Measurement of beam and target polarization

observables in Yp — pr 7~ using the CLAS
spectrometer at Jefferson Lab

Sungkyun Park

Florida State University
Department of Physics

July 01, 2013
Dissertation Defense

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 1/44



Introduction

@ Baryon Spectroscopy

@ Why is 77~ photoproduction needed ?

FROST Experiment

@ Jefferson Laboratory in Newport News, VA

@ Experimental devices for the FROST experiment
Data Analysis

@ Kinematic variables

@ Previous measurements

@ Basic event selection

Preliminary Results

@ Polarization Observable |©

@ Q-factor method : Event-based background subtraction
@ Polarization Observable P,

@ Polarization Observable P’

e Summary

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 2/44



Introduction
Outline

@ Introduction
@ Baryon Spectroscopy
@ Why is 77~ photoproduction needed ?

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 3/44



Introduction Baryon Spectroscopy

What are hadrons?

Baryon Meson
T Quark @ Hadrons are composed of quarks bound by the strong
interaction.
Gluon - Baryon: qqq
Quark - Meson: qq
@ Quantum Chromodynamics (QCD)
0.5 - QCD is the theory of strong interactions;
a(Q) the strong force describes the interactions of quarks
aa Deep Inelastic Scattering H
- os ¢'c Annihilation 1 and gluons making up hadrons.
o Collslons @ Strong interaction processes at larger distances and
at small (soft) momentum transfers belong to the realm
03 of non-perturbative QCD.
- Constituent quark models are the most successful models
for making predictions about the properties of baryon resonances
02f °
in the non-perturbative region of QCD.
5 The N* Program in JLab
=QCD ;(Mz)=0.1189£0.0010 [ The study of the properties of baryon resonances

100

¥ Q[Gev]

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 4/44



Introduction

Bau

Constituent quark model: Gluon-exchange model

SUCON — experimental findings
i The uncertainty in mass measurement
_ i The experimental resonance position
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##+ Good Evidence
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Introduction Bal

The uncertainty in mass measurement
The experimental resonance position
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Introduction Baryon Spectroscopy

The spectrum of N* resonances

Constituent quark model: N* resonances (Isospin %)

000 = T T T T T = experimental findings
2. many predicted states are missed ||

The uncertainty in mass measurement

M ‘ssinq Redonamnce Probl ] The experimental resonance position
2500 —| ) == -
E 20004 [— (= [l== —_ M=l
= = i | === Theory
81720 === ={f=agl== =g - == {l- =< === | _
= = @, e) B Experiment
15001 _@4 Stars
1. The excited states suggested by models do not match [eer Exists

accurately the states measured by experiment. A
#+* Some Evidence

19999 ‘ H H H H H H H * Poor Evidence
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Introduction Baryon Spectroscopy

The spectrum of N* resonances

Statnus as seen in —

Overall The status of the N resonances
Particle Loj.ogystatus Na Ny AK K Ax Np
N(030) Py wesux 1. Nearly all existing data result from N channel.

y 9
N (1440)  Pi1 | www= S |+ T — e . .
N(1520) Dig  =xx= sk | s A kAR Ak < If the missing resonances did not couple to N,
N(1535) Sy1 == [SIE - * - ok .
N(1650) 511  wmsm promenl b S me o= B e they would not have been discovered.
\f 1675 o . .
rreTR) b i Jossdl Iy * Ty reas 231 2. Photoproduction data accumulated mainly cover masses
Dy was e . * - * e up to 1.7 GeV.

) (1710) P11
_z» &720) Pia
P53

P ok - ok - stk

- . - 3. Missing resonances problem appears above 1.7 GeV.
SRS TT T T T === ====7====71 4. The CLAS-FROST data used in this analysis covers the

7\" 1990) Fi7 o * * = - i

000) Fig . . M o . - region above W ~1.7 GeV.

080) D1z ok *ok * * * -

090) Si1 * *
N(zloo) P * * * -

T e T T T — — =

N(2200) Dqy == o » « i — B
IN(2220) Hiyg =xxx e— | — —
N(2250) Gig =xxx e— _E
N(2600) 111 === e
IN(2700) #1135 == Hx

===
L
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Introduction Why is 77— photoproduction needed ?

Why is 77~ photoproduction needed ?

Statnus as seen in —

Overall The status of the N resonances
Particle Loj.ogystatus Na Ny AK K | Ax Np
N(939) Py wxxx 1. Nearly all existing data result from N7 channel.
N (1440)  Pi1 | www= S |+ PR e
N(1520) Dig  *xs=x s | e hanadiEe el Eats < If the missing resonances did not couple to N,
Niisooy el o e o w2 oI they would not have been discovered.
Al L e ool I8 * e o 1221 2. Photoproduction data accumulated mainly cover masses
N(700) TPy sax e . * e * e up to 1.7 GeV.
i e et vl owoor | u |i] 3. Missing resonances problem appears above 1.7 GeV.
'N%rdb SPETRETTTAT T T == =71 4. The CLAS-FROST data used in this analysis covers the
e o & e leooroox |, .. |* | regionabove W ~1.7 GeV.
N(2080) D1z #x wok * * -
N(2090) S11 = *
N(2100) P11 * * *
VO = s T = T ! —r—p—r———r—g
N (2220) H:; e :“* * £ ® y +p total ]
N(2250) Gig ==== woeen | v T ]
N(2600) 111 === e i
IN(2700) #1135 == x -1
0 E
. B O =°
<& The decay channel of 77~ photoproduction : 3 e n*
_ _ [ mntn-
- 9p = N* — Atta- — prtn 107k ®n*ro
3 I EaEH
— A0gt s .
3l A«
— Pp 107 L |
. . . . E O K*A
< The biggest cross section contribution is from o o K xe
[ o Kox
«+r~ photoproduction above W ~ 1.7 GeV. ;4. gl
0.5 1 15 2
E, ~ 1.07GeV (W~ 1.7 GeV) E(GeV)
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Introduction Why is 77— photoproduction needed ?

Why is 77~ photoproduction needed ?

Statnus as seen in —

Overall
Purticle Lorogrstatus Nx | Ny AK =K | Axn Np [Ny

N(030) Py wesux

N(1440) Pi1 wwex pPr=—— FrT— p=rs

N(1520) D13 wx=x e | we VN P

N(1535) S11  wwex s | - - ek

N(1650) Sy1  wxwx oo | ak ek ok

N(1675) g #ass e [N * PO Py

N(1680) Iyp  sass e [N PN T

NOTO0) py sas e Fs * s * P

N(1710) P11 #%% P ok M . * kek

N(1720) _ Pis _ st soore | ok - * ke ke D
'N‘%[db SPETRETTT AT TSI E AT T re1--
N(1990) Fiz =+ o * + - *

N(2000) Fis o+ o * * - - ok

N(2080) Dis =+ o * * * Mass
N(2000) S11 o+ *

N(2100) P11+ * *

IO O T =TT T 3 T -

N(2200) D5 == e * *

N(2220) Hjyg wx=x e | =

N(2250) Gig wx=x e | =

N(2600) I711 === P

N(2700) Fq1z == xx

@ The excited states are found as broadly overlapping resonances.

