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OUTLINE OF LECTUKE 2

* Experimental Technique

® Strange Quark Content of the Nucleon

® The HAPPEX and HAPPEXII experiments
® The Neutron Skin of a Heavy Nucleus

® The PREX Experiment

® Future Program of Parity-violating Electron
Scattering

® Suggested further reading
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REMINDER

Parity-Violating Electron Scattering

Weak Neutral Current (WNC) Interactions at Q? << M,?

Longitudinally Polarized o
Electron Scattering off lonitudinally
Unpolarized Targets ’ '
c ol A’Y -l-AweakI2 bz
= — Gr G‘ NAweak GFr QZ eg T 4 eo T
- A= Apy G§+G* A_y ~47toc (gA 8y ﬁgng )

gy and g, are function of sin’0y, @ APV ~107 - Q2 to 107*- Qz
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REMINDER

Parity-Violating Electron Scattering

Weak Neutral Current (WNC) Interactions at Q? << M,?

Longitudinally Polarized o

Electron Scattering off longitudinally
. polarized ¢
Unpolarized Targets
c « I A’Y -l-AweakI2
_ o)-GC, A Gr02 (o ep T o T
A L= Apy = t ~ weak UF (gA 8y +f3 8v 84 )
LR PV ) *_|_ G* A-Y 4o

gy and g, are function of sin’0y, @ APV ~107 - Q2 to 107*- Qz

Specific choices of kinematics and target nuclei probes different physics:

e In mid 70s, goal was to show sin?0,, was the same as in neutrino scattering

e Since early 90’s: target couplings probe novel aspects of hadron structure
e Future: precision measurements with carefully chosen kinematics can probe
physics at the multi-TeV scale
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POLARIZATION (%)

-10 i | 1 |

OPTICAL PUMPINQG

SLAC E122 Technical Innovation #1

\Byd Structure of GaAs
¥
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Eg=152¢V

mj=+3/2

mJ +l/2

1.0 20 30 4.0
PHOTON ENERGY (eV)

Rapid Beam Helicity Flipping

polarized-source

specialized
optics
laser

HV
ulse

GaAs

7

100 kV

7

pockels cell \/

\_ polarized
electrons

=

| | Accelerator

half-wave plate

*Optical pumping of a GaAs wafer
‘Rapid helicity reversal: polarization sign flip
~ 100 Hz to minimize the impact of drifts

*Helicity-correlated beam motion: under sign
flip, beam stability at the micron level
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FLUX INTEGRATION

SLAC E122 Technical Innovation #2

Calorimeter "Flux Integration”: very high rates

_— D: o~ JI ﬂDi _ direct scattered flux to background-free region

@i

///// ] : copper phototube integrator

electron flux [ : quartz
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FLUX INTEGRATION

SLAC E122 Technical Innovation #2

Calorimeter . "Flux Integration”: very high rates
P D: | & |A| direct scattered flux to background-free region
\\ — = C
///// =] : copper phototube integrator
electron flux [ : quartz
< Beam helicity is chosen pseudo-
randomly at multiple of 50 Hz
e sequence of “window multiplets”
Example: at 200 Hz reversal
F e Pl | ERE LR VT R e | T s 7 1
| | |
| | |
any line noise effect here will cancel here
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FLUX INTEGRATION

SLAC E122 Technical Innovation #2

"Flux Integration”: very high rates

electron flux

=3y ¢ copper

[ ]: quartz

P

phototube

e >

integrator

< Beam helicity is chosen pseudo-

randomly at multiple of 50 Hz
e sequence of “window multiplets”

Example: at 200 Hz reversal

G S L
1
!

any line noise effect here

Krishna Kumar

will cancel here

direct scattered flux to background-free region

Detector D, Currentl: F = D/I

A_F + AA
2F

I\

4
AD Al
272

lorder: x,y, 0y, 0,, E
Il order: e.g. spot-size
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FLUX INTEGRATION

SLAC E122 Technical Innovation #2

Calorimeter "Flux Integration”: very high rates

r——— D: | E [A] direct scattered flux to background-free region
77777 [:copper _ phototube  integrator Detector D, Current|: F = D/I
electron flux [ : quartz

A = 8F 4gp
o o o ) s T — + A
< Beam helicity is chosen pseudo- P A
randomly at multiple of 50 Hz
e sequence of “window multiplets” £ N
: Al AE
Example: at 200 Hz reversal = 5E \
R AG PR § EOT LR Vg R A, IS [T [T 1
1 1 1 R >
- o Ll L v, AD_al
i  any line noise effect here = will cancel here 2D 2D 2i

lorder: x,y, 0y, 0,, E

Experimental Challenge & Systematic Control Il order: e.g. spot-size
» Must minimize both random and helicity-correlated

fluctuations in the integrated window-pair monitor
response of electron beam tm]ectory, energy and spot-size.
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WORLD PROGRAM

Four electron scattering laboratories: SLAC, MIT-Bates, Mainz & JLab
Parity-violating electron scattering has become a precision tool

Rate s OA LR (ppm) =— o Steady progress in technology
E = e part per billion systematic control
- - e 1% normalization control
10° S SLAC-El22 { & ppm  * Intensive R&D on:
E05-007 Maing 98 - -Photocathodes
TMHER appexernt o o -Polarimetry
7 § SAMPLE HAPPEX-He -High Luminosity cryotargets
10 Bates-12C 1 = o
Mainz- A4 = -Nanometer beam stability
100 MH? HAPPEX-H 60 - -Precision Beam Diagnostics
i -Counting Electronics
PRex — {2
10° SLAC-E158 Qweak 0.01 ¢~ 10ppb -Radiation hard detectors
MOLLER
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WORLD PROGRAM

Four electron scattering laboratories: SLAC, MIT-Bates, Mainz & JLab
Parity-violating electron scattering has become a precision tool

Rate s OA LR (ppm) =— o Steady progress in technology
E = e part per billion systematic control
- - e 1% normalization control
10° 5 SLAC-Elzz | & ppm e Intensive R&D on:
E05-007 Maing 98 - -Photocathodes
TMEER et X DO -Polarimetry
7 § SAMPLE HAPPEX-H -High Luminosity cryotargets
10 Bates-12C 0.1 = e
Mainz- A4 = -Nanometer beam stability
100 MH? HAPPEX-H 60 - -Precision Beam Diagnostics
i -Counting Electronics
PRex — {2
10° SLAC-E158 Qweak 0.01 ¢~ 10ppb -Radiation hard detectors
MOLLER

Jefferson Lab has a brzght future with this program
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NUCLEON FLAVOUR
STRUCTUKRE

Quantum Chromodynamics is intractable at low Q%

. . | (= 0.2 fm)
are quar ,
q\ baryon o O meson
’ valence quark: bare quark "dressed"

the sea with quark-antiquark pairs and gluons

Why don't sea quarks destroy Quark Model predictions?

three flavors dominate: u, d, s

Strangeness Flavor:

- relatively light
- no valence contribution
- flavor separation now possible

Are proton properties modified?
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NUCLEON STRANGENESS

Strange quarks are relatively light:;
What can we say about its role?

