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Review

The electroweak theory has been tested to
extraordinary precision

Typical scale i1s 0.1%

No significant deviations, but some tantalizing
hints

The Higgs boson is expected to be light

We have a self-consistent effective quantum field
theory of electroweak interactions up to a scale
of 100 GeV

There has been much progress, but many
guestions remain
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Big Questions (EW physics)

Why 3 generations of particles?

Why Is the weak boson mass ~ 100 GeV?
What Is the origin of mass?

How did matter dominate over anti-matter?
Is there a single unifying force?

Why are neutrinos so light?

Why Is the Top so heavy?
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The High Energy Frontier

Directly access the 1 TeV scale

Explore the origin of SU(2) X U(1) symmetry
breaking

Measure the arbitrary parameters as
precisely as possible

Confirm or rule out Supersymmetry
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Low Energy EW Physics

o Symmetries & Conservation Laws

- Atomic and Nuclear systems offer rare, unique access
to EW interactions

- Indirect access to very high energy scales

- Clues to 6Grand Unified Theories

- High statistics — Rare processes
 Evolution of fundamental coupling constants

- Test theory at quantum loop level

- Indirect access to high energy particles
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Weak Neutral Current Interactions

 Many contrasts to W interactions:

- Flavor conserving
- Mixing with electromagnetism
- Better control in the laboratory

 Most new theories have many heavy neutral
bosons

* Precision knowledge of Z couplings to all
fermions to interpret collider data
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WNC Interactions at Low Q?

Q? << scale of EW symmetry breaking

A 1

2 2
] O~-M Contact
consider X g X —a . .
4n interaction
/’\ el o W
A2
2 on resonance: 2 A2
2 . X .
Q" ~ My A, imaginary —=A, |1+ A2 no interference! I
Z

Logical to push to higher energies, away from the Z resonance

LEPII, Tevatron, LHC access scales greater than A ~ 10 TeV

z 7T/ A2 0(8)/8 ~ 0.1 O (sin Oyy)
o “eG, T | A ~10Tev — <0.01
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Weak Neutral Current at low Q?
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APV: Boulder Cs Experiment

(1982 -1997)
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» measure APV component of 65 — 7s transition in **Cs ;
interferes with E1 (Stark) transition

* 5 reversals to 1solate APV signal and suppress systematics

* APV signal i1s ~ 6 ppm of total rate, measured to 0.7% (40 ppb!)

0, =—N+41-4sirt 6,

Aspen 2005

0, (™3 Cs)=-72.74+ 0.29 (expt)  0.36 (theory)
=-73.19+0.13 (SM)

M. Woods (5LAC)




NuTeV Neutrino Experiment

Target / Calorimeter Toroidal Spectrometer

Drift Charmber M Chambers
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sin? 0" " = 0.2277+0.0013(stat.) | Standard Model prediction is 0.2227
+0.0009(syst.) (3c deviation)
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A Classic Paper
LETTERS TO THE EDITOR

PARITY NONCONSERVATION IN THE
FIRST ORDER IN THE WEAK-INTER-
ACTION CONSTANT IN ELECTRON

SCATTERING AND OTHER EFFECTS

Ya. B. ZEL’ DOVICH

Submitted to JETP editor December 25, 1958

J. Exptl. Theoret. Phys. (U.S.S.R.) 36, 964-966
(March, 1959)
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Parity Violation in Electron Scattering?

WE assume that besides the weak interaction
that causes beta decay,

g (PON)(e” Ov) + Herm. conj., (1)

there exists an interaction

with g~ 107 and the operator O =y, (1+iys)
characteristic! of processes in which parity is not
conserved.*

Then in the scattering of electrons by protons
he interaction (2) will interfere with the Coulomb
cattering, and the nonconservation of parity will
appear in terms of the first order in the small
lguantitv_g.| Owing to this it becomes possible to
test the hypothesis used here experimentally and
to determine the sign of g.

In the scattering of fast (~ 10° ev) longitudi-
nally polarized electrons through large angles b
unpolarized target nuclei it can be expected that
the cross-sections for right-hand and left-hand

electrons (i.e., for electrons with oc+p >0
og+p < 0) can differ by 0.1 to 0.01 percent) Such
an effect 1s a speciiic test 1or an interaction not

conserving parity.
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Weak Electromagnetic Interference

The matrix element of the Coulomb scattering
is of the order of magnitude e?/k?, where k is
the momentum transferred (h=c=1). Eonse-—

quently, the ratio of the interference term to the _ G *_ G! < Aweak G F QZ
Coulomb term is of the order of gk?/e’. Eubsti— A-PV & e

tuting g = 10 °/M?, where M is the mass of the 0}+ 0* AEM 4 T O

nucleon, we find that for k ~ M the parity non- 4

conservation effects can be of the order of 0.1 to
0.01 percent.

Yo

\il z’ Many new theories (other than SU(2) X U(1))
predicted weak neutral currents, but many
Neutral weak force cases had no interference predicted.

first measured in the
early ‘70s: sin?8,~1/4

Do the weak and electromagnetic amplitudes interfere?

