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Abstract

We report the first measurement of the parity-violating asymmetry Apy in the elastic scattering of
polarized electrons from *"®Pb. Apy is sensitive to the radius of the neutron distribution (R,). The result
Apy = 0.656 = 0.060(stat) = 0.014(syst) ppm corresponds to a difference between the radii of the
neutron and proton distributions R, — R, = 0.33 012 fm and provides the first electroweak observation
of the neutron skin which is expected in a heavy, neutron-rich nucleus.
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Motivation



Proton/Neutron Density Distribution, Neutron Skin
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Nuclear charge density (distribution)

Studied by electron (elastic) scattering [1]

Neutron density (distribution)

page-2

Studied by hadron scattering

pion scattering [2]
proton scattering [3-5]
anti-proton absorption (X-ray observation) [6,7]

requires model-dependent description of strong interaction.




Charge Density (Electron Scattering)

[1] B. Frois et al, PRL38, 152(1977)
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Z? g-ggg:g? \ FIG. 2, (a) Charge density determined by present
2|  |3s|oocecess y | analysis and Refs, 7 and 8, The systematical uneer-
L2 20892 ™, tainties of the data allow an overall shift of + 0,8% for
i | !_gg gg:gg; ‘\Q i {¥< 4 fm) without sizeable influence on the details of
l7.6|0.018729 1 the strueture, (b) Present density compared to density-
o - 8.7 0000020 [\\ _ dependent HF densities of Refa, 13 and 22, The scale

of (a) iz expanded by a factor of 4,

charge radius: 5.50 fm
point proton radius: 5.45 fm
(by using formula in [41])



Neutron Density (Proton Scattering

[4] V.E. Starodubsky et al., PRC18, 2641(1994)

o 208
L densities of = FPb
and statistical error envelopes
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FIG. 6. Extracted neutron and matter densities for ***Pb
lying in the middle of the corresponding statistical error bands
(the hatched areas). The HF proton, neutron, and matter
densities are depicted by the dashed lines. The proton density
obtained by unfolding the charge density of Ref. [43] is also
shown with its statistical error envelope. The dotted line at
the bottom is for the statistical error band cbtained with the
S0OG method of Ref, [23].

R=5.503(2), R =5.458, R,=5.655(42) fm
R,-R,=0.197(42) fm
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]J. Zenihiro et al., PRC82, 044611 (2010)
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Neutron Density (anti-protonic atom X-ray)

Not Referred
[6] A. Trzcinska et al., PRL87, 082501(2001) B. Ktos et al., PRC76, 014311(2009)
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FIG. 3. Part of the antiprotonic x-ray spectrum measured for 2" Ph
using the detector with the 1035 mm® = 14 mm crystal. The fit to
the broadened 10 — 9 transition is also shown. The 13 — 11 line is
admixed to the 10 — 9 line.
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FIG. 4. Difference A r,, between the rms radii of the neutron E ook '.ll i 411 | 3
and proton distributions as deduced from the antiprotonic atom = r \ i b 10 &
x-ray data, as a function of § = (N — Z)/A. The proton dis- N PR | E
tributions were obtained from electron scattering data [41] (Sn 0.05 - ( =
nuclei) or from muonic atom data [38.42 43] (other nuclei). The C /'\ - 1 =
full line represents the linear relationship between & and Ar,, 0 r; e A iln']l h 10 =
L J L 3

as obtained from a fit to the experimental data. i
r (fm)

FIG. 10. p annihilation probability (arbitrary units) from the
upper and lower states for the antiprotonic 28ph atom. The matter

. . . . density (DD-ME2) in 2%Ph is also shown. The calculations of the
Wldths and ShlftS Of the levels due to the Strong interaction annihilation probability were done with the Batty zero-range potential

RN antiproton-nucleus Optical potential and 2pF parametrization of the DD-ME2 density (cf. Table V).

assumes two-parameter Fermi distribution ] -
Rn-Rp= 0.16 £ (0.02) 4, = (0.04)y



Nuclear charge density (distribution)

Studied by electron (elastic) scattering [1]

Neutron density (distribution)

page-2

Studied by hadron scattering

pion scattering [2]
proton scattering [3-5]
anti-proton absorption (X-ray observation) [6,7]

requires model-dependent description of strong interaction.

D

Parity violating (PV) electron scattering by weak interaction:
“model-independent probe”™ 10




Parity Violating (PV) Cross Section Asymmetry
in Electron Scattering [8]

>__ 2 Apy from
e/ y +e‘ o interference
208 208

gp— o5 Gel® FalO®)

Apy = ~ — —, (1) in PWBA
| Vo oort oL dma2 Fa(Q?)
R (L): Right (Left) helicity interference between
1 tudinal polarizat EM and weak
ongitudinal polarization T —
Gp: Fermi coupling constant
a: fine structure constant
Q: four-momentum transfer (w,q) Fourier transform
F,: weak form factor of the weak charge

F: charge form factor density

Coulomb distortion effect is included in the real
analysis [9], also other effects [10].

page-2

S

D

$e fe

helicity

11



Weak Charge

J-E. Rajotte, arxiv:1110.2218v1

TABLE I: Electroweak Couplings of © and d Quarks and Nucleons as Function of the Weak Mixing Angle 0w

EM Charge | Weak Charge

= . L)
1 — %sln‘ tha

-1+ % sin? tha

1 — 4sin® Ow

Particles

u -|—%
d -1
pluud) +1
n(udd) 0

—1

9,: Weinberg Angle or Weak Mixing Angle
sin? 9,,=0.23116(12) c.f. PDG 2012

v\ _ [ costhy sinfy
Z% ]\ —sinfy cosOy

)&

~0.08

in the standard model

0.0721
-0.9878

t

with radiative
correction

Weak charge distribution is primarily
determined by the neutron distribution

BUT weak interaction is VERY weak...

