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Electroweak Mixing Angle

e = gsino,,

Characterizes the mixing between the weak and EM
intferaction in the electroweak theory

sin2,, = 1 - MWZ/Mf



*

*

3 Types of Measurements

Electron scattering (parity violation)

Atomic parity violation

Neutrino physics (NC/CC cross section)



Parity Violation in
Polarized Electron Scattering

unpolarized quarks or electrons or protons

Parity conserving Parity violating



Parity Violation in the Electroweak Theory
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SLAC Parity Experiments
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SLAC ES80

Deep Inelastic Scattering of Polarized Electrons by Polarized Protons®

M. J. Alguard, W. W. Ash, G. Baum, J. E. Clendenin, P. S. Cooper, D. H. Coward, R. D. Ehrlich,
A. Etkin, V. W. Hughes, H. Kobayakawa, K. Kondo, M. S. Lubell, R. H. Miller, D. A. Palmer,
W. Raith, N. Sasao, K. P. Schiiler, D. J. Sherden, C. K. Sinclair, and P. A. Souder

University of Bielefeld, Bielefeld, West Germany, and City University of New York, New York, New York 10031,
and Nagoya University, Nagoya, Japan, and Stanford Linear Accelevator Center, Stanford, California 94305,
a:nd University of Tsukuba, Ibaraki, Japan, and Yale University, New Haven, Connecticut 06520

(Received 5 August 1976)

We report measurements of the asymmetry in deep inelastic scattering of longitudinally
polarized electrons by longitudinally polarized protons. The antiparallel-parallel asym-
metries are positive and large in agreement with predictions of quark-parton models of
the proton A limit is obtained on parity nonconservation in the scattering of longitudinal-

ly polarized electrons by unpolarized nucleons.




Yale E80 Polarized Source
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SLAC End Station A
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SLAC E95

PHYSICAL REVIEW D VOLUME 18, NUMBER 7 _ 1 OCTOBER 1978

Search for parity violation in deep-inelastic scattering of polarized electrons
by unpolarized deuterons

W B. Atwood, R. L. A. Cottrell, H. DeStaebler, R. Miller, H. Pessard,* C. Y. Prescott L. S. Rochester and |
R. E. Taylor
Stanford Linear Accelerator Ceriter, Stanford Umvers:ty, Stanford Cahforma 94305

. - M 3. Alguard J. Clendenin, P. S Cooper, R. D. Ehrhch V. W. Hughes, and M. S Lubell
: Yale University, New Haven, Connecticut 06520

G. Baum and K. P. Schiller
University of Bielefeld, Bielefeld, West Germany

K. Liibelsmeyer

Technische Hochschule Aachen, Aachen, West Germany
- (Received 17 April 1978)

We report on recent asymmetry measurements for inelastic scattering of longitudinally polarized electrons

. from an unpolarized deuterium target at 19.4 GeV. Using the SLAC 20-GeV/c and 8-GeV/c spectrometers,

the helicity-dependent cross-section asymmetries were measured at Q ? values of 1.2 and 4.2 (GeV/c)?, and
were found to be less than 2 % 1072 and 7 X 1073, respectively.



Results on Parity Violation
E8O

ALR < 5 x 103 at Q% ~ 14, 2.7 GeV?

E95

AR ¢« 3.2 x 103 at Q2 ~ 4 GeV?

Not sensitive to electroweak mixing
in the Standard Mode/



First Measurements
of Electroweak Mixing



Volume 77B, number 3 _ PHYSICS LETTERS 14 August 1978

SLAC E122

PARITY NON-CONSERVATION IN INELASTIC ELECTRON SCATTERING =

C.Y.PRESCOTT, W.B. ATWOOD, R.L.A. COTTRELL, H. DeSTAEBLER, Edward L. GARWIN,
A. GONIDEC !, R.H. MILLER, L.S. ROCHESTER, T. SATO 2 D.J.SHERDEN, C K. SINCLAIR,
S. STEIN and R.E. TAYLOR

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94305, USA

J.E. CLENDENIN, V.W. HUGHES, N. SASAO 3 and K.P. SCHULER
Yale University, New Haven, CT 06520, USA

M.G. BORGHINI
~CERN, Geneva, Switzerland

K. LUBELSMEYER
Technische Hochschule Aachen, Aachen, West Germany

and

W. JENTSCHKE
II. Institut fiir Experimentalphysik, Universitdt Hamburg, Hamburg, West Germany



SLAC E122
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e /
16 - 22 GeV Liquid
Deuterium
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—>
—>

