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Beyond the Standard Model

Energy Frontier

e Tevatron
o LHC
e (Linear Collider)

N\

Symmetry Violations

Rare or Forbidden Processes

B

Precision Electroweak Meaw

Indirect access to TeV-scale physics

Can clarify gauge structure and nature of
New Physics discoveries at colliders

Can motivate parameters for new colliders
(ex. ILC, LHC upgrades, VLHC)

current Low Energy experiments can probe New Physics at (1 — 10) TeV!

UC Santa Cruz 10-25-05
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Predicted Position
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The discovery of Neptune 15 an example
of using precision measurements to find
things that are otherwise difficult or
impossible to directly detect. In the
18405, astronomers theorized that the
gravitational pull of an unseen planet
accounted for the unpredictable
positions of Uranus, Using the
observational data gathered over
decades, theonsts calculated where the
- new planet should be located, limiting
Observed Position the search to a manageable region of the
of Uranus heavens, Astronomers found Neptune
by telescope in 1846

NEW DISCOVERIES FROM
PRECISION MEASUREMENTS




Precision Electroweak Measurements

3 SM gauge parameters g, g’, v, || o, Gg, m, from experiment

Ooepy KNown to 3 ppb:  electron (g-2)
Gg, knownto 9ppm: muon lifetime

m,, known to 23 ppm: Z boson mass

To compare precision measurements with SM predictions,
need accurate radiative corrections, with input from Aciqep(Q2), ats, My,

t
e O @ vnn Mn DHWon
n b

High energy measurements: Z lineshape, W mass, Z-pole asymmetries

Low energy measurements: muon (g-2), v-N DIS,
atomic PV, e-e PV, e-N PV

This talk — Apy(e-€)
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Parity Violation in Moller Scattering

7%y
e‘ e‘ e— / e_

4 = Or — 0, zMﬁ _Mé
Polarized electron beam; Yoo +o, M (y-Z interference)

unpolarized electron target ’

0 :
APV ~ W(1—4S|n2 QW)

Z

meas __ .
APV T })e APV

For E158, E=48 GeV, Q%=0.03 GeV?

_ 7
Attree level, Ap,=-3 X 107" «— Weak Radiative Corrections

reduce this by more than 50%
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Parity Violation,

Weak Mixing Angle
Electroweak Theory:

SU(2), x U(1), with isotriplet field A*

SU(2), coupling constant is g
and isosinglet field B#

U(1) coupling constant is g’

AH, AM are charged fields and correspond to W+, W- particles

A.*, B+ are neutral and can mix, giving the Z%and vy particles
Weak mixing angle: g’=g tan@,,

LLH coupling RH coupling

WMV< g/\2 0
f
7/V\/W< Q' gsing, 0’/ gsing,

f

f
Z°W< (8 + 822 ~Q'sin*g,) | (g°+2°)" (-0’ sin0),)

UC Santa Cruz 10-25-05
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Parity Violation at Low Q?
(y-Z interference)

-

I“r;gi,t}l{,ﬁ;mll}. ﬁ _A _ A _ G+_ G* - A Gf"" Q2

polarizd € R=VTEF6, A Ino
erﬁ O *

2 ‘72 T
P~ # 1'1 { =
6 alA +A Iz 0~0.0 GeV® — A, 510 -10

Studies pioneered by SLAC E-122 (semi-leptonic DIS):

I

O N '
v |7\ f} N » first observation of PV in weak neutral scattering
3 | \ / | ecornerstone experiment that solidified the Standard Model
o O }x ey ?f"[’fjd; developed by Glashow, Weinberg and Salam
< + / sin®@,, =0.224 +0.020

e Sry= )
Eg (Gev)
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Parity Violation at the Z-pole

/

~

o, —0, _ 2[1—4Sin2¢9;f7]

o, + 0y _1+[1—4sin2<9§f]2

— SLD ete"—»e'e 97-98

: < left polatized € beam
E #right polarized & beam

§_¢Ieftpolarized e beam
F +right polarized e beam
Eolon Do bona b bewn b bonn Baaa by

: SLD Z°s¢*r 97-98

;-Heft polarized e beam
b +right polarized e beam
P PRI I I | I I 1

08-0604-02 0 0204 06 038
coso

Very precise measurements by SLD at SLAC

* best measurement of weak mixing angle

!

best indirect constraint on the Higgs mass

sin? 6 (M2 )= 0.23098 + 0.00026
(Apy ~-0.15)

UC Santa Cruz 10-25-05
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At high energy: precise M, and sin?0,,
from LEP1, LEP2, SLC and Tevatron

Final
A —e—t 0.23099 + 0.00053
W-Boson Mass [GeV] T,
craad
A(P.) b 0.23159 + 0.00041 Rlu ’
TEVATRON [ 8045250059 e | ozzaocoiz A
LEP2 = 80.412+0.042 profiminary AP
0b v R
Average 4 804250034 ! 0282107000080 3
¥3/DoF:0.3 /1 Alb | 0.23223 + 0.00081 Afg’b
b
D,c
g0 A,
LEP1/SLD A= 80.368 + 0.032 A
LEP1/SLD/m, -+ 80.379 + 0.023 ASLD)
sin8*(Qy,)
80 80.2 80.4 806 ‘ My,"
m,, [GeV] 80 2 4.3 OV | Tw
lept o234 Q,(Cs)
.2 W S
sin eEﬁ sinzﬁﬁ(e'e')'
Sin“8,,(vN)
gi(vN)
2
9R(VN) *preliminary
: .y - 10
» Data consistency within context of SM is generally good M, [GeV]

» Higgs mass constraints:
* W mass and leptonic asymmetries predict light Higgs
« Hadronic asymmetries predict heavy Higgs

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 10



Electroweak Measurements
away from the Z-pole also needed!