@ The polarization observables can isolate single resonances from other
interference terms.
- polarization observables are very sensitive to small resonant contributions.
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9 FROST Experiment
@ Jefferson Laboratory in Newport News, VA
@ Experimental devices for the FROST experiment
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FROST Experiment Jefferson Laboratory in Newport News, VA

Jefferson Laboratory in Newport News, VA
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@ The continuous electron beam accelerator facility (CEBAF) can deliver a
continuous electron beam up to 6 GeV.
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FROST Experiment Experimental devices for the FROST experiment

Experimental devices for the FROST experiment

@ The broad-range photon tagging system
@ The FROzen Spin Target (FROST)
@ The CEBAF Large Acceptance Spectrometer (CLAS)

~
/ W t o — Radiator
Tagger magnet ¢
B

/é 7Spm Pb arlzed target
K\ Photon beam
\ \\Q\ ==—
e s, XT‘ =

Meters

Electron
beam
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FROST Experiment

Experimental devices for the FROST experiment

The tagging system in Hall B

JLAB Hall B bremsstrahlung photon tagger

3

@ E, =20-95% of Eg

@ E, upto~5.5GeV

10000~

5000

Focal Plane, Full-energy (Eg)
384 Front Electrons
[ Counters
(— energy)
— 48 Backing
Counters ~
(— timing) ' Ry
- WEg =095 080
1 | | 1 | 1 1 | | |
0 1 2 3 4 5 6 8 9 10 1

gkyun Park (Florida State University)

Defense

The E, distribution for E ;= 1.645 GeV

0.33 GeV <E, <1.56 GeV

Il
14 16 1.
E, [GeV]

E,=FEp-Ee

E., : The energy of the emitted photon
Eq: The energy of the incident electron
Ee: the energy of the outgoing electron
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FROST Experiment Experimental devices for the FROST experiment

The tagging system in Hall B

JLAB Hall B bremsstrahlung photon tagger

@ Ci .
CIrCUIarIy polarlzed photon beam I amorphous radiator I I longitudinally polarized electron beam I

@ Linearly polarized photon beam -
I oriented diamod radiator I I unpolarized electron beam I

1 linearly polarized beam
z
Hooo—
- Data for PERP 1.3GeV 2
2500 Calculation —
-1
2 > Full (E
= Focal Plane, ~. ull-energy )
E 384 Front \/ Electrons °
> 3| Counters
(— energy)
-4 48 Backing .
Counters = / Polarization corresponding to calc
(—> timing) L (Peaking at > 90%)
-5 07 i
Fos
Fos
6= | | | | | 1 | | | | | £o4 3
4 0 1 2 3 4 5 6 7 8 9 10 11| °F \/
X [m] 0af-
e e .

Photon Eneryy (MeV)
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FROST Experiment Experimental devices for the FROST experiment

CEBAF Large Acceptance Spectrometer (CLAS)

Torus magnet

Gisiiercondieting coils Electromagnetic calorimeters

illator, 1296 photomultipliers

target + start count
~

Drift chambers
argon/CO, gas, 35,000 cells

Time-of-flight counters
plastic scintillators, 684 photomultipliers

Gas Cherenkov counters
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FROST Experiment Experimental devices for the FROST experiment

The FROzen-Spin Target (FROST)

[ High magnetic field (5 T)

|. Low temperature

28 mK (w/o beam) and 30mK (w/ beam)

© L

(a) The longitudinal holding magnet. (0.56 T) I Carbon I
(g9a: Nov. 2007 - Feb. 2008)
<& Average target polarization

~ 82 % (+Pol) and 85 % (-Pol) @

(b) The transversal holding magnet. (0.50 T) | Polyethlene |—| Butanol l—

(g9b : March 2010 - August 2010 )
(c) The polarizing magnet. (5T)
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Data Analysis
Outline

e Data Analysis
@ Kinematic variables
@ Previous measurements
@ Basic event selection
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Data Analysis Kinematic variables

Photoproduction of 777~ off the proton: Kinematics

@ The =+ 7~ photoproduction requires 5 independent variables.

ex:@%m, Ort, M - The two-pion plane

- Other variables are integrated over

in this presentation.

The reaction plane

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 19/ 44



Data Analysis Kinematic variables

The differential cross section for yp — prtn~

The differential cross section for yp — prta—
(without measuring the polarization of the recoiling nucleon)

3_22‘70{(14' N-PY+ 6,019 + A -P9)

+6,[sn28(1° + A -P3) +cos25 (1° + A -P°)]}

og: The unpolarized cross section

B: The angle between the direction of polarization and the x-axis

Xi: The kinematic variables

0 ,1: The degree of polarizaton of the photon beam = § ¢, and J

Ai: The polarization of the initial nucleon = (Ax, Ay, Az)

| ©>S:¢: The observable arising from use of polarized photons = 19, 15, |¢

P: The polarization observable = (Px, Py, Pz) (P, Py”, PS°) (P§, P§, P$) (PS, PS, PS)
15 Observables

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 20/ 44



Data Analysis Previous measurements

Previous meas ments

The data used for this analysis :

10 Phys.Rev.Lett. 95, 162003 (2005, CLAS Collaboration)

1. circularly-polarized beam

2. longitudinally-polarized target 2ot

W = 1.40 GeV.

W= 1.45 GeV

Z=o00{(1+ N\ -P;)
+00 (19 + A, -P3)}

W = 1.55 GeV.

W=160GeV .

wormoey ] [woimesw | [wormeo
B i Ol | TANE 1 Vs
ok L1 19 : PhysRev.Lett. 103, 052002 ool
E e M ) p S W=2.10Gev W=230GeV
= oF 3 v (2009, Crystal Ball at MAMI, TAPS, and A2 Collaboration) |. .. O L.,
1:;; con .. :- ..‘m mn 0
-ai g v, ?\. TR
0 e O w0 w0 3 %0
P[] ¢ (deg) ¢ (deg) © (deg)
z Valencia model
R 'y P @ Eur.Phys.J. A 34, 11-21 (2007, GDH Collaboration)

Ao =(03/2 — 01/2)

B, MeV)

Sungkyun Park (Florida State University) Dissertation Defense

- The helicity-dependent total cross-section difference
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Data Analysis Basic event selection

Basic event selection

I proton and pion selection I

start-time (ST) - start-time (TAG )

%

pion

aw data,

p>premselecion  gg

measured B

Counts / Channel

proton

P B S I A AT I A W N
02 04 6 1.

-4 - 0 . . 1 . ¥
Caincidence time At[ns] measured momentum [GeV]

X
<

—+— p T+ T+ data

4 Butanol data

##% Carbon data

extened carbon data
CH2 data

=== After applying Basic cut{

T X

,a
o
S

5 10
Z-vertex [cm]

ngkyun Park (Florida State University) Dissertation Defense

10°

10°

10°

10

@ Basic Cuts

photon selection

At <12ns
proton selection

1| AB | <0.032
pion selection

1| AB | < 0.044
vertex cut (Butanol)

| Zvertex | < 3cm

accidental cut

: one photon selection

confidence-level cut
:Cl-cut>5%

2013
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Data Analysis Basic event selection