A critical test for the correct gauge structure of the theory
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Accessing Parity Violation
— N\ .. ) -
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*One of the incident beams longitudinally polarized
Change sign of longitudinal polarization
Measure fractional rate difference
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Observation of Weak-
Electromagnetic Interference

It was realized independently in the mid 70s at SLAC:

Apy In Deep Inelastic Scattering off liquid Deuterium: Q%~ 1 (GeV)?

SLAC E122: parity-violating deep inelastic scattering integrating

. . liquid
20 GeV precif:on Déatitsilim detector
1 ; monitors
longz{udmally R asymmetry ~ 104
polarized L

o error ~ 107>

slecirons C.Y. Prescott et.al. 1978

eEstablished the basic experimental technique

eCleanly observed weak-electromagnetic interference

e Parity Violation in Weak Neutral Current Interactions
osin’0y,, = 0.224 £+ 0.020: same as in neutrino scattering
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E158 at SLAC

Parity-Violating Left-Right Asymmetry In Fixed Target Mgller Scattering

At the Stanford Linear Accelerator Center

E158 Collaboration E158 Chronology
=11

*Berkeley SLAC Sep 97: EPAC approval

«Caltech *Smith Mar 98: First Laboratory Review
»Jeffersonlab  Syracuse 1999: Design and Beam tests
:zggg;ton \l;:\fgafnﬁa 2000: Funding and construction

2001: Engineering run
8 ';'(‘)- DA ST”,d:""s 2002-2003: Physics
pPRYSICISTS 2004: First PRL

2005: Final publications
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Tiny Asymmetry
Imagine measuring the length of Central Park in NYC with 2
different meter scales: answer is expected to differ by 1 mm!

Highest electron beam energy with longitudinal beam polarization:
50 GeV at the Stanford Linear Accelerator Center

Raw asymmetry ~ 1 x107 (100 ppb) NAp,) ~ 108 (10 ppb)
Need 1016 events Count at ~ 1 GHz

integrating flux counter

MOTTOR— e

U 48 GeV liquid hydrogen

Tiny signal (weak force) buried in known background (QED)

Lockin Amplifier j> output

Z8N

injector |::> accelerator f‘m target fpispectrometer |::> detector

modulator |OCKIN Tpu
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E158 New Physics Reach

LEPII
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doubly charged
scalar exchange

2

15 compositeness
TeV

0.5-1.0 GUTs
TeV

0.5-2.5 extra
TeV dimensions

2

> lepton flavor
2M, violation

<0.01 G



Optical Pumping

Modulate longitudinal polarization of the electron beam

<> Beam helicity is chosen pseudo-randomly at 120 Hz

» sequence of pulse quadruplets Appluchoninm. o
“ o 99 circularly
*Data analyzed as “pulse-pairs polarized R T
E, =143 eV
olarized-source
- P GaA 780 - 850 nnl-
specialized £ aAAS 312 valence band 32 L
optics o . Ejrie 005 €V
laser
'6\ ) P . -
% % 100 KV strain" boosts polarization, but
o \/ introduces anisotropy in response
ogkKels ce
0 = [_}]) 3 Timeslot 2
- \_ polarized

- electrons
Accelerator

half-wave plate Pockels Cell
Voltage
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Experimental Technique

- rates range from 1 MHz to 1 GHz
- Millions of electrons in each window

detector

* Rapid helicity flip with each window

* Spatially separate signal
* Integrate scattered flux

* control beam jitter A = AF L AA(XY,8,,9,,E)
pair 2F
N AE ec!ch wm.dow-patr measures Apy
21 2E with variance ~
< \/2 ¢ I\Iwindow
’ ’ 200 ppm
AD AD Al =
2 2.4 E158 ) 11 ppb

J\/320 M



Systematic Control

Detector D, Currentl: F=D/I

-F
pair = % = = AF | fluctuations
F+§  2F
pair = A—D-M‘FA—E'FOCIAXI
2 2| 2E ,
linac
jitter (ppm) 200 5000 1000 500 >3 ..
accuracy (ppm) 30 30 @

cumulative (ppb) 110
+/-11

ariorin

200 20 20>

+/-1 +/-2 +/-2

; ndf electron beam fluctuations

—> precision



« Systematic Control

Q remotely me ters)
OQ insertable oTs {20
0 \ Cathode Camera
Q target

; Vacuum window
from OTS

athode Diagnostics
Bench

telescope

i S-band
Photocathode srebuncher (2856 MHZ)
{strained GaAs)

Polarized
electrons



Experimental Apparatus

*Polarized Beam

*Precision Beam Monitoring
Liguid Hydrogen Target
eSpectrometer

eDetectors
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Beam Monitoring

Position

Thermionic Gun Dithering Coils Dispersive BPMs |
3 BPM's, 2 Toroids  for XX VY
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Liquid Hydrogen Target

Operatlng Temperature 2(
Length .
Flow Rate 5

Vertical Motion 6 inch




Kinematics
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Quadrupole Quadruplet

800 upstream of quads S 30m after quads

- primary & scattered
600 800
electrons enclosed
in quadrupoles 400 600
- Mollers (e-e) focused, . 400
200
Motts (e-p) defocused 200
- full range of azimuth - , L .,
9 5 10 15 15 20 25 30 35 40

radial distance from beam axis (cm) radial distance from beam axis (cm)



