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An Invitation . . .

EXxploring the Electromagnetic Structure of the
Deuteron:

= Beam-Target Asymmetryt",

= 15" Measurement of the
Vector Analyzing Powefr};

m New Measurement of the
Magnetic Dipole
Form Factoi(y,,
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Nuclear Physics
Research on All Scales

e Matter is made of e
atoms. .. plasma

e [he heart of the
atom Is the nucleus

e Nuclei contain protons
and neutrons, or
collectively, nucleons.
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The Big Picture at UNH & MIT-Bates

e Goals are to test theories of nuclear structure
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The Big Picture at UNH & MIT-Bates

e Goals are to test theories of nuclear structure
e \What Is the nature of the NN Interaction?

Simple 2-Nucleon System

The Deuteron!

e -H isideal for addressing this question.
e How do we describe nuclear shape and boundaries?
e — electricity and magnetism in the nucleus
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Polarization of Spins

e Capitalize on the magnetism of the nucleus!
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Polarization of Spins

e Capitalize on the magnetism of the nucleus!
e \We can polarize a collection of nuclei

INTRINSIC ANGULAR MOMENTUM
"SPIN"

§+ !

POLARIZATION
(not 100%)

MAGNETIC
FIELD

—

B

ATOMIC
BEAM

SOURCE

ELECTRON BEANV

\‘......

LXK ‘

S~
/
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Polarization of Spins

e Capitalize on the magnetism of the nucleus!
e \We can polarize a collection of nuclei

+ } MAGNETIC ATOMIC
+ + FIELD BEAM
* # B SOURCE
[ ]
[ ]
I -
. :
[ ]
®<__ | e| ELECTRON BEAVM
POLARIZATION | e eeoe o |
INTRINSIC ANGULAR MOMENTUM (not 100%) /

"SPIN"

e Polarization observables will manifest themselves



Polarized ed-Elastic Scattering

SCATTERED
DEUTERON

POLARIZED ELECTRON BEAM
o> o> w0 w0 o> o> - - - - - - - - - ___

POLARIZED

DEUTERIUM

TARGET e
SCATTERED

ELECTRON
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Hoftstadter’s Watershed

dN

dcos B |:|2 o
1 " Hofstadter's electron scattering

Secala

arbitrary 101 data dropped below that expected

for a point nucleus, indicating
structure of the nuclaus,

e Electron Scattering is a time tested method
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Electromagnetic Structure

Unpolarized Scattering Cross Section
do\  rdo L
(d_Q)o _ <d_Q)Mott Jree

S = A(Q?) + B(@Q)tan?le, 7=

— aM?
A(Q?) = G&(Q?) + 5T°GH(Q?) + 537G (Q7)
B(Q%) =501+ 7)G3,(Q?)
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Electromagnetic Structure

Unpolarized Scattering Cross Section

(38)s = (38 28

S = A@*) + B(@)tan*%,  T=3p
A(Q%) = GL(Q%) + 57G4(Q%) + 357G (Q7)

B(Q*) = 5(1+7)G3,(Q%)
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Electromagnetic Structure

Unpolarized Scattering Cross Section
do\  rdo L
(d_Q)o _ <d_Q)Mott Jree

. S = A@Q) + B@)tan*, 7=

4M?3
A(Q?) = GE(Q%) + 5T GH(Q?) + 357G, (Q7)
B(Q%) =501+ 7)G3,(Q?)
® Rosenbluth Separation Vary E.,,, andd. at fixedQ>.

m can separatd and B, and fromB get(
W can_notseparaté.~ andG
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Electromagnetic Structure

Unpolarized Scattering Cross Section
do\  rdo L
(d_ﬂ)o _ (d_Q)Mott Jree

. S = A@) + B@)tan’y, 7=

— aM?
A(Q?) = GH(Q?) + 57°GH(Q%) + 57G7,(Q7)
B(Q?) = 5(1 +7)G3,(Q?)
®m Rosenbluth Separation Vary E.,,, andf. at fixedQ>.

