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Weak Neutral Current Interactions
e 1960s: An Electroweak Model of Leptons (and quarks)

- SU(2), X U(1), theory predicted the Z boson, introduced sin2d,,

e 1973: antineutrino-electron scattering

Low energy WNC interactions (Q’<<M /)

-
Historical Context: e,N

- First weak neutral current observation

0 -Gargamelle observes one v, e~ event

‘First measurement of weak mixing angle B8

{l VAL
e Mid-70s: Does the Weak Neutral Current interfere with the Electromagnetic Current?

- Central to establishing SU(2), X U(1)y

I
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Weak Neutral Current Interactions
Low energy WNC interactions (Q’<<M /) ‘ Ke- :> e ><g.eG ’a

Historical Context:
e 1960s: An Electroweak Model of Leptons (and quarks)
- SU(2), X U(1), theory predicted the Z boson, introduced sin2d,,
e 1973: antineutrino-electron scattering
- First weak neutral current observation

Y Gar‘gamelle observes one v, e- even’r

{l VAL
e Mid-70s: Does the Weak Neutral Current interfere with the Electromagnetic Current?

- Central to establishing SU(2), X U(1),

) 2
longitudinally ‘ o I AY + A kl A G* G‘ Need feWX 1011 events
polarized ¢~ wea PV — G*‘I‘ G* :> Count at ~ 100 kHz
unpolarize target~ AE + ZAEMAweak-I- o ~ 10—4 :> 6(APV) ~ few ppm
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.
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Anatomy of a Parity Experiment
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C.Y. Prescott, et al.
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‘Photoemission from a GaAs wafer: “black
magic” chemical treatment creates a
Negative Electron Affinity cathode

100 kV

polarized-source
GaAs
pockels cell

polarized

\v ‘Rapid helicity reversal: polarization sign flips
~ 100 Hz to minimize the impact of drifts

A
L

Kent Paschke

alf-wave plate

electrons

Accelerator . Heljcity-correlated beam motion: under sign

flip, beam stability at the micron level
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Anatomy of a Parity Experiment

| C.Y. Prescott, et al.
GUN BEAM MONITORS
CURRENT ¢
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e Beam Monitors to measure
helicity-correlated changes in
beam parameters

TO JLECTRONICS =——

* High-power cryotarget
30 cm long for high
luminosity
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.
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Anatomy of a Parity Experiment

Kent Paschke

C.Y. Prescott, et al.

= BEAM MONITORS
CURRENT 3
S ENERGY (6, TARGET) WL
| AC\,‘El. i 2 TARGET POL ARIME TER
| ANGLE .
[GoAs sounce}J - J
L,; COMPUTER
TO ELECTRONI

TO ELECTRONICS =

 Magnetic spectrometer
directs flux to background-
free region

* Flux Integration
measures high
rate without
deadtime

Calorimeter

/7/ - :copper  phototube integrator

electron flux [ : quartz

e >
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.

BEAM MONITORS

GUN
CURRENT —
- ENERGY TARGET MELLER ——
ACCELI BosTion 02 ARGET) POLARIME TER
| ANGLE ~__ 2
. ~4
[GoAs SOURCE} | ; i
} /i
L Sn e
4 COMPUTER o
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TO ELECTRONICS = ————

TO ELECTRONICS =——

Apy ~ 10010 ppm

* Parity Violation in Weak Neutral Current Interactions
e Sin?0,, = 0.224 * 0.020: same as in neutrino scattering
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.

BEAM MONITORS
CURRENT

GUN

c ENERGY TARGET MBLLER |
; AC ‘E" POSITION @ POLARIME TER
ANGLE .

[GaAs somce}j - J

L . COMPUTER

Apy ~ 10010 ppm

* Parity Violation in Weak Neutral Current Interactions
e Sin?0y, = 0.224 * 0.020: same as in neutrino scattering

Glashow, Weinberg, Salam
Nobel Prize awarded in 1979

Kent Paschke JLab Parity Violation FS&N Workshop, Chicago, August 2012 5



Search for, or study, new neutral currents

Many new physics models give rise to new heavy neutral current interactions

L =L L Heavy Z’'s and neutrinos, technicolor,
— ~SM - new compositeness, extra dimensions, SUSY ...

I
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Search for, or study, new neutral currents

Many new physics models give rise to new heavy neutral current interactions

L =L L Heavy Z’'s and neutrinos, technicolor,
— ~SM - new compositeness, extra dimensions, SUSY ...