Lepton-nucleon deep inelastic scattering

Krishna Kumar

—
-

&=
-

Neutrino deep inelastic scattering

0.7 [

— MRST2001, £’=10 GeV*

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fraction of nucleon momentum
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NUCLEON STRANGENESS

Strange quarks are relatively light; Neutrino deep inelastic scattering
What can we say about its role? 2 |

— MRST2001, £’=10 GeV*

Lepton-nucleon deep inelastic scattering

spin dependent deep inelastic scattering
Oy~ Oy
Gﬁ + GN s |

S=§=§A2+AG+AL A =

Proton Spin

E

+ Hyperon decay
+ SU(3); Symmetry:

AS ~-0.1

Experiments:
AY ~0.25

O P | 1 — :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fraction of nucleon momentum

SU(3), symmetry-breaking introduces uncertainties
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NUCLEON STRANGENESS

Strange quarks are relatively light; Neutrino deep inelastic scattering
What can we say about its role? 2 |

— MRST2001, £’=10 GeV*

Lepton-nucleon deep inelastic scattering

spin dependent deep inelastic scattering
Oy~ Oy

S=§=§A2+AG+AL A =

Proton Spin

b4

Experiments:
AY ~0.25

AS ~-0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

SU(3), symmetry-breaking introduces uncertainties :
Fraction of nucleon momentum

Semi-inclusive DIS
(Needs fragmentation functions)
0.30
"As" = fAS(x) dx = +0.03 = 0.03(stat) = 0.01(syst)
0.023
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Lepton-nucleon deep inelastic scattering

spin dependent deep inelastic scattering
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+ Hyperon decay
+ SU(3), Symmetry: K X
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NUCLEON STRANGENESS

Strange quarks are relatively light; Neutrino deep inelastic scattering
What can we say about its role? 2 |

— MRST2001, £’=10 GeV*

Lepton-nucleon deep inelastic scattering

spin dependent deep inelastic scattering
Oy~ Oy
Gﬁ + GN s |

S=§=§A2+AG+AL A =

Proton Spin

E

+ Hyperon decay
+ SU(3)f Symmetry: |

AS ~-0.1

Experiments:
AY ~0.25

O P | 1 — :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fraction of nucleon momentum

SU(3), symmetry-breaking introduces uncertainties

Semi-inclusive DIS 7N scattering:
(Needs fragmentation functions) Strange mass: 0-20%
m 0.30 What about the nucleon’s
NG = f As(x)dx = +0.03 £ 0.03(stat) = 0.01(syst) charge and magnetization
2 distributions?
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ELASTIC ELECTRON-
PROTON SCATTERING

/..

Dirac (non-spin-flip) F1 and Pauli (spin-flip) F, Form Factors

2

N IO ) = alP) [HE Q)+ io e (@2)] up
. . 2 % 2 AT ‘96
Cross-section for Born scattering Q°=—q° = —t Q° =4FEFE sin o
do do 9 0
=l b FY +7F5) + 27 (F1 + F2)” tan® - 2
el pomisnaie.
2
Alternatively, Sachs Form Factors G¢ and G, can be used 0
Gg=F —7h do (da) [GE2+7'G2 e 0
ot ENEL ) 47 7
Gy =F1+ F dQ dol p Y 2
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ELASTIC ELECTRON-
PROTON SCATTERING

E corresponds to an
e, exponential charge i b
-*é 0 * distribution S H
S\ M-8
5 0.2 5-0.05
52 R
: : 2 2 5 Ue
Cross-section for Born scattering Q°=—q° = —t Q° =4FEFE sin o
d_Q_ (d—Q)Mtt [(Fl —|_’7'F2)—|_2’7'(F1—|—F2) tan 5 = QZ
- 4AM?
Alternatively, Sachs Form Factors G¢ and G, can be used
G L by do [ do G
e e L Il =
G —=an L dQ dQ) 147 Az 2
11 J-C Summer School, Lecture 2
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STRANGE FORM FACTOKRS

neutron charge distribution

®—0e

"pion cloud"

nheutron

-\‘220

proton
0

H

proton flavor distribution

G—0e

proton "kaon cloud"

Weak

<—N Strong \Y

Isospin

Symmetry Isospin
Symmetry
proton neutron
2o e
<f¥§; =5 Eg(f?lgl)-—- E;‘:;IEI)'—- E;(f?l;
n 2 u,n 1 d,n 1 S
<f¥l; = Eg(:?l; P Eg(::lz T E§<:¥l;

12 J-C Summer School, Lecture 2



STRANGE FORM FACTOKRS

neutron charge distribution proton flavor distribution

®—0e

G—0e

" "
neutron "pion cloud" proton kaon cloud
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proton
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Isospin
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n 2 1 S
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STRANGE FORM FACTORS

neutron charge distribution proton flavor distribution
u — tauw H—Ge
neutron "pion cloud" proton "kaon cloud"

Weak
—\ZO H \Y
Isospin S

Symmetry Fstivin
Symmetry

ng on proton neutron

2 . 1 1 .
G%ngE_gG%—gaE

2 " 2 1. 1 .
- GE:gG%_gGE—gGE
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PAKITY VIOLATION

e e - 5 -
— A.+A4, + A
? A,y for elastic e-p scattering: |A = PO | Apt Ay + 4,
dmoaN2 O

p P P
A — EG%G%; Ay = TG?WGZ%/I Ajp = (1 — 4sin2 Qw)el G?MGA

Forward angle Backward angle

Spin=0,T=0 (4He): GSg only! Deuterium QE (back-angle):

nuclear corrections require Enhanced GA
forward angle, low Q2 only
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PAKITY VIOLATION

e e - 5 -
— A.+A4, + A
? A,y for elastic e-p scattering: |A = PO | Apt Ay + 4,
dmoaN2 O

p P p
A — EG%G%; Ay = TG%GJ%I Ajp = (1 — 4sin2 Qw)el Gﬁ/léA

Forward angle Backward angle

Spin=0,T=0 (4He): GSg only! Deuterium QE (back-angle):

nuclear corrections require Enhanced GA
forward angle, low Q2 only

4 4
G%Z = (1 — gsin2 9W> Gp — (1 =3 sin? 6’W> e (1 s sin? QW) Gr
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THEORETICAL “BIAS”

Experimental determination of non-zero G° is unambiguous

R.L. Jaffe, Phys. Lett. B 229 (1989) 275

Various theoretical estimates:

*Vector Meson Dominance Models
*Quark models

*Dispersion Theory

eLattice Gauge theory
eChiral-Quark Soliton Model

1.0

0.9

—0.3

—1.0

Krishna Kumar

Theoretical predictions for strange magnetic moment

us =Gy (0% =0)
L . . E . il
S S
R

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

14

. Skyrme Model - N.W. Park and H. Weigel, Nucl.