APV ~ 656 ppb = 0.000000656 12



Backup Slides

Standard Model
TABLE 13.1
Weak Isospin and Hypercharge Quantum Numbers of Leptons and Quarks
Lepton T T3 0 Y Quark T T3 0 y
Ve % % 0 =] u; % % % %
€L 3 =g — -1 d; L —1 - L
ur 0 0 2 4
&r 0 60 -1 -2 d, 0 g -1 32
b
Q == T3 .y ‘5



Electro-weak Interaction

’

—~ig(J) W i 5(j7)" B

charged fields
wr =y (W F i)
neutral fields (mass eigenstates)

A, = Bgcos b, + Wsinb, (massless),

Z,= —Bsinf, + chos 8, (massive),

1
Electro-weak neutral current interaction
o 3w3 P__-g_,-YBp
igl, (W*)" — i),

= 4

. J
= —i| gsinf,J’ + g’cos GW% A*

jY
—i| gcos,J> — g’sinﬂw%

Backup Slides

—> Electro-Magnetic Field

= —i¢, A"
= —i—2—JNzw
cos B, *

gsinf,, = g’cosf,, =e

NG == T o2l -em
J, - =J; —sin” by,



Electro-magnetic interaction Backup Slides
—ie(jm) A, = —ie(yyQY) 4,

f

Vector coupling

¢ _ile'Yﬂ
f
: : \ector lin
Electro-weak neutral current interaction ector coupling
7 g 3 w2 -em _
lcosﬁw(Ju sin® 0, " ) 2 =
_,_ & F 1 SYr3 a2
i— 9W¢fy“[§(1 —y°)T3 —sin’ 6,,0]y,Z,
f
. g .
P —zcosawwé(c{,— hy®). V-A coupling
_ produces parity-violation
TAR f
The Z — ff Vertex Factors, (13.41), in the Standard Model (with sin® 4, = 0.234) - : :
7 2, o 4 =L-helicity projection
s 0 1 s operator
e L, -1 -4 —1 4 2sin’ 6, = —0.03
ule,. .. $ i 1 — 4sin’6,, F 0.19
djs,. .. —1 -3 -1 4 Zin?d, F —0.34




Neutron Skin Thickness of 298Pb

Doubly magic nucleus

Predicted in the range of 0.0-0.4 fm by various mean-field
models. [11-15]

Neutron skin thickness: page-2

sensitive to nuclear dynamics, fundamental nuclear-structure information
atomic physics
astrophysics
strong correlation
R,-R, (**Pb)  4mmmp  Pressure of neutron matter at p~0.1 fm?

neutron matter EOS
emm) Density dep. of the symmetry energy

dS/dp (<L)
emm) Neutron star radius (rys)

16



Neutron Star, Neutron Matter EOS

Neutron Star Mass and Radius (ryg)

~10 km x-ray burst observation (Ozel [18])

softer EOS at high p ... exotic phase of QCD (strangeness)

~12 km neutron star model and nuclear EOS (Steiner [19])

stitfer EOS (does not support the exotic phase)
R,-R, =0.157%0.02 fm for 2%Pb

Observation of a two-solar mass neutron star,

Not Referred
P.B. Demorest et al., Nature 467, 1081(2010)

most of EOS inc. the exotic phase fail to reproduce the existence.

Chiral perturbation theory from few-body calc. inc. 3NF
(Hebeler [20], Carlson [21])

R,-R, =0.1720.03 fm for 2%5Ph

17



[18] F. Ozel et al., PRD82,101301(2010)

Mass (M_)

Radius (km)

FIG. 1 (color). The 1- and 2-o confidence contours for the
masses and radii of three neutron stars in the binaries 417 1608 —
248 (green/red), EXO 1745 — 248 (yellow/blue), and 41U 1820 —
30 (cyan/magenta), compared with predictions of representative
EonS (see text for details). The details of the measurements are
described in Ref. [3]. The diagonal lines are the black-hole event
horizon (solid line) and Buchdahl (dashed line) [29] limits.

AP4: AV18+UIX-3NF+rel.boost
MPAT1: Dirac Brueckner Hartree Fock
MS1: Relativistic Mean Field

GS1: RMT plus kaons

SQM1: u,d,s quark matter

18



[19] A.W. Steiner et al., Astro J. 722_33(2010) - H‘E: ]
2 If _f ;\{\ _
A.W. Steiner et al., arXiv:1205.6871v1 T E :

“Ogzel et al. [6] considered only PRE sources,
but these may be subject to considerable systematic
errors [7, 9, 10].”

.-.Ea:.uu e i E el

PRE: photospheric radius expansion

2.5 T T .__I____- — I-' - '_*-\._‘I_ T | T T
- AT R 1608 1
| rf_.f.;. ’1.%?_,6 .'.\‘{\ . -
%‘E i - B ! |
= 2— = —
- X FFFFFF{’: -
4 i
E L‘- :'_:{rrrrrrrrrr% . |
L5 | / : —
% % o
- e fl — [=]
B ! %!rrrrrrrrr 2 ] E
Z g U2sa 1 XT =
[ = 7 Z ] =
L - £ = -
E E Xrrry) r;;ré | é-&
I . ¥ :- ] =
Q. 7 =
B | [ e ] =
i 1 e : 1 1 | 1 1 DE.. | Model D
10 15 Maodel C :
R (km) B - ’
| Maodel B )
FIG. 1: A comparison of the predicted M -F relation with the pl_Madet A&,

observations. The shaded regions outline the 68% and 95%
confidences for the M-FR relation; these include variations in
the EOS model and the modifications to the data set (see
Table 1) but not the more speculative scenarios. The lines FIG. 4: The limits on the density derivative of the symmetry

C. o Cpp. : ., . energy, L. The single-hatched (red) regions show the 9597
Eﬁre(;:fagaif confidence regions for the eight neutron stars in confidence limits and the double-hatched {green) regions show

the 68% confidence limits.



Observation of a Two Solar-Mass Neutron Star
Excludes EOS Models with Strangeness

J1614-2230
(1.97 = 0.04)M

—10F

=
s eb b

—
=]
T

Timing residual jus)

49!.0 ad 02 0.3 0.4 0.5 0.6 07 05 k] 10
Orbital phase (urms)

Observation of Shapiro-delay of pulser signals
of a neutron star - white dwarf binary.