Consider f,f, = f,f; or fifs = Lifs J&Xﬁ

(9i7)° h b
Efl f2 p— Z ‘/;'; le,YM f]_q, f23 ’YM f2] Eichten, Lane and Peskin, PRL50 (1983)

mass scale A, coupling g for each fermion and handedness combination

I
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Search for, or study, new neutral currents

Many new physics models give rise to new heavy neutral current interactions

Heavy Z's and neutrinos, technicolor,

L= L:SM - Lnew compositeness, extra dimensions, SUSY....
- NG/
Consider f,f, = [,f, or [,[,—= f,/],
(9;7) f 2
Efl f2 p— Z ‘/(; flz’yluf]_sz] ’Yﬂfzj Eichten, Lane;:zndPeskin, PRL50 (1983)

mass scale A, coupling g for each fermion and handedness combination

e : . *d(sin%0w) < 0.59
Sensitivity to TeV-scale contact interactions if: ( w) /o
eaway from the Z resonance

* Precision neutrino scattering
* PV couplings through interference with EM eopposite-parity transitions in heavy atoms
sparity-violating electron scattering
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Search for, or study, new neutral currents

Many new physics models give rise to new heavy neutral current interactions

Heavy Z's and neutrinos, technicolor,

L= L:SM - Lnew compositeness, extra dimensions, SUSY....
- NG/
Consider f,f, = [,f, or [,[,—= f,/],
(9;7) f 2
Efl f2 p— Z ‘/(; flz’yluf]_sz] ’Yﬂfzj Eichten, Lane;:zndPeskin, PRL50 (1983)

mass scale A, coupling g for each fermion and handedness combination
L : . *d(sin%0w) < 0.5%
Sensitivity to TeV-scale contact interactions if: ( w) ’
eaway from the Z resonance

* Precision neutrino scattering
* PV couplings through interference with EM eopposite-parity transitions in heavy atoms

sparity-violating electron scattering
| gneti Az Apen
interferes with Z-exchange as A, +Az+A 142 4+ 92
well as any new physics K e A, A,
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SLAC E158

48 GeV Moller Scattering 1997-2004
collilJn'ator primary l&;z scattered ¢ollimator detectors
l. ‘d eam '
) hy&(ll':)léen i 7 ]_—Photons I _,___—————"q’/s’{ T
p_ I | s 1 -
beam SR E - Mollers»_ > 0.7 m
target \ A P I T — l
dipoles o quadrupoles
- m >|
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48 GeV Moyller Scattering SLACE158 1997-2004

collimator primary & scattered collimator detectors
liquid ¥ eam ep's
Lar hydrogen | '/PhOtonS I _,____—-——/{ T
PO et —— = > > 0.7m
beam Mollers
N Ry =——]l

1
om quadrupoles R}

e 10 nm control of beam centroid on target

- R4&D on polarized source laser transport elements
e 12 microamp beam current maximum

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

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

* Pulse-to-pulse beam fluctuations < 100 microns

- 100 Mrad radiation dose from scattered flux

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

e Full Azimuthal acceptance with 6,,, ~ 5 mrad

- Quadrupole spectrometer

- Complex collimation and radiation shielding issues
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48 GeV Moyller Scattering SLACE158 1997-2004

collimator primary & scattered collimator detectors

liquid ¥ eam ep's

i hydrogen L '/PhOtOHS I _,____————/_:{ T
POy o[ = > 5 0.7m
sl

beam target \ A 4 I R

. dipoles o quadrupoles
- m >|

A large number of technical challenges ¢ 10 nm control of beam centroid on target
- R4&D on polarized source laser transport elements

e 12 microamp beam current maximum
- 1.5 meter Liquid Hydrogen target
e 20 Million electrons per pulse @ 120 Hz

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

* Pulse-to-pulse beam fluctuations < 100 microns

- 100 Mrad radiation dose from scattered flux

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

e Full Azimuthal acceptance with 6,,, ~ 5 mrad

- Quadrupole spectrometer

- Complex collimation and radiation shielding issues

Phys. Rev. Lett. 95081601 2005) | Apy= (-131 £ 14 = 10) ppb
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EW Quantum Corrections
Precision Measurements of Electroweak (EW) Couplings
For electroweak interactions, 3 input

parameters needed:

1. electron g-2 anomaly
2. The muon lifetime
3. The Zline shape

I
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EW Quantum Corrections
Precision Measurements of Electroweak (EW) Couplings

For electroweak interactions, 3 input 4th and 5th best measured parameters: My and sin20w

parameters needed: Values differ from tree level predictions:

indirect access to “heavy” physics
1. electron g-2 anomaly y" phy

2. The muon lifetime Known “heavy” physics: the top quark
3. The Zline shape Assumed “heavy physics™: the Higgs boson

Muon decay Z production
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EW Quantum Corrections
Precision Measurements of Electroweak (EW) Couplings

For electroweak interactions, 3 input 4th and 5th best measured parameters: My and sin20w

parameters needed: Values differ from tree level predictions:

indirect access to “heavy” physics
1. electron g-2 anomaly y" phy

2. The muon lifetime Known “heavy” physics: the top quark
3. The Zline shape Assumed “heavy physics™: the Higgs boson

ioog?
— LH|C Higgs” w
0,b March 2012 t b
Afb F—e— W
A(SLD) /
My |
Muon decay Z production
b T 3
10 10
M, [GeV]
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Running Weak Charge
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_ 2012 PDG
- Z Z
- f w
0.245 — Y Y
- E158 -
—~ 0.240 - -
3 - TQAPY) :
S - —
S :
N = -
L 0235 -
m b -
B ITevatron T _
- CMSi _
0.225 : - :
SRR TR R ETIT B R TTTT B ARSI BTSSR TTTT MW ETITT B Sr ST BRI
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]
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Running Weak Charge