m can separatd and B, and fromB getG ),
B can_notseparat&;- andGg

We need another observable!
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Polarization Observables

Polarized Scattering Cross Section

do
= (h, P, P.,) =X+ hA

Y= (9)1+I] — T contains tensor ternis,,
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Polarization Observables

Polarized Scattering Cross Section

do
= (h, P, P.,) =X+ hA

mY = (%)1+I] — T contains tensor ternis,

® h=beam helicity, A contains vector terms;,
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Polarization Observables

Polarized Scattering Cross Section

do
= (h, P, P.,) =X+ hA

mY = (%)1+I] — T contains tensor ternis,
m h=beam helicity, A contains vector terms;,

® And we can writ€l,, — Ty, (G, Go, Ga)
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Polarization Observables

Polarized Scattering Cross Section

do
= (h, P, P.,) =X+ hA

mY = (%)1+I] — T contains tensor ternis,
m h=beam helicity, A contains vector terms;,

m And we can writ€l,, — Ty, (Ge, Go, G )
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Polarized Source

Recirculator

South Hall Ring

Beam Energy of 850 MeV

Beam Polarization of5 + 4%
Average / Max Injection Current 00 / 200 mA
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3
[

NIWNIWNIW T
+ o+
NI NIRN -

+

'
NI~

3
2
1
2
1
2

' '
NI~ N[~

RF dissociator produces atomic deuterium
Sextupoles to select atomic states
RF transitions to access nuclear polarizations

Average Intensityv 2.6x 1016 atoms-s—1

Dissociator
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DRIFT CHAMBERS
LY TARGET
BEAM
Large Acceptance:
20° < 6. < 80°
0.1 < Q? < 0.8 [GeV/(]?

—22° < ¢ < 22°

BLAST Field
Bimas = 3.8 [kG]

Drift Chamber Tracking:

Ap _
2 — 39

Aee = 0.50

NEUTRON COUNTERS
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W Fast Timing Information
W TDC 50 [ps/ch]
W Key to BLAST Trigger

™ Energy Information
W ADC 50 [fC/ch]

™ Performance
= 57 < 500 [ps] (FWHM)
" Efficiency > 99%
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The BLAST DAQ

m ¢ NIM & CAMAC electronics
® ¢ 16 bit sector MLU

m ¢ XMLU and Trigger Supervisor
m ¢ Fastbus TDCs and ADCs

Simplified Trigger‘
showing TOF logic




iE Beam_Target Vector Asymmetry

>

= V3 [ Jgcos0* Tfy(Q% 0.) — sind*cosp™ Tf1(Q%6.) |




iE Beam_Target Vector Asymmetry

1o (Q27 Oc)

— sinf*cos¢*

T1(Q?,6.)

| S




=3 jﬁCOS@(TfO(Q%(%)/mgb*T”(Qa fc)]

arization angles w.rg.aref™ and¢™




AV

ed theory

$ = V3 [ J5c0s0"TH(Q% 0.) — sinf*cosg*T11(Q% b))

target polarization angles w.rqg.aref™ ando™

Scattering & Reaction Planes o

e e T e s T
—
/ POLARIZATION AXIS
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/" B,sC

7/ (BEAM AXIS)
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Rfc(¢e)BLAST0/S %SCa];/S -+ Rg(e(j)SCa];/S HPhySiC\%/S
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Rfc(¢e)BLAST0/S %SCa];/S -+ Rg(e(j)SCa];/S HPhySiC\%/S

* o _1 . .
0* = cos " (—sinb; cos ¢, sin O + cos Oz cos Or)
sin_l ( — sin ¢, sin O )

-
%
|

sin 6*
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T Rg?(e(j)Scag/S —Physics/,

/" (BEAM AXIS)

/7 B, SC
4

./ (BEAM AXIS)

0* = cos *(—sinf; cos ¢ sin Oy + cos Oz cos O7)
¢>1< _ sin_l (—Sm.qbe S*mHT)
sin 0

Elastic— 0; depends only ofi.

o —1 k' sin 0, ! __ Fyeam
e eq = tan (k—k’ cos 0. )’ k' = 1+ 2Ebeam sin? 6 /2
WA

—p.16



upstream ~TF

wC
cC

Parallel Kinematics: Perpendicular Kinematics:
Electron Right Electron Left
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xtracting 75, and 17,

xploit the symmetrical geometry of BLAST!