1
) _ - My : ontac

consider X i}; 4 interaction

/\ ad e

A2
2
2 2 on resonance: 2 éX .

Q7 ~ My AZ imaginary —= AZ 1+ A Zz no interference! I

Better sensitivity to contact interactions, Z’, other New Physics
IS possible with precision Low Energy measurements

» Running of «,, and o with Q2 are well established
What about the Q2 evolution of sinZ0,,?
And does It agree with SM prediction?

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 11



Running Coupling Constants, Unification

{' L Running of og:

] From PDG: data from p, © width;

— decays; DIS; e*e- event rate at 25 GeV,;
event shapes at TRISTAN; Z width and
b ¢ ] e*e- event shapes at LEP-I, LEP-II.

03

o (1)

44 Running of o,;:
established with data from Brookhaven (g-2) ;;
VENUS and TOPAZ at Tristan; L3 and OPAL at LEP

01 F

0
u GeV

Gauge coupling unification? 9y, 9, 95 are U(1), SU(2), and Szy?»)
(from M. Peskin, hep-ph/9705479) coupling constants, and ¢, =& A

60| SM ] eo- SUsYy -, _5 %wm
L — 1
- o 3 cos’é,
140 ~ 40 [~ o
o | 9 _ EM
L az — Z—H
- L a3 = aS
0 T N R NI L1 0 AN T AT T T TN T T N T T N B N
104 108 012 016 20 104 108 1012 016 1020
Q (GeV Q (GeV
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Low Q* Measurements of &,

Gt

Boulder Cs FNAL NuTeV
JLAB eak (~2007
Qu/(Cs) = -N+Z(1-4sin’6,) R Ow ~O APV(gcvf 4S|n( 6, )
5sin? HW( z)—0.0019 Ow ~O Ssin? HW( ) 0.0007

5sin? 6, (M?)=0.0017 Goal

Purely leptonic

o
V -
U € >
' : >
V28 ‘A

:

:
SLAC E158

CERN CHARMII A, «1-4sin?g,

ssin? 6, (M?)=0.008

ssin? 6, (M2)=0.0014
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References on Low Energy Electroweak Measurements:

—=> J. Erler and M.J. Ramsey-Musolf, hep-ph/0404291
“Low Energy Tests of the Weak Interaction”

L7 SONKNNLL W~ iz

A WORKSHOP ON PRECISIOiNrELECTROWEAK PHYSICS

Fermilab, May 12-14, 2004

http://www.krl.caltech.edu/~subZ/meet/

Workshop on Low Energy Precision Electroweak Measurements
= (LEPEM2002)

TRIUMF, April 4-6, 2002
http://www.triumf.ca/lepem2002/

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 14



SLAC E-158
 L~10%emst

5x10'! e/pulse 2 GHz
45 GeV

4-7 mrad

ey
.

UC Santa Cruz 10-25-05&'“-:“ A M. Woods (SLAC E-158) 15



E158 Collaboration

*UC Berkeley °*SLAC

«Caltech Smith College 8 Ph.D. Students
Jefferson Lab °*Syracuse 60 physicists
*Princeton *UMass
Saclay *Virginia

Sep 97: EPAC approval

2001: Engineering run

2002:  Physics Runs 1 (Spring), 2 (Fall)

2003: Physics Run 3 (Summer)

UC Santa Cruz 10-25-05

M. Woods (SLAC E-158) 16



Key Ingredients
Beam
 High beam polarization (85-90%!) and beam current
« Strict control of helicity-dependent systematics
* Passive asymmetry reversals

meters
0
] 0 )
g e et
m e
L DUETT o e A
::::;::—-::::: ------------ forward_q_a._n__
I = s [ - = : :._-_:.-.;.-_: .-.-:.-a- :4-.—. :-.:-—-:-- .- ‘-' ) -.. - - o I!.OEOBE N
| B ettt e R ST ReT __l_lrf'mary beam .
il """'*12:311::::-:.: ----------------- 25 GeV -
14GeN T Tereercciaa oo i
target | UUEY TSI glala
Il collimator L] vacuum e:l; -----
1 detector él
25m 60m

Target and Spectrometer

 High power LH, target
 Spectrometer optimized for
Maller kinematics

e o S

UC Santa Cruz 10-25-05

-i_h
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£
a an

Integrated Feta—Electrons
-J
cn

Run 1. Spring 2002
Run 2: Fall 2002 | , , :
Run 3: Summer 2003 _i..__..._... I R

7 Z i

15 i i
1 i |

05 i |
0 : : : : : :

I 20 40 bl g0 100 120
Time (Days)
*1 Peta-Electron = 10%% electrons
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)
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E-158 Beam Parameters

Parameter Proposal Achieved
Intensity at 45 GeV 6 x 1011 / pulse 5.3 x 1011
Intensity at 48 GeV 3.5 x 101 4.3 x 1011

Polarization 80% 85-90%

Repetition Rate 120 Hz 120 Hz
Intensity jitter / pulse 2% rms 0.5% rms
Energy jitter / pulse 0.4% rms 0.03% rms
Energy spread - 0.15% rms

Delivered Charge (Peta-E) 345K 410K

UC Santa Cruz 10-25-05

M. Woods (SLAC E-158)
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Polarized Source Laser System

a2

|A Feedback Loop

IA cell applies a helicity-correlated
phase shift to the beam.

POS Feedback Loop

Piezomirror can deflect laser beam

_ on a pulse-to-pulse basis.
The cleanup polarizer transforms

this into intensity asymmetry. Can induce helicity-correlated

position differences.