Phys. A 451, 453 (1992).

. Dispersion Relation - HW. Hammer, U.G. Meissner,

D. Drechsel, Phys. Lett. B 367, 323 (1996).

. Dispersion Relation - H.-W. Hammer and Ramsey-

Musolf, Phys. Rev. C 60, 045204 (1999).

. Chiral Quark Soliton Model - A. Sliva et al., Phys.

Rev. D 65, 014015 (2001).

. Perturbative Chiral Quark Model - V. Lyubovitskij

et al., Phys. Rev. C 66, 055204 (2002).

. Lattice - R. Lewis et al., Phys. Rev. D 67, 013003

(2003).

. Lattice + charge symmetry -Leinweber et al,

Phys. Rev. Lett. 94, 212001 (2005) & hep-lat/
0601025
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THEORETICAL “BIAS”

Experimental determination of non-zero G° is unambiguous

R.L. Jaffe, Phys. Lett. B 229 (1989) 275
Various theoretical estimates:

eVector Meson Dominance Models
*Quark models

*Dispersion Theory 1. Skyrme Model - N.W. Park and H. Weigel, Nucl.
eLattice Gauge theory Phys. A 451, 453 (1992).
*Chiral-Quark Soliton Model 2. Dispersion Relation - H.W. Hammer, U.G. Meissher,
Theoretical predictions for strange magnetic moment D. Drechsel, Phys. Lett. B 367, 323 (1996).
1.0
D 3. Dispersion Relation - H.-W. Hammer and Ramsey-
u, =G5, (Q2 = 0) Musolf, Phys. Rev. C 60, 045204 (1999).
0o T ® o E ] 4. Chiral Quark Soliton Model - A. Sliva et al., Phys.
® Rev. D 65, 014015 (2001).
& 00 |- E R e TS 5. Perturbative Chiral Quark Model - V. Lyubovitskij
° e £ % et al., Phys. Rev. C 66, 055204 (2002).
@) ®
§ - ® ® _ } ® 6. Lattice - R. Lewis et al., Phys. Rev. D 67, 013003
0.5 1 ] (2003).
)
® 7. Lattice + charge symmetry -Leinweber et al,
qo L R Y T Phys. Rev. Lett. 94, 212001 (2005) & hep-lat/
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 0601025

Little theoretical guidance on Q? dependence
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THEORETICAL “BIAS”

Experimental determination of non-zero G° is unambiguous

Various theoretical estimates:

*Quark models

K+

R.L. Jaffe, Phys. Lett. B 229 (1989) 275 é
) I I —
oVector Meson Dominance Models ;; S ng
/ 2 7 7 \
/

\

eDispersion Theory I ‘ .—o—.
eLattice Gauge theory A
eChiral-Quark Soliton Model
Theoretical predictions for strange magnetic moment N N
10 I [ | I | [ | [ [ [ | I [ [ | 0'15:_ _:
) - E
05 s E —
O E ° 0.05[ .l. —
C 02~0.1 GeV? -
L i ° S 0: U+ _
" 00 F---g---7--fF------®-- ®---9 - @ - — -
o e ® o %‘ Ef -
oo 9 ® ¢ o } -0.05 _ -
o _ O - N
05 r 7 - + .
9 -0.1— —
¢ - .
_10 | | | | | | | | | | | | | | -0_15:— —:
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 s s T T I
1.5 -1 -0.5 0, 05 1 1.5
Little theoretical guidance on Q? dependence Gy
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WORLD PROGRAM
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WORLD PROGRAM

SAMPLE

open geomefry,
integrating

6.s, (6,) at Q% = 0.1 GeV?
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WORLD PROGRAMP
A4

SAMPLE Open geometry
open geometry, : .
integrating Fast counting calorimete

background rejection

Gy, (6,) at Q2 = 0.1 GeV2 6¢° + 0.23 6)° at Q* = 0.23 GeV?
6 + 0.10 6,° at Q% = 0.1 GeV?
6us, 6,° at Q2 = 0.23 GeV?
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WORLD PROGRAMe=
A4 &

SAMPLE Open geometry
open geometry, : .
integrating Fast counting calorimete

background rejection

Gy, (6,) at Q2 = 0.1 GeV2 6¢° + 0.23 6° at Q* = 0.23 GeV?
6 + 0.10 6,° at Q% = 0.1 GeV?
Gus, 6,° at Q2 = 0.23 GeV?

HAPPEX Geg° + 0.39 6,° at Q% = 0.48 GeV?

Precision 6 + 0.08 6,° at Q% = 0.1 GeV?

spectrometer, 6 at Q2= 0.1 GeVZ (*He)
_nfegrating ¥, .5 48 6,° B Q- 0.62 GeV?
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WORLD PROGRAMes
A4 3

/ SAMPLE Open geometry
open geometry, : .
integrating Fast counting calorimete

background rejection

Gy, (6,) at Q2 = 0.1 GeV2 6¢° + 0.23 6° at Q* = 0.23 GeV?
6 + 0.10 6,° at Q% = 0.1 GeV?
G,s, 6,° at Q2 = 0.23 GeV?

HAPPEX 6 + 0.39 6,° at Q2 = 0.48 GeV? "o ,

Precision 6 + 0.08 6,° at Q% = 0.1 GeV?

spectrometer, 6 at Q2= 0.1 GeVZ (*He)
nfegrating o5 L 0.48 6,8 - Q? = 0.62 GeV?

Fast counting with magnetic spectrometer + TOF for
background rejection

6 + M 6,5 over Q% = [0.12,1.0] GeV?

6\ys, 6,° at Q% = 0.23, 0.62 GeV?
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HRS IN HALL A

A\

Conceptual Design focal plane

QQDQ

qua

dipole

et en "\ elastic
beam electrons
\‘
target quad inelastic

electrons

Krishna Kumar

\late 1990’s

e Distribution at Detectors

Focal Plane
i elastics
O (s
- E =4 GeV
7 ]
=t 0=125
<
Q|
=
=EEaeE T 0
threshold 10 cm
liquid H,
S S s
meters
P = ¥ =
= *V\{‘\r—‘ e
L C
///// 5 ¢ Lead phototube integrator
electron flux |:| : Lucite

18

J-C Summer School, Lecture 2



HAPPEX AT JLAB

Hall A Proton Parity EXperiment

polarized
source CEBAF
HAPPEX
Hall A o o5
target ’