P.B. Demorest et al., Nature 467, 1081(2010)

ME0

ME2

2.0
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FaL—.
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Radius (km)

Figure 3 | Neutron star mass-radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs™: blue, nucleons; pink,
nucleons phus exotic matter; green, strange quark matter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.97 = 0.04)M -, similar measurements for two other millisecond pulsars®*
and the range of observed masses for double neutron star binaries”. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maxinum masses well below
2.0M ;, and are therefore ruled out. Induding the effect of neutron star rotation
increases the maximum possible mass for each EOS. For a 3.15-ms spin period,
this is a < 2% comrection™ and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints™. GR, general relativity; P, spin period.

Blue: nucleons

Green: strange quark matter



Symmetry Energy, p -dependence

Heavy Ion Collision (HIC) [22], isospin diffusion [23]

requires nuclear EOS and symmetry energy.
or constrains the EOS

page-3"
Neutron star structure:

proton fraction is determined by the symmetry energy
<chemical potential difference between a proton and a neutron

solid neutron crust <——liquid interior transition
= Strongly correlated with R -R,

ATMOSPHERE
ENVELOPE

Neutron star Cooling:

OUTER CORE

large R, -R,

—rapid cooling of massive n-star by direct Urca process

Fig from D. Page. in J.M. Lattimer and 21
M. Prakash, Science 304 (2004) 536.



Neutron Star Cooling by Neutrino Emission

) ;
ccc etion ¢ de e:ut nization
. Ic-“l-t 'ml\;) ,?,' ( hole )
., occretion

v-sphere w=sphere
R~15 km
T.~50 MeV
core hcot ng
el GH deleptonization
()t ~15s

% mantle collapse
() t ~ 05 s maximum heating
4 ved

f(t=0c¢=
standoff shock

e To~6x10° K ar~3%10° K

9] {cooling) R~12 km

R~12 km
‘5 block nole T.~0.03 MeV A —
T : .
3 o v cooling ¥ cooling
- it
v caore ___} R~12 km R=~12 km
cooling Te~0.12 MeV e~0.06 MeV
(v}t ~50s T~2%10% K T,~10% K
y—transparency
cold core (Vi t ~ 50 — 100 yr (VD) 10° < t < 3x107 yr

observable X—ray
thermal emission

star becomes
sothermal

warm crust

Lattimer and Prakash, Science 304, 536 (2004).

Direct Urca Process

n—=p+e + Vv, p—=nte +v,

0-20:IIII L II}I,‘/IIIIIIIIIj
[ Z271v 7 =

C_ - J—

0.15 =z cn //a_._--—-"' ol
- ” -__.-" —

N S e .
010 .’ —
” - ) 0.241 fm| 7]
| —_—— ().235 fm| 4

B s ().228 fm|
0.05— - = 0222 fm| 2
-/ | 0.215 fm | -

000 IIIIIIIIlIIIIIIIIIIIIII_

o
—_

0.2 04 0.6 0.8
p(fm”)

Urca was named after a casino in
Rio de Janeiro where gamblers
continuously lost money.

takes place only if proton
fraction Y, is large

s n+(n,p)—p+p)+e+v.
Modified Urca Process , . (. p) —n + (0. p) + ¢+ v,
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Dipole Polarizability (o)

Dipole Polarizability is strongly correlated with R -R, [26]

ap =

he Iaabs 487 JdB(El)

27° 9 @ Determination of ap by an

Electro-Magnetic Probe
R,-R, = 0.1680.022 fm for 2°5PD
including model uncertainty.

5 | ' ' ;
é . A Skrym i
= 25 )
3‘ A Skrym-SV n —_ lIS(EI)T—'—I':_; dB(El)TIdE'x . :;‘
= E DD-ME o ¢ 04 | e
= A N " & =i
S ® NL3/FSU A 2° b » &
g= A = 02 M
200 e 1 2 2E
= 20.1+0.6 fm? H R 00 1l . . o 2
@ 5 10 15 20
o ~—10.168+0.022fm Excitation Energy (MeV)
.é‘* Ex 0 10 20 130 MeV
15 : | ' | ' | % 27 16.2 1.2 fim?
0.0 0.1 02 03 total 20.1+0.6 fin?
Neutron Skin Thickness (fm) AT et al. PRL107,062502(2011) [27]

J. Piekarewicz et al., PRC85, 041302(2012)

23



Wit st

b T e
i Bl g acn-Giesm i

oe-3

Experiment:

Parity Violating Electron Scattering
from 2%Pb at J-Lab.
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Thomas Jefferson National Accelerator Facility (Jetferson-Lab)

polarized
source

i O Steering Coils
| @ Position Monitors |
i — Intensity Monitors :

; | Hall
........................ A
hydrogen target g g;ﬂ%ﬂ
data E .
N MEEET — | acquisition Xperiment
//’ & control

detectors

FIG. 1. Schematic overview of the HAPPEX experiment.

K.A. Aniol et al., PRC69, 065501 (2004)

HAPPEX: Hall A Precision Parity EXperiment

Hall-A

Continuous Electron Beam Accelerator Facility

0.6 GeV linac
(20 cryomodules]\
1497 MHz
67 MeV injector
(2 1/4 cryomodules) )
1497 MHz ‘ -
Gain switched
diode lasers 499 MHz

Gun

Double sided
septum

J. Grames - JLab Summer Detecter Series, July 7. 2008

electron beam:

50-70 pA, longitudinal pol., 1.06 GeV
normal spot size 50pum
4 X 4 mm? beam rastering

in PREX, PRL108,112502(2012) 27



Pol. Electron Sources (Laser System)