E158 Plan View In ESA

Detector

Concrete shleldmg

i) E ; J% t:{;ﬂ
J;' Spec’rr'ome’rer' magne’rs







Downstream Configuration
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Detector Concept

Luminosity

Scalelan) BEAM AXIS
. Vacuum
- § 2 Air
ep , .
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Detector Cart

*Cu-fused silica sandwich
«20 million 17 GeV electrons at 1Eydfide
100 MRad radiation dose

L

signal exit window




Analysis of Calorimeter Response

Basic Ildea

“““““““
L 4

““““““

/777 ]

electron COpper
flux

air

June 5, zvvo

1400

light guide 1200
1000
800
600

A 400
200

400
350
300
250
200
150
100

50

observed left-right asymmetry distribution

raw asymmetry
distribution
in one PMT

800 - charge normaliz
700 - distribution
600 |- in one PMT

-Corrections for beam fluctuations

-Average over runs

-Statistical tests

500 [-
RMS ~3460ppm|  of ~T108ppm
pp 300 -
: 100
” " L g ¥ Ann i S A L L L - |
4000020000 0 20000 40000 60000 80000 Y/ 10000 -5000 0 5000 10000
C 105 grand width
L distribution re sed 3
- for (?rfergy, 23
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- y \QT Wi o=194 ppm
L. I 1 L 1 " I 1 " : ﬂﬂ L " I 3 1 Al H
2000 -1000 0 1000 2000 -1000  -500 0 500 1000
-0.1% 0.1%

‘Beam polarization and other normalization
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Physics Runs

Run 1: Apr 23 12:00 — May 28 00:00, 2002 Apy Sign Flips
Run 2: Oct 10 08:00 — Nov 13 16:00, 2002 ] half-wave
Run 3: July 10 08:00 - Sep 10 08:00, 2003 Cll'Clllfll'ly plate
e e e R light
4 [ ] [ ]
35 g-2 spin precession
3 45 GeV: 14.0 revs

P

r-J

Integrated Peta—-Electrons
-
i

—
on

—_
T
i

0.5

B0 Bh 160 1éD
Time (Days)

0 20 40

Data divided into 75 “slugs”:
- Wave plate flipped ~ few hours
- Béam’éfergy changed £ifenrdaly/gsics: LeciuP nmeme




Beam Asymmetries

= % Avg.= 0.013+- 0.311 ppm
£ F #
l‘g 02_ E ' MW—-.‘ s e
5—0.5; ; .......... :
g Charge asymmetry
15? at 1 GeV
. 0 10 20 30 40 . 50. 60 70 80 90
Time (Mpairs)
bpm24Xintegrated
e Avg. =-0.092 +/- 1.370 keV
N
£ F :
g %
§ O~
O L4b & 1_1'“ Energy difference

Time (Mpairs)

Position differences <20 nm
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Raw Asymmetry Statistics

Moller Detector Pull, All Pairs| Moller Pull 7'|\ Moller Detector Pull, All Runs |
= Nent= 8.58631e+071140— + ﬂNNO:f' F;:lg
— JIE ent =
- neln IR Mean = 0.00489
= / RMS =0.9998 5 RMS = 1.02
- / \ - Constant= 128 + 5.691
- / \ 100 Mean =0.01049 + 0.03551
= ’ \ i Sigma = 0.9948 + 0.02699
- 80—
3 60
3 40—
Nm “ I[ ‘ 20—
1 ] 11 1 l 1 1 | ] 11 1 l 11 | I 1 0 : I 1 | [ i |
-8 -4 0 4 8 -8 -6 -4 - 0 2 4 6 8
A —(A) A —(R)
Oj Oj
o; = 200 ppm o; = 600 ppb
N = 85 Million N=3818
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Final AnaIyS|s of All 3 Runs
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0.242

0.24

0.238

0.236

0.234

0.232

Final Physics Results

sin®™(Q  sin26,, = 0.2397 + 0.0010 + 0.0008

E158

MuTeV

QwiCs)

sin?&,">(My)

Qw(Cs) }—o—-| 0.2292 +0.0019
NuTeV F—e— 02361 +0.0017
E158 |o 0.2330 +0.0014
PDG2004 e 0.2312 +0.0002
L1111 I L1111 I L1 11 | L1111 | L1l I I |

022 0.225 023 0235 024 0.245 025

sin’B,,(M,)

hep-ex/0504049 submitted early May
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Beyond the Standard Model

June 3, 2005

(95% confidence level)

Limiton A\, ~ 7 or 16 TeV

Limit on SO(10) Z' ~ 1 TeV

Limit on lepton flavor

violating coupling ~ 0.016¢
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Summary

* Progress beyond low energy electroweak
theory requires:

- Exploring the 1 TeV frontier
- Exploring rare processes at lower energy

 Weak Neutral Current experiments play a
central role in testing the electroweak theory

e SLAC E158 is the most sensitive test to date:
what can we do next?

* Lower energy implies understanding of
atoms, nuclei and nucleons
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