Compton y 1998-99: 0?=0.5 GeV2, 1H
Y woner | X 2004-05: 02=0.1 GeV2, 1H, ‘He

Moller —

detector farget Scattering angle 12.5° to 6° with
hydrogen \ addition of septum magnets
aree 9 T— The HAPPEX Collaboration
spectrometers : T
data Thomas Jefferson National Accelerator Facility -
acquisition Argonne National Laboratory - CSU, Los Angeles -William
& control and Mary - Duke -

DSM/DAPNIA/SPhN CEA Saclay - FIU - Harvard -
INFN, Rome - INFN, Bari - TAE, Beijing -
IPT Kharkov - Jozef Stefan Institute - Kent State - MIT
- NPIRAS, St. Petersburg - ODU - Rutgers - Smith
College - Syracuse - Temple - U. Blaise Pascal - U. of
' — Intensity Monitors Illinois Urbana-Champagne - UMass, Amherst -
———————————————————— U. of Kentucky - U. of Virginia - UST, Heifei

e . J-C Summer School, Lecture 2
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' L] Steering Coils |
. @ Position Monitors |




HAPPEXIT IN HALL A

g”“’ lstic Rate Forward Angle ~6°, Q? ~0.1 GeV~
7 H: 120 MHz 'H | -1.6(20.1) ppm | Gg+0.08G,s
| ez iz ‘He | +7.8 (+4%) ppm G

12 m dispersion
sweeps away
inelastic events

High Resolution Spectrometer
S+QRADA 5 msir over 4°-8°
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NAEASUREMENT OF Apo

5% Statistical Precision on 1 ppm
-> requires 4x10"¥ counts
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NAEASUREMENT OF Ane,

5% Statistical Precision on 1 ppm
-> requires 4x10"* counts
Rapid Helicity Flip: Measure the asymmetry at 10 level, 30 million times

® R R Entries 8078662
HV :

A NR = NL + Window. 2 A & | L ’ 105§_ RMS 623
LR = | | )
NR +NL L] L | L | | L F
15 Hz 102;_

High Precision requires high luminosity and low noise
>1038/cm?/s luminosity: thick target, large I,

10-

i

1 I L

ngh beam pOIGI"iZGTiOH - 80-85% 2000 -2000 0 2000 4000
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Kris

NAEASUREMENT OF Apo

5% Statistical Precision on 1 ppm
-> requires 4x10"* counts

Rapid Helicity Flip: Measure the asymmetry at 10 level, 30 million times

R R R
‘HV
A NR N NL ':; Window' . ,.l — L =1
BRgas | |
NR +NL | L Liil_ L] . L]
oo i

High Precision requires high luminosity and low noise
>1038/cm?/s luminosity: thick target, large I, ..,

High beam polarization - 80-85%

False Asymmetries

Beam Asymmetries - Source

laser control, careful measurement
and correction

Electronics pickup
Background Asymmetries

AL TNULIIIddlL 21

10°

10*

J 103;_

102

10

Entries 8078662

RMS 623

M

1 I L

| PR I PRI TS \ P
-4000 -2000 0 2000 4000
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Kri:

NAEASUREMENT OF Ane,

5% Statistical Precision on 1 ppm
-> requires 4x10"* counts

Rapid Helicity Flip: Measure the asymmetry at 10 level, 30 million times

| R
HV ‘
A NR 7 NL r‘ Window T
i 5 |
s | i o
s MG

R

R Entries 8078662

RMS 623

10°0
10°L
10°L

1021

High Precision requires high luminosity and low noise |
>1038/cm?/s luminosity: thick target, large I,

High beam polarization - 80-85%

ol

o | P I N
-4000 -2000 0

1 L l Il 1 | | 1
2000 4000

False Asymmetries

Beam Asymmetries - Source

laser control, careful measurement
and correction

Electronics pickup
Background Asymmetries

2l

Normalization

Polarimetry - continuous

measurement/monitoring. Control of
systematic error

Linearity / Deadtime
Background Dilution
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micron

rishna Kumwhen Pockels cell is off

BEAM ASYMMETRIES

Helicity-correlated asymmetries in the
electron beam create FALSE ASYMMETRY

Position difference goal: 3 nanometers!

circularly

polarized
X Angle BPM diff_bpm4ax light
: * HWP Out R
g-zi EH{{ %}{{{{ﬁ{ * HWP In z;!‘::-ewave
"L iiiiiiiii
0.2 LT TR
- ]
-0F { iﬂﬂ(f{ T L
-0.2;—?%*5;@;; : H# i {{ {}HH é{# {{ﬁ
0.4 s : it : {H
. # ¢ H%{
-0.61 ! }
-0.8:_1...|...|...|...|...|...|1
0 20 40 60 80 100 120

Problem: Helicity signal deflecting the
beam through electronics "pickup”

Large beam deflections even

2
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BEAM ASYMMETRIES

Position difference goal: 3 nanometers!

Helicity-correlated asymmetries in the

electron beam create FALSE ASYMMETRY Alls well- that ende-well

X Angle BPM diff_bpm4ax : 25
3 ¥ A, Problem cl.ear'ly identified as
c 0.6; : 7 }{}{{ t * HWP In beam steering from electronic
c 045 e, . i cross-talk
é - iiié P % { {H #H { {
0.2 g i +  Large position differences
-0 W mostly cancel in average over
0.2 e, H{ﬁ% ;i {HH gﬁ# % }% both detectors
N $ $ { { { { % { _ Raw ALL Asymetry * HWP Out
'045_ 5# F}f H%{{{ %% 100 { }l i m H l { * HWP In
-0.6 ! _gn fﬁ%ﬂ I H‘hll i) LT[ %mfﬁ
'0.83_1 PRI (N T ST SR AN TR T S N }. PR (T T SR NN TR T N N 25_ {}{ { lﬁ* IF[ II HlHlﬁ {
0 20 40 60 80 100 120 £ Il WW{ Wi
Problem: Helicity signal deflecting the _105_“ f }Hi i | Hf { {Iq ! }IT
beam through electronics “pickup” 155_ {
Large beam deflections even 0 20 40 60 80 100 120

Krishna Kumawherl Pockels cell is of f 22 J-C Summer School, Lecture 2




BEAM ASYMMETRY
CORRECTIONS TO Ap,

Raw Left Asymmetry [ jwp out

15611 i 1 - HWP In

"’51#{Hﬁ TN

3 Eﬁ*ﬁw ﬁ R “{fﬁ j i ;HTf | d; Wﬁ&*ﬂ W
Eigé | }Hﬁﬂﬁi i {{

0 20 40 60 80 100 120

Raw Right Asymmetry —

A =

=5 - | ﬂ”ﬂ‘ ki

"2 i R i
HighiL

:gﬂ ! HH{ H# H]
0 20 40 60 80 100 120
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BEAM ASYMMETRY
CORRECTIONS TO Aps,