Extracting 77, and 17,

o Exploit the symmetrical geometry of BLAST!

C Measured!, | andA}, , simultaneously
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Extracting 77, and 17,

o Exploit the symmetrical geometry of BLAST!
C Measured!, | andA}, , simultaneously

° Extract the vector analyzing power§, and7y;
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Extracting 77, and 17,

o Exploit the symmetrical geometry of BLAST!

C Measured!, | andA}, , simultaneously

o Extract the vector analyzing power§, and7y;
e 2 sinbcospy AL —sinb] cosg’ A
10 — 3 | cosg)sind’| cosd’| —cost] sinb| cos;

o V3 { cost A —cost] A }

1T 3 cos@isin@ﬂ‘cosgbﬁ—cos@ﬁsin@icosgbj
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d Theory «—— Experiment

S = V3[ Jzeos6” Tfp(Q?) — sind*cos¢™ Tf,(Q?) |
1
4hP,oq

~[o(+,+,+1) — o (=, +,+1) = o(+, =, +1) + (=, —, +1)]



y % = V3| %0059* TH(Q?) — sind*cose* T (Q?) |
1

— 4h 200

-TARGET POLARIZATION STATESo (h, V,T)



Theory <— Experiment

Agd, theory = % = V3| %6089* T5(Q?) — sinf*cosd* TE(Q?) |

Agd, exrp = 4hP1zo'O [0(+7 + +1) _ 0(_7 + +1) _ 0(“"7 S +1) + 0(_7 R +1)]

Summary and Preview:

d d
o Measuredy?, and Ay,

o Extract’y, andT7y; !

o Use BLAST& World Data in ay?(G¢, Gg, Gyr) analysis
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AVertex

Vertex Cuts
common vertex
target region
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General Event Selection

Angular Acceptance

Azimuthal Angle @[deq]

40 50 60 70 80
Polar Angle 0 [deg]

—-p.21



Selection of Elastic Deuterons

= Two-body final state is coplanar with beam axis
= Cut on coplanarity!

Coplanarity

* \
180~

Beam Axis
out of page

180 - ¢, [deg]

180—(ﬂ o = 0]

o



Entries
Mean X

Mean y
RMS x

RMS y

0.1 0.2 03 04 05 06 0.7
Right Sector Momentum [GeV/c]

92448
0.4108
0.4662
0.1336
0.1419
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Entries
Mean X

Mean y
RMS x

RMS y

elastic deuterons!

0.1 0.2 03 04 05 06 0.7 0.8
Right Sector Momentum [GeV/c]

92448
0.4108
0.4662
0.1336
0.1419
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A TOF vs. Right Sector Momentum

Entries
Mean x

Mean y
RMS x

RMS y

0.4 05 06 0.7
Right Sector Momentum [GeV/c]

92448
0.4111
231.3
0.133
140.1
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A TOF vs. Right Sector Momentum

Entries
Mean x

elastic deuterons! Mean y
RMS x

RMS y

0.4 05 06 0.7
Right Sector Momentum [GeV/c]

92448
0.4111
231.3
0.133
140.1
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Selection of Elastic Deuterons

d(e,e'd) Timing and Momentum TOFS(R=15:L=0)

BLK: Standard Cuts
RED: +Momentum Cut

. DEUTERONS!

