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Birth of Quantum Electrodynamics

» QED was born with the 1927 publication of
Dirac’s quantum theory of radiation

» Dirac equation published in 1928

- quantized radiation field coupling with Dirac fermions
- interaction of light with relativistic electrons

- electron spin, g factor, hydrogen fine structure...
» Important results

- Klein-Nishina: scattering of light by electrons
- electron bremsstrahlung

- relativistic electron-electron scattering: Mealler formula




Relativistic Electron Scattering

» Mott Scattering

- In 1932, British physicist Neville Mott published the
relativistic scattering formula for electrons off nuclei:;
predicted electron polarization after scattering

*» Bhabha Scattering

- In the 1930s, Indian physicist Homi Bhabha, working with
Heitler, calculated electron-positron scattering and applied
it to cosmic ray cascade showers

- In electron-positron collider physics, the jargon is still to
talk about detecting "Bhabha’s” in forward calorimeters for
measuring absolute luminosity

» Moller Scattering

- In the late 20's, Danish physicist Christian Mgller calculated
relativistic electron-electron scattering




Moaller Scattering

e € Ty e eScattering of identical particles

eDirect and Exchange diagrams
o“Anti-symmetrize” amplitude

! ,.../:';.::l‘l.__}

» Moller’s first calculation was relativistic but did not use
quantized fields

» In 1932, he published the calculation of electron energy
loss; basis for experimental investigation of cosmic rays
that led to discoveries of the positron and the muon
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A TEST OF QUANTUM ELECTRODYNAMICS BY ELECTRON-ELECTRON
SCATTERING*

*
W. C. Barber , B. Gittelman , G. K. O'Neill®, and B. Richter
Stanford University
We have measured the differential cross-section for electron-

electron scattering at a total energy of 600 MeV in the center-of-mass

e
system, by a colliding-beam technique using storage ringsl’e’“. This

In the mid-1960s, QED validity was being probed at ~ 101° m

A group at SLAC was developing the concept of an electron
storage ring (led to the first e*e collider in the early 1970s)

The group measured differential cross-section as a function of
angle; had to include radiative corrections

A good example of a technical advancement for a parallel goal
(colliders were after new particles) that used a different
physics topic as an intermediate goal to justify activity
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POLARIZED ELECTRON-ELECTRON SCATTERING AT GeV ENERGIES™

P.S. Cooper, M.J. Alguard, R.D. Ehrlich,
H. Kobayakawa,' J.S. ladish,*
K.P. Schiller,¥ and

J.W. Gibbs Laboratory, Yale University, New Haven, CT. 06520

G. Baum and W. Raith

University of Bielefeld, Bielefeld, West Germany

K. Kondol|

University of Tokyo, Tokyo, Japan

D.H. Covard, R.H. Millgnfe@mepregcott, J
D.J. Sherden, and W

Stanford Linear Accelerator Center, Stanford, CA. 94305

arge cross-section: well-known
double-spin asymmetry
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ABSTRACT

The longitudinal polarization of the new Yale-SLAC polarized electron beam

has been determined at laboratory energies between 6.47 and 19.40 GeV. Spin-

dependent elastic electron-electron scattering (M#ller scattering) has been found

to be a practical technique for polarization measurements at high energies. The
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Weak decay of
60Co Nucleyus handedness or

helicity/chirality

Mirror reflection flips sign of helicity

#Co @b ooNi

Left-handed <:> right-handed - ¢,

Only left-handed particles can exchange W bosons Ve

(right-handed anti-particles)
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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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WE assume that besides the weak interaction
that causes beta decay,

g (PON) (e~ Ov) + Herm. conj.,
- there exists an interaction

g (POP) (e 0e™)

with g~ 10"“ and the operator O =1y, (1+iys)
characteristic! of processes in which parity is not
conserved.*