Basic event selection

@ The kinematic fitting @ sasic Cuts

- photon selection

proton (mom) proton ( A) proton ( @)
1600 Mean -0.012 1600| Mean 0.205 1600 Mean -0.050 At <12ns
1200 Sigma 1.029 1400 Sigma 0.983 frsed \ Sigma 0.991 .
2000 : 1000| 1000| - proton selection
:22 800 800
200 0 209 1| AB | <0.032
200) : 200) 200) . .
0 2 S R N S - pion selection
o) @ .
T - (| AB | <0.044
1600 by ean 1600 Mean -0.098
1200 1400 f ) Sigma 1.004 1200 Sigma 0.990 - vertex cut (Butanol)
1000 1200 1000
50 3% 500 1| Zvertex | < 3cm
400 400 400 )
B 209 0 - accidental cut
05— Sy N T e
 (mom) o) (@ : one photon selection
1600 fresd Mean -0.371 1600) Mean -0.085 )
1400 1400 Sigma 0.976 1400 Sigma 0.987 - confidence-level cut
1000 o0 1000
300 500 300 1 Cl-cut>5%
500) c00) coo|
00| 400 400
200 200) 200)
= g2 Oty
photon (mom) cL @ Corrections
1600 Mean 0.088 900
—+— w/ ELt¢ & M C ;
100 Sigma 1.035 7o Tr- Wi Eloss e - Energy-loss correction
*oo0 200 Wio ELoss )
800 400 Topology : y p -> p T 1T - Photon-energy correction
400) 200| Butanol target .
200) 100 - Momentum correction
+ L
Defense 2013 23/44




Preliminary Results
Outline

@ Preliminary Results
@ Polarization Observable |©
@ Q-factor method : Event-based background subtraction
@ Polarization Observable P,
@ Polarization Observable P’
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Preliminary Results Polarization Observable |

Polarization observable | ¢
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Preliminary Results Polarization Observable | ©

Polarization observable |©

{N (—>; W, ¢W+)beam - N(<_; W, ¢7r+)beam }

19(W, ¢rt) = =
d (W) {N(—);W,(bﬁ-t-)beam+N(<_;W’¢7T+)beam}

& & »(W) : The average degree of the photon beam polarizations.
& — («) : the direction of the beam polarization is parallel (anti-parallel) to the beam.

< Beam-helicity asymmetry for the unpolarized target and circularly-polarized photon beam.

F i Butanolbaa | €xample :
500|
r CL-¢cut > 0.05
oot Sf clout<0.05 - Topology : vp — prt(m ™).
F J - W:1.60 GeV.
3007 ¥ H
F £ H .
ook i Y = bem., ¢pt, O+, M4 are integrated over.
L 3
100: J'4 ool - I Using the 5 % Confidence Level Cut |
5 \ i
e T ) PPN Ny Oﬁms O There is still an effect of background events.

Missing-Mass [ GeV ]

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 26/44



Preliminary Results Polarization Observable | ©

The bac und effect in Beam-Helicity Asymmetry |

C ==-i-+ Butanol-Data C
500 500
r CL-cut > 0.05 C
C ¥ —}+ CL-cut <0.05 C
400| 1 (] 400
n ¥ n
300[ H R}_ 300
200 ¢ % 2001
£ & ¥ E
10(): s‘f’ er B 100:7
Eﬁf 0 :
o A R L T e o B e YOO
0 005 01 015 0.2 0.25 0.3 0.35 0.4 045 05 0 005 01 015 02 025 03 035 04 045 05
Missing-Mass [ GeV ] Missing-Mass [GeV]

@ Fitting function : Gaussian + Chebyshev pol.

@ Butanol data are composed of

- free-proton data
- bound-nucleon data & background data

@ After applying CL-cut, there are still bound-nucleon and background events.
@ These bound-nucleon and background events have a small influence
on the beam asymmetry.
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Preliminary Results

Polarization Observable | ©

Check the symmetry of polarization observable |

@ Kinematic variables 6c.m., 6,+, M

™

@ Butanol(27 — ¢): —19(21 — ¢)

+ .- are integrated over.

W = 1.40 GeV W = 1.45 GeV W= 1.50 GeV W =155 GaVv

(O]

@

o

[

=

f

[<B]

[72)

o

o

<

=

<

N

=

© 3

o E == Butanol

o F oot BULGROIE B e @) ovese s

.3 °© )
we | = 1@-1@2mr- )

kyun Park (Florida State University)
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Preliminary Results Polarization Observable |

Beam-Helicity Asymmetry | with the published data

@ 19 : Phys.Rev.Lett. 95, 162003 (2005, CLAS Collaboration)

W = 1.40 GeV 3 W = 1.45 GeV 3 W = 1.50 GeV E W = 1.55 GeV

@

@
=
[
>
L
D
172}
o
(@)
<
Qo
<
N
p—
<
S
[a

Phys.Rev.Lett.

4
Qe
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Preliminary Results Q-factor method : Event-based background subtraction

Q-factor method

@ The Q-factor method is used to subtract background :

- The Q-factor is an event-based quality factor which denotes the probability that
each seed event is a signal event.

@ Find the input for the Q-factor method :

@ Step 1) The 300 nearest neighbors from the butanol seed event are selected. (in black)
@ Step 2) A seed event in the carbon sample is chosen which is kinematically closest to the

50|

4

S

3

]

2

S

e
=)

butanol seed event.

@ Step 3) The 300 nearest neighbors for the carbon seed event are selected. (in green)

HA

f
%

f
e g

e I
50

S
L T LR T R VN R R
Missing-Mass [MeV]

Sungkyun Park (Florida State University)

@ The distance between eventa and b, D2 :

2 o (o)’
pa— 1 1
Daa b — Zi:l A

Mo: W, RN 0

A\ : the maximum range of the kinematic variable I’;

Dissertation Defense July 01, 2013 30/ 44



Preliminary Results

Q-factor method

Q-factor method : Event-based background subtraction

For each event,

signalfraction = 0.40

}

50— v_gamma = 5.2
[ Q=0846

[ x=135.1[MeV] v_mean = 139.16 + 0.58
40; v_sigma= 21.8 +2.4

g Q=— X
30 s(x) +b(x)
20/~
10~

0 0 100 150 200 250 300 350 400 450 500

Missing-Mass [MeV]

@ The Q-factor is:

— _ s
Q — s(x)+b(x)

O x:the missing mass of the seed event

esx)-fs (x)
© b(x): (1 —f5) - B(x)

The total function (in blue) is:

f(x) = N-[fs - S(x) — (1—fs) - B(x)]

0 There are four parameters decided.

Qs

Q B()
- g9b carbon distribution (in green)

© N : anormalization constant

Q fs : the signal fraction with [0,1]

: the Voigt function (I', mean, and o)

: the background function

(] event-based scale factor, s is the parame-
ter to scale the carbon distribution.