*
*
‘?IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

OQ(\ insertabie o1 @0 m
0 \\ Cathode Camera
@0 target

Vacuum window
from OTS

athode Diagnostics
Bench

telescope

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

Polarized
electrons

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 20



Photocathode for Polarized Gun

High doping for 10-nm

GaAs surface

/overcomes charge limit.

19 -
10nm 5x10 -:;m3

90 nm 5 x 101? cm™ GaAsg 5P 05 |
2.5 pm GaAs; 66P 0 34
GaAs P
2.5 pm T-y"y
y=0 -> 0.34
GaAs substrate
& Cathode for Run 3

Gradient-doped strained
superlattice; 5% higher

polarization than for
Runs 1,2

UC Santa Cruz 10-25-05

-1/2 172
14— Gahs (a) % p— 3-1 05
Gads Eg:1.42 eV 341
3212 172 312
Low doping for most of
active layer yields high
polarization. \/ 1/2 1/2
(b) —_——
compressive _
strain Eg 146 el P=1.0
GaAs —_—
-3/ 13 17 3/2
1000 A=Active-Region-
25um GaABSUOf%F:O-SG GaAsP 30 A
40 A
250 C:"aAS(l-x)Px °
Graded Layer °
GaAs GaAsP
Substrate
GaAsP
M. Woods (SLAC E-158) 21



Toroid 2 Asymmetry (%)

Beam Monitoring Devices

Thermionic Gun
3 BPM's, 2 Toroids

Dithering Coils

forxx'y,

Dispersive BPMs ‘

Momentum
Defining Slits

Position

Wire Array
2 pairs of
Toroids

Can compare measurements of neighboring devices to
determine the precision of the measurement.

Toroid 1 Asymmetry (%)

1 GeV region 48 GeV region
Polarized Gun
2
15 400 x?=g_33 F‘
A
300 |
1 L
200 f \.‘
i 3
05 100 | \ E
_._.//—.l.\.._ E
0 50 0 50 A
Agreement (ppm) =
q
=
0.5 %
-1
Otoroid 30 ppm
-1.5
-2
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

UC Santa Cruz 10-25-05

150 ....................
200 2101 H‘H
100|450 y {
100 } \F\
&
o L4 )
% /A
AN
0 5 0 5
o Agreement (um)
50 gf_-.
I " ogpy ~2 Microns

-100 -50 0 50

BPM41 X diff (um)

M. Woods (SLAC E-158)

100 150

BPM24 X (MeV)

& IS R n IS o ®
o o © o a o S o
| T TT | 1T | T TT | T TT | TTT | TTT I T 1T | TTT |

b
b ©
o

-
=

eI
-10

AL

5 0 5 10 g
Agreement (MeV)

#Gnery ~1 MeV

40 20 0 20

BPM12 X (MeV)
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Experimental Layout in ESA

Target chamber
- __ Quadrupoles /

— ]

|
Concrete Shielding DetectcTJCart

f L
L ¥
TF' 5* I : ' [

Precision
Beam

Monitors Dipoles _ e Luminosity
R P Main ULS I o Monitor

‘ Collimators

1 60 m il




Liquid Hydrogen Target

Refrigeration Capacity
Max. Heat Load:
- Beam
- Heat Leaks
- Pumping
Length
Radiation Lengths
Volume
Flow Rate

500W
200W
100W
1.5m
0.18

47 liters
5m/s

UC Santa Cruz 10-25-05

Wire mesh disks in target cell region
to introduce turbulence at 2mm scale
and a transverse velocity component.
Total of 8 disks in target region.

M. Woods (SLAC E-158) 26



E158 Spectrometer

*Target iS_ an _18% radiator Chicane for Line-of-sight shielding
*Moller ring is 20 cm from the beam

_17 0 [ meters

/
/ SEEo= e e mmesssemmmEmEE=EES ST
Y I S a_ £ I ) ] i hotons _ _ _ _ _
— | 1111 1 '"'--------....-....-----EI...i-marybeam .............
\ T AT T itimma T 25 GeV
14 GeV ST % EI%
target | UURT e e I
B collimator [ | vacuum ep T
detector él
60m

' 25m

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 27



Collimators

iDlpoles

‘g | __ quadrupblés |

5:_,.. L -Ba—a-ac
T f

premsuon colllma(ors

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)



Collimators

3DC2C
photon
collimator
(soft shadow)

Acceptance
3QC1B

. used for polarimetry
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 29



Kinematics

20
18 |
t6 |
\Com o
© 12}
e- 9 e- E ok
—_— € .
\ 3
4F
2F

O " 0 05

cosO

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 - . | ST L v———
g 5 10 15 15 20 25 30 35 40
radial distance from beam axis (cm) radial distance from beam axis (cm)

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 30



Detectors

To Beam Dump

profile detectors

Scale (cm) BEAM AXIS
r 0
-8 Vacuum
16 _ = iT}jt
Air = Luminosity
- 24 /
b Movable -

L 40

MOLLER, ep are copper/quartz fiber calorimeters G MOLLER 1 GMOTT 1
PION is a quartz bar Cherenkov EO* E*0*
LUMI is an ion chamber with Al pre-radiator

(O™ ) =1.5mrad
All detectors have azymuthal segmentation, <0M OLLER> 6. 0mrad
and have PMT readout to 16-bit ADC lab e