Gain-switched diode laser (499 MHz),

linear polarizer and a relative phase: 120 deg
rotatable A/2 plate

Anatomy of the Pockels Cell

Electrode
70 mW Hall A Laser Fitout sty Figure §
—,
i\ H ) | ﬂl’lﬂ N Sl R + M4 retardation
E j/ steering shutter slit  amplifier  optical isolator Amso"ol ic\'\\* + 2.5 keV
=}, attenuator Hall B Laser crystal Electrode o Qutput
BS R=95% ) - Pockels cell |
nra a1 A0 I h A, seed
1] | |_| v | U |_||J L | v ’ 2
attenuator shutter slit  amplifier optical isolator b
Hall C Laser R 3 Helicity Control
BCS P - E [ HV Swicher |~ + Electronics
N2 _nn T S S | s s SN . . :
| 1] % I B YA |_| v | ! L | v ‘ P T :
attenuator SCEMNE shutter slit  amplifier optical isolator Vo[ env HV & .
prism v |Supply Supply % :
. ! = :
e spin change #2 spin change #1 P ox : 5
: % f%" s 30 Hz Trigger
] U H n . v i C
ﬁ/ y 2 B Helicity 1 IS HzPair-Sye = <
T\ E * Generalor | ¥ Deigyed Helicity % <
to vertical B to photocathode i HV Setpoint ] 3 E
. ble {Ol.lt of the pagc} Pockels cell mlcr\l%des cope : Generator E PITA Oﬁ&'&?f L-E o
half-wave plate ® N ecceccmccemecccmecmasscanes ;
FIG. 3. Schematic diagram of the helicity control electronics.
The helicity signal drives the high voltage on the Pockels cell. The
Ch . | . C | | system is electrically isolated from the rest of the lab (dashed box).
ange Linear Po Linear — Circular Pol.
Axis by 90 deg. L&R switch

28
K.A. Aniol et al., PRC69, 065501 (2004)



Helicity Window

helicity control electronics (with Pockels cell)

Rapid, Random Helicity Flips

> 99% livetime R

R

R HV . H

window

Lulj x| HH—L'

helicity window

helicity window pair
(window quadruplet in PRL2012)

Helicity window pair (window
quadruplet in PRL2012) R or L is
chosen by a pseudo-random
generator.

According to PRL2012, HV
window is 8.33 msec (120Hz),
thus window quadruplet 33.3
msec (30Hz), i.e. four times
faster than the left figure.

Synchronized with the 60 Hz line
frequency.

Signal transmission by fiber-optic
cable: suppression of the ground
noise and cross talk.

2 x 107 window quadruplets were
recorded in PREX.



Ei

Pol. Electron Source (strained GaAs)
Photo-cathode, optical pumping

(a) GaAs

(b) strained GaAs

/ (GaAs on GaAds, ,P,,,)

Superlattice GaAs:

Strained GaAs:
Layers of GaAs on GaAsP

p=3-1 _500
3+1
E: energy
k: wave vector perpendicular
to the electric field
P—>100%

Pablo J. Saez,
SLAC-R-501, UC-414

HAPPEXx-Il 2004 run Compton Polarimetry

Bulk GaAs GaAs on GaAsP 100
E g N F L [eum aI superlattice EUN 2] strained GaAs
= Qo E >~ [ .
2 = = oy [Py=75.6+02219% |
o’ 90
= Pe=742202226% |
80
C [Py=88.4201222% |
F [Pe=87.120.123.0% |
Hich QE ~ 20 "conventional” material  No strain relaxation o _
g Q o L] QE ~02% QE ~10% = ® electron analysis
POl ~ 35/0 POl ~ 75% POl ~ 85% [ @ photon analysis
T 7 o Y Il U B o W 1 | P P Tl k- 0 e T i 0 (O VA i B
@ 850 nm @ 780 nm 80" 8500 8550 8600 8650 8700 8750 8800 8850
Run #
(PREX ex.)
. . 30
GaAs and GaAsP have a lattice mismatch. J. Grames



FIG. 6. The MOPA gain-switched diode seed laser and diode
amplifier system: SM, steering mirror; PM. picomotor; IS0,
optical isolator; AMP, single pass diode amplifier: SF, spatial
filter; CL, cylindrical lens.
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FIG. 7. (Color) Electron bunch length plots at the chopper slits
at four different beam currents, obtained from a bulk GaAs
cathode in the first polarized electron source. The observed
bunch lengthening at higher current led to the installation of a
1497 MHz prebuncher between the gun and the injector chopper.

spin change #3

Wien-Filter with Solenoids

| LASER =NCLOSURE

1 ELECTRIC
Z FIELD

'_E::’ "-_"""""‘ii-:"'"""‘{""'""""'

WIEN
MAGNETIC
@keh ANGLE
(15.00)
]
NICKEL _ .
PLATE — ELECTROSTATIC

PLATES

j—VACUUM FEEDTHROUGH

FIG. 4. The Wien filter spin manipulator used with CEBAF's
second and third polarized electron sources. The magnet is not
shown in the cutaway view.
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Double Wien Filter

Crossed E & B fields to rotate the spin

* Two Wien Spin Manipulators in series
* Solenoid rotates spin +/-90 degrees (spin rotation as B but focus as B?).
Flips spin without moving the beam !

Beam profile is the

Electron same between the
Beam +rotation.
original
SPIN .
T~ _orientation  Solenoid Ver.tlcal .
~ <7 Wien ., Horizontal
; e Solenoid :
R \(—V ‘\ Wien
~._» -90 +9o

optimized
launch
angle

Rotate the pol. axis
into the vertical plane
To the vertical axis
To *=side-ways

To the optimized angle
in the horizontal plane



BPM q

MBLLER |
POLARIMETER | Q1

DIFOLE
Q3

BCM
SHIELD HOUSE

COMPTON

POLARIMETER A s
— | e T
BEAM
DUMP

i

--‘-:::::::::"E-:ih
ACCESS =-,
RAMP —
Fig. 18. Schematic layout of Hall A, indicating the location of the Compton and the Maller polarimeters, the raster, the EP energy
measurement system, the beam current monitors (BCM ) and the beam position monitors (BPM) upstream of the target. Ao indicated
are the locations of the components of one of the high-resolution spectrometers (Q1, Q2, dipole, (O3 and shield house) and of the beam

dump and the truck access ramp.

[34] ]. Alcorn et al., NIMA522, 294(2004) 33



Thin-Wire Beam Position Monitor (BPM)

20

10 -

(Lm)

]
[

Predicted Position

FIG. 5. Window-to-window beam jitter as measured by a BPM
is plotted along the x axis. On the y axis is plotted the beam position
as predicted by nearby BPMs. The residuals are smaller than 1 gm.