30 cm target

Dedicated run



Polarized Laser Beam to the Ga As Cathode

Rapid Reversal

120 Hz —— (random)

Pockels Cell
(circular polarizer)

Slow Reversal
Reversed every —— (rotated by 90°)
few runs

Calcite Prism
(linear polarizer)

Mirror
Laser /
p &

Beam

Optical Reversal Scheme



SLAC E122 waveplate reversal
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SLAC E122 waveplate reversal
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SLAC E122 Energy Scan
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SLAC E122 Result
(1978)

sin0, = 0.224 + 0.020

First definitive measurement of mixing between
the weak and electromagnetic interaction



Atomic Parity Violation
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Experiment

Z3 Law « .~ Heavy Atoms

Theory
PV Signal « - sin20,

Bismuth Z = 83



Im E1/M1 (x108)

Atomic Parity Violation
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Im E1/M1 (x108)

Atomic Parity Violation
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Atomic Parity Violation
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Atomic Parity Violation
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Neutrino Physics
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HPWF Neutrino Detector

(Harvard, Pennsylvania, Wisconsin, Fermilab)

Target - detector

Muon spectrometer
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Neutral Currents in High-Energy Neutrino Collisions: An Experimental Search*

B. C. Barish, J. F. Bartlett, K. W. Brown, D. Buchholz, F. Jacquet,?

F. 5. Merritt, F. J. Seciulli, and H. Suter}
California Institute of Technology, Pasadena, California 91125

and

H. E. Fisk and G. Krafczyk
Feymi National Accelevatoy Labovatovy, Batavia, Hlinois 60510
(Received 23 December 1974)

A search for events with no final-state muon, as expected in the neutral-current inter-
actions I"uh-"_u:' +N— vp[Fp}wthadmns, has been carried out by using the California Institute
of Technology=Fermilab neutrino detector and narrow-band neutrino beam. A clear sig-
nal of events with no apparent final-state muon has been observed. Furthermore, miss-
ing energy in the final state for these events provides strong evidence for the existence
of a final-state p.
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TODAY...

LEP and SLC e*e” collider

0.24 ¢
0.238 -
20236 - A () A, A Agb)
0.234 -
0.232 — + + ¢
0.23 §

. 2
sin O

------- Standard Model

Asin®0,, = 0.00016 (PD62004) from Z pole measurements



sin0,,

0.242

Status in 1999
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SLAC Experiment E158

— Detector
e /
90 GeV Liquid
Hydrogen €e-e-
scattering
APV = ol - o
s+ G

Without electroweak radiative corrections,

mE G- 16 sin 62 .
APV = apa s 5 (i - smzew)
V2mo (3 +cosc0)? M4

In practice: APV~ 15 x 107



E158

Collaboration

:
|

‘UC Berkeley ‘SLAC O‘%-

‘Caltech

.Smith College @, 9

e
-Jefferson Lab *Syracuse 7 G’

‘Princeton
-Saclay

Sept 97
1998-99:
2000:
2001 :
2002:
2003:

‘UMass
-Virginia ¢ ¢

EPAC approval

Design and Beam Tests

Funding and construction
Engineering run

Physics Runs 1 (Spring), 2 (Fall)
Physics Run 3 (Summer)



Scattering Processes
e- e- e- e-
= =
- €- .. -
Parity-conserving Parity-violating
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Challenges
I. Statistics

IT. Beam monitoring & resolution
- Jitter vs. statistics

ITI. Beam systematics

> false asymmetries

IV. Backgrounds



Setup in End Station A

= Detector
‘Concrete shielding = SO\
| -+ Spectrometer magnets | | —










STATISTICS

# electrons per pulse 107
Rep rate (120 Hz) 10°
Seconds/day 1014
100 days 1016

AA ~ 10-8



IT. BEAM MONITORING

Position
EPMs

Angle Wire Array

2 pairs of

Thermionic Gun Toroids

3 BPM's, 2 Toroids

Dithering Coils Dispersive BPMs ‘
for x.x' vy

Momentum

1 GeVregion 48 GeV region Defining Slits

Polarized Gun



Beam Monitoring Correlations

Toroid 2 Asymmetry (%)
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observed left-right asymmetry distribution
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ITI. Beam Asymmetries
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SLOW REVERSALS

* Halfwaveplate @ source

~few hours

* 48 vs. 45 GeV energy

~ few days



APV vs. time
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Asymmetry Results

E/HWP state
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IV. BACKGROUNDS

electron-proton elastic scattering

pion production

radiative inelastic electron-proton scattering
W2 > 3 GeV?
2 photon events with transverse polarization
*x