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 31




Moller, ep Detector

20 million 17 GeV electrons per pulse at 120 Hz
*100 Rad radiation dose: Cu/Fused Silica Sandwich

tate of the art in ultra-high flux calorime
= -Challenging cylindrical geometry

Single Cu plate
“ep” ring

“Mgller” ring
End plate

—

7 -~ e -
d L

| S | 2 1

Lead shield

ol R g AR

e

y AW L ER
A

v
b el

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 32



Profile Detector

4 Quartz Cherenkov detectors with PMT readout
Insertable pre-radiators
Insertable shutter in front of PMTs
Radial and azymuthal scans

» collimator alignment, spectrometer tuning
» background determination o
» Q2 measurement

Cerenkov
detector

S — 250 e s ey =
LL2ig quadrupoles off quadrupoles on
1402‘::2# ep ] ?_m::::erﬂ :il:ng | Line
120F f g 1 f drive ~Jo
[ ] | ] [
100 f J 1 150 _
\ : l
m: ‘ 1 1000
= ' ! : mnHe‘rn Bearing
' H H‘MHE’!’T 0F ‘ wheels
20¢ J + eps eps
0 U--I||||I||||I-|-|I||||I||||I||-|I||||I|||| ranirer]
17.5 225 275 325 37.5 175 225 275 325 375

radial distance from beamline (cm)
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)




Scattered Flux Profile

e 3 o 0 (P 5 e [ 5 ) S ) e (Y By

200 | LH2, quads on (run 5803), wheel angle 30 deg, scanner 4 (330 deg) [Z Moller Detector ep Detector
£ : : g : : : : : s = 180—
= I A T £ B 160—— — , ,
= |erealscan| 3 S 1ol ] 11 11l
c . D g 120 ee Moller signal
- el =—SiM SCAN -] = .
= : a ~— 100—
= =] § [&
g - s *F |
= == 2 60—
E = @ -
B R e e — = 40 z
= = c = :
= = S 208
= = 7] £
C & 5 o= .
E : ; : : : i 20 25 30 35
:I L L i 1 L 1 1 L L i 1 L 1 ]I L L L i L 1 1 j 1 L 1 i L 1 L i 1 1 1 i r {cm)

9 18 20 22 24 26 28 30 32 34 36
r(cm)

ep Background to Moller sample:
* 6% from elastic scattering
1% from inelastic scattering
* (2944) ppb correction

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 34



Pion Detector

Quartz Cherenkov Detector
with PMT readout

~ 0.2 % pion flux
~ 1 ppm asymmetry
~ (0 £ 2) ppb correction

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 35



LUMI Detector

Segmented ion chamber detector with
Aluminum preradiator.
500W incident power (50W from
synchrotron radiation)

Signal: Motts and high energy Mollers
350M electrons per pulse; <E>~40 GeV
Apy ~-10ppb

Lumi Chambers
J J

65.5 cm 35.6 cm
Beam = I_ —
14 cm| 7 %, o 4 X,

~70 m from target 21 em /l\ T

Aluminum

» Enhanced sensitivity to beam fluctuations

» Null asymmetry measurement

» Diagnostic for luminosity fluctations,
including target density fluctuations.

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 36



Experimental Features

Timeslot 2

Beam helicity is chosen pseudo-randomly at 120 Hz
« use electo-optical Pockels cell in Polarized Light Source

Pockels Cell

* sequence of pulse quadruplets; one quadruplet every it
33 ms: RR,RR,R,R,R.R,

Timeslot 1 Quadruplet

Physics Asymmetry Reversals:
* Insertable Halfwave Plate in Polarized Light Source
* (g-2) spin precession in A-line (45 GeV and 48 GeV data)

‘Null Asymmetry’ Cross-check is provided by a Luminosity Monitor
» measure very forward angle e-p (Mott) and Moller scattering

Also, False Asymmetry Reversals: (reverse false beam position and angle

asymmetries; physics asymmetry unchanged)
* Insertable “-1/+1” Inverter in Polarized Light Source

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 37



Ap, Measurement

Pyt € where: @, : detected flux (20 million Moller electrons/spill)
Eg* | :  beam intensity
~ oynys 'L -acceptance E:  beam energy
(¢det phys P ) €. scattering angle

Assume dependence on beam parameters is linear over the jitter range:

meas' P Aphys.,. AQ + 20% A§ Contribution due to
‘False’ beam asymmetries

E={E x y. x, y'}
OApy

B o mmmo s :
| az ~1 ppb/ppb !
I I

O ~1ppb/nm «.,~2 ppb/nm |
|ay ~1ppb/nm a, ~2ppb/nm )

_______________________

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 38
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Ap, Measurement

1. Measure asymmetry for each pair of pulses, p,

AP — Or -0,
exp
Or +0,

2. Correct for difference in R/L beam properties,
A%, = AP —> aAx, —— charge, position, angle, energy

raw exp
/ R-L differences
coefficients determinéd experimentally by regression or from dithering coefficients

3. Sum over all pulse pairs, Z AP

4. Obtain physics asymmetry:
A 1 A, m backgrounds
PV ™

P 8) I

’m background dilutions

beam polarization, linearity
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 39




Moller Detector
Regression Corrections

observed left-right asymmetry distribution

1400 3 raw asymmetry 800 - charge normalizgd
1200 E distribution 700 |- distribution
- in one PMT 600 - in one PMT
1000 [ i
- 500
800 [ -
: i ~ 1108 ppm
600 |- RMS ~ 3460 ppm 00/
400 | i
0 :. - P TP P IR B | = f . . |
-40000 20000 0 20000 40000 60000 80000 /10000 5000 o 5000 10000
400 . ... .. 10
L distribution reg
3501 for energy,
300 position, 10
“I" angle ~ 15 Million
200~ Inone 105 electrons/pulse
150 PMT -
100 [ oc=194 ppm
Al Il
§ A : ; ) ) i~ i ) E b ! : 1 . 1 .
-2000 -1000 0 1000 2000 -1000  -500 0 500 1000
-0.1% 0.1%

