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Overview @

m Motivation or: Why BLAST?
Electromagnetic structure of nucleons and light nuclei
with spin-dependent electron scattering
from internal polarized targets at low Q?

B Some Results or: Why BLAST was a BLAST!

Nucleon Form Factors:
Proton and neutron electric and magnetic form factors

Deuteron Structure:
Charge, quadrupole, and magnetic form factor
Polarized quasi-elastic electrodisintegration

Pion electroproduction:
N-Delta transition in inclusive and exclusive response 3



EM Studies with Polarized H and D

B EXxploit single and double polarization observables to
keep systematic errors low

B Exploit internal target in storage ring to provide highly
polarized, isotopically pure (background free) target

B Exploit large angular and energy acceptance to provide
simultaneous measurement of all reaction channels over

complete Q2 range

m Exploit field free region at target to allow orientation of
target polarization in any direction — Toroid

> Bates Large Acceptance Spectrometer Toroid
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MIT-Bates Linear Accel. Center

Polarized Source Linac D
."w—- -; - _wg Gﬁ’ “
Recirculator - ‘v
OOPS + BLAST g
L1 § i
o N J;
40 m &
South Hall Ring
Beam: Stored (SHR) 850 MeV, 200 mA, P, = 65%

Target: Internal (ABS) 6 x 10%'/(cm?s), P,,p = 80%

Detector: Bates Large Acceptance Spectrometer Toroid
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MIT-Bates South Hall Ring

Internal Target

Siberian Snake
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Monitoring of electron
beam polarization

Injection with longitudinal spin
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longitudinal polarization
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Atomic Beam Source (ABS)

with sextupoles and RF transitions

m Switch between states
every 5 minutes



Atomic Beam Source (ABS)

E/E s

Deuterium

Hydrogen State M, M, V\MS
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with sextupoles and RF transitions

Switch between states
every 5 minutes



The BLAST Detector ¢

Left-right symmetric BEAM DRIFT CHAMBERS
Large acceptance:

TARGET
0.1 <Q%(GeV/c)?<0.8
20°< 9 <800 -15°<$p<15° COILS
COILS B, =38kG

DRIFT CHAMBERS
Tracking, PID (charge)
op/p=3%, 06 = 0.5°

CERENKOV

CERENKOV COUNTERS COUNTERS
e/rn separation \
Trigger, ToF, PID (/p) BEAM

NEUTRON COUNTERS NEUTRON COUNTERS
Neutron tracking (ToF)



The BLAST Detector




The BLAST Detector

Neutron Detectors Bates

Ohio University




Target Spin Orientation @

Freedom of in-plane spin angle
32° (2004) / 47° (2005)

e- left —» 6 =~ 90°
“spin-perpendicular”

e-right — 0" = 0°
“spin-parallel”
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BLAST Data Collection

m > 3 MC accumulated charge for Hydrogen and Deuterium 2004/05

m Hydrogen 2004

0, = 47°,290 kC (90 pb) %
Pz = 82% g

m Deuterium 2004 £ 2
04 = 329, 450 kC (169 pb1) £
PZ = 86%1 PZZ = 68% E 1.0

B Deuterium 2005

30 |---

®mBeamon |
O Beam to Experiment

B Data taking

ed = 470, 550 kC (150 pb-1) 0-tT::'-Feb 3-ﬁlkpr 29-I’I‘.’Iay 24;Jul 18-ISep 13-llﬁlov 8~Jlan 5-I'1;1ar 30-.IApr

P, =73%, P, =56%
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Identification of Elastic Events
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Identification of Neutron Events @

m \ery clean quasielastic ?H(e,e’n) spectra

m Highly efficient proton veto (drift chambers + TOF)
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Identification of t* Events

Time correlation for candidate e’n* events,

N corrected for pathlength
3000~ 4
B — emn
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> Cerenkov used to discriminate n* / e* and nt-/ e tracks.
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Nucleon
Form Factors




Nucleon Elastic Form Factors @

m General definition of the nucleon form factor
(N(P")| T (0) [N (P)) =
a(P') [FN Q) + io Ju FIV (@) u(P)