'5E Raw Left Asymmetry [ wp out _Corrected Left Asymnetiyyp oy
i * HWP In - * HWP In
] 125_ #H #HH{ { lﬁt ! ﬁthﬁ 1. | E:g (4 } I{
o oF I s S5
3 ﬁmé *m LIS SR
10~ F | |
LT NN -Gt e
155 ”H — }
-20__6 | '2|0| | I4|0I | I6I0' | I8|0I | 160 | 12|0 15:(I)I | I2|0| | [4|0| | I6|0| | I8|0I 160 | 12|0
zong Right Asymm;‘r;y WP Ot 15__Cor'r'eC'red Right Asvmmlz'f'r'EaE IOut
155 I * HWP In 10- 4
i f it T AT
B ﬁwﬂéw il éiw}{ﬂgﬂwﬁf ﬁﬂ |
o e W A
:g: T Tﬂﬁ{ﬁﬁﬂ }I}H #} il _10§_ } i } H }H | m
20 40 680 400 420 | | 020 40 60 80 i00 20

Krishna Kumar 23 J-C Summer School, Lecture 2



ppm

i
wl

BEAM ASYMMETRY
CORRECTIONS TO Aps,

Raw Left Asymmetry

15 iy
122_ #H{ ﬁﬂh{{ it lﬁ L. ﬁ wﬁ T |
¢ gy MW

0 20 40 60 80 100 120

Raw Right Asymmetry

205 * HWP Out
1 5— } #  HWP In
E:g:f { {Hlpﬂ | 1} i
Q.ogiﬂjﬁ}ﬁ*ﬁﬂ ﬁ gﬂ{ } HH }1 ﬁl L
T TRM R
ase | fi | #
0 20 40 60 80 100 120

Krishna Kumar

_Corrected Left AsymnieTry o out

* HWP In

0 20 40 60 80 100 120

Beam Asymmetries
Energy: -3ppb
X Target: -5 nm
X Angle: -28 nm
Y Target :-21 nm

Y Angle: 1 nm

_Corrected Right Asymmetryp out

bt L T
e

* HWP In

Using Measured
Sensitivities

v
Total Corrections:

Left: -370 ppb

Right: 80 ppb

0 20 40 60 80 100 120

All: 120 ppb

25
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HAPPEXIT FINAL RESULTS

X Angle BPM diff_bpmdax
0.04 + HWP Out
:_ [ ‘ ‘ { { [ ‘lHWPIn I
ST W
[ IWTI L } 1
01?02"“11 | IH{ H HH
0.04" {

0 5 10 15 20 25 30 35 40

4 LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL

g%} IlHH [ll{[ll‘H%NPllni
(‘:Jih”fiHIlI” TI}I l[ “
=TT

0 5 10 15 20 25 30 35 40

Krlbl LIid INUILILd1L

Surpassed Beam Asymmetry Goals
for Hydrogen Run

Energy: -0.25 ppb
X Target: 1 nm
X Angle: 2 nm
Y Target : 1 nm
Y Angle: <1 nm

Corrected and Raw, Left arm alone,

_

Superimposed!

Total correction for beam position
asymmetry on Left, Right, or ALL
detector: 10 ppb
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HAPPEXIT FINAL RESULTS

Hydrogen
Systematic control ~ 103
APV= -1.58 +0.12 (stat) £ 0.04 (syst) ppm

0.045— { { Zl:aifi“‘ I A(6°=0) = -1.66 ppm = 0.05 ppm
D * HH H

] X Angle BPM

|
il
1

micron
=

Rl
0.02 l h

0.04" !

0 5 10 15 20 25 30 35 40

g LI
.‘:_,}lulmll,m 11\1 1‘”
-{IRBUURIIR

0 5 10 15 20 25 30 35 40
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HAPPEXIT FINAL RESULTS

Hydrogen
Systematic control ~ 103

0_04'_ X Angle BFM .di:_\:im;lix APV= -1.58 +0.12 (stat) £ 0.04 (syst) ppm
: { { — T A(G°=0) = -1.66 ppm = 0.05 ppm

e 1t et

go_ HIM i } l l l[l } { Normalization control ~ 2%

0.02F| I [l ] ! { } i Apy=+6.40 = 0.23 (staty = 0.12 (sysy ppm

; 04: l ] | A(6°=0) = +6.37 ppm

0 5 10 15 20 25 30 35 40

¢ LT
.‘:_,}lulmll,m f}\l 1‘”
-{IRBUURIIR

40 5 10 15 20 25 30 35 40

Krsroma xurmmar 24 ]-C Summer SChOOL Lecture 2




HAPPEXIT FINAL RESULTS

0.04;: X Angle BPN;{ :c;iE_:/Nt;EmI(S;x
AN i
osoz_lh | l]{ H { H
004—I
g LT
“)I-,il}l{lll{i] ll\l llH
FilETiL e

4 lilh' LLLLLLLLLLLLLLLLLLLLLLLLLLLL

0 5 10 15 20 25 30 35 40

Krlbl LIid INUILILd1L

Hydrogen
Systematic control ~ 103
APV= -1.58 +0.12 (stat) £ 0.04 (syst) ppm
A(6°=0) = -1.66 ppm = 0.05 ppm

Helium
Normalization control ~ 2%

APV= +6.40 = 0.23 (stat) * 0.12 (syst) ppm
A(6°=0) = +6.37 ppm

o [18] |
s [19] | 4
o [20] |
v [21] ]
= 221 ]
e [23] |

0.15_6,

- HAPPEX-* He
-0.05
-0.1F
- Phys.Rev.Lett.98 2
-0.15 o
: 1 | 1 | | IIIIIIIIIIII I | 1 L 1 | | | | 1 :
15 1 -0.5 0 0.5 1 1.5
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STRANGENESS SMALL!

B 1 i,, e 77!” : 3 i : ,,',, : l E b | L :
i o { SAMPLE with B at low Qz
: i i ¢ G calculation - L3
. - . 3% +/- 2.3% of Gv"
A e o B
L ‘4»%6 . ] ~0.2 +/- 0.5% of G¢°
i - : This simple fit ignores numerous
0.05— . ] (small) issues.
: p .~ Published fits:
0 05—_ HAPPEX-He : - R.Young et al., Phys. Rev. Lett 97, 102002 (2006);
i o | If fit floats GaP, GaM:
- o Central value more zero,
-0.+ Contours: error bar slightly larger
— o o G
B 68.7%, 95% c.l. & J.Liu et al., Phys. Rev. C 76, 025202 (2007)
_0.15:_ Q2 ~ 0.1 GeV 2 _: Very consistent with this analysis
: | | | | | | | | | | | | | | R BN | I BT i | | | | | | :
-1. -1 -0.5 0 0.5 1 1.5
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CURRENT STATUS

- GO (FORWARD)
- Y MAMI A4 differentr) | | ® HAPPEX-H
~0dlo 0.2 0.4 0.6 0.8 182
GEs GMs
i [ A SAMPLE + G
~ ® HAPPEX-He GO+G, A
I -~ A4+G,
- SGE P 0.5( *
0.1 -~ 3
I - 4 —G*E
I ,f"/ B 10 M
/et e b e o e
-0 -||||| ........ [P R Lo by s by by by sl Ly [N N [N N [N PN NE R EEE PR PN

0.0 0.1 02 0.3 04 0.5 06 07 08 09 1.0

0.0 0.1 02 0.3 04 05 06 07 08 09 1.0

HAPPEX-III
Q2 ~ 0.62 GeV?