Improvement in SM prediction

eCzarnecki and Marciano (1995, 2000)
ePetriello (2002)

*Erler and Ramsey-Musolf (2004)
oSirlin et. al. (2004)

*Zykonov (2004)
0250 WHI—I_I—TTH“' LELELRALLL L nnmmmm
_ 2012 PDG
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- f w
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\/g - 1 -
Pon) - -
) - -
L 0235 —
7 - .
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0.225 = -
SRR TR R ETIT B R TTTT B ARSI BTSSR TTTT MW ETITT B Sr ST BRI
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]
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Running Weak Charge

Improvement in SM prediction E158: First confirmation of SM running
eCzarnecki and Marciano (1995, 2000)
ePetriello (2002)
*Erler and Ramsey-Musolf (2004)
oSirlin et. al. (2004)

*Zykonov (2004)
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Running Weak Charge

Improvement in SM prediction E158: First confirmation of SM running |, el e el?
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Improvement in SM prediction

Running Weak Charge

eCzarnecki and Marciano (1995, 2000)
ePetriello (2002)
*Erler and Ramsey-Musolf (2004)
oSirlin et. al. (2004)

E158: First confirmation of SM running

Constraints on new physics into
15 TeV (lepton compositeness)

2
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3 Decades of Technical Progress

Parity-violating electron scattering has become a precision tool

10

= SLAC

_ MIT-Bates
107 __Mainz
Jefferson Lab

E P}"-DIS
B ]
PV-DIS
10° 3 (12GeV)
—~ -
- -
& a0
<107g
o -
10°¢
- ® Pioneering
B ® Proton Form Factors
10°° (1999-2009)
S foller(12GeV) ® Near Future
L eMainz-P2 ® Future Program
1 ‘10 ﬁlolllllll 1 1 IlllllI 1 L1l lI lllII

APV

10® 107 10°® 10° 10

103

Interplay between probing hadron
structure and electroweak physics

®Beyond Standard Model Searches
eStrange quark form factors
e®Neutron skin of a heavy nucleus
®QCD structure of the nucleon

For future program:

e sub-part per billion statistical reach
and systematic control

* sub-1% normalization control

photocathodes, polarimetry, high power cryotargets,
nanometer beam stability, precision beam diagnostics, low
noise electronics, radiation hard detectors
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Proton Weak Charge

I
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Strange Vector Form Factors Are Small

L ; Superconducting Particle v
Coi ey

SAMPLE (Bates) A4 (Mainz) |

2 1 1
Form factors for elastic scattering G4, = gG%’p — gG%p — gGsE

2 I _a I ..

I
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Strange Vector Form Factors Are Small

s z Superconducting Particle v
Coi ey

I
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Strange Vector Form Factors Are Small

2 1 Ligmos
. . D u,p d,p 1
Form factors for elastic scattering G’ = gGE — gGE —3 B
= 2 1 1:
i  SAMPLE with p eLD el e
0158 T G, calculatiton G = 3GM SGM 3EGM

HAPPEX-He

At Q2~0.1 GeV?,
Gs < few percent of GP

0.5 1

-1.5 -1 -0.5

(B
0

Gy

1.5

A4 (Mainz) |

Probing over a range of
low-Q?, effects are small
(<3%) and consistent with
zero.
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Strange Vector Form Factors Are Small

i
Wy R
B

e (@ i
o S 4
AT X 5 O R [

HAPPEX (JLab) A4 (Mainz) \

Form factors for elastic scattering : :’robinzg of\;er a range Of"
: low-Q?, effects are sma
 Gawrewn ] qp — 2qur _ Lodp EGS . (<3%) and consistent with
015 G, |calculation 3 M 3 M 3: M ! zero.

0.05F

HAPPEX-He Ges of

-0.05 :
\ -0.05 r
o -0.05

-0. 0.1

- —68.3%
-0.15— .. 95%,

At Q2~0.1 GeV?,
Gs < few percent of GP

-0.1-

: -0.2:““\\\MHMH.::
RN R B S R casb ey L 1 -0.8 -0.6 -0.4 -0.

(B
-5 -1 -05 0 0.5 1 15 G’
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A4 (Mainz) |

Probing over a range of
low-Q?, effects are small
(<3%) and consistent with

Ge® of

-0.05

0.1
I —68.3%
-0.15 ..959%

At Q2~0.1 GeV?,
Gs < few percent of GP

= _0-2:\\\‘\\\‘\\\‘\\\'
|||||||||||||||¥"'|:|||||||||| -1 -08 -0.6 -0.4 -0.

