5%
PID and Detection eff. 8% Luminosity 2%

FSlis estimated to be 15%, not included in the figure yet 30



Fit for Structure Functions

1.45 < W'<1.60, 1.097 < Q%1.563, 0.80 < c0s0*<0.90

1.45 <W'<1.60, 1.097 < Q%1.563, 0.80 < c088*<0.90
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Structure Functions: BoNuS Vs MA

5GeV,W =1.525 GeV
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A,. BONUS Vs MAID, 4 Gev with vIP cut
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Summary and Outlook

« Measured absolute cross sections for D(e,e'n p)p reaction over a
wide kinematic range, 1.1<W'<2.8 GeV, 0.13<Q?%<4.5 GeV?, full
range of cos6* and ¢*.

» We see qualitative consistency in most bins between our results and
model predictions.

* In most bins, the prrpc and pe as Channels are consistent.

* Huge increase in available data points (about 5000) for y* n =2 np.
Currently only ~900 points available in the world database. BoNuS
data will be used to improve our understanding of neutron structure,
as part of fits to world data (SAID, MAID...).

« Systematic error is about 15%.
* Include the FSI correction in future.

 Plan to repeat this analysis using other deuteron data, i.e. CLAS E6
data.
34



Backup Slices
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Motivation

Purpose: In order to understand the structure of the
nucleon (neutron and proton) we need to study the
excited states (resonances).

We have a lot of data on the proton but almost nothing
on the neutron — both are needed for a complete
understanding.

Strategy is to use pion production: y*+n—> p -

We have some real photon data, almost no
electroproduction (virtual photon)

Difficulty: No free neutron target, need to use deuteron
Instead.

36



Resonances predicted by Quark Model
VS. experimental measurements
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From http://pdg.IbI.gov/2009/reviews/rpp50_09-rev-quark-model.pdf



Resonances
6 families, depending on quark content (Isospin):

N*ws2y, A2y, M), Z(l)TCMO<

h
Heisenberg Uncertainty Principle: AxzAp = 5
short life time - wide energy AAAR > {[A..,B]}‘
Measured from the decay products o=
N*, A Resonance, combination of u Y+N > a1+ N
and d only =1 =1/

Notation: L, Possible for both N and A

L: orbital angular momentum

+ +
I Isospin Y N> I:} I_L\ZI
J: total angular momentum J = L+S Possible for N not A

S,PD,FRGH=>L=0,1,234,5
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Resonances examples

A (I=3/2)

JF"

Mass [MeV]

JF"

N(I=1/2)
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Exclusive i~ Cross Section

0’0 T 00
OE'00.00: " 00
o FE K, 1 i oo e
I, = f K., = (W2 = M2)/2M,
/ 27?2 E C,?Q 1 — e J ( n,)/
-
89(; < o + 0, + \/25(1 + E)(TLTCOS@: + E(ITTCOSQ@;

Unpolarized virtual photon cross-section of y*+n 2 n+p

2|q | 50,
|CI‘ ta 2_6)—1

Degree of transverse polarization: = = (1+ o7t

hr
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Final State Interations

P
\\\Tc_ T
pri backgrowad-~
quasi-free (IA) np rescattering
et P

p N Pt

d" d O’\
pp rescattering p ep scattering P
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FSI &yd>npp = yn>7

[V. Tarasov, A. Kudryavtsev, W. Briscoe, H. Gao, IS, arXiv: 1105.0225]