Then in the scattering of electrons by protons

2
he interaction (2) will interfere with the Coulomb ~ AEM | +[2 A A" k}

scattering, and the nonconservation of parity will wea

appear in terms of the first order in the small TRVREY)] 1
/ Owing to this it becomes possible to Par'ty VIOIatlng
test the hypothesis used here experimentally and

to determine the sign of g. , () ’_ 0)
In the scattering of fast (~ 10° ev) longitudi- APV = y

nally polarized electrons through large angles by (9) * + O }

unpolarized target nuclei it can be expected that

the cross-sections for right-hand and left-hand o E’

electrons (i.e., for electrons with o+p > 0 _and longitudinally 4-momentum transfer

o+p < 0) can differ by 0.1 to 0.01 percent) Such polarized ¢

2 e 2
Q° =4FEE sin” —
an ellect 1s a Specilic test Ior an interaction not 9)
conserving parity

= -Arg

S Al e s mmaa
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polarized . , |
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*One of the incident beams longitudinally polarized

Change sign of longitudinal polarization

Measure fractional rate difference

The matrix element of the Coulomb scattering
is of the order of magnitude e%*/k?, where k is G *_ 0]

the momentum transferred (h=c=1). Iaonse— A
PV = G,+0 }

quently, the ratio of the interference term to the

Coulomb term is of the order of gk?/e®. [Substi-

tuting g = 10 °/M?, where M is the mass of the 4
nucleon, we find that for k ~ M the parity non- A PV ~ 10 ' QQ(GGVZ)
conservation effects can be of the order of 0.1 to

0.01 percent.
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Neutral Weak Interaction Theory

A Model of Leptons W Left- Right-
Steve Weinberg - 1967
ooz y Charge Oxlx_.= O.xle2.x

The Z boson incorporated

W Charge T Zero

=

Z Charge T -gsin® 6, —gsin” 6,

The weak mixing angle introduced

Gargamelle finds one v, e~ event in 1973|
(fwo more by 1976)

electron-nucleon scattering

o Weinberg model  Landmark experiment (late 1970s)
( I/) (e, at Stanford Linear Accelerator Center (SLAC)
i

€ Parity is violated
or E122 at SLAC demonstrated
parity-violation in electron-
(z/) ( lf)“) o nucleon deep inelastic scattering
| Parity is conserved
{ T

€ [
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SLAC E122 Experiment

SLAC E122: parity-violating Ic_lee% inelastic scattering integrating
iqui
20 Gev precision DZuterium detector
s di monitors
longzt.udmally R asymmetry ~ 10-3
polarized L — s
electrons error~ 10
C.Y. Prescott et.al. 1978

Calorimeter

polarized-source — — :
SpeCiaIized X GaAS = i : — \_/) A A _j :
optis laser e\ ///// <] : copper phototube integrator

7 electron flux [ : quartz
% 100 kY
ckels cell \/ “Flux Iﬂ"'egf'afion":

\.polarized Allows counting at high rates

electrons

-
halfwave plate Accelerator Spectrometer directs flux to

background-free region

-Optical pumping of a GaAs wafer
‘Rapid helicity reversal: polarization sign L %lfgaiglag(ghlrbww Nelrﬁ’ai
flip ~ 100 Hz to minimize the impact of drifts urrgnt Inieractio
‘Helicity-correlated beam motion: under LA

argef at MIT Bates

sign flip, beam stability at the micron level 'ﬁeﬁm‘lljymtsa};get at Mainz




Beyond the Standard Model

Since the late 80s...
High Energy Colliders SLC, LEP, LEPII, HERA, Tevatron, PEPII, LHC...

‘New Particle Searches

‘Rare or Forbidden Processes > Complementary
-Symmetry Violations Approaches
*Electroweak One-Loop Effects

Low Energy: Q*<<M,?

Low Q? offers unique and complementary probes of “new physics”

-Rare or Forbidden Processes neutrinoless double-beta decay...

-Symmetry Violations Neutrino oscillations, EDM searches...