-1.5 -1 -0.5 0 0.5 1 1.5 Gm®

A)
GM
Whether strange quarks, charge symmetry breaking, axial contributions -

proton structure effects in Apy must go to zero at Q?=0
I —————
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Proton Weak Charge, Qw?

Proton 04 | At small angle and low Q?, form-factor
GO
weak charge | and other contributions are small

0.3

1 'y 2
«0.2 | HAPPEX I Theory A _ Q°Gr p 2
= estimate for - + F 9
’m PVA4 ar:apofe ::F PV 4\/57'('0{ [ w ( ,Q )]

0" R. Young et al., PRL 99 122003 (2007)

0 005 0.1 015 02 025 03
0* (GeV?)
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Proton Weak Charge, Qw?

04 | At small angle and low Q?, form-factor
and other contributions are small

Proton
weak chargeO.3 7

’L\SOQ" HAPPEX o I T_heoryff APV:_QZGF [ p —I—F(H Q2)]
As e 42ma Y

0" R. Young et al., PRL 99 122003 (2007)

0 005 0.1 015 02 025 03
0* (GeV?)

Global fit of existing strange-quark program data
provides an important constraint on Standard

Model C1y and Cag QPw =2 Ciy + Cig

_ 9
Clq — gvgfi
Crg = (97r)2 + (97 = (97%)% — (97%)°
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Proton Weak Charge, Qw?

0.4

Proton
weak chargeO.3 7

I Theory |
estimate for
anapole FF

HAPPEX
PVA4

R. Young et al., PRL 99 122003 (2007)

0

005 0.1 0.15 02 025 0.3

At small angle and low Q?, form-factor

and

other contributions are small

0* (GeV?)

Global fit of existing strange-quark program data
provides an important constraint on Standard

Model C1y and C14

C
C

Q°w =2 Cyy + Cud

_ 9 e
lg — ngA
1qg = (g_?:qu)2 T (gje:qu)z -

(97%)% — (g7%)?

Apy = ————[Q% + F(6,Q%)
%% y
421 ]
0.18 - i
[ SLAC: D DIS
|
0.16| SM value
i y
= | Lpee— e ls S
< 0.14 |
% e
)
APVES
0.12
0.1¢ “
-08 -07 -06 -05 -04
Ciu—Ciy
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Proton Weak Charge, Qw?

0.4

Proton
weak chargeO.3 7

I Theory |
estimate for
anapole FF

HAPPEX
PVA4

R. Young et al., PRL 99 122003 (2007)

0

005 0.1 0.15 02 025 0.3

At small angle and low Q?, form-factor

and

other contributions are small

0* (GeV?)

Global fit of existing strange-quark program data
provides an important constraint on Standard

Model C1y and C14

C
Cy, =

Q°w =2 Cyy + Cud

_ 9 e
lg — ngA
(gf:qu)2 T (gje:qu)z -

(97%)% — (g7%)?

Conclusion of the strange quark program
has led to significant improvement in
constraints on non-SM couplings

Apy = ———— Q) + F(0,Q%)
%% y
421 ]
0.18 - .
| SLAC: D DIS
APV I
0.16 } SM value
...... Be
-: 4A-"_._7 — e W .
G 0.14 |
- |
&)
PVES
0.12
| ]
0.1} | |
-0.8 -0.7 —-0.6 -0.5 -0.4
Cl u_Cl d
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QWeak: precision measurement of Quw"

Dedicated measurement at small angle, low Q2 ~ 0.03 GeV?

de
. Q°Gr p 2
Proton structure I, contributes ~30% to Apy = —4\/571_& [ w +F0,Q )]
asymmetry, ~2% to 0(Q,,")/ Q"
0.18
6 QW —_ i 4% SLAC: D DIS
All Data & Fits
o« 2 Plotted at 1 o AFVTI
— 5(sm OW) =+ 03% 0.16 Qfy = —2(2C1u + C1a)

I e

© 0.14

%

Y HAPPEX: H, H

< GO H, . °

PVA4: H
0.12 SAMPLE: H, D
Q—weak
(expected)
0.1
-0.8 -0.7 -0.6 -0.5 -04
C1u—Cra
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QWeak: precision measurement of QP

Dedicated measurement at small angle, low Q2 ~ 0.03 GeV?

Proton structure I, contributes ~30% to
asymmetry, ~2% to 0(Q,,")/ Q"

50! = +4%

= &(sin*6,) = + 0.3%

A 1
— ~ 4.6TeV

9 VG BQ)]

Non-perturbative theory
g~ 2n A~ 29 TeV

Extra Z°
g~ 0.45 m,~2.1TeV

Kent Paschke JLab Parity Violation

e
Q F P 2
Apy = — Qw + F(0,Q7)]
421
0.18
SLAC: D DIS
All Data & Fits
Plotted at 1 o APV TI
0.16 Q¥ = —2(2C1u + C1a)
N . e
© 0.14
3*
) gﬁPHPEx: H, He
. y b} rd
PVA4: H PVES
0.12 SAMPLE: H, D
Q-weak
(expected)
0.1