*
*



ep Detector Asymmetry
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Transversely Polarized Beam

__|Moller Channels, 46 GeV : asymmetry vs MID channel I 1

i ' ' iMoIIer Channels, 43 GeV : asymmetry vs MID channel I




Integrated Zpills (Millions)
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A
RUN I A
R/4

At QZ = 0.027 (GCV/C)Z 4%
&
<
APV = _175 + 30 (stat) % 20 (syst) ppb <"

!

sin? 0, = 0.2293 + 0.0024 (stat) +0.0016 (syst)

Theory:  sin2 6, = 0.2311 + 0.00016



Run I

week andi
VOLUME 92, NUMEER 18 FHYSICAL REVIEW LETTERS ’-'J!-.-M‘E’ L

Observation of Parity Nonconservation in Meller Scattering

P L Anthony,” R G Arncld,” C. Arroyo,® K. Baird,” K. Bega.? I. Biesiada.'” P E. Bosted,” M. Brever,” R. Carr,”
G. D. Cates,"" J-P. Chen.” E. Chudakov,” M. Cooke,' E J. Decker,” P Decowski.” A Deur,'" W. Emam.® R Erickson,’
T. Fieguth,” C. Field,” I. Gao.” K. Gustafsson.>* B. §. Hicks.” R. Holmes ® E'W. Hughes.” T B. Humensky.? G. M. Jones.*

L J. Kaufman.” Yu G. Kolomensky.' K. S. Kumar,” D. Lhuillier.” R. Lombard-Nelsen,” P Mastromarino,” B. Mayer,”
R D. McKeown,” B. Michaels” M. Olson,” K. D. Paschke.* G. A. Peterson.” R Pitthan,” K. Pope.®' D Relyea *”

S.E Rock.” O. Saxton.” G. Shapiro.'" J. Singh." P A. Souder.® Z M. Szalata,” W. A. Tobias." B. T. Tonguc.” J. Turner.”
B. Tweedie.! A. Vacherst ® D Walz,” T Weber.” I. Weisend,” I Whittum.” M. Woods,” and I Younus®

(SLAC EI58 Collaboration

LUnr'wr.sr'h'afC:r.'i‘_;'bmr'a. Berkeley, California 24720, T4
*California Institute of Technology, Pasadena, California 91125, USA
jt-’m'vem'n' of Massachuseris, Ambherss, Massachusens QI003, USA
Princeton University, Princeion, New Jersev 05544, USA
"CEA Saclay, DAPNIAASPRN, F-QI190 Gif-sur-Yerte, France
) SSmith College, Northampton, Massachuserts 01063, USA
‘Stanford Linear Accelerator Center, Menlo Park, California 94025, UUSA
E.S‘}'mm.-;e University, Svracuse, New ¥ork 13244, USA
"Thomas Jefferson Laboratory, Newport News, Virginia 23606, [754
m[&u’wrn’n' of Virginia, Charlottesville, Virginig 22903, USA
(Received 11 December 2003; publizshed 7 MMay 2004



All E158 Data %Q(\
At Q2 = 0.027 (GeV/c)a.... ﬁ%

K
PV — +
APV = _128 + 14 (stat) + 12 (syst) ppb

v

sin2 0 = 0.2330 + 0.0011 (stat) +0.0010 (syst)

Theory:  sin2 0, = 0.2311 + 0.00016



Status in 1999
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VOLUME 88, NUMBER Y PHYSICAL REVIEW LETTERS 4 MARCH 2002

Precise Determination of Electroweak Parameters in Neutrino-Nucleon Scattering

G. P Zeller? K. S. McFarland ®* T. Adams® A. Alton.* S. Avvakumov.® L. de Barbaro.® P. de Barbaro ®
R. H. Bernstein.? A. Bodek.® T. Bolton* J. Brau.? D. Buchholz®> H. Budd.? L. Bugel.* J. Conrad.? R. B. Drucker.®
B.T. Fleming.” R. Fm, 6 1A, anhmgm 2 1. Goldman,* M. Goncharov,* D. A. Harris® R. A, Johnson,! J.H. Kim.?
S. Koutsoliotas.? M. J. Lamm.” W. Marsh.” D. Mason.® J. McDonald.” C. McNulty.? D. Naples.” P. Nienaber.”
A. Romosan.” W. K. Sakumoto.® H. Schellman.”> M. H. Shaevitz.? P. Spentzouris.> E. G. Stern.” N. Suwonjandee.!
M. Tzanov.,” M. Vakili.! A. Vaitaitis.> U. K. Yang.? J. Yu.? and E.D. Zimmerman?
VWhniversity of Cincinnati, Cincinnati, Ohio 45221
) 2Columbia University, New York, New York 10027
“Fermi National Accelerator Laboratory, Batavia, lllinois 60510
*Kansas State University, Manhattan, Kansas 66506
Northwestern University, Evanston, Hlinois 60208
& University of Oregon, Eugene, Oregon 97403
T Universit tv of Pittsburgh, Pittsburgh, Pennsvlvania 15260