In addition, independent analysis based on beam dithering
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)



Raw Asymmetry Systematics

* First order systematic effects

— False asymmetry in electronics
» Measured to be smaller than 1 ppb

— Errors in correction slopes
» Measured by comparing two 60 Hz “timeslots”

» Beam-induced asymmetries of ~1 ppm corrected to below stat
errors of 50 ppb in multiple data samples

e Higher-order corrections
— Beam size fluctuations
» Measured by wire array

— Correlation between beam asymmetry and pulse length
(intra-spill asymmetries)
» New electronics in Run |11

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)
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SLICES: Temporal Beam Profile

S1 S2 S3 S4

e SLICES readout in 10 bit v | 27

ADCs 0 — M
Q bpmng (4) n15_ | .
E :bpml2X (3) "=

X bpm4lX (4)

__ | BPM 12X ¢
| Waveform

‘Real”

Y bpm4lY (4)

dx: bpm31X (4) Integration time :
dY : bpm3lY (4) S1: 0-100 ns

-
S2: 100-200 ns
S3: 200-300 ns
S3: 300-1000 ns

42
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Additional Corrections

« OUT detector at edge of Maller acceptance most
sensitive to beam systematics

e Use It to set limits on the grand asymmetry

' P —
OUT asymmetry with SLICE correction [chiz indf& 38.04 136
= ¢ Prob =0.383
sl p0  =-0.0121Z +0.02587
0.2 :
of-
0.2 :
04~ \
I Better !
S LN e AR Al A S B ST S A AU SR SN NS A S ST AT S AN AR

UC Sar SLUGS
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Transverse ee Asymmetry

Leading—order Azimuthal Asymmetry Coefficient

T T l ; Ll L) Ll I ; T T T I T
[ E=48GeV i

 E158

acceptance

P [ B T T [ (ST (SR )
-0.6 0.0 0.6 1.0

cosé@

Prediction for 46 GeV: ~-3.5 ppm

Theory References:
1. A. O. Barut and C. Fronsdal, (1960)
2. L. L. DeRaad, Jr. and Y. J. Ng (1975)

/ \
ool o) i r_{/./’ Moller Channels, 46 GeV : asymmetry vs MID channel I b
/{/..ff———‘—--.ﬁhﬁ .\-Moller Channels, 43 GeV : asymmetry vs MID channel |
\x . /
~d, § f
-H —® T “Xi
] 5 10 15 20

Observe ~ 2.5 ppm asymmetry
First measurement of single-spin

transverse asymmetry In e-e scattering.

1) interesting signal,
i) potential background for Ap,, measurement

3. Lance Dixon and Marc Schreiber:hep/ph-0402221
(Included bremsstrahlung corrections: few percent)

UC Santa Cruz 10-25-05

M. Woods (SLAC E-158)
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scanner signal (arb. units)

Transverse ep Asymmetry

-
2 8

- owk

: L gl i * Has the opposite sign! (preliminary!)
“ g « ~ 25% inelastic ep
" » Few percent pions (asymmetry small)
] Z v’ Proton structure at E158 !
20 25r(cm) 30 35
Moller ring
ep ring

(|) (Azimuthal angle)

EP Detector
- : _ Chi2/ndf = 4.985 /7 :
9| fr TSRO SO— _Prob._=0.6618.. UL (SRS A ——
43 & 46 GeV I j Monopole = 0.2472: 0.135: |
C [ . . . e .Dipole--= 1.856+.0.4762-. J ...
ep —> ep g—O — : phase =p.sszi 0.173 '
QL
£ || S, SURRDURIN SOUI - SO . S . SRS SNSRI . ST O —
o .24 hrs of data

0 2 4 6 8 10
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 45



Longitudinal ep Asymmetry

45 GeV
2 1 1 TI ] 48 GeV
oo r‘:li IR R L 1L 4 4
1253{'25 i SRR
PE IR IR TR~
o 1 R KLH
Q [ SRR H AN Y* -
afdd R R LR - e
BRI AR
.2'] : * ¢ ¥ L'}
' l ep Detector, Asymmetry vs Slug | PR InEIGSTlc SCﬂﬂerlng
3. . . L | HWF Ol
1] 5 15 20 25

10
Slug Number

An (45 GeV) =-1.36 = 0.05 ppm (stat. only)
An (48 GeV) =-1.70 = 0.08 ppm (stat. only)

Ratio of asymmetries:
A.\(48 GeV) /Ap(45 GeV) = 1.25 + 0.08 (stat) + 0.03 (syst)

» Consistent with expectations for inelastic ep asymmetry,
but hard to interpret in terms of fundamental parameters

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 46



Backgrounds for Mgller Analysis

Electron-proton elastic scattering
— Well-understood at our kinematics

Radiative electron-proton inelastic scattering
— PV asymmetry unknown at our kinematics

— Naive quark model prediction O(1 ppm)

Pion production

Two-photon exchange events with transverse
polarization

— A bit of a surprise
Other contributions at O(0.1%) level

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 47



A,y Corrections, AA, and dilution factors, f

Source AA (ppb) f
Beam! (1% order) (-)+1.4 -
Beam (higher order) 0+3 -
Transverse polarization -4+ 2 -
e +p—e +p(y) 71 0.056 + 0.007
e (y)+rpoe +X 22+ 4 0.009 + 0.001
Brem and Compton electrons 0+1 0.005 £ 0.002
Pions 1+1 0.001 + 0.001
High energy photons 3+3 0.004 + 0.002
Synchrotron photons 0+1 0.002 £ 0.0001
TOTAL 29+7 0.077 + 0.008