(1—fs)-(# of nearest butanol events)

(# of nearest carbon events) =1-fs

s =

July 01, 2013 31/44
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Preliminary Results Q-factor method : Event-based background subtraction

Q-factor method

. . c0 = -0.456000 + 0.00055
@ The order to decide four parameters is: F 1= 11.0325192382 + 000000

. . . . €2 = 0.4868567 + 0.0000021
-Varlables for the Voigt function are decided. \ fsig = 0.316527 0.000057
sig_gamma = 5.1639 + 0.006:
- mean : [139, 140] MeV

sig_sigma = 21.6940 + 0.004!
- o :[5, 200] MeV
- I : the small fixed value from a similar fit to

the fully integrated distribution.

e
event-based scale factor, s (= 1 - fs) are decided by i
the following two plots: b 106 150" 0b™ 356306455 400 450 %0

mes (MeV)
X° /' ndf 323/62
I general-method /Q-factor Prob 5.9620-37
p0
u

Topology: vp — pmT(7~) and W: 1.6 GeV
0.9881+0.0086 | 2400
I X2 distribution |

Events / (4)

! summed over all events I

o 2200 Q-factor method
35 2000
1800 general method

25 1600

1400
1200
1000

©
Sl L

| Ut "’H‘“ \{
Tt A Mt M” ){

iy
I
|

)

Lol L

50 100 150 200 250 300 350 400 450 500 800
Missing Mass [MeV]

15| |
[

Scal-carbon(SM)/Scal-carbon(QFM)

b
e

o

50 100 150 200 250 300 350 400 450 500
05 ! B2 25 388 Missing Mass [MeV]
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Preliminary Results Q-factor method : Event-based background subtraction

Q-factor method

F l W: 1.50 GeV 1000 l W: 1.75 GeV
3500(— L
30002— 800
zsoo; L

E 600
2000— r
1500; 400;
1000; L

E 200—
500 L

o5 50 100 150 200 250 300 350 1‘100 450 500 0 50 100 150 200 250 300 350 400 450 500

Missing Mass [MeV] Missing Mass [MeV]

F W: 1.90 GeV . -

F | S IS Topology: vyp — p7t (7 ™).
600~ X

E o The Q-factor method is used as an event-based
ooF dilution factor to subtract background.
“°°§ o From the butanol (C4HgOH) data, the free proton
300 data is extracted on an event-by-event basis. No
200; overall dilution factor is necessary.
100;

G(; 50 ‘100‘ - ‘15‘0‘ - ‘2(‘)(‘) ' 250 300 350 4(‘)0 450 500

Missing Mass [MeV]
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Preliminary Results Q-factor method : Event-based background subtraction

Beam-Helicity Asymmetry | with models

@ FSU-model calculated by Winston Roberts

@ A Fix-model calculated by Alexander Fix (Eur. Phys. J. A 25, 115-135, 2005)

W =1.40 GeV 3 W =1.45 GeV 3 W = 1.50 GeV E W = 1.55 GeV

0]

[ =#= Butanol(wQ)

f == Butanol

oot Phys:Rev:lkettsccoocee
I —+ FSU-Model

F — A.Fix-Model

Polarization Observable |

o 2 4 60 2 4 60 2 4 60 2 4 6
(l) +
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Preliminary Results Polarization Observable P;

Polarization observable P,
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Preliminary Results Polarization Observable P,

Polarization observable P,

{ N (:>; W, o, + )target —N (<:? W, o + )target }

P2(W, 6) = 14
z Az (W) { N (j; W, o, + )target +N (<:; W, ¢7r+ )target }

& Az (W) : The average degree of the target polarizations.
& = (<) : the direction of the target polarization is parallel (anti-parallel) to the beam.

<& Target asymmetry for the linearly-polarized target and unpolarized photon beam.

F i Butanolbaa | €xample :
500|
r CL-¢cut > 0.05
oot Sf clout<0.05 - Topology : vp — prt(m ™).
F J - W:1.60 GeV.
300: ‘« E?
ook i % = bem., ¢pt, O+, M4 are integrated over.
L 3
100: J'4 i 3“"& - I Using the 5 % Confidence Level Cut & Q-factor method |
0: 1

————=——WN e Paeai s e b b e T tramind
0.05 0.1 0.5 0.2 025 0.3 0.35 04 045 05
Missing-Mass [ GeV ]
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Preliminary Results Polarization Observable P,

Check the symmetry of polarization observable P,

@ Kinematic variables fc.m., 0.+, M+ . are integrated over.

™

@ Butanol(wQ)(2m — ¢): —Pz(2r — ¢)

W =1.40 GeV W = 1.45 GeV 3 W = 1.50 GeV E W = 1.55 GeV

-
W =1.80 GeV W = 1.85 GeV

o Tartiiara et TR - g

E r

o2 £ W = 2.00 GeV 3 W = 2.05 GeV

: == Butanol(wQ)
BUter ol (AD) (<2 - Fe - )|
F==P.(9-P,2T-9

Polarization Observable P,

0 :iw.:v_'-_!-.;_#"‘igv;, Fagivena f-“"‘k-ﬁ _"_-'}@"l":f" A

0.2 4 E 3
p—y K. T 1 - Y gy Mo

o 2 4 60 2 4 60 2 4 60 2

a
Qr
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Preliminary Results

Polarization Observable Py

Target Asymmetry P, with models

Polarization Observable P,

FSU-model calculated

by Winston Roberts

A.Fix-model calculated by Alexander Fix (Eur. Phys. J. A 25, 115-135, 2005)

W =1.40 GeV

W =1.45 GeV

W = 1.50 GeV

W = 1.55 GeV

;:".'-:-.".‘H‘.“:i'ur‘ff‘.'*'. _‘,..-l\,"; .
r

Lol
oy, SPRPRR SV o i L n 5 Fipaitions

W =1.95 GeV

W = 2.00 GeV

,w.'..q. PN 0‘-.\!-'*4*"‘"

W = 2.05 GeV

’,W..':-i.‘,,. ""*Héh'—"-"f eteee '-l'-ﬂurnb‘;l',- ......

F == Butanol(wQ)
s ‘~+'-FSU~M0de4 ............
3 + A.Fix-Model

o 2

Sungkyun Park (Florida State University)
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60
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Preliminary Results Polarization Observable

Polarization observable P,
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Preliminary Results Polarization Observable P,~

Polarization observable P}’

. {N(W, Gt )32 — N(W, ¢7r+)1/2}
Pz®(Wa ¢7T+) —

A (W) o
(W)o: {N(W7¢7r+)3/2+N(W7¢7r+)l/2}

& Az (W) : The average degree of the target polarizations.
& 6 »(W) : The average degree of the photon beam polarizations.

<& Helicity Difference for the linearly-polarized target and circularly-polarized photon beam.

F i Butanolbaa | €xample :
500|
r CL-¢cut > 0.05
oot Sf clout<0.05 - Topology : vp — prt(m ™).
F J - W:1.60 GeV.
300: ‘« E?
ook i % = bem., ¢pt, O+, M4 are integrated over.
L 3
100: J'4 i 3“"& - I Using the 5 % Confidence Level Cut & Q-factor method |
0: 1

————=——WN e Paeai s e b b e T tramind
0.05 0.1 0.5 0.2 025 0.3 0.35 04 045 05
Missing-Mass [ GeV ]
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Preliminary Results Polarization Observable

Check the symmetry of polarization observable P,

@ Kinematic variables fc.m., 0.+, M+ . are integrated over.