‘Indirect Effects of "New Physics”
g-2 anomaly, CKM Unitarity ~ weak neutral current interactions (WNC)




‘Indirect access to TeV scale

Early 90°s:

- World electroweak data has marginal 2, but no discernable pattern
*Data used to put limits on energy scale of new physics effects

eParity-conserving contact interactions probed at 10 TeV level
eParity-violating contact interactions probed at 1 TeV level

Low Energy: qz <<M,?
~— AV (04 N ) \ Vs

3(8)/& ~ 0.1 o (sin Oyy)

——
£G, A ~ 10 TeV sinoy,

< 0.0Dn

. A2
on resonance: 2 Ay

2 2 .
0° ~ My, A, imaginary —— AZ 1+ A2 no interference! I
Z Z
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Noecker et. al (1988) Power build-up cavity
( F=100 000) |

/ Mirror S 12

Interaction
region

Dye Laser
(540 nm)

polarizes
the atoms / ; / ‘o
»|F,m=+F> ! . o122 T
Re-excitation of the
depleted HF level

dye laser diode laser, tuned to
level beam the depleted HF level

depletes
one HF

] fluo

L’ APV signal: odd in
E, &w B, B, &,

January 27,2009 An Ultra-precise Measurement of the Weak Mixing Angle Using Mgller Scattering




Anatomy of a SLAC Proposal

A, =~—4x107 x E

x P o~ 10 ppb statistical error at highest E

beam
beam

beam
o~ ().4% error on weak mixing angle

» 10 nm control of beam centroid on target

- R&D on polarized source laser transport elements
» 12 microamp beam current maximum

- 1.5 meter Liquid Hydrogen target
» 20 Million electrons per pulse @ 120 Hz

- 200 ppm pulse-to-pulse statistical fluctuations
* Electronic noise and density fluctuations < 104
e Pulse-to-pulse monitoring resolution ~ 1 micron

e Pulse-to-pulse beam fluctuations < 100 microns

- 100 Mrad radiation dose from scattered flux

» State-of-the-art radiation-hard integrating calorimeter

» Full Azimuthal acceptance with o,,, ~ 5 mrad

- Quadrupole spectrometer




E158 Collaboration &

Parity-Violating Left-Right Asymmetry In Fixed Target Mgller Scattering
At the Stanford Linear Accelerator Center

Goal: error small enough to probe TeV scale physics

E158 Collaboration E158 Chronology
=11 Feb 96: Workshop at Princeton
-Berkeley SLAC Sep 97: SLAC EPAC approval
Caltech Smith Mar 98: First Laboratory Review

1999: Design and Beam tests

-lefierson Lab *Syracuse 2000: Funding and construction

Princeton -UMass ) . :
-Saclay -Virginia 2001: Engineering run
2002-2003: Physics
8 Ph.D. Students 2004: First PRL

Py 2005: PRL ll statisti
60 PhYSICIS'l'S on full statistics
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LEPII
e 82 e e
DT
e (4 e e

Fermilab

q e

./ Z'\e

doubly charged
scalar exchange

2

15 compositeness
TeV

0.5-1.0 G6GUTs
TeV

0.5-2.5 extra
TeV dimensions

2

> lepton flavor
2M, violation

<0.01 G¢

January 27,2009 An Ultra-precise Measurement of the Weak Mixing Angle Using Mgller Scattering



Stanford Linear Accelerator Center
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High doping for 10-nm
GaAs suriace
overcomes charge limit.

conduction band

_ -1/2 +1/2 19
circularly T 10nm 5x10° cm°

olarized 17 .
P R 90 nm 5x 10 cm° GaAs g5P .05

2.5 pm Gahs, 66P0.34 Xow doping for most of
active layer yields high

valence band GaAs1 P polarization.
= 2.5 pm y'y
12 — y=0 -> 0.34

"strain" boosts polarization, but GaAs substrate
infroduces anisotropy in response

Charge/Train | 6 x 10! 14.3 x 10!
Train Length | 270ns 260ns
Bunch spacing | 0.3ns 1.4ns

Rep Rate 120Hz 120Hz

New cathode,

Himit!

Electrons per pulse

Beam Energy |45 GeV 250 GeV

e Polarization | 80% 80%

100
Laser Power (uJ)
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IA Feedback Loop

POS Feedback Loop
IA cell applies a helicity-correlated ) )
phase shift to the beam. Piezomirror can deflect laser beam

on a pulse-to-pulse basis.

The cleanup polarizer transforms . o
this into intensity asymmetry. Can induce helicity-correlated
. position differences.

v
\J
.
.
.

.