4oL A -2 M p _089+004
Py = ’
Pore  1->f  g(linearity)=0.99+0.01

!Beam asymmetry correction to 4,15 (-9.7 £ 1.4) ppb
2Beam polarization measured using polarized foil target;
same spectrometer used with dedicated movable detector
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 48



Moller Asymmetry, Ap,,

& 457N
— _ 1 1 o d50UT
% 8001 : : ¥ 487N
= 600 Runl, Runll | Run il
£ 00— ﬂ% l % I
= . - I ! il
7' 200 3 | | b { { S
- = |
— AMA R F'u 1l H H “Hﬁ ﬂ L ] u 1 [ I.II 0 7]
o- I K0 gL, Rl ol b
200 — (‘j[f% : ." I i .
aont SR i
et i . A, =-131x14 ppb
el 5 | ofidf =78.5/74
_1ﬂﬂﬂ:_| I | 1 1 1 1 I 1 I | :I | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1
0 10 20 30 a0 50 &0 70

Data sample

Ap(ee at Q2 =0.026 GeV?):

E/HWP state
45/IN —— -147+27
45/0UT —=—] -129+ 28
48/IN —— 2119+ 26
48/0UT f—r—] -137+26
Run I-II1 = -131+14
IIIIIIIIIIIIIIIIIIIIIIIIIIII
300 -250 200 -150 -100 50
Mgller Asymmetry (pph)

-131+ 14 (stat) £ 10 (syst) parts per billion (preliminary)

Significance of parity nonconservation in Mgller scattering: 8.3

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)
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in2Q eff
from A, to sin“§,

G.Q° 1-y
Ay, =——E 1-4sin® 67
o «/7[05 1+y +(1 y)4 For ( )
where:
G Q 11—y IS an analyzing power factor; depends on

Kinematics and experimental geometry.
1 + +(1-
fﬂa v’ ( Y ) Uncertainty is 1.5%. (y = Q%/5s)

Foep = (1.01 £0.01) is a correction for ISR and FSR;
(but thick target ISR and FSR effects are included in the analyzing power
calculation from a detailed MonteCarlo study)

0, 1s derived from an effective coupling constant, g, ¢, for the Zee coupling,
with loop and vertex electroweak corrections absorbed into g, ¢

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 50



Weak Mixing Angle Results

= 2~ eff
sin 05, (Q)
0.242— E158
0.24{—
- A Qw(Cs) |—e—] 0.2292+0.0019
0.238}-
0.236/— NuTeV e— 0.2361+0.0017
B Czarnecki &
0.234— QW(CS) Marciano
B 66 (2000)
- E158 |—|—| 0.2330+0.0014
0.232{—
- A 4
B PDG2004
T IIIII 1 1 IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
107 10" 1 10 100 10
Q (GeV)
PDG2004 |-| 0.2312+0.0002
IIIIIIIIIIIIIIIIIIIIIIIIIIIII

22 225 23 2235 024 0245 025
sin’8,(M)

E158 final result: Phys.Rev.Lett.95:081601,2005

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 51



Future Low Energy Experiments / Proposals

Atomic Parity Violation (0.35% expt, 0.5% theory for Cs is current precision)
Paris Cs — (0.1-1)%
U. Washington Ba*, KVI Ra* — sub-1%
Berkeley Yb isotopes — sub-1%

v-e scattering (8sin?0,, = 0.008 is current precision)
Reactor experiment? 5(sin” 8, )~ 0.0019 (hep-ex/0403048)
Future v Factory?? &(sin® 9,, )~ 0.0003 (Blondel talk at PAVI12004)

e scattering (8sin?0,, = 0.0014 is current precision)

JLAB Q. Apy (elastic e-p)  5(sin’ 6, )~ 0.0007
JLAB 12-GeV upgrade:
Apy (DIS €D, ep) 5(sin? 6, )~ 0.0009
Apy (e-¢)? 5(sin? g, )~ 0.0003
Fixed target at ILC?? A, (e-e¢) O (sin 20, ) ~ 0.0001 (Snowmass 2001 study)

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 52



Elucidating the new Standard Model

Mmssm? RPV SUSY? Extra Z’
Leptoquarks? Extra dimensions?

one example 01

JLAB Q. 1o

» SLAC E158 1o
| JLAB ee(12 GeV) £lo

=01

-0.2 —0.I15 -0.1 —0 05 0 0.05 OI.‘I
UC Santa Cruz 10-25-05 5 (Qp)gusy/(Qy 53



Summary: Physics results from E-1358

Electro-weak parity violation
« first observation of parity violation in Mgller scattering (8.30)
e running of the weak mixing angle established (6.20)
Probing TeV-scale physics: ~10 TeV limiton A,
~1 TeV limit on SO(10) Z’
e Inelastic e-p asymmetry consistent with quark picture

Transverse asymmetries
*  First measurement of e-e transverse asymmetry (QED)
e e-ptransverse asymmetry measured (QCD)

Weak Mixing Angle

Final Result using all data (Q2=0.026 GeV?)
Ao, (Moller) = (-131 + 14 +10) ppb

sin2Q,4f = 0.2397 + 0.0010 (stat) +0.0008 (syst)

Best measurement of the weak mixing angle
away from the Z-pole!