Data taking
completed in 2009

5(G¢® + 0.48 G,°) ~ 0.015

Statistics-limited error bar,
with leading systematic
error from polarimetry

Also: forward angle point
from MAMI-A4 at same Q2

Both expected soon!
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CLEAN MEASUREMENT
OF THE NEUTRON §KIN



tLECTROWEAK PROBE

\y Qp EM
7! _ﬁ QnEM

~1
~0

— Experiment

-=  Mean Field Theory

- The proton distribution of heavy
nucleus: mapped via electron scattering
- The neutron distribution:

-probed with hadrons

-highly model-dependent

‘neutron “skin” ~ 0.1 - 0.3 fm?
*Neutron density a fundamental
observable:

-Impacts a variety of physics
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tLECTROWEAK PROBE

QP ~ 1 -4sin?0y,

‘Hy Qp EM ™ 1
7\ Qey ~ 0

208pp.

Q"w~1

— Experiment
-=-=  Mean Field Theory

- The proton distribution of heavy
nucleus: mapped via electron scattering
- The neutron distribution:

-probed with hadrons

-highly model-dependent

‘neutron “skin” ~ 0.1 - 0.3 fm?
*Neutron density a fundamental
observable:

-Impacts a variety of physics
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~ 1 . 4 —P5 )
‘QQV‘Y ;:)’E,Me:’v1 pW(T) =5 /d3r’[G€V(T’ _r)pn( )_|_ Q—X,VGP ( / T)pp(r’)]
70\ 0,

Q'ey ~ 0 A _ Gr@® Fw(@?)
ZOBPb hore " 9nav2 Fan(Q?)
tw n(Qr)
: Fw(Q?) = / d37“stTT pw ()
208Ph

-— -
- -~
- - ——— -
- - -~

Lo R,~5.5 fm
P 0.06 \_,, - The proton distribution of heavy
S \ : nucleus: mapped via electron scattering
~ C. Horowitz fo e R
= - The neutron distribution:
g - -probed with hadrons
v enarge highly model-dependent
—— Weak charge ol i’ ”
002 ______ Proton ‘neutron “skin” ~ 0.1 - 0.3 fm:
_______ Neutron ‘Neutron density a fundamental
, | D observable:
0 2 . (fm) 6 8 10 -Impacts a variety of physics
Krishna Kumar 28
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EQUATION OF STATE

® Pressure forces
neutrons out
against surface
tension. A large
pressure gives a
large neutron
radius.

® Measuring R, in
208Ph constrains
the pressure of
neutron matter at
some subnuclear
density ~0.1 fm-3.

Rn-Rp (fm) for 208Pb

0.4 I I l I l

02 [~ De -

01 [~ G =

| | | | |
-50 0 S0 100 150 200 250

0.0

Neutron matter P (MeV/fm?3)
at a density of 0.1 fm.

Alex Brown et al.
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NEUTRON STAKRS
Liquid/Solid Transition

Neutron Star Crust vs
208Pph Neutron Skin
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EXPERIMENTAL DESIGN

p(r) IF(g?)l Example
pointlike constant Electron
exponential Qole Proton
gauss { BL

homogeneous

sphere oscillating -

sphere with
a diffuse _—
surtace oscillating 0Ca
r— Iql—

Krishna Kumar

il
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EXPERIMENTAL DESIGN

26—06 | ] lngglg =71 l | ] l Il e | l [P s P IeglpaTee. | l Il lamgl I Il 2l ar] l | L
" C. Horowitz _--_]
K — SIRn=5.49 fm P =
i ~-- SIRn=549 fm o ol
i — FSUgold 5.68 e \
1 5e-061— ——- FSUgold 5.68 g L\
: 2 —— NL3m05 5.85 54 i
Sk ~~- NL3m05 5.85 £ g
o 7 A%y
I 1GeV e
1e-06 [~ b

5e-07

electrons,

-
2% 2
-
- - -
7 - s
7 // =
T2
-
-

-
—~

e
P
-

—
=

\
\ |
|

I

|
A
I
|
1

O {1l ] | [ ] ] T I {1 L T | I { Pl el Y | | | N I { = L | I | e [ e | I { o = Ll | \‘ | ] [
275 3 3.5 4 4'%(deg) 5.5 6 6.5 7
Krishna Kumar 31
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EXPERIMENTAL DESIGN

26-06 _I T T 1 B 7T e T U 3 o [ P P Rl D [ 7 T T é IH-I()IYI()IZI()IiIté ) I_ Q2 e 0-01 Gevz |:I'> APV ~ 0.5 ppm
- — SIRn=5.49 fm : e
: s 1A technically demanding measurement:
e ——~ FSUgold 5.68 S gl
lois 06_ —— NL3mO05 5.85 s | ‘Rate ~ 2 GHz
> | NL3m05 5.85 7 ] 8
i G Vv et ¥ | -Separate excited state at 2.6 MeV
16-06 - - o \ A -Stat. Error ~ 15 ppb
i electron ________ | *Syst. Error ~ 1 10 2 %
; L] YA ~3% —> 3(R,-R,) ~0.06 fm
5e-07 - 3 \\\ \\‘ 5%
O _l | | I [ S S I (I T I { Pl el Y | I | BN e I (P . L I { I Lol | I { ol = 1P, ]| I\\ 1 l‘|l_
270 3 3.5 4 4'%(de§.) o) 6 6.5 7
eTight control of beam properties
New “warm’™ septum
*High power Lead target
eNew 18-bit ADC
New radiation-hard detector
ePolarimetry upgrade
Krishna Kumar 31 J-C Summer School, Lecture 2



STATUS AND PLANS

oRan from Apvril-June 2010
2 20% of statistics collected
sNumber of technical
challenges overcome
sResult targeted for Spring
2011

A NEUTRON STAR: SURFACE and INTERIOR
' “Swiss ‘Spaghetti

4

J.M. Lattimer,
M. Prakash

Science, 304, 536

Krishna Kumar

v 2
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STATUS AND PLANS

® Plan to make necessary beamline modifications to

oRan from Apvril-June 2010
2 20% of statistics collected
sNumber of technical
challenges overcome
sResult targeted for Spring
2011