™

@ ButanolwQ)(2r — ¢): P.2(2r — ¢)

0.5 — — — —
W = 1.40 GeV W = 1.45 GeV #!"Wr:‘;!‘%io G‘e_\(.,_.‘@*' ’-‘iW =1.55 Gev“
'l
o

(O

o ©°° =1.70 GeV

@ 5,

=

[

=

fant

[«B]

[72)

o)

@]

<

=

<

N

a W = 2.05 GeV W = 2.10 GeV

S 2 ! == Butanol(wQ)

[a T e WPt -Bgtanol%\n@-)(-z-n--(p-)-

=+ P.(9-P 21-¢

a
Qr

kyun Park (Florida State University) i ion Defense July 01, 2013 41/ 44



Preliminary Results Po

larization Observable

Helicity Difference P,

@ FSU-model calculated by Winston Roberts

@ A Fix-model calculated by Alexander Fix (Eur. Phys. J. A 25, 115-135, 2005)

1 W = 1.40 GeV W = 1.45 GeV W = 1.50 GeV W = 1.55 GeV
P e -,
0 Ewceedecde@ppsorecsossosccas Eoossdesdi@pysovocsosssovees [ ool cili@pysosvossocsvoces T
-

(oA -/\//\ _/\_/x-.z,,- __/\/..,___
o 1 W = 1.60 GeV W = 1.65 GeV W =1.70 GeV W =1.75 GeV

@

o

[

=

f

[<B]

[72)

o

o

<

S et L o T Py
=

e
N

a W = 2.00 GeV W = 2.05 GeV W = 2.10 GeV
° == Butanol(wQ)

[a W 0 Prottoniinn . 140 oo sttt el S s PGS e PP QLA S PrVeeets o ES RO v e eee e

*}* A.Fix-Model
o 2 4 60 2 4 60 2 4 60 2 4 6
Qr
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Summary

Outline

e Summary
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Summary
Summary

< Polarization Observable |© using the FROST data is in good agreement with
the previously published CLAS data.

o Polarization Observables P, and P2 will be first-time measurements
for double-pion photoproduction.

& The comparison between results from the butanol target and the butanol
weighted by the Q-factor (event-based background subtraction) shows that the
Q-factor method is very useful tool to extract the polarization observables.

o The comparison with model predictions provides the basis for significant
improvements for the models.
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‘ Summary

Korea Multi-Purpose Accelerator Complex

o <L

g

Main Office Building

® Accelerator & Klystrolt
@ Experimental Hall
@ lon Fagcility Building -

@ Utility Building Regional Cooperation Building
® Substation @ Dormitory
Cooling Tower @ Information Center

Dissertation Defense 45/ 44
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Summary

Korea Multi-Purpose Accelerator Complex

< User Program Development (2003~)

Research Fields Sub-categories

»
@ Accelerator & Klystr Namo Scionos & Tegmmetogy | 157, Nano-paricl shapn  rston,

Carbon nano-tube, nano-wire, Nano-machining
® Ex per ime ntal H al I 2 Ry ?l‘:’,?o',’."n'.’.fé ;:ﬂr:lﬁ;nductor. ‘Semiconductor manufacturing R&D,

Space Technology Radiation hard electronic device, Radiation effect on materials

Bio-Technology Mutation of plants & micro-organisms.

" Low energy proton therapy study, Biocompatible material,
Medical research Biological radiation effects, New RI production R&D

Proton irradiation effects with various materials
[T e D Gemstone coloration

New microorganism development for bio fuel (ethanol, butanol),
Energy,SIEnvironment New materials for fuel cell ; electrolyte, nano catalyst, organic solar cell

| High Rad:Afea (G125 1iSvlie]l] Rad.Worker Area (<12.5 uSvihr) [Public Area (<025 iSvihi} | Nuclear & Particle Physics Detector R&D, Nuclear data, TLA (Thin Layer Activation)
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Summary
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Summary

Three Generations

i ; . S+C+B+T
| of MattelrI (FermloTlT) o e|eCtI’IC Charge Q : IZ + B + +2 +B +
mass— 3 Mev. 124 Gev 172.5 GeV, o eX.
charge—| % % % [ l/3+0+0+0+0 2
spin- |, u A C ¥ 1 Y ] Q(U S = +Z
3
name- up charm top photon _ 1/3+0+0+0+0 _ 1
6 MeVv 95 Mev 4.2 Gev 0 O Q(d) - _é + 2 - _§
v [ EA Vs o — 1/3—1+0+40+0 _ 1
ff\,vzd V;S vzb1g °Q(S)—O'f' 2 -3
3 down strange bottom gluon _ 1/3+O+l+0+0 _ 2
o ) C)=0+ —"——""— =+%
<2ev <0.19 MeV <182 Mev 90.2 GeV 0 Q( ) + 1/3+042.0 1+0 13
0 0 0 0 > = — =<
i \)e ¥, \)I-l ¥ \)T 1 Z _ Q(b) =0+ 2 3
el insitanol [neencl Reeell © e Q)=0+ w =+2
0.511 MeV 106 MeV 1.78 GeV 80.4 GeV + LE
9 | -1 -1 +1 I &
§ Y Y l.l Y T 1 W 5 d u S C b t
@ electron || muon tau jueak :§ J - total angular momentum | +1/2 | +1/2 | +12 | +12 | +1/2 | +112
Q - electric charge -1/3 +2/3 -1/3 +2/3 -1/3 +2/3
| - isospin 1/2 1/2 0 0 0 0
I - isospin z-component -1/2 +1/2 0 0 0 0
/3 - baryon number +1/3 +1/3 +1/3 +1/3 +1/3 +1/3
S - strangeness 0 0 -1 0 0 0
C - charm 0 0 0 +1 0 0
B - bottomness 0 0 0 0 -1 0
T - topness 0 0 0 0 0 +1
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Summary

Hadron : SU(3)

Y ¥y
1 i@t
d 3 u 1 3 1
ﬁ‘f 3 /\ 2 o Y : the hypercharge = g(baryon number) + S(strangeness)
7}1 iT3 ‘ } T, ¢ Tgz: the isospin z-component
: 2 ’ *% d o Young Tableaux for SU(n) : dim YT = N/D
3] 8

P
u
=]

S

]

w| (1]
®
O
[

® 3= 8 &

[ewe] =] [
(Oe0)e0=(MeH)sO-0me e '@H

(3®@3)®3 =(6 @#3)®3= 10 & 8 @ 8 &1
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Summary

o The JP = 0~ pseudoscalar meson nonet

% o n2stlyy gPC . 1lg, o+
K BK“ $=+1

-n=11=0,s=0,andJ =0

1=1 =172 1=0 =0
o ud K¥:us
(Q=1:5=0) (Q=1:5=1) n n’(958)
70 J5(dd —ud) | KO d5(Q=0:5=1) (Bt o25) | (0id8ash)
(Q=0:5=0) KU - ds (Q=0:S=-1) (Q=0:5=0) (Q=0:5=0)
7~ :ud K™ :Us
(Q=-1:5=0) (Q=-1:5=-1)

o The JP = 1~ vector meson nonet

\ﬁ " o n2stl]y gPC . 135, 1-—
K K =+1
-n=11=0,s=1,andJ =1
=1 =172 1=0 1=0
pT ud K*F . us
(Q=1:5=0) (Q=1:5=1) $(1020) w(782)
o0 %(da —ud) | K*0:d5(Q=0:5=1) s§ %
(Q=0:5=0) K*U . ds (Q=0:S=-1) | (Q=0:S=0) | (Q=0:5=0)
p~ :ud K*~ :ls
(Q=-1:5=0) (Q=-1:5=-1)
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ummary
eson

o The JP = 0~ pseudoscalar meson nonet

I x£(139.5) : 1Py =1—(07) | I 70(135) : 18(3PC) = 1= (0~ ) |

K*(494) - 13P) = $07) | | k°(498) : 1(3%) = L(07)

I n(548) : 18(3PC) = ot (0~ 1) |

I n’(958) : I°(3PC) = ot (0~ F) |

o The JP = 1~ vector meson nonet

I p(770) : 1°3P) =1t (17 7) |

K*(892) : 1(37) = 1(17)

I w(783) : 18Py =0~ (17 7) |

I $(1020) : 1°(3P¢) =0~ (17 ") |
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BT

o The JP = %Jr baryon octet

p(938) : 1(3%) = 1(1™)

n(939) : 10°) = 1(1*)

1
2

> t(1189) : 1(3P) = 1(17)

1
2

¥ (1197) - 13P) = 1(1 1)

A°(1115) : 1(3P) = o(1 *

Nl

—

0(1192) : 13P) = 1(1 1)

=9(1315) : 13P) = (4 H)

=-(1822): 10P) = 1 (1)

A@232) 10P) = 3(31)

A*(1385) : 1(37) = 1(37)

S=3

=*(1530) 1 1(3%) = $(31)

Sungkyun Park (Florida State University)

Q= (1672) : 13%) = 0(3 1)
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o TheldP = ng baryon decuplet
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Summary

tum Chromodynamics (QCD)

N @ QCD is the theory of strong interactions;
HON e it the strong force describes the interactions
04 oe ¢’e Annihilation i

©  Hadron Coll
= ® Heavy

of quarks and gluons making up hadrons.