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)
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Flash:Ti

Laser Polarization Control
And Analysis

Electric Field Vector after PS Cell
in Jones Matrix notation:

X-Y ‘E>: Sin(&C%j

5, =C08(0ep )= ei(%+5PS)cos(5C% )
Stokes parameters * _ i

for laser polarization:s, =sin(5,, )sin(5,, )= v=r

%Jrz (sf+s22)+332=L2+C2:1
$2.=5In(3cp JoOS(Sps ) = —— (ex. C=0.998, L=0.063)

Allow for imperfect Pockels cells and phase shifts
In downstream optics:

Ocp | -T2—0cptAgp | +T/2 +op +Acp Acps Apg introduce
Ops — Olpg +Apg — Opg tAps | — significant linear
~_ -~ } olarization asymmetries
) Ocp HAcp Ocp ~Acp P y
S, ~ — Olpg TApg ~ —Ops “Aps
OT Sdla CruzZ 10-25-05 M Woods{SLAC E-158) 56




Charge Asymmetry
due to anisotropic strain*

PITA Slopes /.12 out

6000 — .. o -
g 4000 E— Mep = -14.62 + 0.07 ppmiV —E o
2 2000 f— _f Sensitive to
£ of 3 linear polarization
5 E In laser light
5 -4000 -

-6000 :— e . . Ly . , . Ly . —:

-400 -200 0 200 400
Acp (V)
3000 — —— — — Examgle 300
i m
= 2000 :_ _: L:0.0l pp
% - mpg = -6.15 + 0.07 ppm/V . Charge Asym
-é: 1000 | =
E F
7 E 1 Recall, 4,, ~-0.1ppm
ey 4 and want ~ppb systematic errors!
’ -2000 E— -
-4!JO I I I -200 I I | (I) I | I 2(|)0 I I I 400
Aps (V)
Vow = 2800V *Reference: R.A. Mair et al., Phys. Lett. A212, 231 (1996)

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 57



Techniques for minimizing PamA _'s
At the start:

—> ~1000 ppm, ~2 ym systematics
1) Passive setup:

= Helicity bits delayed by 1 pulse and RF modulated prior to broadcast.

= Collimation of laser beam and minimization of spot size at CP, PS cells.

= Image CP, PS cells onto the cathode.

= OTS brought to atmospheric pressure to avoid stress-induced birefringence in windows.
= Select Pockels cells and carefully align to minimize systematics.

" Null A, with Acp, Apg.

—> ~100 ppm, ~0.5 ym

2) Active suppression with feedbacks:

= JA loop & POS loop.
* Double-feedback loop.

—> <100 ppb, <100 nm
3) Slow reversals:

= Flip certain classes of asymmetries while leaving everything else unchanged.

= A/2 plates (2)

= energy (g-2 precession)

" asymmetry inverter
" These can provide cancellation of systematics, but they also serve as a cross-check
that systematics are well-understood. Multiple reversals are essential!



Asymmetry (ppm)

Beam Asymmetries

1: % Avg.= 0.013+- 0.311 ppm
osE TR
0;_ ; ¢ MW-“ i
0.5; ..........
£ Charge asymmetry at
- 1 GeV
1=t ol v by b b e [P R EPRRRr |

0 10 20 30 40 50 60 70 80
Time (Mpairs)

bpm24Xintegrated

Difference (keV)

6L Avg. =-0.092 +/- 1.370 keV
a-

2F

0F -

_._,f_’g \fl Energy difference in A
= line N

Time (Mpairs)

Position differences < 20 nm

UC Santa Cruz 10-25-05

| PR [N T T N T T T ANV T TV [N T WO T N TN ST T PR T A
0 10 20 30 40 50 60 70 80

|toroid 2a-2b agreement vs. slug numberl « /2 out
100~ l Avg. =-8.363 ++ 7.844 ppb { olL/2in
NP IR N N A 0 S O WP A S O S
ARG SRR RS R R i
g 100 —
P Ch t
< o0l agreement at 45 GeV
o 5 w15 2 2%
Slug Number
bpm agreement energy vs. slug number| « /2 out
135: Avg. =-0.006 +£ 0.239 keV olLf2in
g oE Energy difference
3 4E agreementinAIine
E gé_ $ % ‘r T * r% é:' + %)
S aE | BEEE AR
4E
-64;-_ | | | | |
0 5 10 15 20 25
Slug Number

Position agreement ~ 1 nm

M. Woods (SLAC E-158)
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Beam Systematics in Run 1

Beam Beam Monitors Monitor MOLLER correction
Parameter Agreement Agreement
E BPMs 12X, 24X (0.09 + 0.24) keV (0.5 + 1.3) ppb
X BPMs 41X, 42X (0.9 + 0.6) nm (0.8 + 0.5) ppb
Y BPMs 41Y, 42Y (-1.0 + 1.0) nm (-0.2 + 0.2) ppb
X’ BPMs 31X, 32X (-2.3+2.1) nm (-2.0 + 2.0) ppb
Y’ BPMs 31Y, 32Y (0.9 + 1.0) nm (0.7 +0.8) ppb
Q Toroids 2a, 3a (-2.9 £5.3) ppb (-2.9 £5.3) ppb

But, some detector ‘monitors’ show poor y? and non-zero mean values.