Yd%‘rl:'pp No fit to the data YN P
Ta
_E' Y E,=210 Me¥ I ¢ E,=280 MeV w: E,=370 MeV' RFSI = (da./dﬂ?m}/(dg ./d'Q?TP]
% N 0 [ ‘r’" \ 0 _—’s."‘). \J @‘ - bl ! o ("’” o R e
STE [/ Y o i / [/
= [ .J_!__‘l [ /{ *-* N \"t\ ' 08 | II." 1Ak |
10 = = 10 = 0 = I I 3
e e E : *ly - [IA+NNg/IA h / ! If
Coaloalialoilaalag n‘|||||]|||1|l||||| n‘l]lllJlLIIIllllll —[IA+(NN+IN)H]!IA i L Il" uj‘_II
9 W 60 80 120 50 W) 9 30 60 80 120 150 B0 0 30 60 W0 120 150 W r/ F I|
3" Emsoonwr] | E,m750 Mev . E,=1050 Mev waf/ 4 j
“3‘* ! E-". ! i ?’r E,=500 MeV i E,=1000 MeV
cm—'+ o 10*'\1 8 Py ANEFIN RN U I RPN BFAVIN [ IR AU NI EPRTS B
: [ E \ 9 D 60 90 120 150 180 0 30 60 90 120 150 180
2 [ [ by s ’
0 L ‘\‘* s R . = [ e ] IS
[ . Y [ \‘\‘: § '“"'-'t—. == ; [ / L/
o bolealuelols |‘ N TP I L et B AT PR A P 54 e8| e
4 W 8 =0 i 15|7I W9 0 60 90 120 150 @ 0 30 60 S0 120 150 ED i L .I o
CONT i i o a6l 06|
= 0 ff\‘ E=1250 MY | n r;‘ E=1550 MeV | 4p | E=1700MeV | = L [ _f
3 E 3 o - -
é ¢ - \ - \\\ E‘E L 0.4 —-'f 0.4 :r'll
:,6‘ ' 3 \ . 1 ' 3 \* + = == / E,=1500 MaV i £,=7000 Mev
m";- 1}‘ T m" 1 i m"; “"\.1__%1 0 [ 1000 MeV . . I R O R R
MR lealiolonl L1 |||+1 —1.0 0.5 0.0 0.5 1L 1 1
o 0 80 90 120 15 1 O 30 # 5 1 15 M 0 0 6 % 1m 1% w0 coad ll,f" s i I," e — ]
) = 0af sal!
< el E,=1300 Mev 9 C B
E -LS N .
% E (my-LS) | - Cuts:
< E 3\‘ 18| ) ) 06 - 0.6 "I ps> 200 MeV/c
2 N _____ 1A Thereis a sizeahle il -,' p; >200 MeV/c
W'k "L --- |A+ NNgg; FsleffectR < 1from 0.4 0 -
E L Ol 1A+ (NN+7N)g E=2500Mev | L E,=2700 MeV
a M 60 S0 120 150 e at small angles 0_20 L |3|B| Iﬁlgl Iglnl |1£n| |1éﬂ| I1Bﬂu'2|} 1 |3|D| |E|D| Iglgl |'£D| |1|50| I]aﬂ.
This region narrows
P. Benz ea Nucl Phys B65, 158 (1973) Fermi motion included




Continuous Electron Beam Accelerator
Faclility (CEBAF)

o AN
S

il i Recirculation /
2 N v 2243 b= Ams g

.............................

0.4-GeV Linac
(20 Cryomodules)
0.4-GeV Linac
45-MeV Injector 20 Cryomodules) ’

(2 1/4 Cryomodules) \ ;

“Extraction ..
Elements

End <& » ; ;
Stati
tations U
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CLAS In Jefferson Lab, Hall B

CEBAF

Large
Acceptance
Spectrometer

OC: Drift Chamhber
CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter
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Radial Time Projection Chamber
(RTPC)

Tracking
Volume

Field Cage
Electrodes
(Chord Wall)

High-Voltage

- \——J Circuit
Left Module Right Module
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Analysis Procedure

. Quality Checks

. Vertex correction and cuts

Particle identification (electron, =~ and proton )
Fiducial cut for trigger electron, =~ and protons
Energy loss correction

Exclusive cut (Missing Mass cut)

. Acceptance correction

Background subtraction

© 0 N O O bk wWwhPE

Radiation correction
10.Particle detection efficiency for e~, proton and RTPC proton
11.Extract cross section and structure functions



ge
B

N _el/Char

Run Selection: Quality Checks

60—
] E +H,
B 4 GeV « » 5 GeV 5
o : +D,
- R
- I +He,
0 i
;o
: ' 3
— i * “ e &
) "
- 5 ) . ~
- i .
U"__ i
:/ ' » \
DI L * |# L 111 |ii| L1 | |‘| ' LA L) |

00 49800 49900 5
Run Number



Before and After Vertex Correctlon

.. | Using real data,
——= find the best beam
' position to
minimize the
vertex difference
among coincident
particles

48




Vertex Cut

NN

%%
115

|
;

"83

il
k\

A,

ANNNNNN

N

SN

sz

AN\

E

=

-5

15000

-65 -60 -55 -50 -45 -40
z (cm) 49
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Electron Identification

nphe — before cuts: 6093K | 6713784 |
5000
60000 - i -] —— after EC cut: 4181K
00 ’ ’ after EC/Osi cut: 3961K
30001 50000
20001
1000 40000
30000 g
20000 |
10000 j
% 1 1 1 5|0 1 1 | 160 1 1 1 15|0 1 1 1 I200 | | | i — 0
nphe x 1%5
1. Negative Charge_ “ﬂl:F' ' lzla' — a6 e0 000 120 4o 160 180" 'n's::'“n
2. Number of photo electrons (Nphe) > 1.5
3. E_inner >0.06 and 0.016*P+0.15 < E_total/P < 0.34
: : 50
4. Pass Osipenko cut (geometry matching between SC and CC)