03 | IBN 1. Asymptotic Freedom

When the exchange momentum Q is great,

0 quarks and gluons interact very weakly.

[0 The inside of the proton at high energies,

0.1

=QCD (M) =0.1189 +0.0010 a "dense soup" of quarks and gluons.

10 Q[GCV] 100

2.Confinement

Force between quarks does not
diminish
as they are separated.
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« TTTIR LR NALLL ] LR RLLLILE LS RALL
120~ -
r . . N .
oL oo st P producion @ What happen in the v-N interaction *
Ew dominant -} < No interaction
2.0 ’ o Photoelectric effect
s F X . o Compton scattering effect
401 Compton affect  \™ N . .
- dominant . < Pair production effect
20- - L .
- A < Hadronic interaction
0 AL ideld 1 r fryrsg Lt et 11
001 005 ol 05 1 5 10 5 100
Ay In Mey

< Photoelectric effect
- Photon undergoes an interaction with an absorber atom in which the photon completely

disappears. In this place, an energetic photoelectron is ejected

© Compton scattering effect
- The compton effect is equivalent to inelastic collision of photon with electrons.
Part of the photon energy is lost to the electron, and a less-energetic photon bounce off.
< Pair production
- At the vicinity of an atom, a photon with energy greater than 1.02 MeV creates a
positron-electron pair, and such a process is called pair production.
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Summary

The spectrum of N* resonances

3000i 3 H
< bands with the same number N of quanta of excitation. ;E —
2500 <& D: the dimensionality of the SU(6) representation. [ =
<& L: the total quark orbital angular momentum. —
_ ]
<& P: the total parity -
= = N (1650
Ra710)70,05) = —=||N(1680)(56,2; ) == N@678)70,1,
S |— _
150023 N(1520)(70,1
(&) nwasg)ss.05 1P o !
2nd|excitation Band 13 n Band
+ Parityl
1000
18 | == [N(939)(56.0}) I
JTU || | 12+ || 3/2+ || 5/2+ || 7/2+ || 9/2+ || 11/2+|13/2+|| 1/2- || 3/2- || 5/2- || 7/2- || 9/2- ||11/2-||13/2-
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mmary

Double pion-production in second resonance region

100 T T

= [ T N'(1=1/2)
= i (ya')
© 8042 qam B
I e o (yx'n’) ,-M
[ .
60 - bl
L . ;
40 - = ¥ b
.
v a
20 5w 1
0 i 1 1 1
0.2 0.4 0.6 0.8 1

E/(GeV) NESS)

o Total cross section of the three isospin channels of double pion production on the proton.

o Possible resonance contributions to double pion production in the second resonance region.
- N*(1=1/2) — N(938)p
— N(938)f(600)
— 6(1232)r — N(938)rrm

o An important contribution is assigned to the yp — A**x— channel while the yp — A%+
channel is negligible.
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Summary

Calibration

@ The process of the data acquisition
Step 1 A trigger is detected. (The g9a experiment has used a trigger which required at least one charged particle
in CLAS spectrometer.)
Step 2 Time counters in detectors start measuring the time.
Step 3 When a signal is detected, they stop and record the data.

@ The calibration of all detector components
o The calibration aligns their timing with the beam radio frequency time
(RF or accelerator time).
o An electron beam bucket is supplied to the target about every 2 ns.

ac il A @ Tagger Calibration

o dt= (Time reconstructed in the tagger at the target center)
— (RF time identified nearest bucket at the target center)

o T counter is matched to the RF bucket

20 40 60 80 100 120
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Summary

Calibration

dt [ns]

@ ST Calibration

o dt = (RF vertex time) - (ST vertex time)
o offsets are around zero

20
paddie

v = o)

el $25 7 15
Gt 604,
n | 02105£-0

== @ TOF Calibration

0 226 p <& dt = (RF vertex time) - (TOF vertex time)
H ¢ The time-of-flight times are corrected for the flight time

back to the target.

¢ Particle identification in CLAS
2000 |- + relies on the combination of measured charged-particle momenta (from DC)

6000

5000

3000

100 and the flight time from the target to the respective TOF counters.

o e Loy

SC time meas.~cal. for n*
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Summary

Drift chamber(DC) Calibration

Drift Chambers
Region |

Region 2 TOF Counters

N

——
AY
 A—

Region 3 ."" _________ .

Region 1 —-

Region 2
T

o p: the momentum
Supeiaer 1
o q : the sign of the charge Sepertper s
o R : the radius of the curvature Sinoiers
o B : the magnetic field
Sungkyun Park (Florida State University) Dissertation Defense
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rift chamber(DC) Calibration

LT .

X X gense wire (anode)

! field wire (cathode)

o The DC are in a magnetic field and produce the curvature of the particle.

- Thin wires are fixed in a volume filled with the gas mixture (90% argon and 10% CO,).

- The DC has a quasi-hexagonal pattern as the cell form with six field wires (cathodes)
surrounding one sense wire (anode)

- Atraversing charged particle ionizes the gas inside these cells and the electrons drift
to the sense wire.
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ummary

(DC) Calibration

rift chamber

U ol
x//’}g sense wire (anode)

! field wire (cathode)

o The fitted DOCA and drift time is found.

- DOCA means the distance of closest approach of the charged particle
to the sense wire.
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Summary

Drift chambe

Has

r(DC) Calibration

: S e i)

! field wire (cathode)

o The fitted DOCA and drift time is found.

Sungkyun Park (Florida State University)

Dissertation Defense
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Summary

Drift chambe

Has

r(DC) Calibration

sense wire (anode)

! field wire (cathode)

o The fitted DOCA and drift time is found.

Sungkyun Park (Florida State University) Dissertation Defense
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Summary

s

Drift chamber(DC) Calibration

Fitting

sense wire (anode)

! field wire (eathode)

o The fitted DOCA and drift time is found.