-0.8 -0.7 -0.6 -0.5 -04
C1:~C14
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QWeak

A new standard in precision

e High power, low noise target

e Low system noise - 5 GHz rate!

e High rate, radiation hard readout

e Control and correction for beam systematics
* Polarimetry approaching 1% (new)

e Background and calibration precision

Secondary Shielding
Collimator Inelastics

Elastic ep

Ring of Integrating
Precision Quartz Cherenkoy
Collimator detectors
D
-
*> e-Beam
Hydrogen Target Toroidal Magnet
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QWeak

A new standard in precision

e High power, low noise target

e Low system noise - 5 GHz rate!

e High rate, radiation hard readout

e Control and correction for beam systematics
* Polarimetry approaching 1% (new)

e Background and calibration precision

Secondary Shielding
Collimator Inelastics £
D1 —————————————
°F|° | R e R B ISP AT =
Elasticep ' 2'm R
Prec15|on Ring of Integrating
Quartz Cherenkov
)
-
> e-Beam
Hydrogen Target Toroidal Magnet
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QWeak

A new standard in precision

‘ MD Asymmetry :: Blinded (60 ppb box) :: Not Regressed | h1
Entries 93341

“0E ~5 GHz totalrate
e High power, low noise target 3500
* Low system noise - 5 GHz rate! 3000}
e High rate, radiation hard readout 25005_
e Control and correction for beam systematics -
* Polarimetry approaching 1% (new) 2000E
* Background and calibration precision 1500
10003— Q. _q . .
- 1ppm precision in 4 minutes
500—
B I - e T '10|u(u' ')
. . asymmetry (ppm
Secondary Shielding ' ' ' ' '
Collimator Inelastics £ i
. e | | ST R R Y A G A< e A R O S R R YT |
Elasticep ' 2'm N
Precision Ring of Integrating
_ Quartz Cherenkov
C0"|mat0r detectors
)
.
i > e-Beam
35 cm Liquid = .
Hydrogen Target Toroidal Magnet
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Liquid Hydrogen:
35cm cell, 180 pA QWea k

World’s highest power cryotarget

2300 Watts
Designed with

CFD simulation

R

preliminary “internal consumption only”

Boiling <40ppm at 180 pA
(about 3% excess noise)

I
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Liquid Hydrogen:
35cm cell, 180 pA QWea k

World’s highest power cryotarget

ca
Fabry-Perot Elect
Optical Cavity

rons V
" 7 h
JW\/\/\/\@N
Backscattered

2300 Watts inole ;.;::‘.'{
Designed with

CFD simulation

\ 9 ” ., woe ' . »  Photon —e—
| 2 go | preliminary “internal consumption only Moller
: ‘ 5 S - eDet —s—
g 98 ! [ 1 Ist } 112
el il T, e M Tt i
P o _%%ﬁiif,gﬁg i{ % iuhﬁ h#?%_ iy 3 %
T 82 t

- Polé‘rilzation, measured through Compton and Moller |

Boiling <40ppm at 180 pA
(about 3% excess noise)
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Liquid Hydrogen:
35cm cell, 180 pA QWea k

World’s highest power cryotarget

2300 Watts
Designed with

CFD simulation

Elect

Dipole \/\/VB\/k\

A .

Phot

> % .. “- ' ' . ” " Photon

£ oo [ preliminary “internal consumption only Moller

5 S eDet —s—
% 88 T - ¢ . T I ;” % & BTH
S|y b i ﬁ%sﬂ;m il

¢ e "'T%‘;£f7f&%?1’ | ‘H H A

© 82

o Poléri‘zation, measured through Compton and Moller |

Boiling <40ppm at 180 pA
(about 3% excess noise)

Run Il Beam Properties

AX -0.95 nm
Ay -0.24 nm
AX’ -0.07 nrad
Ay’ -0.06 nrad
Aknergy 0.23 ppb
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Liquid Hydrogen:
35cm cell, 180 pA Qwea k

World’s highest power cryotarget

2300 Watts
Designed with

CFD simulation

Elect

Gasaslll oipole \/\/Va\/k\

A .

Phot

\\ - % .. “- ' ' . ” " Photon
‘ £ oo [ preliminary “internal consumption only Moller
N c T eDet —s—
- 5 88} 7 IO 0 TR J b 15
/4 5 e ;mj;eﬂ»%: ik i iti i 1y ﬁ;#f i Mi:?fﬁﬂ
-y E & ¢+ .
7 & - Polarization, measured through Compton and Moller
Boiling <40ppm at 180 pA
(about 3% excess noise) = Main detector asymmetry in “prompt” monitoring plots . b
unregressed, uncorrected, blinded e i)
Run || Beam Properties N THWP out } . '_?:Jo
AXx -0.95 nm 0F—— ____._________:_________.____*____f__
-0.25 IHWP in ‘ :
Ay -0.24 nm i i i : i ; i " sig
AX’ -0.07 nrad
Ay’ -0.06 nrad