A WLV
O .
*

g f=400mni" "« Piezeminrdr

]
n®

[A it | 5
 Intensity 1 KR Sekas?
PD

Helicity Control Bench

OTS to Helicity & \vue., Cleanup

Gun Va filter +* "spolarizer
(— o ame te.,

remotely Tent W e,
insertabie Asymmery intensity 2

lIIIIIIIIIIIIIIIIIIllillllllllllllllllllll
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Beam-Monitoring

Position

Thermionic Gun Dithering Coils Dispersive BPMs |
3 BPM's,2Toroids  for x,x',y,y'

1GeVregion 48 GeV region Definihg Slits
Polarized Gun \

<1MeV';
703,,,',, <2 mlcrons. " Omm,d < 30 ppm

il [ ' [
- LT PT—.——_——y ) [ "tianasmmmnnns®

200 » -

Cf=1.01 | | 5[ 7% =083 ’hﬂ

150

[ 100

a
o

50 -

Agreement (MeV) _ -50 0

Agreement (um) Agreement (ppm)

BPM42 X diff (um)
o

&
o
Toroid 2 Asymmetry (%)

Resolution .
1.05 MeV Resolution y Resolution
® 1.54um o 26.6 ppm

]Ill]lll]llllllllIIIIIIIIIIIIIII

80 ;
80 60 40 20 0 20 40 60 80 -15¢ — =0 o 50 ‘ 2,55 4 w5 o s 1
BPM41 X diff (um) Toroid 1 Asymmetry (%)

o A L e b b b L
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[toroid 2a2b agreement vs. slug number

toroid 2a-2b agreement vs. slug numbe = /2 out

100 Avg. =-8.363 ++ 7.844 ppb { oL/2in
EETEREEN RIS
AR

—

. % Avg.= 0.013+/- 0.311 ppm

o
1)
=)

P S 1 1
IS PR

=Y
o
o

l
l Charge asymmetry
agreement at 45 GeV

o
)

Agreement (pph)
g

Asymmetry (ppm)
- o
IIII|IIII|IIII|IIII|IIII|IIII|

at 1 GeV

20 30 40 50 60 70 80 90
Time (Mpairs)

-
a

PO (SN TN TR SN SR [N TR TR TN S WU S S S

20

°—|||||||

10 15
Slug Number

bpm24X integrated
SE " Avg.=-0.092+/- 1.370 keV

bpm agreement energy vs. slug numberi T,
Avg. =-0.006 ++ 0.239 keV o L/2in

Energy difference
agreement in A line

: i *TA 14’ '+Ja
AR L

g4

Difference (keV)

ergy difference

L nAllne . ...

20 30 40 50 60 70 80 90
Time (Mpairs)

Energy (keV)
bhbonvsomom

PR TR (NN SN N TR TR (N TR SN SN S W SN S S S W S S S

o ‘I'IIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIlI

10 15 20
Slug Number

Position differences <20 nm Position agreement ~ 1 nm
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\COM

\
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1 =08 0 05
cosO

Quadrupole Quadruplet

800 upstream of quads

30m after quads

- primary & scattered 1000

electrons enclosed  °*° 800 Moliers?

in quadrupoles 400 600
- Mollers (e-e) focused, 400

Motts (e-p) defocused ** 200
- full range of azimuth

5 10 15 "715 20 25 30 35 40

radial distance from beam axis (cm) radial distance from beam axis (cm)
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collimator primary & scattered ¢ollimator detectors

liquid 3 b ep's
_ hydrogen B | "<-£
P ——— i I .

— - e S Mollers <o
target T I ——

dipoles o quadrupoles

"quadrupoles off | ~ quadrupoles on
moller ] moller ep

ing ring 1 ring | Major Breakthrough:

: ‘ | 7 magnetic elements from
" historic 8 and 20 GeV
—/ " | spectrometer elements

_mollers; é
\'
eps

M I L il . &
175 225 275 325 375 017-5 225 275 325 375

radial distance from beamline (cm)
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half-wave
circularly  plate

- polarized R

! ! ! light
- Run 1: Spring 2002 5 2 spi p
st- Run 2: Fall 2002 o g-« Spwn precession