A NEUTRON STAR: SURFACE and INTERIOR
. “Swiss ‘Spaghetti

J.M. Lattimer,
M. Prakash

Science, 304, 536

Krishna Kumar

ensure efficient running

® Propose to come back either just before or just after

12 GeV upgrade shutdown

® Designing new experiment on Ca

v 2
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STATUS AND PLANS

oRan from Apvril-June 2010
2 20% of statistics collected
sNumber of technical
challenges overcome
sResult targeted for Spring
2011

A NEUTRON STAR: SURFACE and INTERIOR
. “Swiss ‘Spaghetti

J.M. Lattimer,
M. Prakash

Science, 304, 536

Krishna Kumar

® Plan to make necessary beamline modifications to
ensure efficient running

® Propose to come back either just before or just after
12 GeV upgrade shutdown

® Designing new experiment on Ca

Statistical error at |LAB Hall A:
assuming |00pA, 5°for 30 days

E Rate A, R, t(1%)

(GeV)| MHZ| ppm | % | days

208Pp | 1.05 | 1700 | 0.72 | 0.66 | 13
1.8 | 53 | 2.1

120Sh | 1.2 | 1080 | 1.06 | 0.56 | 9.4

®Ca | .7 | 270 | 22 | 043 | 5.5
2.1 21 2.8

v 2
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STATUS AND PLANS

® Plan to make necessary beamline modifications to
ensure efficient running

® Propose to come back either just before or just after
12 GeV upgrade shutdown

® Designing new experiment on Ca

oRan from Apvril-June 2010
2 20% of statistics collected
sNumber of technical
challenges overcome
sResult targeted for Spring

2011 Statistical error at JLAB Hall A:
45Ca assuming |00UA, 5°for 30 days
' 12 GeV era Ev i Rate - A Rav #(10)
PI‘OpOS al? (GeV)| MHZ| ppm | % | days
208
e Far from 5Pb Pb| 1.0O5 [ 1700 | 0.72 | 0.66 | 13
* Compare to ¥Ca 1.8 53 2.1
® Microscopic '20Sh | 1.2 [ 1080 | 1.06 | 0.56 | 9.4
) ‘ calculations: 2 & 3 48Cq | 7 270 22 | 043 | 5.5
e e nucleon forces
J-M. Lattimer, ® Important double- 2.1 2] 2.8

M. Prakash
Science, 304, 536

Krishna Kumar

beta decay nucleus

v 2

C. Horowitz and R. Michaels
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SUMMANRY

parity-violating electron scattering has become a
unique, precision tool for nuclear physics

Sensitive limits on strangeness contributions to the charge and
magnetization distributions of nucleons: challenge for low
energy QCD theory

Clean measurement of the neutron radius in heavy nuclei:
impact on nuclear structure and neutron stars

Future experiments will probe new aspects of nucleon structure

Legacy: more and more sensitive measurements & new nuclear
systems to search for physics beyond the standard model

Krishna Kumar 33 J-C Summer School, Lecture 2



PRECISION €W PHYSICS

Start with 3 fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level:

sensitive to heavy particles via higher order quantum corrections ‘t" b tZ ,
4th and 5th best measured parameters: sinow and My /W/ /}\
All weak neutral current amplitudes are functions of sin?0w

Muon decay Z production
2 2
Ly =11, xm; —m,
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PRECISION €W PHYSICS

Start with 3 fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level:
sensitive to heavy particles via higher order quantum corrections Vt" b Z

4th and 5th best measured parameters: sin‘ow and My } /}\

All weak neutral current amplitudes are functions of sin‘ow
Muon decay Z production

2 2
courtesy: Jens Erler HWW —-1I1 7z LN, —m,

100 110 120 130 140 150 160 170 180 190 200 210

1000 LIELEL I IIIII I |||||| I LI I LI I LI i 0.1 2
I Chaar Ry Ry 7 o 4 <«———— LEP2 <——— Tevatron
------ Z pole asymmetries| 7 - _-7 ]
/7 I I - —
500 |— —- M, , - 3 0.1
— — — low energy I F e o7
I " —
| 7 i

300|-—-— M, N =" -r . //
200 |- !ﬂy'// e E 0.08 —
3 Tevatron excluded (95% CL) -~~~ 2 // g . assumlng no new
S, 100 2 0.06 — .
= all data (90% CL) § b thSICS beyond the
o i
%0 S 0.04 standard model

145 150 155 160 165 170 175 180 185 190 100 110 120 130 140 150 160 170 180 190 200 210
m, [GeV
 [GeV] M, [GeV]
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PRECISION €W PHYSICS

Start with 3 fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level:

sensitive to heavy particles via higher order quantum corrections Vt" b tZ ,
4th and 5th best measured parameters: sinow and My } /}\
All weak neutral current amplitudes are functions of sin?0w

Muon decay Z production
2 2
courtesy: Jens Erler HWW —-1I1 7z LN, —m,

100 110 120 130 140 150 160 170 180 190 200 210

1000 ——————————p 7 T r AT T T T T T T
L7 e Rqu ! e ! : il ! ! _ . 012 <€— LEP 2 <€—— Tevatron
------ Z pole asymmetries| 7 L _-7 ]
-
i - :\gwener 2 I -7 /;' o1
-—- gy ! 1~ 7
| FAatams
! i ]

300 |- —-— m, N —- T

200[- LT T § 0] |
3 Tevatron excluded (95% CL) -~~~ ) L g . assumlng no new
S 100 2 0.06 - .
= all data (90% CL) § b thSICS beyond the
Q0
%0 S 0.04- standard model

145 150 155 160 165 170 175 180 185 190 100 110 120 130 140 150 160 170 180 190 200 210
m, [GeV
¢ [GeV] M, [GeV]

Allows searches for new physics at the TeV
scale via small megsurement deviations .. .. .. .

Krishna Kumar



COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ SR g] (I\j/!any theorides Eredtirc]t new forces th|atd
particles with m > A ——\rsappeare when the universe coole

courtesy /\/\ .
V. Cirgliano x Lsm +Heavy

A (~TeV) 1 ; ll 2

My 7 >< Lo = Lsy + Z *Cn O Osu]

d>5
\__ J

Krishna Kumar 35 J-C Summer School, Lecture 2



COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ SR g] (I\j/!any theorides Eredtirc]t new forces th|atd
particles with m > A ——\rsappeare when the universe coole

courtesy /\/\ .
V. Cirgliano x L SM +Heav v

A (~TeV) 1 ; ll 2

Cn A
My z >< Leg = Lsy + E C)G’\[]

d>5
\__ J

There are often mechanisms to suppress
Flavor Changing Neutral Currents

Krishna Kumar 35 J-C Summer School, Lecture 2



COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ SR g] (I\j/!any theorides Eredtirc]t new forces th|atd
particles with m > A ——\rsappeare when the universe coole

courtesy /\/\ .
V. Cirgliano x L SM+Heavy

A (~TeV) I ; ll 2
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There are often mechanisms to suppress
Flavor Changing Neutral Currents

Flavor Diagonal Interactions Many new physics models

| : : f J,
Consider fify = fofs or fifs = /i), 1>< 1 give rise to such terms:
4w - Heavy Z's, compositeness
Ly, = Myhitufufot"f 2 N '
hta ”ELR A2 i st extra dimensions, SUSY...