Shaded: +Timing Cut

=
2
Q
Q
=
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Y
=
o
]
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)
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=
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-
=
o
o

|I|| |'l.| L P R e ||..|| ot |.1: [ 0 1 IR B
0 01020304 0506070809 1 200 400 600 800 1000 1200
Right Sector Momentum (GeV/c) Right - Left TDC Time Difference (ch)




0
[
L
L
L
L
L
U

General data quality cuts satisfied
Elastic kinematics and timing cuts satisfied
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E
[1+(2Esir’(0,/2))/M_]

Bgac =

ELASTIC

0.2 0.4
W= Wopi o

Check ofw —
© - reale Check off, vs o,
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E
[1+(2Esir’(0,/2))/M_]

Bgac =

ELASTIC

0.2 0.4
W= Wopi o

Check ofw —
© - reale Check off, vs o,
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d(e.e’d) A for 8.=32° Beam-Left Jul-Sept 2004

Perpendicular Kinematics Parallel Kinematics
hPz = 0.558 +- 0.009 (stat), +- 0.013 (sys)

hPz = 0.558 +- 0.009 (stat), +- 0.013 (sys)
S8hPz/hPz global shift ~1.6% (stat), ~2.3% (sys)
Curve: Abbott Parameterization |

dhPz/hPz global shift ~1.6% (stat), ~2.3% (sys)
Curve: Abbott Parameterization I*
Charge: 391.78 kC

Charge: 391.78 kC

-0.15

-0.15
0 005 0.1 015 0.2 0.25 0.3 0.35 0.4 0 005 0.1 015 0.2 025
Q2 (GeVic)?

Q? (GeVic)®
Wed Oct 5 12:24:14 2005

0.3 0.35 04
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d(e.e’d) A " for 6,=47° Beam-Left Spring 2005

Perpendicular Kinematics

Parallel Kinematics
hPz = 0.441 +- 0.003 (stat.), +- 0.013 (sys. est.)

hPz = 0.441 +- 0.003 (stat.), +- 0.013 (sys. est.)
dhP,/hP, global shift ~0.7% (stat), ~2.9% (sys) P,/hP, global shift ~0.7% (stat), ~2.9% (sys)
Curve: Abbott Parameterization | Curve: Abbott Parameterization I*
Charge: 552.18 kC

Charge: 552.18 kC

-0.15
0 0.05 0.1 0.15 0.2 0.25

-0.15
0.3 0.35 0.4
Q? (GeVic)®

0 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Q? (GeVic)®

Wed Oct 5 12:09:47 2005
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dhP,/hP, global shift: 0.6% (stat), 1.8% (sys) dhP,/hP, global shift: 0.6% (stat), 1.8% (sys)

3T5o(@) << 1% TS (@) << 1%

Arenh Bvel: nonrelativistic

Arenh Bvel: + relativistic 1-body current
— — — - Arenh8vel: + and p MEC

Arenh 8vel: + heavier meson exchange

Phillips: EFT ChPTNNLO J |, NLO W

Total Charge: 1031.55 kC
-0.05 _0.05 May, July-Sept 2004, Spring 2005

1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111
0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0O 005 0.1 0.15 0.2 0.25 0.3 0.35 04
Q? (GeVicy Q? (GeV/cY




xtracting the Form Factors

2 havely, Th1, andTy; from BLAST.



) Extracting the Form Factors

e \We havely, T, andT}; from BLAST.
e Use onlyA(Q?) from world data
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Extracting the Form Factors

e \We havely, T, andT}; from BLAST.
e Use onlyA(Q?) from world data

Tf = /255001 +7]V2GM(Go + %GQ)ta,n%e

Ty = —V247(4GoGo + £G3 + L1+ (1 + Dtan?(6./2))G3, )
121 = —%% (7‘—I—7'23in2(0€/2))1/2GMGQsec%€

A(Q?) = GE(Q?) + 372GH(Q%) + 57G7,(Q%)
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Extracting the Form Factors

e \We havely, T, andT}; from BLAST.
e Use onlyA(Q?) from world data

Tf = /3 55[r(1+7)]/?Gu(Ge + 5GQ)tan’s
Too = —V2gT ( GcGq+ 3G + (L + (T + )tanQ(Oe/Z))G?W)
To1 = —%% (7‘—|—7‘28’Ln (6 e/2)) GMGQsece—