AX~1pm
1-10 pm fluctuation in o(AX)

5 BPMs are placed in the beam line
recorded in every 1Hz
[34] ]. Alcorn et al., NIMA522,294(2004)

)
Y
A"

Iy

beam

circular beampipe

|[|——

v
Fig. 1. General wireline pickup BPM.

e -8 00— S
= o
. .
MBS stainless standard 1.5 OD
-Ceramaseal SMA CEBAF beampipe A

THV feedthrongh

secTion A-A
Fig. 7. Open-circuited wireline BPM.

W. Barry., NIMA301_407(1991)
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Beam Current Monitor (BCM)

Two RF cavity monitors (non-destructive)

stainless steel, cylindrical, high-Q (3000) wave guide (1.497 GHz)
high-precision 16bit ADC, non-linearity < 0.1%

Precision: 4 X 10~ at 100 pA for a 30 msec beam window

“Unser monitor” for absolute beam current
not important for HAPPEX (and PREX)

toroidal Paramagnetic Current Transformer (PCT)
sensitive to the DC component of the magnetic field generated by the
beam current around the beam pipe

see https://www.jlab.org/div_dept/admin/publications/papers/01/ACT01-12.pdf

[34] J. Alcorn et al., NIMAS522,294(2004)



Beam Polarimeter (Compton Polarimeter)

Green Laser

(increased sensitivity at low E)
Integrating Method

(removes some systematics of
analyzing power)

Upgrade for 1% accuracy at 1
GeV

Events

50000

40000

30000

20000

10000

0

200
Energy (MeV)

50 100 150

FIG. 13. (Color online) Compton spectrum as measured by the
photon calorimeter. The curve is a fit of the Compton cross section

convoluted with a Gaussian resolution of the calorimeter [see Eq.
(20)].
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02/4%/2010

Upgraded for PREX
Moller Polarimeter

— —

e — e scattering

Superconducting Magnet from Hall C
Saturated Iron Foil Targets (at 4 T)

1% Accuracy Iin Polarization

ApP= > (A, P8 Py, (17)
=XY7
in® 8. (7 +cos® @
AE,:;ZZ— S C.I’I‘l.( + COS C.l]’].) (18)

(3 + COSZ 6(:.1]'].)2

ferromagnetic foil

Ptarg =7.9540.24 % at 24 mT
75° <9, ,<105°
-5 <Cl)c.m.<5o

The values are before PREX meas.
[34]]. Alcorn et al., NIMA522, 294(2004)




Lead / Diamond Target

ooled to 20 K-

« Three bays

- Lead (0.5 mm)
sandwiched by
diamond (0.15 mm)

e Liquid He cooling (30 Watts)




Performance of Lead / Diamond Targets

Rate vs Time (days)@ﬁ)iamond

0.96

0.94
0.92

0.9
0.88
0.86
0.84

1E:

0.98-

elted

Rate vs Time (days

)Q‘HlCK)Jiamond

0.98
096
0.94F

days at 70uA

0.88F

T s e

0.84 :_||||| ....... . | | |
3 4 5 6

Rate vs Time (days) \MEDIUM/thickness Diamond

0.98

0.96
0.94

0.92

0.9

0.88

0.86

0.84

_| i T I|]1|i 1T i 17 ]]L/]i»_ii]*ﬂl.._}]

oll

(<)
Q L

Targets with thin diamond
backing (4.5 % background)
degraded fastest.

Thick diamond (8%) ran well and
did not melt at 70 uA.

—> Solution: Run with 10 targets.



le— 174 ft Inside Diameter ——»

Detector in
' Service .
Position Shield Hut

High-Resolution
Spectrometers (HRSs)

placed at 9,,, =5"

10 ft Beam Line Height {Utility Platform Not Shown) Beam []'ump»Jl

Fig. 2. Schematic cross section of Hall A with one of the HRS spectrometers in the (fictitious) 0° position.

(HRS Shown in 0® Azimuthal Position)

HRS Design Layout

{design magnet effactive lengths displayed) 1st VDC Plane

Dimensions in meters
-1m

| r—'l .80—1

—4.42—

Fig. 5. Schematiclayout of a HRS device, showing the geometrical configuration of the three quadrupole and the dipx

shown 1s the location of the first VDC tracking detector.

[34] ]. Alcorn et al., NIMA522, 294(2004)

Main design charactenistics ol the Hall A high resolution
spectrometers; the resolution values are for the FWHM

Configuration
Bending angle
Optical length
Momentum range
Momentum acceptance
Momentum resolution
Dispersion at the focus (D)
Radial linear magnification (M)
D/M
Angular range
HRS-L
HRS-R
Angular acceptance
Horizontal
Vertical
Angular resolution
Horizontal
Vertical
Solid angle at dp/p =0, yo =0
Transverse length acceptance
Transverse position resolution

QQD,Q vertical bend
45"
234 m
0.3-4.0 GeV /¢
4.5% <dop/p=< +4.5%
1= 10"
124 m
2.5
5.0

12.5-150°
12.5-130°

+ 30 mrad
+ 60 mrad

0.5 mrad
1.0 mrad
6 msr

+ 5 cm

I mm

40




Position sensitive detectors
(VDCs)

only used for calibration
purposes

[34] ]. Alcorn et al., NIMA522, 294(2004)

DAQ
Electronics A‘\ Fion Rejector
52 / i
Left
Arm
I‘?"“Q Preshower
Electronics '
Right
Arm

Fig. 8. Sideview of detector stack, shown in the top (bottom)
figure for the left (right) (w.r.t. the beam line) HRS device.
Individual elements of the detector system are indicated in the
configuration used most frequently. Also shown is the position
of the data-acquisition (DAQ) electronics and of the VDC
support frame.



DETECTORS

Spectrometer Coord. Sys.

NOT TO SCALE

t Coord. Sys.

/%Z’/ E: : copper

electron flux [ : quartz

850 MHz

target

L]

integrator

= -

Quads

s0
PMT
TOP of VDC BOX [ ]
[VDC2
TIEH;SPOIT z at detl location
:II’I}CI:::::::::::::::::::::::.:\?;'7:;:::::::::::::::::::::::::I:::;:
'\fl‘auspon z=0
Inelastic
Calorimeter

(\

~ Integrated Detectors

quartz detector
Cherenkov light
PMT (quartz window)

Stability of the PMT
signal?
The fluctuations of the L-R difference for

each window is dominated by the counting
statistics up to 1 GHz

detector
<— Elastic

The 298pPp 1st EX.
state is negligible.