CLAS Particle Identifications

Negative non-trigger particles:

(1) B above purple curve n~

(2) Among the rest,  between
purple and light blue curve K-

(3) Among the rest, B below light
blue curve anti-proton

Positive particles:

(1) B between light blue and green
curve proton

(2) B below green curve Deuteron

(3) Among the rest, 3 above purple
curve ©t*

(4) Among the rest, B between purple
and light blue curve K+ o1



Trock lonization Density (ADC Counts / mm)

RTPC Proton Identification

_dQ/dx

450

proton
400 g
/

500 o Deuteron Helium

200

150

100

S0

o 50 100 150 200 250
Maomentum {MeV,c)
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The Drift Path of An lonized Electron

A MAGBOLTZ simulation of the crossed E and B fields, together with the drift
gas mixture, determines the drift path and the drift velocity of the electrons.

*The red lines show the drift path
of each ionization electron that
would appear on a given channel.

In green is the spatial
reconstruction of where the
lonization took place.

*In reconstruction, hits which are
close to each other in space are

linked together and fit to a helical
trajectory.

*This resulting helix tells us the
vertex position and the initial
three momentum of the particle.




RTPC Drift Velocity Calibration

| Z{CLAS corrected)-Z(BoNuS) | '™ » | z_BoNuS vs z_CLAS (electrons) |
r Caonstant 5238 = 207 -g'ﬂﬂ
- Muan 000883 * 002650 £ C
5000 - Sigma 7.7 £ 0.03 :g B0 -
B z C
C @ go -
4000 |- oL
- a0
3000 [ -
2000
1000 [

12000

10000

BO00

6000

4000

2000

40 -30 -20 <10 O 10 20 30 40 50
Z{CLAS)-Z(BoNuS), mm

32 I ndf 44491 57
Prob L]
Constant 1.206e=04 + 46
Mean 0060868 + 0.00400
Sigma 1396 + 0.004

-5 5
Theta CLAS - Theta_RTPC, deg

3500

3000

2500

2000

1500

1000

500

20 40 60 BO 100 °
z CLAS (mm)
22 1 ndi 32001 117
Prob o

15

Constant 3935 + 15.0
Mean 1077 + 0.2
Sigma 4322 + 0.011

=10

15
Phi_CLAS - Phi_BONUS,deg




Fiducial Cut Fitting Function
Ooq = (Gger) — 60 X (sector — 1)

Fitting function: et (1) = a[1.0 — (1.0 + Mger — ¢)") ']

Fiducial cut is the El SECtOI‘4, 1.70<=P<2.00 A1 23.16+0.9199
. N U T T T T T iy T T T T 1 T
geometry cut which is  ~ | 1 !

1+ 0.2381
used to remove smi o
Inefficiency part of the .
detector. < s
Momentum dependent S0 ——fe G e .
< : —{100

Electron: A = 0.35, -
Pion: 1 = 1.0 e
Ptoton : A = 3.0




New Fiducia

cut for e-

| EI All Sectors, 0.20<=P<0.50]

V|

-3

29 + 02253

0.5569 + 01637

M+ 0

L&l

All Sectors, 0. 50<'P<0 80 1 o3 | El All Sectors, 2.00<=P<2.30| 013 | El All Sectors, 2.30<=P<2.60| /" 013
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=]
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Fiducial cut for T~

ctors, 0.50<=P<0.80 |~/ 3 |Pjon All Sectors, 2.00<=P<2.30 [/ ¢= 1 Pion All Sect
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Fiducial cut for proton

Pr All Sactors, 1.10<=P 28
B

ridl
LI FLh ]

Pr All Sactors, 1.25<=P 40
——T————

“im  amaiecen

ball L]
A HEiLEe

Pr All Sactors, 0. 204=P<035 |t
A B e s
]

[ 1L}
BN
[E- BIT
Ml

bl ara
L AliekTM

Pr All Bsctors, 0.80<mP<1.98 |
B

[TE 3

Pr All 8sctors, 098P 10 |
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Exclusive ©~ Events Selection

. Select good trigger (scattered electron)
q<0,

CC + Osipenko (CC geometry match cut)

EC (Ein>0.06, without Etot/p Cut)

Theta Z Cut

. Vertex Z correlation cut
|lz_el-Z 1] <2.71 cm, i could be &, fast proton or RTPC proton.