Q2

m Sachs Form Factors G =F| —17F; Gpu=F+F, 1= AM2

® |In One-photon exchange approximation above form factors are
observables of elastic electron-nucleon scattering

do /d2
(do/d?) Mot

= So = A(Q%) + B(Q?) tanzg

. GLQY) +1G%(QY)
- 1471
 €eGL+TGE,
- e(147)

0
+27G% /(Q?) tan® >

—1
, e:[1+2(1+'r)tan2g]




Nucleon Form Factors and Polarization

B Double polarization in elastic/quasielastic ep or en scattering:
Recoil polarization or (vector) polarized target

12H@,e’P), "2H(E.e’'p), 2H(E.e'n), H(Ee’n)

m Polarized cross section
o = oy (1 + P, 15;,1;1’)

m Double spin asymmetry = spin correlation
—oy 15;, A= V27€(1 — €)G G ps 5in 0* cos ¢* + /1 — €2G j4” cos 6*

P A, Gg
S X
B 4 Gum

independent of polarization or analyzing power

m Asymmetry ratio (“Super ratio”)

19




Proton Form Factor Ratio qupE/Gpn}]a
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1.05F i
n‘..',: C i
Y | o e 07 7 | 1.051
o |=
= = -
i o F
0.95" G
- —— Holzwarth 1 ~ 1
Eoenee Cardarelli g T
0.9 - Lomon % Milbrath \ =
- —— Hammer ¢ Dieterich By B
L — Faessler & Pospischil 0.95
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PRL 98 (2007) 052301 [ . . .

1.1

Single-Experiment Data
H Impac_t Of BL_AST data i i ® Combined Unpolarized Data T 1 {
combined with cross sections 1_05:_ = Combined Unpolarized Data + BLAST I il
i P P =i
on separation of GP. and GP, & Q[ | ,
= | il
m Errors factor ~2 smaller ¥ g T
. 0.951
B Reduced correlation ;
o . oy 0.9F . | S

m Deviation from dipole at low Q2! o 02 03 04 0506 .

2 2
*Ph.D. work of C. Crawford (MIT) and A. Sindile (UNH) Q" [(GeVicy]



Extraction of G"¢ ¢

AV = a G%,*cos 0* + b GEGY, sin @* cos ¢* ~ acos 0'4b Gy in 6" cos ¢"
cGp2 + G2 Gy
> >
m Quasielastic 2H(e,e’'n) 0.15
m Full Montecarlo simulation of the o I SE:E;EES
BLAST experiment b e

0.05-

N . A2 _ 2
B Deuteron electrodisintegration - Q" =0.14 (GeV/c)

by H. Arenhovel S
m Accounted for FSI,MEC,RC,IC “%‘“-0-052—

m Spin-perpendicular beam-target 04
vector asymmetry AV, shows :

high sensitivity to G"¢ R BLASTMC
m Compare measured AY_ 054050 80100 120 140 160 180
with BLASTMC, vary G": (e,e’p) oms (e,e’n)

*Ph.D. work of V. Ziskin (MIT) and E. Geis (ASU) Pq



How well is the FSI effect known? @

m Quasielastic 2H(€é,e’n) o5 2H@en)p TR
........ -~ PWBA+FS| |

m Full Montecarlo simulation T .. P
of the BLAST experiment 0.05 ki = e
m Deuteron electrodisintegration < 7 |
by H. Arenhével i i
-0.1— —
m Accounted for FSI,MEC,RC,IC sl il
m Spin-perpendicular beam-target “2~  ZHieen)p E, =850 MeV —
vector asymmetry AY_, shows g% 6,=31.6°(8~90°) ]
high sensitivity to G". R 1
< .02 -
-0.04— —
B Use tensor asymmetry [, e |
to control FSI s =

L I L
0.2 0.3 04

*Ph.D. work of V. Ziskin (MIT) and E. Geis (ASU) Q’ / (GeV/c)



Neutron Electric Form Factor G, e

0.1 — , | , |
F A Neutron Recoil Polarization
B o) Polarized Deuterium 7
0.08|— : O Polarized He-3 ]
-l @® Thiswork