Pure, Thin 2% Pb Target

: 402257
Mean 1.06
[ ‘ | RMS 0.001127

10*

‘ ‘ ‘/ Lead 3- State
| | 2.6

MeV
- State

Lead 4- State ‘ ‘

‘ ‘/ Lead

|| DETECTOR footprint

I GO I 0 ity L
1.054 1.055 1.056 1.057 1.058 1.059 1.06 1.061 1.062

Lead Grour|d State
10°

10?

Scattered Electron’s Momentum (Ge(]]z/ c)



Important Systematic : P [ T A EffeCt

Polarization Induced Transport

Asymmetry
Intensity Asymmetry A, =& Asin(6) Laser at
To_T Pol.
where &=—>— I Source
Initial Linear
Tx + Ty Polarization é
Transport Asymmetry Pockels Cell //’*
{Imperfect /4 Plate)
Polarization gﬁi
Ellipses :;;;_,. Axes

A drifts, but slope is
~ stable.
——> Feedback on A

99.99% circular pol. but with 1.4%
linear pol. (different orientation)
causes intensity asymmetry




Intensity Feedback

. Laser Pockels Cell // » Photocathode Electron BCM —»
Adjustments | | Beam
. é Mlcrqscope
for small phase shifts : Slide >
+ (Feedback LOO]ID
to make close to il i 3 P
' Helicity '
. . ) ' Pockels Cell = o .
circular polarization : | voitage Control : : ‘ :
E F/V Helicity E Delayed Helicity E ADC Board | 3
' Generator : ™ DAQ System '
’é‘ : E E PITA Offset (freq) E V/F DAC E
v Helicity Control Electronics | : :
g HAPPEX ool 220000000000 SR
Ev - Polarized Source Hall A
225 N ©
g ool N
> o-._{ . .
I B 1 T ULl i Low jitter and high accuracy allows sub-ppm
£ g A THT Cumulative charge asymmetry in ~ 1 hour
E
©-2.5
£ ~ 2 hours _ _
2 In practice, aim for 0.1 ppm over
= -5 ; ]
O duration of data-taking.
0 10 20 30

Minirun Number



Transverse Polarization

Part I: Left/Right Asymmetry

Transverse Asymmetry Systematic Error for Parity

A~ A Posing SA=5(AC & P,)

eory est. (Afanasev)

0 5 4+ 1 “Error in”
Ar=>o2 Ppm & = Left-right apparatus
Transverse polarization asymmetry
_ i 0 Control low feedback
P. =Psind 6<3 ontrol @ w/.sow eedback on
polarized source solenoids.
¢ SA) = =1 ppm measure in ~1 hr
HRS-Left |:| |:| HRS-Right (+ 8 hr setup)
I — Need é: PT < 10 -3 + 10 _3

Vo A

correction syst. err.

G.M. Urciuoli



Transverse Polarization

Part II: Up/Down Asymmetry

Vertical misalignment Systematic Error for Parity

Horizontal polarization
e.g. from (g-2)

<cosg>#0 — 5A=5(A? PT<cos¢>)

« Measured in situ using
2-piece detector.

P =Psing « Study alignment with
up/down tracking & M.C.
misalignment « Wien angle feedback (& )
XH ¢/ |_| Need
HRS'Left'—'/7 LI HRS-Right P. <cos¢> < 107° +10°
P}/ (Note, beam width is very tiny ~ 100 x#m)

G.M. Urciuoli
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Correction/Uncertainty of the Asymmetry

Acorr 5 A HAGH (0A+ ZBAX;)

corr raw |

\ beam intensity fluctuation A
corrected raw data y beam

asymmetry ~ asymmetry

Beam jitter in window -natural beam jitter (regression)

quadruplets: Slopes from -beam modulation (dithering)
AE/E~2 ppm

| Modulation Value vs. Time }— | Target x vs Time }— | Target y vs. Time }—
A X~20 pm s T A R
g 0.4 :— !? ‘% _1‘25;, g: !? i;
5[ . : :
@ R ol on I S
N F N b F g Caraacs e o n ko
of SLITTTAS L e My VIR i P R B
monitored and e T T ol i aaf I
L i Q“ : :‘ : :
converted to A and be ol of i sl ‘ e
Corrected as Ab T R T ] igies—¥adoe o0 Faioo—ato0 B T TR Y TR TR R ET
eam"*
Dispersive Position vs Time }— | Detector segment vs Time }— | Averaged Detector vs Time }—
. e [ 150 ‘ R N . B g
Coefficients are osk A ¢ i .
. 04l ; 48[ Py Lo 275 ..
measured several times b L ST g s
ISR vob gl B, LR : <
Eogie. s AL ¥R T LR < Aoy 745 b
each hour I fgfz;%ﬁgﬁg 5,70 wf BIE “,‘...,gé;fs A :
. . L . ; T i
with modulation by P 2 -
steering coils and cavity s uE ¢
0.8 r L
E a8 27351 .
B TR T R T R T R T e R o T R - T R - ) T o i s .. R .Y R 1)




Correction/Uncertainty of the Asymmetry

et A 30

corrected raw data beam intensity fluctuation Abeam
asymmetry
Apeam =-39.0x5.9 ppb Why the numbers
from the text in Table II are
AQ =84.0*x1.3 ppb different?

@ A

Ao = 994 = 50(stat) i{Q(syst)]ppb

\

-y 1S NOt Written

from Ay, detector non-linearlity, A,, and
transverse asymmetry




Correction/Uncertainty of the Asymmetry

Spin change
#1 by Pockels cell: for every window (83 msec)
#2 by a A/2 plate: for every 12 hours

#3 by a solenoid spin rotator: for every few days

With changing the spin by #2 and #3, the same results were
obtained within the (statistical) uncertainty

TABLE I. Values of A\ and the statistical error, for each
helicity reversal state and Yor the grand average. The y* per
degree of freedom for each Ayerage is also shown.