B University of Rochester, Rochester, New York 14627
(Received 25 October 2001 published 12 February 2002)

The NuTeV Collaboration has extracted the electroweak parameter sin®@y from the measurement
of the ratios of neutral current to charged current ¢ and 7 cross sections. Our value, sin® @y, (on-shell) —
0.2277 + 0.0013(stat) = 0.0009(syst). is 3 _standard deviations above the standard model prediction. We
also present a model independent analysis of the same data in terms of neutral-current quark couplings.

DOI: 10.1103/PhysRevLett.88.091 802 PACS numbers: 12,1501, 12.15.Mm, 13.15.+g



Cesium Atomic Parity Violation Result vs. Time
(Colorado measurement)

sin20,,
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0.232 Wieman et al. Wieman Flambaum
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Modifications in the theoretical corrections to the
atomic structure
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E158 (Preliminary)
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E158 Beyond Standard Model Implications...

(95% confidence level)

* Limiton A, ~ 10 TeV
* Limit on SO(10) Z' ~ 900 GeV

* Limit on lepton flavor
violating coupling ~ 0.016¢



FUTURE:

Low energy polarized electron
scatftering

* Jefferson Lab

* SLAC (could do it, but won't)



The Qweak Experiment:

A Search for New Physics at the TeV Scale Via a Measurement of the Proton’s Weak
Charge

December 3, 2001 _

D. Armstrong?, T. Averett!, J.D. Bowman®, R. Carlini® (contact person), C.A. Davis!
J. Erler3, R. Ent®, M. Finn?, T.A. Forest®, K. Johnston®, R. Jones?, S. Kowalski®, L. Lee’,
A. Lung?®, D. Mack?®, S.A. Page’, S. Penttila®, M. Pitt'0, M. Poelker®, W.D. Ramsay’,
M. Ramsey-Musolf?4, J. Rochel®, N. Simicevic®, G. Smith®, R. Suleimang, S. Taylorg,

W.T.H. van Qers’, S. Wells®, S. Wilburn®, S.A. Wood?®

1College of William and Mary, Williamsburg, VA

2University of Connecticut, Storrs, Connecticut

3David Rittenhouse Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania
(New address (1/1/2002): Instituto de Fisica, Universidad Nacional Autonoma de Mexico,
01000 Mexico D.F., Mexico)

4Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California
5Los Alamos National Laboratory, Los Alamos, New Mexico

6Louisiana Tech University, Ruston, Louisiana

7University of Manitoba, Winnipeg, Manitoba, Canada

8Massachusetts Institute of Technology, Cambridge, Massachusetts

9TJINAF, Newport News, VA

10Virginia Polytechnic Institute, Blacksburg, Virginia
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Jefferson Lab Qweak Experiment

Elastic electron-proton scattering experiment
Shielding

Shielding Inelastics

Elastic ep

Ring of Integrating
Quartz Cherenkov detectors
Precision

Collimator

f # g-Beam

35 cm Liquid
Hydrogen Target .
Toroidal Magnet

* 180 pAmp current
* 1G6GeV beam

* 2200 hours of data



Submitted: June 2003

SLAC DIS-Parity Letter of Intent

~39 GeV polarized electrons scattering off deuterium target

FLAN VIEW

QA Detectors

Beam -
7

Target

03 Detectors

Q4

. 5 meters

AR ~ 103 at Q2 ~ 20 GeV?

Measurement to 0.6% precision...



Projected experimental uncertainty from
DIS-parity proposal @ SLAC
and Qweak experiment @ Jefferson Lab

024 F -
N Q-Weak
= 3
E + APV Cs
< 0.235[
R= §
w0 B DIS-Parity
023 F Z-pole
B | | | | | |
0.0001 0.001 0.01 0.1 1 10 100 1000

Q(GeV)



LHC

Not a parity experiment ..

>  Has major impact on precision low energy tests for

discovery potential

Z', supersymmetry, compositeness, leptoquarks, etc...

in the TeV range



SUMMARY

*  Performed a first measurement
of parity violation in e-e- scattering

Final result publication in ~ 1/2 year

*  Future parity experiments active

*  Complementary to collider experiments