AEnergy 0.23 ppb
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Liquid Hydrogen:
35cm cell, 180 pA QWea k

World’s highest power cryotarget

2300 Watts
Designed with
CFD simulation

Elect

=

Photons

~ 92 L] e . ' . ,  Photon
£ oo [ preliminary “internal consumption only Moller
5 1 eDet —s—
= 88 | . s 1 S 1 A5 % BT
S|yl pld i 1 E%Hhﬂ;h i1 i
& ZZ ' Poléri‘zation, measured through Compton and Moller
Boiling <40ppm at 180 pA
(about 3% excess noise) 2 Main detector asymmetry in “prompt” monitoring plots . b
unregressed, uncorrected, blinded e i)
Run || Beam Properties 3 THWP out } - '_:’:Jo
0.2 . T
AXx -0.95 nm = _i_._..:.f;:..._...._...f..f..:..._...f.:i._...i.:.:.:..._...._".i.:.f.:.:.:.i::.::.t.i.f*
02 THWPin ;
Ay -0.24 nm i i i : i ; i " sig
AX’ -0.07 nrad
sy | -0.06nrad Completed run (2010-2012)
First results (~*5% of data) to be released at DNP
AEnergy 0.23 ppb
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MESA/P2 at Mainz

Q2 G Qweak: proton structure F’ contributes ~30% to
F ~90 p p
Apy = - —— [ I‘D}V + F(6, Q2)] asymmetry, ~2% to 6(Q,,”)/ Q\
4v/2mo Negligible for significantly lower Q2

* rate up 100x, Q2 down 10x: same FOM of Apv and 2x FOM on Q2
 reduced sensitivity to radiative corrections and proton structure MESA-LAYOUT

New research machine based on ERL will also support a high-current
extracted beam at 100-200 MeV suitable for a PV experiment
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MESA/P2 at Mainz

Q2 G Qweak: proton structure F’ contributes ~30% to
F ~90 p p
Apy = - —— [ I‘D}V + F(6, Q2)] asymmetry, ~2% to 6(Q,,”)/ Q\
4v/2mo Negligible for significantly lower Q2

* rate up 100x, Q2 down 10x: same FOM of Apv and 2x FOM on Q2
 reduced sensitivity to radiative corrections and proton structure

MESA-LAYOUT

New research machine based on ERL will also support a high-current
extracted beam at 100-200 MeV suitable for a PV experiment

* Epeam = 200 MeV, 10-30°
m * Q% =0.0048 GeV?
* 30 cm target, 150 uA, 10% hours,
85% polarization
* Apy =-20 ppb to 2.1% (0.4ppb)
, * 5(sin’Ow) = 0.2%

To beam dump

Solenoid

Q00000000

Elastically scattered
electrons 0 =10.20,30 deg.

Electron beam:

137MeV, 150pA,
P=0.85

30cm long

Rejection of inelastics &
la. Hydrogen target

Acceptance definition
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MESA/P2 at Mainz

Q2 G Qweak: proton structure F’ contributes ~30% to
F ~90 p p
Apy = - —— [ b+ F(6, Q2)] asymmetry, ~2% to 6(Q,,”)/ Q\
4v/2mo Negligible for significantly lower Q2

* rate up 100x, Q2 down 10x: same FOM of Apv and 2x FOM on Q2
 reduced sensitivity to radiative corrections and proton structure

MESA-LAYOUT

New research machine based on ERL will also support a high-current
extracted beam at 100-200 MeV suitable for a PV experiment

* Epeam = 200 MeV, 10-30°

* Q% =0.0048 GeV?

* 30 cm target, 150 uA, 10% hours,
85% polarization

* Apy =-20 ppb to 2.1% (0.4ppb)

, * 5(sin’Ow) = 0.2%

To beam dump

m

Solenoid

000000000

Elastically scattered
electrons 0 =10.20,30 deg.

Electron beam:

137MeV, 150pA,
P=0.85

 Development starting now e

DDA * P2 on the floor and commissioning in 2015
Rejection of inelasios & e MESA complete and in operations in 2016
ettt * P2 production 2017-2019, to full precision

30cm long
la. Hydrogen target
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MOLLER at 11 GeV



12 GeV Upgrade at JLab gP zoov
~ Hall D
Unique Facility for PVeS Upgrade magnets

e High intensity and power supplies
e High polarization Add 5
e Low noise (cold CW RF) /

* Energy range

20 cryomodules

= Add 5
=9 cryomodules Two 1.1 GV linacs

Enhanced capabilities Lower pass beam energies

in existing Halls U still available 2-11 GeV
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Back to Mgller Scattering: MOLLER at 11GeV JLab

An ultra-precise measurement of the weak mixing angle using Moller scattering

. 1
Apy < By, Oy, O o< _E Figure of Merit proportional to beam power
lab
At 11 GeV, JLab luminosity and stability makes large improvement possible

Detector

MOLLER

Apv = 35.6 ppb

Luminosity: 3x10%° cm?/s!
75 uA 80% polarized

ad Upstream
28m W . Toroid Liquid
T S Hydrogen

O(Apv) = 0.73 parts per billion
0(Q%w) =+ 2.1 % (stat.) £ 1.0 % (syst.)

