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Parity Violation in Electron Scattering at Q2 � M2
Z

�γ Z

f

~e−

f

e−
Polarized beam on Unpolarized target

σ ∝ |Aγ + Aweak |2 ∼ |Aγ |2 + 2AγA∗weak + ...

ARL =
σR − σL

σR + σL
∼ Aweak

Aγ
∝ GF Q2

4πα
g

g = ge
AGT

V ± ge
V GT

A , depend on sin2 θW , kinem.

for f ≡ l± g ∝ (1− 4 sin2 θW ) < 0.05

Observable A ∼ 10−7 − 10−3, sensitive to:
Electroweak coupling: ⇒ CM tests
Magnification: sin2 θW ∼ 0.23 ⇒ δ(sin2 θW ) ∼ 0.02 δ(A)

A

Target structure ⇒ unusual FF, PDF combinations
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PV opportunities at 11-GeV

PV at 6 GeV
CEBAF is a perfect facility for PV

High polarization ∼ 85%

High beam current < 100µA
Low noise beam

Measured: Gs
Elastic e p, e 4He (HAPPEX, G0)
Coming:

Neutron skin 208Pb
e Pb → e Pb (PREX)
EW e p → e p (QWEAK)
EW e d DIS

PV at 11 GeV
Same polarization
Beam current < 100µA
Comparable noise

Higher energies:
A ∝ Q2 larger, but
σelastic suppressed by FF

Proposals:
Møller PR-09-005 - app.
DIS PR-09-012 - cond.app.
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Physics Goals

1 Precision measurement of sin2 θW at Q2 � M2
Z : CM test

(Møller)
2 Measurement of quark axial couplings C2q: CM test

(PV-DIS)
3 Electroweak probe of the strong interactions

(PV-DIS)
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Couplings in electroweak theory

Constants

α(Q2)
Q2→0∼ 1/137 (µe)

GF ∼ 1.16 · 10−5 GeV−2 (τµ)
MZ ∼ 91.2 GeV (LEP-I)
Fermions/Higgs masses, CKM

Derivatives
Several renormalization schemes
Popular one: MS

Renormalization scale: MZ

Defined ŝ2
Z = sin2 θW (MZ )

Couplings absorb loops etc.
Running sin2 θW (Q2)

Weak dependence of ŝ2
Z on mt

Experimental goal: measure ŝ2
Z (Q2)

ŝ2
Z (Q2)

MS→ observables

E.Chudakov February 10, 2009 Future JLab Polarimetry 6



Introduction Electron Polarimetry Atomic Hydrogen Appendix

Running of sin2 θW in MS

PDG 2007
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Diagrams contributing to the sin2 θW running

Tree diagrams Loop diagrams

Main contribution:
f -loop

Box diagrams

“New physics”: SUSY, Z’, leptoquarks etc. may also contribute
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Constraints on MH
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Experiments: sin2 θW at Z pole

Most accurate measurements so far are at Z-pole. BUT:

Hall C Summer Workshop Kent Paschke - University of Virginia 17

How well do we know sin2θW ?

ALR AFB (Z→ bb)

sin2θw = 0.2310(3) 

↓
mH = 35 +26

-17 GeV
S= -0.11 ± 17

sin2θw = 0.2322(3)
↓

mH = 480 +350
-230 GeV

S= +0.55 ± 17

Rules out the SM!
Rules out SUSY!

Favors Technicolor!

(also APV in Cs) (also Moller @ E158)

• sin2θW improvements at hadron colliders very challenging
• “Giga-Z” option of ILC or neutrino factory: powerful but far future
• Is there any other method in the next decade?