45 GeV: 14.0 revs
48 GeV: 14.5 revs

n
C
o
p—
b
[&]
o
4
©
e
[¢F]
o
el
9
©
P
(@2}
[¢F]
-
k=

. BIEI 80
Time (Days)

Data divided into 75 “slugs”:
- Wave plate flipped ~ few hours
- Beam energy changed ~ few days ,
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| L | | L | L |

+ Moller Pull

Nent =818
Mean = 0.00489
RMS = 1.02

Constant = 128 + 5.691
Mean =0.01049 + 0.03551
Sigma__=0.9948 + 0.02699

5_I\Iloller Detector Pull, All Pairs Moller Pull 7| Moller Detector Pull, All Runs
10 = Nent= 8.58631e+07]140 —
45 .| Mean =3.147e-06 C
10°L / RMS = 0.9998 1201~
= / \ |
- / \ 100
103§_ / \“\ C
= / 80—
2| L
10 = N
- 60/
10 = 40|
1 20—
L | L 1 1 1 1 1 | 1 1 1 1 L L | L i :

-8 -4 0 0 -6
O

;=200 ppm
N = 85 Million

-4

-2

0 2 4

A, -(A)

O.

l

0; = 600 ppb

N=8§818
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Data Sets Moller Asymmetry (ppb)
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half-wave g-2 spin precession
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polarized R —1 KX 1045 GE/ 14.ﬂ i%VS X (1 4 sin 133
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Phys. Rev. Lett. 95 081601 (2005) -
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0.242

rier an amsey-

0.245F 1997 sin%o

omi C E15§v
significant th ller

0.248=_extrapolation error

|Cesium

0.236}-

‘» 0.235

0.234]} - 1 eCzarnecki and Marciano (2000)

0.230 | oPetriello (2002)
02321 | 1 *Erler and Ramsey-Musolf (2004)

. A TN YT oSirlin et. al. (2004)
| Y 4¥U | \490

Q [GeVf *Zykonov (2004)
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Fixed Target EW Physics in 2009

LHC might find new phenomena, but deciphering the
underlying dynamics will require other indirect signatures

» Neutrons

- Lifetime, P- & T-Violating Asymmetries
« LANSCE, NIST, SNS

» Parity-Violating Electron Scattering

- Weak mixing angle, Strange quark structure, Ground
State Neutron Distribution
e MIT-Bates, SLAC, Mainz, Jefferson Lab

* Muons

- Michel parameters, lifetime, muon capture, g-2
anomaly, charged lepton flavor violation
« PSI, TRIUMF, BNL, FNAL

A strong case made at the Nuclear Physics Long Range Planning Process




Comprehensive Search for
New Neutral Current Interactions

Important component of indirect signatures of “new physics”

: f, = fof L= Lt N
Consider /i/y 4£2f2 _or 1 _2 et T A’ for all ff, combinations
L ff = E —N, fll.yu fi fzjy“ f2j fy" % andL,R combinations

A
i,j=L.,R ] Eichten, Lane and Peskin, PRL50 (1983)

Many new physics models give rise to non-zero A's at the TeV scale:
Heavy Z's, compositeness, extra dimensions...
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

LEPII, Tevatron access scales N’s ~ 10 TeV
e.g. Tevatron dilepton spectra, fermion pair production at LEPII

- L,R combinations accessed are parity-conserving

LEPI, SLC, LEPII & HERA accessed some parity-violating combinations
but precision dominated by Z resonance measurements




Moller Scattering at 11 GeV

Par'i?'y—\./iolaﬁng Mall.e.r' Scattering: sin?0,,, to + 0.00025
Lumlr\osﬂ'y and S'rablln'Y at Jlab upgrade makes A, ~ 25 TeV reach
feasible a factor of 5 improvement over E158
Best new measurement until Linear Collider or Neutrino Factory
. (@ 4sin? ©
Proposal submitted Apy = —mE—2F :
p Takrd m V27ma (3 + cos? ©)2 Qw

to PAC34
~ 38 weeks

Eveam =11 GeV 75 uA  80% polarized [ > O(Apv) = 0.73 ppb
(~2 yrs)