AQ?) = G&(Q%) + §m°GH(Q%) + 357G, (Q7)

e 4 equations - 3 parameters 1 D.O.F.
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BLK: 2004/05 BLAST Data (C.Z.)
Red: Interpolated Values

BLK: 2004/05 BLAST Data (C.Z.)
Red: Interpolated Values

015 02 025 03 035 04 045 015 02 025 03 035 04 045
Q? (GeVicy Q? (GeVicy

e Courtesy of Chi Zhang, MIT
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Fitting the World Data on A(Qz)

BLK: Platchkov et al. Nuc Phys. A510 (1990)

\Red: Interpolated Values

0.12 0.14 0.16 0.18 02 022 0.24 0.26
Q’ (GeVic)

Thu Aug 25 14:46:20 2005
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X3 Vs G,(Q°=0.154 [GeV/c] °)

Constraints:

BLAST Data: T, Tjy Toy
Platchkov (1990), Simon (1981): A(Q

)
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
G

2

OO

M




'/ Parameters and Errors

e Fitlocal minima ofy? distributions

e T[ake parameters from global minima

e ErrorsfromAyxs =1

o; = Aaj\/203 —2x3 + x3) !

Bevington (2003) Equation 8.13
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G,(0.154 [GeVic] %) = 0.362 + 0.017

Oy = AXS=

X

o IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

N—
6]




G\ With Saclay A(Q?)

Arenhdvel: nonrelativistic

Arenhdvel: + relativistic 1-body current
Arenhovel: + mand p MEC

Arenhovel: + heavier meson exchange
Phillips: EFT ChPT NNLO J |, NLO y

» 1st 2 pts.: Simon et al., Nucl.Phys. A364 (1981) 285
* last 3 pts.: Auffret et al, PRL 54 (1985) 649
VBLAST (1.03 MC): A(Q ) from Platchkov (1990)

May, July-Sept 2004, Spring 2005

ohPz/hPz global shift: +0.6% (stat), £1.8% (sys)

0.15 0.2 0.25 0.3
Q?[GeV/cf




G yr: Mainz & Saclay A(Q?)

S, Arenhdvel: nonrelativistic
Arenhdvel: + relativistic 1-body current
Arenhovel: + tand p MEC
Arenhdvel: + heavier meson exchange
Phillips: EFT ChPT NNLOJ |, NLO @

» 1st 2 pts.: Simon et al., Nucl.Phys. A364 (1981) 285
* last 3 pts.: Auffret et al, PRL 54 (1985) 649
VBLAST (1.03 MC): A(Q 2) from Platchkov (1990)
OBLAST (1.03 MC): A(Q °) from Simon (1985)
.. May, July-Sept 2004, Spring 2005

ohPz/hPz global shift: +0.6% (stat), £1.8% (sys)

0.2 0.25 0.3
Q?[GeV/cf




Sensitivity of the Form Factors

02 [G—Vf Varied Parametell AGc [%] | AGo [%] | AGas [%]
0.154 Te, 0.17 0.02 4.70
0.248 e, 0.40 0.15 3.90
0.154 Tho 0.30 5.00 0.40
0.248 Tho 0.70 5.60 1.70
0.154 Tyy 0.40 0.07 0.02
0.248 Toy 1.60 0.20 0.20
0.154 A(Q2) 250 250 2.50
0.248 A(Q2) 2.40 250 2.50

Sensitivity of G, G, G With respect to an independent
5% change in each of the paramet@is, Thg, 151, A(Q?)
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Preliminary Results Summary

Q* = 0.154 [GeV/(]? Q? = 0.248 [GeV/c]?
17, = 0.0599 = 0.0029 17, = 0.1035 = 0.0066
Gu = 0.3615 + 0.0172 (SaclayA(Q?)) G = 0.2119 + 0.0120
Gy = 0.3787 + 0.0180 (Mainz A(Q?))
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Preliminary Results Summary