5(sin26w) = + 0.00026 (stat.) + 0.00012 (syst.) ==> ~0.1%

Matches best collider (Z-pole) measurement!
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Precision Measurement of sin20y

Direct measurement of SM weak mixing angle is
average of two measurements that disagree by

30... ...yet the naive statistical average agrees to a very

high level with the LHC Higgs candidate

(Courtesy: J. Erler)

0-235 T T T T LI I — : 0-235
We failed to nail sinZ0w allowed :
0.234 —0.234
when we had the ]
. o E158 3
colliders! -B.Marciano |
0.233 —0.233
O World average T 3
2 Lval A.5(b) ]
o,k Centralvalue | R 1000
c 0. 1 Jo.
RO SO \- ------------ {MOLLER
The consistency of the SM 0231 i 0231
prediction, between directly A, p(had) ]
measured my, mw, m;, sinZBw :
S P 0.230F Ruled out Ruled out APV (Cs) | J0.230
bears tesung 1 1 1 1 L1 1.1 I 1 1 1 1 E
10 100 1000

M, [GeV]
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Precision Measurement of sin20y

Direct measurement of SM weak mixing angle is
average of two measurements that disagree by

30... ...yet the naive statistical average agrees to a very

high level with the LHC Higgs candidate

(Courtesy: J. Erler)

0-235 T T T T LI I — : 0-235
We failed to nail sinZ0w allowed :
0.234 —0.234
when we had the ]
. o E158 3
colliders! -B.Marciano |
0.233 —0.233
O World average T 3
2 Lval A.5(b) ]
o,k Centralvalue | R 1000
c 0. 1 Jo.
RO SO \- ------------ {MOLLER
The consistency of the SM 0231 i 0231
prediction, between directly A, p(had) ]
measured my, mw, m;, sinZBw :
S P 0.230F Ruled out Ruled out APV (Cs) | Jo.230
bears tesung 1 1 1 1 L1 1.1 I 1 1 1 1 E
10 100 1000

M, [GeV]

- sin20,, improvements at hadron colliders very challenging
* “Giga-Z"” option of ILC or neutrino factory: powerful but far future
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MOLLER Sensitivity to BSM Physics

2
8ij _ _ ::: A
£e1e2 - g —J2ei%eieﬂ“ej = 7.5 TeV
i,j=L,R 2A V/g&kr —8iL

best contact interaction reach for leptons at low OR high energy

To do better for a 4-lepton contact interaction would require:
Giga-Z factory, linear collider, neutrino factory or muon collider

I
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MOLLER Sensitivity to BSM Physics

2
8 _ _ A
Leje, = Z —2€i%eieﬂ“ej > = 7.5 TeV
i,j=L,R 2A V/g&kr —8iL

best contact interaction reach for leptons at low OR high energy

To do better for a 4-lepton contact interaction would require:
Giga-Z factory, linear collider, neutrino factory or muon collider

Heavy Photons:
The Dark Sector

Hypothesis could explain (g-2), discrepancy as
well as several intriguing astrophysical
anomalies related to dark matter

I
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MOLLER Sensitivity to BSM Physics

2
8 _ _ A
Leje, = Z —2€i%eieﬂ“ej > = 7.5 TeV
i,j=L,R 2A V/g&kr —8iL

best contact interaction reach for leptons at low OR high energy

To do better for a 4-lepton contact interaction would require:
Giga-Z factory, linear collider, neutrino factory or muon collider

Heavy Photons (Z):
The Dark Sector

Hypothesis could explain (g-2), discrepancy as
well as several intriguing astrophysical
anomalies related to dark matter

I
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MOLLER Sensitivity to BSM Physics

2
8 _ _ A
Leje, = Z —2€i%eieﬂ“ej > = 7.5 TeV
i,j=L,R 2A V/g&kr —8iL

best contact interaction reach for leptons at low OR high energy

To do better for a 4-lepton contact interaction would require:
Giga-Z factory, linear collider, neutrino factory or muon collider

MOLLER reach: red dashed lines

1x1074

Heavy Photons (Z):
The Dark Sector

5%107°

Hypothesis could explain (g-2), discrepancy as 1x107

well as several intriguing astrophysical 55 10-6 \
- \‘a ~.” A
anomalies related to dark matter an o vy
. . . o - APEX #est
Beyond kinetic mixing: mz, 5 R
. . . . €7 — _ AAPV  Combined
introduce mass mixing withz %4 M, " 6 o
Davoudiasl, Lee, Marciano arXiv:1203.2947v2 5x1077F

Complementary to direct heavy photon searches:
Lifetime/branching ratio model dependence | L . o ‘
5 10 50 100 500 1000

VS mass mixing assumption mzq [MeV]

[For 6°=107°]