. Identify the =~, If not found, use a negative non-
trigger particle as n-

. Identify protons, if not found, use a positive
particle as proton

. Apply vertex and energy loss corrections
. Apply 2-c missing mass cut
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D(e,e'np)p Acceptance Correction

* Binning information:
W': 150 MeV each bin, [1.15,3.10);
Q?: 6 bins, {0.1309, 0.3790, 0.7697, 1.0969, 1.5632, 2.6594, 4.5243 };
cosO*: 8 bins, 0.25 each bin, [-1.0,1.0);
¢*: 15 bins, 24 degrees each bin, [0.0,360.0).

» Acceptance is the ratio of the number of events detected in a given bin
to the number of generated events in the same bin.

* Need to generate tables for D(e,e'n prrpc)P and D(e,e'n P as)P
reaction separately.

* Applied event by event

* Need to have acceptance cut to ensure the reliabilities

For CLAS channel: 0.008 and less than 10% uncertainty (> 100 detected events)

For RTPC channel: 0.003 and less than 15% uncertainty (> 40 detected events)
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Acceptance Correction, e=s.3 cev
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Target Thickness

BoNuS Target Pressure Target Beam((,;ev) Fegy (pf"i)
mn;:_:,,__,:::_: H, 1.X 05.350
R P D, 1.X 96.041
= H, 2.X 95.156
a D, 2.X 05.104
E He 2.X 95.721
4 H, 4.X 95.542
E D, 4.X 95.874
He 4.X 95.596
o L+ i b by H, 5.X 92.531
49450 49650 49850 50050 50250 D, 5X 93.635
Run Number He 5X 06.603
Calculate the effective target pressure, P, end P, Nt
. . . Un-="run
for a data set by weighting the pressure of Pepp = Z —
each run with the number of good electrons run=begin %~ Nel
in that run. run=begin
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Time Integrated Luminosity

A ART RT
coeflicient 2 represent the fact that a deuterium molecular contains 2 atoms;
Npg 1s the total number of incident electrons;

P 1s the effective pressure of the gaseous target;
[ is the valid length of the target ({=16.0 cm );
N4 is Avogadro’s number (6.022 x 10%):

R is the gaseous constant (8.314.J - K1 - mol™1);
T"is the effective temperature (293.0K7).

Beam (GeV) | Luminosity (10%*/cm?)
2.1 10158.4
4.2 59060.0
5.3 113031.0
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Cross Section Calculations

A

1. Select exclusive events o ! 020
| 7 _ [rdEdD /
2. Apply corrections: OE' 00,00 / o e o0
acceptance, trigger, 7~
CLAS proton and RTPC B ,
. Acras = T
proton efficiency, Rne-ne-m2- A
radiative and N—— B |
background correction. e R e i -1 pe - A
W / s (‘92
/ FPEE’R-J?1 AdQ Z (1-X\) = LTA(cos0-) A ()Qg
o EW2-M2 1zl " events
02 E M2 1—cEEM,
o /(u L 07 0o DA
avw ac - = )
Am B2 M? Q*(1—¢) 0 LTtA(cost:)Ap:
y W 12 Ag2
[ — M e - T ?
) _\[n (9 (]_ — ) - N B X i?\"'m.],, get _ N B X 2PV _\_1 _ 2N BID Z5\

6
ART RT



Sim

Vs Real
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A, BONUS VIP Vs MAID, 2 Gev

Q%=0.25 Q%*=0.57 Q%*=0.93 Q2 1.33
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Cross Section: BoNuS Vs MAID and SAID

CosO* . Q°=0.25 Q*=0.57 Q*=0.93 Q*=1.33
)
=1
=l
g
0.95 | %
=y
3
0.85 3
5
0.75 | §
2
0.625 | 3"

7 '
MAIDO7 | | sAaD08 | |D(e.emprrp| | D(e,e'n—pCLA;)%L‘




Cross Section: BoNuS Vs MAID and SAID

CosO* Q%=0.93 Q°=1.33 Q%=2.11 Q%=3.59
N
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A, BONUS VIP Vs MAID, 4 Gev

Q%*=0.93

Q%*=1.33

Q%*=3.59
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A, BONUS VIP Vs MAID, s Gev

Q%=0.93 Q%*=1.33 Q%*=2.11 Q?*=3.59
x 1 T m r :
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