0.06
c w
o
0.04
— = = « Glazier b
0.02 = = = = \/MD + DR [Lomon] —
VMD + DR [Belushkin]
Cloudy Bag RCQM [Miller] B
0’ I | 1 | I |
0 0.5

E. Geis, M.K., V. Ziskin et al.,
“Ph.D. work of V. Ziskin (MiT) and £/ PRL 101 (2008) 042501 &3




Extraction of G",

—-> ™ —
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- G, 100%
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E G150%
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. 5 (GeV/c)
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02 || 23:; g
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1= -
P \2 031
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oasf mo0%
9 [ Gy 100%
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Extraction of G, @

G%,
A "'aﬁ Enhanced sensitivity in super ratio
Ay () Independent of polarizati
14 Eﬁf ndependent of polarization
1:
o« 0.9F
- - BLASTMC
o 08
E 075_
o =
g 0.65—
5 0.5;—
T oep A
03f  Gj50% 1
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2
*Ph.D. work of N. Meitanis (MIT) and Ben O'Neill (ASU) Q’ (GeV/c)



Neutron Magnetic Form Factor G,

1.5

*Ph.D. work of N. Meitanis (MIT) and B. O’Neill (ASU)

Friedrich & Walcher 2003

we= s « Belushkin 2007

- = « Guidal 2005

Miller 2002

<4 » B < [> [ =%

m [

.-'""-...,.

| | I | | I|
Hanson (CEA 1973)

Rock (SLAC 1982)
Markowitz (Bates 1993) —
Bruins (Bonn 1995)
Lung (SLAC 1993)
Anklin (NIKHEF/PSI11994) _|
Anklin (Mainz/PSI 1998)
Kubon (Mainz 2002)
Lachniet (Jlab/CLAS 2008) _ |
Gao (Bates 199)
Anderson (Jlab 2000/03/07)

-
BLAST prelimirary: d{e,e’) _ |

Pre-polarization era

G",, world data from
unpolarized experiments

Cross section ratio

d(e,e’'n)
d(e,e’p)
+ CLAS 2008

quasielastic

Polarization era

]
Q2% / (GeV/c)?

G",, world data + 3He

+ BLAST preliminary
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InNcCAS:

Inclusive Asymmetries

Gaf(un G,)
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1.1

0.9
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I | I I I | I | I I |
= Frizdrich & Walcher 2003 CLAS prel.
Gao (Bates 1994)

Anderson (Jlab 2000/03/07)
BLAST prel.: 8(2 )

IncAs 2.2 GeV projected
IncAs 4.4 GeV projected
IncAs 6.6 GeV projected

w== = Belushkin 2007

== == Guidal 2005

LR N NEE

- Miller 2002

C> [

:

e:2.2—-6.6 GeV

D-Spin: ~45°

e’: 15°-35¢°

e’: 15°-35¢°

LOI-09-003/PAC34

10~ 1
Q?/ (GeV/c)®
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Deuteron
Structure




Elastic Electron-Deuteron Scattering @

m Spin 1 <« three elastic form factors
G, GYq, Gy

ORIENTATION PLANE

m Quadrupole moment
M2,Q, = G9,(0) = 25.83

m G9, < Tensor force, D-wave

B Unpolarized elastic cross section
70 = TMott (A + B tan® (Gﬁ/z)) = T Mott S0

2 2 2
A(Q%) = GE™ +3n*Gy" + 3nGY,
2
B(Q*) =sm(1+mG%, 5 n=Q*(4Mp)

m Polarized cross section



Tensor Analyzing Powers T,,, T,
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3 o2 3 . 3.,
2 (COS Oq — 1) Ta0 — 2 sin 2604 cos ¢qT21 + > sin® @4 cos 2¢4T52
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*Ph.D. work of C. Zhang (MIT)
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Final result expected soon!

o

3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8

-0.01

Abbottfl M  +JLAB (2000) 2nd solution .