Krishna Kumar 35 J-C Summer School, Lecture 2



COLLIDERS V§ FIXED TARGET

Neutral Current Amplitude at Low Energy

One goal of neutral current measurements at low energy AND colliders:
Access A> 10 TeV for as many f,f, and L,R combinations as possible

Colliders access scales AN’s ~ 10 TeV - LR combinations accessed
Tevatron, LEP, SLC, LEP200, HERA are mostly parity-conserving

Lo [ Arew ;
Az

£ 2
—>AZ

Z boson production accessed some on resonamnce: ‘ Kok
parity-violating combinations but... Az imaginary e
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New Physics/Weak-Electromagnetic Interference
* Spin-dependent electron scattering

® opposite parity transitions in heavy atoms
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Access A > 10 TeV for as many f,f, and L,R combinations as possible

Colliders access scales AN’s ~ 10 TeV - LR combinations accessed
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New Physics/Weak-Electromagnetic Interference
* Spin-dependent electron scattering

® opposite parity transitions in heavy atoms
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Krishna Kumar 36 J-C Summer School, Lecture 2

Electromagnetic amplitude
interferes with Z-exchange as ’ AL AT
well as any new physics
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S
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ELECTRON WEAK CHARGE

Derman and Marciano (1978)
Gp 16sin? ©
V2ra (3 + cos? ©)2

50 GeV at SLAC: ~ 150 ppb!

APV = —mkE Q%V

Major technical challenges

\

4-7 mrad

plh - - - o o e o = . - e o o e o o == == =

45 & 48 GeV Beam

85% longitudinal polarization E

Krishna Kumar 37

Parity-Violating Electron-Electron (Meller) Scattering

e e” Purely
—) %‘;GF leptonic
- e- e- reaction
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ELECTRON WEAK CHARGE

Derman and Marciano (1978)
Gp 16sin? ©

Apy = —mE c
Sadk e V271a (3 + cos? ©)2 Qw

50 GeV at SLAC: ~ 150 ppb!

Major technical challenges

45 & 48 GeV Beam

\

85% longitudinal polarization
#} 4-7 mrad

Final Result:

Apv= ('131 + 714 + 10) x 107

Phys. Rev. Lett. 95 081601 (2005)
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Parity-Violating Electron-Electron (Meller) Scattering

e; e e” Purely
e é‘ —) >@3GF leptonic
e e e”  reaction
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CLECTRON WEAK CHARGE

€ Ta € e e / e
A 'é A 1’§

I = o \e-
Derman and Marciano (1978)

Gr 16 sin” © Qs
V2ra (34 cos2@)2 W

50 GeV at SLAC: ~ 150 ppb!

APV = —mkE

Major technical challenges

45 & 48 GeV Beam §
85% longitudinal polarization E

Final Result:

Apv= ('131 + 714 + 10) x 107

Phys. Rev. Lett. 95 081601 (2005)
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Parity-Violating Electron-Electron (Meller) Scattering

e e Purely
—) >évaF leptonic
- e- e” reaction
E158
LEP If 959% C.L.
e e’ |e e |?
> D
e e |e e
17 TeV
Fermilab
q e
o] Z'\e i
0.8 TeV @V () >
e- e'
doubly charged .
scalar exchange - A -
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THE WEAK MIXING ANGLE

Running of 6w : Bookkeeping for off-resonance measurements
) — SM o
T - qSln e ¢ current Czarnecki and Marciano (2000)

/ \ VV\ 0.246| ° proposed Erler and Ramsey-Musolf (2004)

VWOV VWCOUVWN \ANCEOINN —~

N FW(APV) I " ¢
oy-y loop is the running of arm 0238 L-ms S

(1]
i it ;
W-W loop. provides u.zdzrect {’nt oy o = MOLLER *“%%
oy-Z loop is the running of sin’Ow Taweak — ONE ‘|7Tevatron
0.23 feDis ¢

0.001 0.01 0.1 10 100 1000

u [G1eV]
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Published Measurements
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NuTeV result requires careful consideration of nuclear corrections

Krishna S. Kumar Parity Violation and Standard Model Tests, SPIN2010, Sept 28 2010 38



THE WEAK MIXING ANGLE

Running of 6w : Bookkeeping for off-resonance measurements
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o« 2 .
T - qS ln e S Czarnecki and Marciano (2000)
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W » W Y © v Y x Z 5; 0.242 .
D

*v-v loop is the running of aem C 0.238
oW-W loop provides indirect m;
oy-Z loop is the running of sin’Ow

0.234 T MOLLER

0.23

Published Measurements

133Cs Atomic Parity Violation

0.001 0.01 0.1

1 10 100 1000
u[GeV]

NuTeV result requires careful consideration of nuclear corrections
Future Electron Scattering Measurements

e-q measurements: QWeak (elastic e-p) and deep-inelastic scattering
Improve on E158 by a factor of 5: MOLLER at 12 GeV JLab
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QUARK WEAK CHARGES

0(C,,) o (+Mgy + Ngg =My = Mpg) 2>
0(Cy,) o (=Mgy, + Mg = Mpp, + Mpg) 5>

L Ci=2818y  Cu=2g8,

3 : L 0.18-
Apy in elastic e-p scattering: SLAC: D DIS
AQ* —0) = Gr [Q 0 eak+Q4B(Q2)] 5
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wwk—ZC +C1d o] - 4sin’ 9, x
= @ o e
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e g outcome o O
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0.1 = | measure strange
quark form g 4
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QWEAK @ JEFFERSON LAB

Precision Measurement of the Proton’s Weak Charge

Elastically Scattered Electron

_ Luminosity _l_
,01;55? Monitors
Region |, Il and Il detectors are for Q? a‘»-‘\f!’/ _ i iseid |2
measurements at low beam current : ‘ 7 | et - |

’ = el ST N

Region llI M II“ N”m'

Drift Chambers WA/ Beils o) r'
== S =TV i Tk

e |

Toroidal Magnet

N\
Region |l
Drift Chambers h e
Region | \ / Eight Fused Silica (quartz) Cerenkov
GEM Detectors \: Detectors - Integrating Mode

g I “Primary Collimator with 8 openings

/\ 35 cm Liquid Hydrogen Target

]
Polarized Electron Beam, 1.165 GeV, 150 YA, P ~ 85%

*Design and construction over past several years
Installation recently completed
-Commissioning has begun New, complementary constraints on lepton-
*First physics run begins in late Fall  quark interactions at the TeV scale
*Final run in early 2012
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