Chi2/ ndf = 23.42 /23 3 | Chi2/ndf =103.7/23
1 Prob = 0.4366 2 Prob = 3.243e-12
o p0  =-0.05672 + 0.03207 I p0  =0.1651 + 0.0l114
0.5 1 ; - I 1 I
= I I I 0[] 7 I T % G o
o0 oo A I T | IH I
o il Il}*illlli [} _tl_tl -1 '
-0.5 -2 {
-1 : [ Mﬂtsymmew yss || 3 msvmmew vs Sk
~— \/ o
. _4 . .V‘ty
JERNAD I (L8}
-1.5 ’L Se“$\t\ 5 ’Lﬁ Se“s
0 5 20 %5 0 5 20 25

= e BT
Slug Number Slug Number
UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)



Detectors

integmting calorimeter

L o PMT
signal exit window ‘JJ' shields

‘l

I. r
L
Luminosity

B e .  [_— : - Monitor
2 a5 3/ K @ region

'pion detector

Profile
Detector
wheel

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 61



Transverse Asymmetries

Beam-Normal Asymmetry in elastic electron scattering

# Electron beam polarized transverse to beam direction

27T d(O' — )
ATEGT+G‘1’ d¢ OCSe.(keXk )OCS|n¢
i ” ' Interference between one- and
Y v two-photon exchange
g ” g am am
e ___ e
A, o —

\/; \/ 2m targetE beam

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 62



Brookhaven (g-2),,
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a,(BNLE821)-a,(SM|,,, ) [2.2+0.5(expt) -
a,(SM) | £0.7(theory) P 2. 70
Sensitive to weak corrections: 2. (weak) —1.3ppm

ay(SM)

Deviation from New Physics?  Hints of SUSY??

Future experiments?
* BNL E969 proposal to reach 0.2 ppm total expt error
(scientific approval by Lab in Fall ’04; needs funding)
 LOI submitted to J-PARC to reach 0.1 ppm
» Need reduced error in hadronic corrections:

éa,(had,LO) 05
currently, a, = 92PPM 1 Additional e*e- data needed:
éa,,(had, LBL) BaBar, Belle, KLOE
=0.3ppm

a,

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158)



NuTeV Neutrino Experiment

Target / Calorimeter Toroidal Spectrometer
Drift Chambers

Drift Chamber

A

L

T N A

oo Steel Toroids
2" Steel

N
o\ —o¢ 1
R = vN N 2 2
= ~ ——SIn“ @
cc ___cCcC 2 w

sin® """ = 0.2277+0.0013(star.) |  Standard Model prediction is 0.2227
+0.0009(syst.) (3o deviation)

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 65



NuTeV Result:

New Physics?
— not MSSM or RPV SUSY
— Z’ possible

“Old” Physics?
— lsospin symmetry violated? u , (x) = d, (x)?
o 5% effect needed to move result to SM
 Difficult to constrain

— Asymmetric strange sea? s(x) =Y (x)’)

« Unlikely from NuTeV direct measurement

— NLO QCD? Theoretically small, being
checked by NuTeV
— Electroweak radiative corrections?
* ISR, FSR and exp’t acceptance
* New calculations and RC codes being
checked in NuTeV simulation

Jury is still out...

UC Santa Cruz T0-25-05

SOURCE OF UNCERTAINTY

dsin? e

Data Statistics
Monte Carlo Statistics

0.00135
000010

TOTAL STATISTICS

0.00133

Ve. e Flux

Energy Measurement

Shower Length Model

Counter Efficiency, Noise, Size
Interaction Vertex

0.00039
0.0001%
0.00027
0.00023
0.00030

TOTAL EXPERIMENTAL

0.00063

Charm Production, Strange Sea
Charm Sea

av [t

Radiative Corrections
Non-Isoscalar Target

Higher Twist

Ry,

(0.00047
0.00010
0.00022
0.00011
0.00005
0.00014
0.00032

TOTAL MODEL

0.00064

TOTAL UNCERTAINTY

0.00162

M. Woods (SLAC E-158)
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APV: Boulder Cs Experiment
/

deteclor
mirror

« measure APV component of 6s — 7s transition in ***Cs ;

Interferes with E1 (Stark) transition

* 5 reversals to isolate APV signal and suppress systematics
* APV signal is ~ 6 ppm of total rate, measured to 0.7% (40 ppb!)

0,=—-N+ Z(1—4si i @W) 0, (*3Cs)=-72.74+0.29 (expt) + 0.36 (theory)

~73.19+£0.13 (SM)

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 67




0, (**Cs)=—72.74 +0.46 (expt)

Currently <1oc deviation
= -73.19+0.13(SM)

» Deviation between experiment and SM has been as large as 2.5c.
» Atomic theory corrections since 2000, have resulted in current consistency:
* Breit interaction, -0.6%
 VVacuum Polarization, +0.4% (Ginges and Flambaum,
e aZ Vertex Corrections, - 0.7% Phys.Rept.397:63-154,2004)
* Nuclear Skin Effect, - 0.2%

Future Atomic PV experiments

» Paris group: Cs 6S — 78S, but with different systematics than Boulder expt;

2.7% current accuracy, 1% within reach and 0.1% (expt) may be possible
(physics/0412017, 2004)

= single Ba* ion (U. Washington), Ra™ ion (KVI)
(talk by Fortson at subZ Workshop 2004; sub-1% possible)

= Berkeley group: Yb isotopes
(talk by Budker at LEPEM2002 Workshop; sub-1% possible)

UC Santa Cruz 10-25-05 M. Woods (SLAC E-158) 68



Toroidal spectrometer ——>. ring focus

100
75

Ap,(Mgller) at JLAB 12 GeV-upgrade

E': 3-6 GeV

I beam

=90 pA

(slide from K. Kumar, JLAB review April ‘05)

0,., = 0.53°-0.920 Apy =40 ppb
150 cm LH, target 4000 hours

s

O(Apy)=0.58 ppb

+  ete-rete
© et+p-etp

_ « Beam systematics: steady progress
1 (E158 Run I11: 3 ppb)
1 « Focus alleviates backgrounds:

: ep = ep(p), ep = eX(y)

“ 1 ¢ Radiation-hard integrating detector

~ 3 « Normalization requirements similar
to other planned experiments

 Cryogenics, density fluctuations
and electronics will push the state-
of-the-art

UC Santa Cruz 10-25-05

M. Woods (SLAC E-158) 69
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