“well measured” weak mixing angle
sin2θW key in global electroweak fits

• prediction for Higgs mass
• favors SUSY
• rules out Technicolor

3σ discrepancy with consquences

Pointed out by Marciano:

3σ deviation
AL(SLD) AFB(LEP)

σL−σR
σL−σR

σF−σB
σF−σB

~e−e+ → Z e−e+ → Z → bb

0.23098(26) 0.23221(29)
Higgs mass (GeV)

35+26
−17 480+350

−230
ruled out higher than

experimentally expected
also APV also E158

favors SUSY rules out SUSY
favors Technicolor

MH , SUSY may be found by the LHC
E.Chudakov February 10, 2009 Future JLab Polarimetry 10
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Special sensitivity of PV-Møller

Assume σ(sin2 θeff ) = 0.00025

Physics Constrains

• Model independent: contact interaction (compositeness)
L = 4π

2Λ2
ee

[
ηLL(ψLγµψL)

2 + ηRR(ψRγµψR)2 + ηLR(ψLγµψL)(ψRγµψR)2
]

sin2 θmeas
W − sin2 θSM

W = ± π

GF
√

2
ηLL+ηRR+ηLR

Λ2
ee

Λ+
LL > 8 TeV ⇒ 15 TeV at 95% CL

Λ−LL > 16 TeV ⇒ 38 TeV

• Model dependent: extra Z ( 1 in SO(10) or 2 in E6)
1−4s2(obs)

W

1−4s2(SM)
W

= 1 +
M2

Z
M2

Z1

MZ1 > 0.7 TeV ⇒ 1.8 TeV

• Other: SUSY, doubly-charged Higgs etc., but no leptoquarks.
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PV DIS Asymmetry

LeHadron = GF√
2

∑
i(C1i · jeA · j iV +C2i · jeV · j iA)

where i are partons (quarks)

C1q = 2ge
Ag i

V = −C1q ≈ − t3iL + 2Qeis2
W

C2q = 2ge
V g i

A = +C2q ≈ − t3iL(1− 4s2
W )

Cahn,Gilman 1978
Parton model:APV = GF Q2

2
√

2πα
[a(x) + Y (y) · b(x)]

Y (y) = 1−(1−y)2

1+(1−y)2 , y = ν
E , x = xBj

a(x) =
∑

i fi(x)C1iQei/
∑

i fi(x)Q2
ei

b(x) =
∑

i fi(x)C2iQei/
∑

i fi(x)Q2
ei

fi(x) - quark distribution functions

Isoscaler target
Deuterium:f (x) largely cancel

q± ≡ q ± q in proton

a(x) = 3
10 (2C1u − C1d ) (1 + Rs(x))

b(x) = 3
10 (2C2u − C2d ) (1− Ra(x))

Rs(x) = 2s+

u++d+

Ra(x) = u+d
u++d+

}
large x→ 0

APV (x ,Q2)/Q2 large x→ A(y)

Corrections from:
• s-quarks, sea-quarks
• target mass
• higher twists

Prescott 1979 s2
W = 0.22± 0.02 using SM
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Measurements of the weak charges C1q, C2q

Existing measurements:

PV-elastic in e−p,d ,Be,C
at Bates, Mainz, JLab

PV-DIS in e−d , µ±C
at SLAC, CERN

Atomic PV experiments

Planned measurements:

PV-DIS in e−d at Jlab 6 GeV
(Hall A) x ∼ 0.3

PV-DIS in e−d at Jlab 12 GeV
(Hall C) x ∼ 0.3
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Hadronic Physics at xBj > 0.5

Corrections to EW results

CSV βCSV x2

Higher twists βHT
1

(1−x)3Q2

Mesurements at various x ,Q2 to extract the corrections.
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Spectrometer for the Møller PV Experiment
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Spectrometer for PVDIS

Solenoidal detector for PVDIS at high x
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Installation in Hall A

Hall A with Moller and PVDIS installations
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Error Budget of Møller and PVDIS Experiments

Møller

Source of error % error
Q2 absolute value 0.5
beam polarization 0.4
beam second order 0.4
inelastic ep 0.4
elastic ep 0.3
other 0.5
total 1.0

PVDIS

Source of error % error
beam polarization 0.4
radiative corrections 0.3
Q2 absolute value 0.2
statistics 0.3
total 0.6
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Electron Polarimetry for PV at JLab: Features

• Energy range Ebeam = 6.6− 11 GeV
• Current range Ebeam = 50− 100 µA

• Statistical error for a period of a possible polarization
change (∼ 1 h)

• Systematic error

• Does polarimetry use the same beam (energy, current,
location) as the experiment?