ACOI‘I‘ = 594 + SO(Stat) A/2 plate Spin rotator .4m>\upph] S8A.or (pPb)  x*/doo.f

The averaged result:

f N\
=+ 9(syst) ppb OUT RIGHT 606 113 1.03
IN RIGHT 492 107 0.74
OUT LEFT 565 95 1.12
J Ly
IN LEFT 687 02 1.03

Average 94 50 0.99




Background, Beam Polarization

1 Acorr o PbZAifi
P, =2

Apy = 2)

Background from carbon (diamond):
t=6.3%0.6 %, A=817=%41 ppb

\ by cal. using e-N weak neutral isoscalar
coupling with corrections [37]

TABLE II. Corrections to Apy and systematic errors.

Correction Absolute (ppb) Relative( %)
Beam Charge Normalization -80x1L5 —-128x02
Beam Asymmetries Ay, 39072 39 £ 1.1
Target Backing —-88 26 - 1304
Detector Nonlinearity 0x7.6 0x1.2
Transverse Asymmetry 0x1.2 0x=0.2
Polanization P, 709 = 8.3 10.8 £ L.3

Total 17.1 £ 13.7 26 x21%

&




Background, Beam Polarization

Beam Polarization
by Compton polarimeter (continuous)

P,=88.2+0.1%£1.0 %

by Moeller polarimeter (9 measurements)

P,=90.3+0.1+1.1 %

Average of the two
P,=89.2+1.0 %

TABLE II. Corrections to Apy and systematic errors.

Correction Absolute (ppb)  Relative(%)
Beam Charge Normalization -80x1L5 —-128x02
Beam Asymmetries Ay, 39072 39 £ 1.1
Target Backing —-88 26 - 1304
Detector Nonlinearity 0x7.6 0x1.2
Transverse Asymmetry 0x1.2 0x=0.2
Polanzation P, 70.9 £ 8.3 10.8 = 1.3

Total 17.1 £ 13.7 26 £ 21%




Background, Beam Polarization

Result after all the corrections

APY = 656 =+ 60(stat) = 14(syst) ppb,



Scattering Angle, Acceptance

Scattering Angle Calibration

A<Q*>/<Q*> =1%

Acceptance Averaging

[ do sinfA(0) 55 da ¢(p)

A = [ d6 sind 92 6(6’)

A<Q2%>/<Q%> = 0.8%

| Kin—corrected (for H) distribution for hole R_hole_D 44

250
200
150
100

50

3)

| Folded Acceptance Function : Data vs MC |

12000

---- Data

Seamus foldedacc

10000

8000

- MC

Paul collm, 6 > 4,55

6000

4000

2000

H

T [l T [[ T 1T I 111 |1 T

water cell target

<107 | Asymmmetry vs angle |
2-4:_ For various models
2.2
= MFT (ca 1998)
2:_ Skyrme Sl
>1.8F
451 G:— Skyrme SLY4
£ “°F FsU Gold
£1.4F Rel. MFT NL3
51.2;—
=
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Result

Result after all the corrections

ALY = 656 = 60(stat) = 14(syst) ppb,

(0% = 0.008 80 + 0.00011 GeV?

q=<Q?>12=0.475+0.003 fm!



In abstract

“provides the first electroweak
observation of the neutron skin”

In summary

“A future run is planned which will
reduce the quoted uncertainty by a

factor of 3 [43], to discriminate

between models and allow predictions
relevant for the description of neutron
stars and parity violation in atomic

systems.”

No discussion on the
impact of the result?

Result

T ' | ' INL%I' | | T |
~.Plane wave
0.85 - _ -
i -
08 - NL3Iml)5 _
E. E =R = e A9 2
g gl " P 6.156 + 1.675(A) — 3.420(A)
2 075 — |
> Sl T SLY4
£ ( NL3pO6 - FSU |
< 07 SHI S~_NL3
r @"'&
0.65 L |
"““-\-\.E]
I NL3mf05
0.6 i —
1 I 1 I 1 I 1 I 1 I 1
5.4 3.5 a6 2.7 3.8 3.9

FIG. 1 (color).

marks the expectation for R,

R {fm)
n

Result of this experiment (red square) vs neu-
tron point radius R, in 208Pb. Distorted-wave calculations for
seven mean-field neutron densities are circles while the diamond
= R,[39]. References: NL3mO05,
NL3, and NL3p06 from [11], FSU from [12], SIII from [13],

¥

SLY4 from [14], SI from [15]. The blue squares show plane wave
impulse approximation results.

Is this analysis really
model independent?



Science Physicists Measure the Skin of a Nucleus

by Adrian Cho on 2 March 2012
Science Now

Nailing down such parameters would have equally big implications for the theory of neutron stars, says James
Lattimer, a theoretical astrophysicist at Stony Brook University in New York state. "That directly tells you the radius
of a neutron star [of a given mass] and a lot of other things like the thickness of its crust, the response of its
surface to explosions, et cetera," Lattimer says.

Alas, the uncertainty on the PREX measurement is still too large to pin down the parameters, Lattimer says. "It's a
very important experiment and has the potential to constrain theory very nicely, but it's not there yet," he says.
JLab's Michaels says the PREX team will run the experiment next year and aims to reduce the uncertainty to
one-third its current value. "Then it becomes a very interesting result.” he says.

Something else physicists will be watching for: The PREX measurement suggests that the neutron skin of lead-208
is twice as thick as more-precise but model-dependent methods indicate. Right now, the PREX result has too
much uncertainty to pose a direct challenge to earlier estimates. But if the new value holds up as the uncertainty
shrinks, things could get really interesting, Nazarewicz says: "Then, there is something wrong with all theoretical
models." There's a possibility to set your skin a-tingling.



Determination of Symmetry Energy

= 049F
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DP: Dipole Polarizability
L (MeV)

R-R, = 0.168=0.022 fm
Based on the work by X. Roca-Maza et al., PRL106, 252501 (2011)
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M.B. Tsang et al.,
PRC86, 015803 (2012).