Sungkyun Park (Florida State University)

Dissertation Defense
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Summary

Fit DOCA vs DTime, S1, SL1 101
1 Meanx  80.0¢
The distance Meany  0.335
fitted DOCA RMSy o988
The time
drift time 3
K.
I %o 0 50 o0 TR0 0 s 300
e =~ sense wire (anode)
! field wire (cathode) ]
os [ s 3
¢ The fitted DOCA and drift time is found. b ]
o The drift velocity function is found using fitting. ik ]
o The calculated DOCA is found using the velocity
N os b 3
and the drift time.
02 - 4
ol SR
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Summary

Drift chamber(DC) Calibration

DC Residuals Ave. (7/3 ~7/11)

=

g3 g
] f
i gh]
L |
i
K;’
a
:

RUN

—e—ResSL1_ave
—s—ResSL2 ave
ResSL3_ave
ResSL4_ave
—=—ResSL5 ave
—s—ResSLE ave

Residual Ave.

RUN

o Average DC residuals before starting (the top) and after finishing (the bottom) DC calibration
in the g9a dataset.

I Residual = calculated DOCA - fitted DOCA|
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ummary

The Frozen-Spin Target (FROST)

Operation is more complicated:
(1) Polarize target material via DNP at 5 T and 0.5 K (Polarizing Mode)
(2) After optimum polarization is obtained, turn off microwaves and 5 T magnet
(3) Use a 2" magnet (~0.5 T) and very low temperatures to “freeze” the polarization
(Frozen Spin Mode)
(4) Polarization will decay very slowly with a time constant of several days
(5) After polarization decays to about 50 % of its initial value, go back to step 1

Polarize (+) e
) Take beam Polarize (+) Take beam

- I A
Days —» /WJ' T k/

Polarize (-) Take beam

Polarization

July 01, 2013
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A Simple Way to Polarize

Brute Force Polarization To get high polarization
i - B maximize B
Pte = tanh ( KT ) minimize T
5 Tesla
1 etectron

Disadvantages:

ofon
0 Requires very large magnet \ \
9 Low temperatures require low luminosity 06

e Polarization can take a very long time \
(protons slow, electrons fast) 0.4 \

N\

0
0.001 0.01 041 1 10 100
Temperature (K)

Polarization

02
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Summary

A Better Way — Dynamic Nuclear Polarization

(1) Use brute force to polarize free electrons in the target material.

(2) Use microwaves to “transfer” this polarization to nuclei.

Mutual electron-nucleus spin flips re-arranges the nuclear Zeeman
populations to favor one spin state over the other.

For best results:

DNP is performed at B/T conditions where electrons t; is short (ms)
and nuclear t; is long (minutes):

JLab: B=5T
T=1K
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Materials for DNP Targets

Choice of material dictated by:
e A maximum polarization
9 A resistance to ionization from radiation
e A minimum number of polarizing nucleon The holding magnet for FROST : 0.5 T

Spin Relaxation Time for Butanol
100

55 MK

Compromise: Butanol (C4HgOH) 2
@ Quality (dilution) factor: g © a K
f =N/N @ = 10/74 ~ 0.13 : o 0t
E u 73K
1 HE.MK
~\

01 0.2 0.3 04 w 0.6
Magnetic Field (Tesla)

Ch. Bradtke, phD Thesis, Univ. Bonn, 1999
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Summary

Refrigeration below 4.2 K - Evaporative Cooling

Pumping

speed | —a < In order to evaporate 1 mole of “He,
Helium Pump, 300 K
@ the heater, L (~ 80 J/mol) must supply.
Vacuum Jacket
v ¢ In absence of a heater,
apor o .
Pressure P - liquid will absorb heat from surroundings and
liquid’s temperature will drop
¢ Cooling power of a evaporation "fridge", Q is
Vapor Evaporation . ) .
Liquid SR - Q=nL=VPL
Heater
X 1000 zs™
100 | ot
z 1 ::éL 10
i é 10°
& orl 8
> 10%
oot P oce—1/T
0.001 10°
o 0s 1 15 2 25 3 35 4 o
Temperature (K) Temperature (K)
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3He/*He Dilution Refrigeration

o Below 0.8 K, a 3He/*He mixture will reparate into two phases.

3He = "Fermi Liquid"

The specific heat of a *He atom

Phase

Separation
Boundary

- e

3He rich, or

"Concentrated 0 CC: 22 J/(mOIK)

Phase"

4dericn.or [ Cy= 106 J/(mol-K)

"Dllute Phase"

3He = "Fermi Gas"

& The *He atoms move from the concentrated phase to the dilute phase with the heat
energy exchange with the surroundings.
& Removing the ®He from the dilute phase causes
the *He atoms in the concentrated phase to
- absorb the heat from its surroundings
- dissolve into the dilute phase in order to re-establish a thermal equilibrium.
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immary

The 3He/*He Dilution Refrigerator for FROST

4He Pump, 300 K

Holding Magnet

K M
Microwaves

Figure 3.6: A cross section of the target area of FROST: a) primary heat exchanger; b)
1K heat shield; ¢) holding coil; d) 20 K heat shicld; ¢) outer vacuum can (Rohacell
extension): f) polyethylene target: g) carbon target: /) butanol target; j) target insert: k)
mi chamber; /) microwave waveguide; m) kapton coldseal [10].

3He Pump, 300 K
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The Frozen-Spin

Base temperature:

Cooling Power:

Polarization:

1/e Relaxation Time:

Sungkyun Park (Florida State University)

Summary

rget - Summa

Expectation

50 mK
10 uW (Frozen)
20 mW (Polarizing)

80 %

500 hours

Dissertation Defense

of Results

Result

28 mK (w/o beam)
30 mK (w/ beam)

800 W @ 50mK
60mW @ 300 mK

+82 %
-85 %

2700 hours (+ Pol.)
1600 hours (-Pol.)

July 01, 2013
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Summary

Lorentz Boost

Boost in an arbitrary direction. ";‘+ - vl |

fe-22)

/)

@ Lorentz transformation
¢ how measurements of space and time by

3 . two observers are related.
F | = <& The Lorentz transformations are called

"boosts" in the stated directions.

<& The first boost along the beam line into the overall

center-of-mass frame.
¢ The second boost along the axis that is

antiparallel to the recoiling proton.

First boost
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Summary

The voigt function

030 - . . 0.7
——0=1.53 y=0.00
025 =130 y=050 [
6=1.00 y=1.00

—— =000 y=180
0.20]

0.154

0.104

0.05 +

2 4

Voigt function Breit Wigner function

@ A voigt function, V(x; o,7)

< A voigt function is a convolution of a Breit-Wigner function and a Gaussian function

|
B
|
[S]
x o

Vizio) = j:: Glz";o) Lz — 2';y) da’

<& G(x; o) is the centered Breit-Wigner function and L(x; ~) is the centered Lorentzian functior

e—.z:z/'(Za'z)

Glzio)= ——= L(z;~) =

o2

5
w(x?+~2)
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Summary

Hydrogen contamination of the carbon target (g9a)

Z_MVRTvertex (g9a data)

500710
£500F

Z_MVRTvertex
‘ Entres 5.620491e+07

3
§as0

400

350

300

/]
|

250

20

150

o
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™~

H

houlder.?