.0001 - ﬁAbeﬂ”l ....... .......... .......... " .BLAST ____________ ___________ ERRPIRIIER SRTIETLRRE ; \ \
Il[lll]ll!]l[lzlllliIlIt]I[I;I[II IlllllllllllIIllIIIlIlI]I[IIIiIIII
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Q (fm™) Q (fm™)
*Ph.D. work of C. Zhang (MIT)



Vector-pol. Elastic ed Scattering

1
Azgzx/?_:(

—— cos 8,

V2

T7, — sin @4 cos ¢g Tfl)

Final result expected soon!

Tleﬁ(Qgs eﬁ) - —

(1+)(1+ 9) 0. , GGdz
sin® — ) sec — tan —
\/_50 ! ! 2 2 .

T1:(Q% 6.) =

\/_So

6.
vn(1+mn) tan —- = Gy (Gf?: + gnGé)

- - - - . Arenh@vel: nonrelativistic
0.15— ... Arenhtvel: + relativistic 1-body current
- W _ArenhBvel: + mand p MEC
— 0'8 = Arenhtivel: + heavier meson exchange
01— I » 15t 3 pts.: Simon et al., Nucl.Phys. A364 (1981) 285
-— B O'ET « last 3 pts.: Auffret et al, PRL 54 (1985} 649
L i BLAST (1.03 MC): 4(G7") from Platchikow (1990)
- = m zaee Arenhovel
S 0.05 __ Phillips % oml.
[ 2 Abbott = B
-‘C_! i -
s - I
ol 0.2 —\(
-0.05 ][ V\e i
L1 P T I W A ' Lol T TR S T A A vt beaaal CH RN | e | el
0 0 05 0.1 'D 15 0 2 01;25 0.3 0.35 0.4 o 0.05 04 015 0.2 025 0.3 0.35
V/ic

*Ph.D. work of P. Karplus (UNH)
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Deuteron Electrodisintegration

Orientation Plane

B Quasielastic breakup __Reaction Plane
e+d -e’+p+n

m D(e,e’p), PWIA:
Pm= Ef— pp = 'pp,l

h;/l(

Scattering Plane

B~ = (1+ P..AT + hP,AY)

gp

B Beam-vector asymmetry
(PWIA): V (p.n) = acos0* + b (G’p’n’/G’p’ ) sin 6* cos ¢*
ed ' 1) =

1 +c(GY"/GER)?

m Nucleon spins parallel — A", (p,.iss) changes sign

Q] 34



Deuteron Electrodisintegration” @

107
107
10°°

—7
-8

10

o

I D(e,e’p) momentum distribution
%}. : ® exp (Mainz, Bates, Nikhef)
- : W (p)+*r “(P) = n,,.,(P)

|

| 0.1 <Q?/(GeV/c)

| BONN PWBA+FSI |
| BONN PWBA+FSI+MEQ
| BONN PWBA+FSI+ME

. BONN pwan.msume%ucmc
0.2

-0.2

f 0.2

+IC

@, @

-0.4
- - L2
-0.6 l l[Fu I
1} 01 0.2 0.4 0.5
P [GeV/ic]

|

» D-wave dominant at p,,>300 MeV/c
 FSI,MEC,IC subtle effects in cross
section <450 MeV/c

D(E:e’p) beam-vector asymmetry
Observing expected sign change!
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*Ph.D. work of A. Maschinot and A. DeGrush (MIT)



Quasielastic Tensor Asymmetry

1
r_et o)y o\ _ o) (VZRo(r) - }R2(p)) 13, 1
d — T — 0 Py(cos 0) = > 3 —cos“ 0 — —
pt+p +p Co Ro(p)? + Ra(p) 2 2
96
"qﬂ 0-1_ [ 0.1 <Q?(GeVic) * <0.2
: 0_4 BONN F'\."‘JBA FSI
0.05{— 3 Sﬁﬁiiiilﬂiﬁil&nc
0
0.05 - ,
'0-1_— 2 ) D'Eo; I u.|1 I ulz I 013 014 “os
- 0.1<Q%/(GeV/c) <0.2 3 Pu [GoV/c]
1sF EONNPWBAIFSI : y
=0, \-_ PW ,
- BONN PWBA+FSI+MEC+IC
B BONé\ITPWBA+FSI+MEC+IC+HC
.0_2_ AR AN T NN TN NN TR N T SN TS NN S NN A

| | |
1 08 06 04 02 0 02 04 06 08 1
cos6,

*Ph.D. work of A. Maschinot and A. DeGrush (MIT)
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Pion Production
from