• Continuous or intermittent (invasive?)

E.Chudakov February 10, 2009 Future JLab Polarimetry 19
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Methods Used for Absolute Electron Polarimetry

Spin-dependent processes with a known analyzing power.
Atomic Absorption

~e − ∼50 keV decelerated to ∼13 eV ~e − + Ar → ~Ar∗ + e−, ~Ar∗ → Ar + (hν)σ

Atomic levels: (3p54p)3D3 → (3p64s)3P2 811.5nm fluorescence
Potential σsyst ∼ 1%. Under development (Mainz) - only relative so far.
Currently - invasive, diff. beam

Spin-Orbital Interaction
Mott scattering, 0.1-10 MeV: e − ↑ + Z → e− + Z σsyst ∼3%, ⇒1% (?)
invasive, diff. beam

Spin-Spin Interaction
• Møller scattering: ~e − + ~e − → e− + e− at >0.1 GeV,
σsyst ∼ 1-2% , ⇒ 0.5%
intermittent, mostly invasive, diff. beam

• Compton scattering: ~e − + (hν)σ → e− + γ at >0.5 GeV ∼ 1-2%, ⇒0.5%.
non-invasive, same beam

E.Chudakov February 10, 2009 Future JLab Polarimetry 20
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Compton Polarimetry σ↑↑−σ↑↓
σ↑↑+σ↑↓

= A · PbPt Møller Polarimetry
~e − + (hν)σ → e− + γ QED.

• Rad. corrections to Born < 0.1%

• Detecting: γ (0◦), e− E < E◦
• Strong dA

dk ′
- good σEγ/Eγ needed

• A ∝ kE at E < 20 GeV
• T ∝ 1/(σ · A2) ∝ 1/k2 × 1/E2

• Plaser ∼ 100%
• Non-invasive measurement

Syst. error 3→50 GeV: ∼ 1.→ 0.5%

~e − + ~e − → e− + e− QED.

A(E) = − 7
9

σlab∼ 180 mb
ster

• Rad. corrections to Born < 0.3%

• Detecting the e− at θCM ∼ 90◦

• dA
dθCM

|90◦ ∼ 0 - good systematics
• Beam energy independent
• Coincidence - no background
• Ferromagnetic target PT ∼ 8%

◦ 〈IB〉 < 3 µA (heating)
◦ Levchuk effect
◦ Low PT ⇒ dead time
◦ Syst. error σ(PT ) ∼ 2% (0.5%?)
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Compton Polarimeter at low enegy: CW cavity

λ
P=1kW

=1064 nm, k=1.65 eV
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Electron Beam Electrons detector

Photons detector
Magnetic Chicane

k’

E’

E

• Beam: 1.5-6 GeV
• Beam: 5− 100 µA at 500 MHz
• Laser: 1064 nm, 0.24 W
• Fabry-Pérot cavity ×4000 ⇒

1 kW
• Crossing angle 23 mrad
• e− detector - Silicon µ-strip
• γ detector - calorimeter

Stat: 1.0% 30 min, 4.5 GeV, 40 µA

Syst: 1.2% at 4.5 GeV

Upgrade Plans - 1% at 0.85 GeV
• Laser: 532 nm, 0.1 W
• Cavity ×15000 ⇒ 1.5 kW
• Detector upgrade
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Møller Polarimeter with Saturated Iron foil

JLab, Hall C, M. Hauger et al., NIM A 462, 382 (2001)

• External BZ ∼ 4 T
• Target foils 4-10 µm, perp. to beam
• Pt not measured
• Important: annealing, etc.

source σ(A)/A
optics, geometry 0.20%
target 0.28%
Levchuk effect 0.30%
total 0.46%
⇒ 100 µA ?