106

)

Z_MVRTvertex (g9b data)

x10°

5 3
ZVertex [cm]

Z_MVRTvertex

‘ Entries 36488407

250

A
H

20

150

100

Q-

—

s

NA 'UN
)}U\)

Lo
]

0

10~""15

20—

Sungkyun Park (Florida State University)

25 3
zVertex [cm]

l (E)outer vacuum can I

@ The holding magnet for gob is longer than for g9a

so the carbon vertex for g9b is shifted into 3é:m downsl\ream
E D c

Figure 3.6: A cross section of the target area of FROST: a) primary heat exchanger; b)
1 K heat shield; ¢) holding coil; d) 20 K heat shield; e) outer vacuum can (Rohacell
extension); f) polyethylene target; g) carbon target: /1) butanol target; j) target insert; k)
mixing chamber; /) microwave waveguide; ) kapton coldseal [10].
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Summary

Hydrogen contamination of the carbon target (g9a)

B A
E D c
Z_MVRTvertex (g9b data)
x10
;400: ‘Enmes 364886407
Gasof- / \
300 1 \
250 } l ﬂ
200F J L
= A A A SR ) "
=g OO
100}
E } \ } \ Figure 3.6: A cross section of the target area of FROST: a) primary heat exchanger; b)
E J 1 K heat shield; ¢) holding coil; d) 20 K heat shield; e) outer vacuum can (Rohacell
E extension); f) polyethylene target; g) carbon target; /1) butanol target; j) target insert; k)
“10 0 10815 20~ mixing chamber; /) microwave waveguide; i) kapton coldseal [10].

25 3
zVertex [cm]
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Summary

Hydrogen contamination of the ca

= The super-insulation

ZMVRTvertex (gob data) @ The shoulder near the carbon peak in g9a data and 12.5 cm peak
£ [ smser

in g9b are from super-insulation on the 1K heat shield

@ The shoulder near the CH2 peak in g9a data is from

” super-insulation on the 20K heat shield
20

@ The distance btw the carbon and super-insulation in g9a may be

™\ /'UN
) kU) closer than in g9b
\

150

O
e

100 - This make the carbon data contaminated by the hydrogen

0 10~""15 20~"25 3
zVertex [cm]

Lo
]
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Summary

Proton and Pion Selection

0.8;
a [ @ 10°
o i o
0.6 10 X
oo o e
§ ’l @ 10¢
o4l 10° Eo.
10
I B N AT RN I AT IO O 1 O’Hw‘.umH\HwH‘mumumumumu 1
00 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
measured momentum [GeV1 measured momentum [GeV]
x10° x10°
1800~ E
Sigma 0011 som 005 | o proton selection
E igma : 0. 3 igma :
160 3‘gS\gma:0.032 700F- 3'gS|gma 0.044 p
1400~ E .
3 | AB| < 0.032
SDD;
AOD;
© pion selection
200F .
| AB | < 0.044
0.2 ltiz 0.15 ) ; ‘15 0.2

015 01 005 0 005 01 015 01 005 0 005 01 0
AB (proton) = calculated - measured B A (pion) = calculated B - measured B
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Summary

General method to get the phase space scale factor

scale-carbon data
g9b-carbon data _
I scale factor I -
g9b-carbon data

S Y e Wi ebwrn = S
Missing-Mass [MeV]

o000
8000— g
a0l H
O
@ The bound-nucleon events are **f
isolated from the butanol data %= R
by a loose cut at
MM? < —0.2GeV?.
/1 .
o
b6 04 E : [ 06

0.2 02
Missing-Mass [GeV *]
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Summary

General method to get the scale factor

* @ The phase-space scale factor (W versus #*.)

@ This scale factor is calculated by dividing two histograms.
1 (Butanol/Carbon)

2400
2200

2000

scale-carbon data 1800
1600

= I scale factor I X I carbon data I 1400
1200

1000

600

= —  scale-carbon data 400
200

% 100 150 200 250 300 350 450 500

Missing Mass [MeV]
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Summary

The internal conditions of the Q-factor method

< Optimizing the number of binning o Optimizing the number of nearest events

WBin—;.?O GeV —+— Butanoldam

—+— Carbon data

WBin—1.7O Gey —+— Buandldaa

200¢ ) T 200¢ —— Bound Nucleon data: nearest event :|300
180: H ~—}—i Bound Nucleon data: Binning 30 180: —+— Bound Nucleon data: nearest event :[400
E Bound Nucleon data: Binnifg 50 E Bound Kucleon data: nearest event :500
160 160F ——+—Bound Nucleon data: nearest event ;{600
C g Bound Nucleon data: Binning 70 C —w— Bound Nucleon data: nearest event ;{700
F ioar F 1
140F ' 140 wt' st
120F 120F e
100F 1001 I
80 80
60— 1 60—
400~ N“M‘N =
E | i E
20 z : ) 20/
i i L L Hardl\ i
% 50 100 150 200 250 300 850 400 450 500 % 50 100 150 200 250 300 350 400 450 500
Missing Mass [MeV] Missing Mass [MeV]
O the proper number of binning is 30. O the proper number of nearest events is 300.
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{N(H; W, ¢W+)beam —N (F? W, ¢7r+)beam }

o(W) {N(_>;W7¢ﬂ.+)beam—|—N((—;W,¢ﬂ.+)beam}

§ (W) : The average of the degree of the photon beam polarizations

Az : The degree of the target polarizations

F : The photon flux (Normalization factor between periods)

— («) : the direction of the beam polarization is parallel (anti-parallel) to the beam.

= («=) : the direction of the target polarization is parallel (anti-parallel) to the beam.

SO0 00 0

Using the dataset with the unpolarized target and circularly-polarized beam

. N(H:M\qu&w )uano N(%<:;Wa¢ﬂ )uano
N(*), W7 ¢7r+)beam = AZ(:)F(;S) tandl _|_ AZ(<:)F(;3 tanol

. _ N(%=>;W, o )bu anol N(<_<:;Wa D )bu anol
N(<—, W, ¢7r+)beam - /\z(i)'F(;) : ‘|‘ /\Z(ﬁ)'F(;) L

Sungkyun Park (Florida State University) Dissertation Defense July 01, 2013 84 /44



Summary

Missing mass distribution in several CL-cuts.

* Butanpl-Data 4= * Butanpl-Data

1% CL-Cut

500
F CL-cut > 0.01 ClL-cut > 0.05
E “H= CL-cut < 0.01 = CL-cut < 0.05
400 |- : : : :
300 |~
200 |~

2 o v e i bl et
0.05 0.1 0.15 0.2 0.25 0.3 o 0.05 0.1 .15 0.2
Missing-Mass [ GeV ] Missing-Mass [ GeV ]

Butanpl-Data Butanpl-Data

500 500

F Cillelr' 2’610 F Cle' =615
a00f- —4— CL—cu‘t <o0.10 00 —r+— CL—cuf <o0.15
300 |~ 300 [~
200 [~
100 |~

© 0:65 0.1 0.15 0.2 U.x25 0.3 O 0.65
Missing-Mass [ GeV ]

ngkyun Park (Florida State Univer: Defense 2013 85/44




Summary

The bac und effect in Beam-Helicity Asymmetry |

W=160Gev | W=165Gev | W=170GeV

L]
o
5
[
2
@
o}
2
o
c
'% 02z — 1% CLcut
N e e
£ ‘+ . _ . +, — 5% CL-cut
" L
a D”'i'-'v; ....... PRI M“Qi‘ﬁ‘ ......... g — 10% Clou
¥
S St L
F ¥ F + — 15% CL-cut
et
02 E I -} glc-data(Phys. Rev. Lett)
eepeeteeeeebeeenecne by
H 4 6 H 4 6 2 4 6
P

@ The different CL-cuts have the different background effect.
However, they have the similar values in the observable |©.

@ (g9a dataset is not sensitive to distinguish between the beam asymmetry
from free-proton, bound-nucleon and background data.
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