I[. Tews et al,,
arXiv:1206.0025v1

and this work

DP: Dipole Polarizability

HIC: Heavy Ion Collision

PDR: Pygmy Dipole Resonance

IAS: Isobaric Analogue State

FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n-star: Neutron Star Observation
xEFT: Chiral Effective Field Theory

Preliminary
L=45+18 MeV

DP:

]=30.9%1.5 MeV



Theoretical Correction by C.J. Horowitz
C.J. Horowitz et al., PRC85,032501(R)(2012)

Firstly Woods-Saxon shape weak density distribution is assumed

P0
1 +exp[(r — R)/al’

pw(r) = (2)

With fixing a=0.6 fm, R is changed so as to the acceptance average of A

dﬂ
fd@ sinf €(0)5E Ay
[do sin® e(@)d“

(4)

reproduced the PREX result
ARY = 0.656 £ 0.060 (stat) & 0.014 (syst) ppm.  (5)

Then the R=6.982 fm is obtained. With this p,,(r), and the equation

Why can the model
pw(r). (3) dependence be
obtained with only
change a and fixing ?

; singr

1
fwl =5 / ar

F,(g-bar) has been determined as (g-bar = 0.475+0.003 fm!)

Fw(g)=0.204 £ 0.028 (exp) £ 0.001 (mod). (6)

The model uncertainty (0.001) has been obtained by varying a by £0.05 fm.



TABLE I. Least squares fits of Wood Saxon (R, a, see Eq. (2)) or
The range of 2 was obtained from several Helm model (R, o, see Eq. (8)) parameters to theoretical mean field

mean field calculations model weak charge densities.

Wood Saxon Helm
Mean field force R (fm) a (fm) Ry (fm) 7 (fm)
Are the number of model

calculations enough to estimate Sxyrme 1 [8] 0% 00079 008
8 Skyrme 111 [9] 6.820 0.613 6.976 1.024
the model dependence? Skyrme SLY4 [10]  6.700 0.668 6.888 1.115
FSUGold [11] 6.800 0.618 6.961 1.028
NL3 [12] 6.896 0.623 7.057 1.039
NL3p06 [6] 6.730 0.606 6.886 1.010
: NL3mO05 [6] 7:082 0.605 7.231 1.012
Helm-model is used to extract the weak- Average 0.61 % 0.05 L 024 0.00

charge radius (R,).

Helm-model: Gaussian (with o) is folded with a square uniform distribution with a
radius R,. The parameter o represents the surface diffuseness and neutron size.

, , Is this toy-model (Helm-model)
(R +307). ©) enough for the discussion?

R, has been determined so that the Helm-model reproduce the F, (g-bar) result
(equation 6). The model dependence has been estimated by varying o with
0=1.02 £0.09 fm. Again this o range was estimated from mean-field calculations.

Ry = 5.826 & 0.181 (exp) & 0.027 (mod) fm. ~ (10) Why aze the twommodels,
Woods-Saxon shape and Helm-

model, used?



The weak-charge skin has been obtained as T, ]
Ry — Ry = 0.323 £ 0.181 (exp) £ 0.027 (mod) fm.  (11)
R o.ocji""'-l_,d—]"' o .
The weak-charge density is expressed as g
o2 0.041 2
pw(r)=4 f c.'l3;"'[(}f(|r — ') (r') + Gi(|r — D)o, ()] '
(14) 0.02- N
The single proton/neutron weak-charges are described as T ) (llcm, B

7 ~ P ) n ~5 FIG. 1. (Color online) Helm model weak charge density —pw(r)
4G = q '(J + fj” G - (J . { l 5) of 2°Pb that is consistent with the PREX result (solid black line).
p P E E E _ . .

The brown (gray) error band shows the incoherent sum of experi-

mental and model errors. The red dashed curve is the experimental

Z ) i n ~§ -
46” — q” G:!E + {!P G E — (J E- { l é’) (electromagnetic) charge density py, and the blue dotted curve shows

a sample mean-field result based on the FSUGold interaction [11].

At tree level, the weak nucleon charges are
qn= -1
q,=1-4sin*9y,
where 9, is the Weinberg angle., With radiative corrections,

q,=-0.9878
q,= 0.0721
Then

This model uncertainty is
already larger than the
model-dependence of the

R, — R, = 0.302 £ 0.175 (exp) & 0.026 (mod) dipole-polarizability.
£ 0.005 (str) fm. (22) DP: R,-R, = 0.168=20.022 fm

R, =5.751 £ 0.175 (exp) £ 0.026 (mod) 4= 0.005 (str) fm.
(21)
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Recent Rn Predictions Can Be Tested By PREX at Full Precision

PREX could provide an electroweak complement to Rn predictions
from a wide range of physical situations and model dependencies

T T INLL'I_’) 1 ' |
“. Plane wave
0.85F
o
0.8F NL3mO05
=
> 0.75+
> SI SLY4
i ST NL3
|
0.65 Hebeler
g Steiner ____
0.6 Tamii 1
Tsang | . I . | . |
54 5.5 5.6 5.7 5.8 5.9
R]1 (fm)

O(Apy)/Apy~ 3%
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These can be tested with

Recent Rn
predictions:

Hebeler ef al. Chiral EFT calculation
of neutron matter. Correlation of
pressure with neutron skin by
Brown. Three-neutron forces!

Steiner et al. X-Ray n-star mass and
radii observation + Brown
correlation. (Ozel et al finds softer
EOS, would suggest smaller Rn).

Tamii et al. Measurement of electric
dipole polarizability of 2%Pb + model
correlation with neutron skin.

Tsang et al. Isospin diffusion in
heavy ion collisions, with Brown
correlation and quantum molecular
dynamics transport model.



Improvements for PREX-II Region downstream of target

Tungsten
Collimator
& Shielding

1 Septum [}
Magnet

Location of ill-fated O-Ring
which failed & caused significant L T o= [
time loss during PREX-I Collimators —

= PREX-II to use all-metal seals



Possible . =~

Each point 30 days stat. error only

e L cioen L /n, |_ommen ____
1%

208pp PREX-Il (approved by
Jlab PAC, Arating)

48Ca 2.2 (1-pass) 0.4 % natural 12 GeV exp't
will propose @ next PAC
48Ca 2.6 2% surface thickness }
40Ca 2.2 (1-pass) 0.6 % basic check of theory Not
tin isotope 1.8 0.6 % apply to heavy ion " proposed
tin isotope 2.6 1.6 % surface thickness _

Shufang Ban, C.J. Horowitz, R. Michaels J. Phys. G39 014104 2012



Thank you for
your attention!