Q° = 0.154 [GeV/c]? Q? = 0.248 [GeV/c]?
15, = 0.0599 £+ 0.0029 T = 0.1035 = 0.0066
Gy = 0.361540.0172 (SaclayA(Q?)) Gy = 0.2119 4+ 0.0120
Gy = 0.3787 4 0.0180 (Mainz A(Q?))
= First measurement af;, and’7;
= Unigue measurement af,, from spin observables

= Motivation for newA(Q?) data at lowQ)?
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The BLAST Collaboration

BLAST COLLABORATION

R. Alarcon, E. Geis, J. Prince, B. Tonguc, A. Young
Arizona State University, Tempe, AZ 85287
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a5t Reference Slides Only

The following slides are for reference only.
They are not considered part of the talk proper.
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Momentum Transfer 02

200
700
600
500
400
300

200

. Mh\.. hlm.
1] fls ] 5 i

0 005 01 015 02 025 03 035 0.4 0 005 01 015 02 025 03 035 0.4
(e LEFT) Q? [GeVic] ® e RIGHT) Q ° [GeVic] *

Tue Jan 25 13:25:323 2006
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d(e,e’'d) Electric Quadrupole Form Factor G,

=

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

o

1 | I | | | I | 1 | 11 1 1 | 11 11 | 1 1 11 | 1 | I | | 11 11 l 1 | I |

OMTTT

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Q’[GeVic]®




d(e,e’d) Electric Monopole Form Factor G,

8Ge(Py;) ~TmmTmTTTmmmmmmmooees EEet

0.1 0.15 0.2 0.25
Q’[GeVic]®
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Constralnis:
BLAST Data: Teg, T) 1, Tay
Platshkbow(1200), Simon {1231): O 7

A2 vs Gy(Q"=0.248 [GeVic] 7]

[+1.] B T E— IIIIIIII&‘:’IIIIIIII!IIIIII:HIIII:I:TIIII:I.H

:

1
t-ul 2 v G (Q°=0248 [GeVic] *)

1 1 1 1
L a T

;

22 vs G 00" =0.154 [Gevic] 7]

Eﬂ 12 ve GO =0.248 [GeVic] 7
W

I].II!G: I1:-|




Cg, Ay =1

G, (0,248 [GeVic]T) = 2552 +0.043

gz e

Gi{0.248 [GeV/c]’) =0.078 +0.001




Radiative Corrections

Modify Mascarad per Merenkov

o JETP, V.98, p.403-416, (2004)
1) Scale the hadron tensor
1) Map the form factors
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RCs: Unpolarized Mapping

Hadron Tensor

ScaleH/cj&unpol) __ Artayr Hﬁ(yunpol)

4T
Form Factors
e Gy~ 50u@
¢ GL—Gh+ G
... Where
10 = 2p1(leZ—k2)’ O klk;lk?" r=2k, 7= 2}]\9{;1
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RCs: Polarized Mapping

Hadron Tensor

e ScaleH\t) = =irtzur prilb)

Form Factors

° GM?(p) — GM( )
¢ GE — 2GC’ a?yrGQ

.. where
QZ kl k2 e —_q2 e M2
L = 2p1(k1 k2) ) y - 1 y — Q2 y T zplkl
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Q2=0.153 [GeV/c] *
3Ty,

W =-8.089¢e-04

0.01

ol—

v v v

0.15 [GeV/c])
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d(e,e’d) A for 6.=32° Beam-Left (July-Sept 2004)

Blue = electron on LEFT, deuteron on RIGHT

0.05
hPz = 0.558+/- 0.000
Solid: Abbott (100% Pol)
Dashed: Abbott*hPz

Charge: 391.78 kC
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Red = electron on RIGHT, deuteron on LEFT
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hPz = 0.576+/-0.011

Solid: Abbott (100% Pol)

Dashed: Abbott*hPz
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