H & D




N-A transition and deformation e

v* MI1,E2,C2

p(qqq) A(qqq)

1 1 3 3
=75 J=3 =75 J=3
938 MeV 1232 MeV
Spherical = MI

53/2
Deformed = M1, E2, C2 (CMR = Re 1372]
My
Deformation signal <
Role of pion cloud /2
_LEMR = Re 1—;/2
My
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)
[
A
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—’
L
-
—
=
o

= -
e,

(e,e’)A*, H(

R,

eTrigger 1
(Charged)
e

p(e.e)

eTrigger 7
(Inclusive)

eTrigger 2
(Neutral)

- =

AP

p(e.en)x*

AP P e
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=> n n e
H(e,e’)A* inclusive @

A sin{8g) + Ag sin(0;) A
sin({6, ) +(6z)) A=—T0 = A cos@" + A sin0 cosg’

Ay

. o h-P,
A cos(bg) — Ag sin(l,)
L . * * *
sin((f, ) + (Og)) cos(g, ) ———
Al Ar
& F B 3=
< [|e BLAST < [ BLAST
01— MAIDEUGBI + o ,f [ MAID2003
i ~ L
D_Dﬁf_ + | +
500k ev. / 299 kC o "R
: : W
+ 3.7M elastic : oW
0.05F o9 O
-D_1E_ 0.1
0150 [
‘ + 02r
'Mf_ | | | | | i | | | | |
IZI.BHHI'.I.QI - I1 = I1.1I - I'I.EI | I':|.3I - :'|.4 D_iil - Il'.|_9I - I1 - I1_1I II!I_EI - !|_3I = !I.-Il
W (GeV) W (GeV)

*Ph.D. work of O. Filoti&iNHH




=> n n e
H(e,e’)A* inclusive
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H(&,e’n*)n and H(&,e’p)n® exclusive *

neutron mass
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H(&,e’n*)n and H(&,e’p)n® exclusive *
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D(8,e’n*)nn,pp Double Asymmetries %
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Pion Electroproduction from Deuterium

R.J. Loucks, V.R. Pandharipande, R. Schiavilla, PRC49 (1994) 342
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D(e,e’n=)nn,pp Tensor Asymmetries’ @
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Future of BLAST:
OLYMPUS



Proton Form Factor Ratio
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® All Rosenbluth data from SLAC and Jlab in agreement
" Dramatic discrepancy between Rosenbluth and recoil polarization technique
" Multi-photon exchange considered best candidate 48



Two-photon exchange

Elastic electron-proton to
positron-proton ratio (P. Blunden)
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Two-photon exchange

Elastic electron-proton to
positron-proton ratio (P. Blunden)
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Two-photon exchange

\\Hm - DESY Site

DORIS

A PROPOSAL TO DEFINITIVELY DETERMINE |
THE CONTRIBUTION OF MULTIPLE PHOTON
EXCHANGE IN ELASTIC LEPTON-NUCLEON |

SCATTERING

Coy THE OLYMPUS COLLABORATION

September 9, 2008

MIT
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J. Calarco
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June 19, 2007
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Projected Results for OLYMPUS
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OLYMPUS

pOsitron-proton and

eLectron-proton elastic scattering to test the

hYpothesis of
Multi-

Photon exchange
Using

DoriS

2008 — Full proposal

2009/10 — Transfer of BLAST
2011/12 — OLYMPUS Running




Summary

m Proton, neutron, and deuteron spin observables with BLAST
m High precision, excellent control of systematics

B Nucleon structure:

O Consistent and precise determination of
elastic nucleon form factors at low momentum transfer

m Deuteron structure:
O Precision measurement of T,, allows to separate G9. and G¢,
O First measurement of T,, allows to determine G9, at low Q?
Q Electrodisintegration probing D-state

B Pion production from H and D

A N-A single and double spin asymmetries
A Double and tensor asymmetries from deuterium

B OLYMPUS @ DESY: Precise determination of two-photon exchange 54



Collaboration

*BLAST A GREAT SUCCESS!!!