Tests for high current
• Beam σX ≈ 50µm > r = 12µm
• At 20µA - accidentals/real≈0.4
• σstat ∼ 1% in 2h

20 µs

Kick (1-2 mm)

100 Hz to 10 kHz

Current Studies
• A 1µm thick half-foil
• Higher duty factor

E.Chudakov February 10, 2009 Future JLab Polarimetry 23
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Hall A Møller Polarimeter

-80

-60

-40

-20

0

20

40

0 100 200 300 400 500 600 700 800
Z cm

Y
 
c
m

(a)

Ta
rg

et

C
ol

lim
at

or

Coils Quad 1 Quad 2 Quad 3 Dipole

Detector

non-scattered
beam

-20

-15

-10

-5

0

5

10

15

20

0 100 200 300 400 500 600 700 800
Z cm

X
 
c
m

(b)
B
→

Minimal Levchuk
σstat = 1% in
∼2–3 min
BZ ∼ 25 mT field
Foil at 20◦ to field
Foils 5–30µm
Beam <2µA
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Possible Breakthrough in Accuracy

Møller polarimetry with 100% polarized atomic hydrogen gas, stored
in a ultra-cold magnetic trap.
E.Chudakov and V.Luppov IEEE Trans. on Nucl. Sc., 51, 1533 (2004)
http://www.jlab.org/~gen/hyd/loi_3.pdf

Advantages:
• 100% electron polarization

• very small error on polarization
• sufficient rates ∼ × 0.005 - no dead time
• false asymmetries reduced ∼ × 0.1

• Hydrogen gas target
• no Levchuk effect
• low single arm BG from rad. Mott (×0.1 of the BG from Fe)
• high beam currents allowed: continuous measurement

Operation:
• density: ∼ 6 · 1016 atoms/cm2

• Stat. error at 50 µA: 1% in ∼10 min

E.Chudakov February 10, 2009 Future JLab Polarimetry 25
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Møller Systematic Errors

Proposed: 100%-polarized atomic hydrogen target (∼ 3 · 1016 atoms/cm2).

Variable Hall C Hall A
Present Upgrade Proposed

Target polarization 0.25% 2.00% 0.50% 0.01%
Target angle 0.00% 0.50% 0.00% 0.00%
Analyzing power 0.24% 0.30% 0.30% 0.10%
Levchuk effect 0.30% 0.20% 0.20% 0.00%
Target temperature 0.05% 0.00% 0.02% 0.00%
Dead time - 0.30% 0.30% 0.10%
Background - 0.30% 0.30% 0.10%
Others 0.10% 0.30% 0.30% 0.30%?
Total 0.47% 2.10% ∼0.80% ∼0.35%
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Hydrogen Atom in Magnetic Field

H1: ~µ ≈ ~µe;
H2: opposite electron spins

Consider H1 in B = 7 T at T = 300 mK
At thermodynamical equilibrium:
n+/n− = exp(−2µB/kT ) ≈ 10−14

Complication from hyperfine splitting:

Low energy
|b〉=| ↓−↓〉
|a〉=| ↓−↑〉· cos θ−| ↑−↓〉· sin θ

High energy
|d〉=| ↑−↑〉
|c〉=| ↑−↓〉· cos θ+| ↓−↑〉· sin θ

where tan 2θ ≈ 0.05/B(T ), at 7 T sin θ ≈ 0.0035
Mixture ∼53% of |a > and ∼47% of |b >:
Pe ∼ 1− δ, δ ∼ 10−5,
Pp ∼ − 0.06 (recombination ⇒ ∼80%)
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Storage Cell

�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������

�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������

�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������

�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������
�����������������������������

�����
�����
�����

�����
�����
�����

�����
�����
�����
�����

�����
�����
�����
�����

30K

0.3K

H

Solenoid  8T

beam
Storage Cell

4 
cm

40 cm

First: 1980 (I.Silvera,J.Walraven)
~p jet (Michigan)
Never put in high power beam

• −~∇( ~µH
~B) force in the field gradient

• pulls |a〉, |b〉 into the strong field
• repels |c〉, |d〉 out of the field

• H+H→H2 recombination (+4.5 eV)
high rate at low T
• parallel electron spins: suppressed
• gas: 2-body kinematic suppression
• gas: 3-body density suppression
• surface: strong unless coated
∼50 nm of superfluid 4He

• Density 3 · 1015 − 3 · 1017 cm−3.
• Gas lifetime > 1 h.
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Dynamic Equilibrium and Proton Polarization

Proton polarization builds up, because of recombination of states with
opposite electron spins:
|a〉=| ↓−↑〉α+| ↑−↓〉β and
|b〉=| ↓−↓〉
As a result, |a〉 dies out and only |b〉=↓−↓ is left!
P → 0.8
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Contaminations and Depolarization of the Target Gas

Ideally, the trapped gas polarization is nearly 100% (∼ 10−5 contamination).
Good understanding of the gas properties (without beam).