Apy = 35.6 ppb —>  &(Q°w) =*2.1(stat) + 1.0 (syst) %

3(sin?0y) = + 0.00026 (stat.) = 0.00012 (syst) —> ~0.1%

| > not just “another measurement” of sin’6,, ; 0.0003 passes a threshold

& )
Compelling opportunity with high luminosity, polarized 11 GeV beam:

- Comparable to the two best measurements at colliders
* Unmatched by any other project in the foreseeable future
- At this level, one-loop effects from “heavy” physics




'EW Physics at One-Loop
Three fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level: sensitive

to heavy particles via higher order quantum corrections
(additional input from fermion masses, mixing and  strong)

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

—a— This proposal +0.00029
all data (90% CL e — A(SLD) 0.23098 + 0.00026

0.23221 + 0.00029

0.23153 = 0.00016
x’/d.0f:11.8/5

1---- Ag(had.) [SLC]
——— Ag(b) [LEP]
— M,
low-energy

o) = 0.02758 + 0.00035
mt 1727+ 29 Gev

. T —
0.232 0. 234
170 180 190

m, [GeV]
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Contact
interaction

no interference! I

A =T7.5 TeV

SRR — SiL

Best current limits on 4-electron contact interactions: LEPII at 200 GeV

(Average of all 4 LEP experiments)

=441V QR - =52TeV insensitive to |g&r — &1
\/‘g%{R + g%L’ gRL ‘ RR LL‘
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Two Examples

Thfs propdsal | eLHC Z’reach ~ 5 TeV

eWith high luminosity, 1-2 TeV
Z’ properties can be extracted
®Apy can help separate left- and
right-handed couplings

|

|

I -

I . L

: Z' Leptonlc Couphngs MZ—l 5 TeV

|

|

|

[T T
] N ! ! Moellerx Blounds E——— !
/ L LHC x* Bounds XX3
I
5 I

~0.15 0.1 e-)o.os /(Qeo) . 1 ozf This proposal
W/SUSY '~ W/SM = !

e MSSM sensitivity if light super- g
partners, large tanf

oJ/f R-parity violated, no SUSY
dark matter candidate

Important for cosmology




New Challenges

~ 150 GHz scattered electron rate

- Design to flip Pockels cell ~ 2 kHz
- 80 ppm pulse-to-pulse statistical fluctuations

* Electronic noise and density fluctuations < 10-5

* Pulse-to-pulse beam jitter ~ 10s of microns at 1 kHz

* Pulse-to-pulse beam monitoring resolution ~ few micron at 1 kHz

1 nm control of beam centroid on target

- Modest improvement on control of polarized source laser transport elements

- Improved methods of “slow helicity reversal”

> 10 gm/cm? target needed to achieve desired luminosity
- 1.5 meter Liquid Hydrogen target: ~ 5 kW @ 85 1A

Full Azimuthal acceptance witho,,, ~ 5 mrad

- novel two-toroid spectrometer

- radiation hard integrating detectors

Robust and Redundant 0.4% beam polarimetry

- Plan to pursue both Compton and Atomic Hydrogen techniques




100% Acceptance with Toroids

Ecom = 53 MeV

e Z___G;e_

e
identical particles!
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Technical Improvements over 3 Decades
Parity-violating electron scattering has become a precision tool
Jefferson Laboratory has now become the central player
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Summary

Moiller Scattering has played a central role in our understanding
of electromagnetic and weak interactions

PAC 34 proposal is compelling opportunity to carry this physics
forward, with high visibility and large potential payoff

- The weak mixing angle is a fundamental parameter of EW physics

- HEP has tried to come up with a cost-effective project for years
* expensive ideas reach perhaps 0.2% (reactor or accelerator v’s, LHC Z production...)

o sub-0.1% requires a new machine (e.g. Z- or v-factory, linear collider....)
- physics impact on nuclear physics, particle physics and cosmology
NSAC Long Range Plan strongly endorsed the thSiCS

- part of fundamental symmetries initiative to tune of 25M$
11 GeV JLab beam is a unique instrument that makes this feasible

Perhaps Jefferson Lab is launching the most important chapter in
the final decade of the 100 year history of Mgller scattering!