* First class single and double
polarization data on H and D in
elastic, quasielastic and Delta region

* Produced 9 Ph.D.’s, + 3 to come,
and 3 Junior Faculty

T. Akdogan®, R. Alarcon®, 1. Althouse®, H. Arenhivel", W. Bertozzi’, E. Booth®, T.
Botto', H.J. Bulten®, J. Calarco, B. Clasie”, C. Crawford', C. D'Andrea®, A. Degrush’, K.
Dow', D. Dutta®, M. Farkhondeh!, R. Fatemi’, 0. Filotf, W. Franklin', H. Gao”, E. Geis®,
S. Gilad", A. Goodhue®, W. Haeberlf, D. Hasall, W. Hersman', M. Holtrop', E. llhoff’, P.

Karpiiss', ). Kelsay', M. Kohl', H. Kolster®, 5. Kraussf, T. Lee/, A. Maschinot', .
Matthews', K. Mellhamy®, N. Meitanis®, R. Milner®, A. Mosser™, 1. Pavel”, H.R.
Poclman®, R. Prince®, 1. Rapaport®, R. Redwine', 1. Seely’, A. Shinozaki”, A. Sindile, 5.
Sirca’, T. Smith®, 5. Sobczynski, B. Tonguc®, C. Tachalaer’, E. Taentalovich’, W.
Turchinetz', J.F.). van den Brand®, 1. van der Laan’, T. Wisel, Y. Xiao", W. X, C.
Zhang', V. Ziskin!, T. Zwart

2 Arizona Siele heoersily, Tempe, AZ 85987
® Boston Universily, Boston, MA 02215
€ Dearimouth Collage, Hovover, NH 03755
®Duke Universily, Durbam, NC $7T05-0305
. ®Johennes Gutenbory- Uniweruidit, 55009 Meinz, Germeny
Messachusciis Technology, CUembridge, MA 02139
mdBduLmurAml;{iarGenkr Middleton, MA DI949

mem OH 45701
humeemxudmmAmmunsum
| Uniweraity of New Hawpshive, Durhom, NH 03824
1 University of Wisconsin, Modizon, W1 53706
EViiie Universitoct and NIKHEP, Amsterdom, The Netherlonds
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Neutron Electric Form Factor G, e
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E. Geis et al., nucl-ex/0803.3872v2
“Ph.D. work of V. Ziskin (MIT) and £| ©Ubmitted to Phys. Rev. Lett.




Neutron Electric Form Factor G, @

0.1 . . T
o A Neutron IF{ecoil Polarization
B o) Polarized Deuterium 7
0.081— :. O Polarized He-3 L
. A  BLAST 2004 preliminary
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Pion Production Asymmetries @

1. Dilution factors are determined from elastic analysis and the
compton polarimeter

A;’:p‘ =PA,, Asejp' =P A, e’s‘f' =PR,P,A;s , P.=08%, P, =81%
2. Single Asymmetry, A,.

Ah: 1 R+_R_, Rh:Y_h
P, R, +R Q,

3. Single Asymmetry, Ag,

1 R, -R Y
ASZ = P R+ — Rsz -
y IR IR Qs, Y : event yield
4. Double Asymmetry, A, Q: electron charge
h: electron helicity
_ L R +R)-(R_+R,) Yhs, S,: target spin state
PP, (R, +R )+(R,_+R,) ™ Qg

A,
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H(&,e’n*)n Double Asymmetry *
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*Analyses by A. Shinozaki (MIT); Ph.D. work of Y. Xiao (MIT)



H(&,e’p)r® Double Asymmetry*
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Fl(e,e’n+)n Target Asymmetry ~ @
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H(8,e’p)n® Target Asymmetry *
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*Analyses by A. Shinozaki (MIT); Ph.D. work of Y. Xiao (MIT)