Gas Properties
◦ Atom velocity ≈ 80 m/s
◦ Atomic collisions ≈ 1.4 105 s−1

◦ Mean free path λ ≈ 0.6 mm
◦ Wall collision time tR ≈ 2 ms
◦ Escape (10cm drift) tes ≈ 1.4 s

CEBAF Beam
◦ Bunch length σ=0.5 ps
◦ Repetition rate 497 MHz
◦ Beam spot diameter ∼0.2 mm

Contamination and Depolarization
No Beam

• Hydrogen molecules ∼ 10−5

• Upper states |c〉 and |d〉 < 10−5

• Excited states < 10−5

• Helium and residual gas <0.1%
- measurable with the beam

100 µA Beam
• Depolarization by beam RF < 2 · 10−4

• Ion, electron contamination < 10−5

• Excited states < 10−5

• Ionization heating < 10−10

Expected depolarization < 2 · 10−4
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Contaminations and Depolarization of the Target Gas

100 µA CEBAF beam:

Beam RF influence
• |a〉→ |d〉 and |b〉→ |c〉 ∼200 GHz
• RF spectrum: flat at <300 GHz

10
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1
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217 218 219 220 221 222 223 224 225

Transition frequency ν (GHz)

1
/
N
 
d
N
/
d

ν 
(
G
H
z
-
1
)

• ∼ 10−4 s−1 conversions (all atoms)
• ∼ 6% s−1 conversions (beam area)
• Diffusion: contamination
∼ 1.5 · 10−4 in the beam area

• Solenoid tune to avoid resonances

Gas Ionization
• 10−5 s−1 of all atoms
• 20% s−1 in the beam area
• Problems:
◦ No transverse diffusion
◦ Recombination suppressed
◦ Contamination ∼40% in beam

• Solution: electric field ∼1 V/cm
◦ Drift v = ~E × ~B/B2 ∼ 12 m/s
◦ Cleaning time ∼ 20 µs
◦ Contamination < 10−5

◦ Ions, electrons: same direction
◦ Beam Er (160µm) ≈ 0.2 V/cm

BE

V

beam

drift
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Summary on Atomic Hydrogen for Møller Polarimetry

Potential for Polarimetry

Systematic accuracy of < 0.3%

Continuous measurements
Tools for systematic studies:
changing the electrical field (ionization)
changing the magnetic field (RF depolarization)

Problems and Questions
Electrodes in the cell: R&D is needed
Residual gas 0.1% accurate subtraction
Coordinate detectors: the interaction point?
Atomic cross section (mean free path...) needs verification
Cost and complexity
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Conclusion

New PV experiments require a ∼0.4% polarimetry.

Possible strategy

Continuous polarimetry
∼0.4% Compton - seems feasible
Second polarimetry method (Møller) of similar accuracy
would help dramatically.

Steps to develop atomic hydrogen target
Find a way to insert electrodes into the storage cell
Find a way to measure/subtract the residual gas
contribution
Obtain funding to build a storage cell ...
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Mott Polarimetry

0.1-10 MeV: e− ↑ + Au → e− + Au analyzing power (Sherman func.) ∼ 1-3%

• Nucleus thickness: phase shifts of
scat. amplitudes

• Spin rotation functions
• Electron screening, rad. corr.
• Multiple and plural scattering
• No energy loss should be allowed
• Single arm - background

• Extrapolation to zero target
thickness

• e − ↑ < 5 µA - extrapolation needed

JLab: σ(P)/P = 1%(Sherman)⊕ 0.5%(other) (unpublished) ⊕σ(extrapol)
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