Kent Paschke JLab Parity Violation FS&N Workshop, Chicago, August 2012



Complementarity to LHC Direct Searches

B ol Ms;
| eryuereryer ‘h L‘ ~ 5.3 TeV

Doubly-charged Scalars

e __ e ~ ’ 2

improves reach significantly beyond LEP-200



Complementarity to LHC Direct Searches

Doubly charged Scalars e |2 M
| L ‘ ;L‘ ~ 5.3 TeV
L

" MOLLER (ee)
0.15r JLab, 11 GeV
= 0.1 ]
@
=
fe) MSSM
= 0.05 o ]
a QWeak (ep) JLab, 1,165 Ge Y
3 P2 (ep) Mainz, 137 MeV Lo
< 0.05¢ .
e Ramsey-Musolf|
and Su, Phys.
-01F Rep 456 (2008)
-02 -015 -0.1 —0 05 0.05 0 1
5 (Q SUSY/ W)SIVI

MSSM sensitivity if light
super-partners, large tanf3

________




Complementarity to LHC Direct Searches

Doubly charged Scalars

" MOLLER (ee)

RPV JLab, 11 GeV

QWeak (ep) JLab, 1,165 Ge .
P2 (ep) Mainz, 137 MeV

Ramsey-Musolf]
and Su, Phys.
Rep. 456 (2008),
-0.15 -0A1 005 0.05 0.1
5 (Q SUSY/ W)SIVI

MSSM sensitivity if light
super-partners, large tanf3

hee ’2 [\/25L
PV | L.R — — I
M 2M52L eryuereryer ‘ ee‘ ~ 5.3 TeV

improves reach significantly beyond LEP-200

eVirtually all GUT models predict new Z’s
oFor ‘light’ 1-2 TeV, Z’ properties can be extracted

Suppose a 1to 2 TeV heavy Z’

is discovered at the LHC
Can we point to an underlying GUT model?

\ ‘ ‘ " "2, " J.Erler aWd E. Rojas-

X
- Z
M, = 1.2 TeV "

]

BN VOLLER ]
BN PVDIS mm Q,H)




Unprecedented Precision

e ~ 150 GHz scattered electron rate
— Design to flip Pockels cell ~ 2 kHz

— 80 ppm pulse-to-pulse statistical fluctuations
— Beam monitor precision

¢ 1 nm control of beam centroid on target
— Modest improvement in polarized source laser controls
— Improved methods of “slow helicity reversal”

e >10 gm/cm? target needed
— 1.5 m Liquid Hydrogen target: ¥ 5 kW @ 85 pA

e Full Azimuthal acceptance with 6., ~ 5 mrad

— novel two-toroid spectrometer

— radiation hard, highly segmented integrating detectors

 Robust and Redundant 0.4% beam polarimetry
— Plan to pursue both Compton and Atomic Hydrogen techniques
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Funding Proposal submitted to Nuclear Physics Division of the Department of Energy

MOLLER Status

sub-system Institutions

polarized source UVa, JLab, Miss. St.
Target JLab, VaTech, Miss. St.
Spectrometer Canada, ANL, MIT, UVa

Integrating Detectors

Syracuse, Canada, JLab

Luminosity Monitors

VaTech, Ohio U.

Pion Detectors

UMass/Smith, LATech

Tracking Detectors

William & Mary, Canada, INFN Roma

Electronics

Canada, JLab

Beam Monitoring

UMass, JLab

Polarimetry UVa, Syracuse, JLab, CMU, ANL, Miss.
St., Claremont-Ferrand, Mainz

Data Acquisition Ohio U., Rutgers U.

Simulations LATech, UMass/Smith, UC Berkeley

Strong Collaboration being formed

~ 100 authors, ~ 30 institutions
Expertise: A4, HAPPEX, PREX, Qweak, E158

4th generation JLab parity experiment

- foreign participation from Canada, Germany, Italy
I
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MOLLER Status

Funding Proposal submitted to Nuclear Physics Division of the Department of Energy

sub-system Institutions

polarized source UVa, JLab, Miss. St.
Target JLab, VaTech, Miss. St.
Spectrometer Canada, ANL, MIT, UVa

Integrating Detectors

Syracuse, Canada, JLab

Luminosity Monitors

VaTech, Ohio U.

Pion Detectors

UMass/Smith, LATech

Tracking Detectors

William & Mary, Canada, INFN Roma

Electronics

Canada, JLab

Beam Monitoring

UMass, JLab

Polarimetry UVa, Syracuse, JLab, CMU, ANL, Miss.
St., Claremont-Ferrand, Mainz

Data Acquisition Ohio U., Rutgers U.

Simulations LATech, UMass/Smith, UC Berkeley

Strong Collaboration being formed

~ 100 authors, ~ 30 institutions
Expertise: A4, HAPPEX, PREX, Qweak, E158

4th generation JLab parity experiment

foreign participation from Canada, Germany, Italy

Recent Progress

Director’'s review chaired by C. Prescott: strong
endorsement and encouragement to proceed

Developed a conceptual design of spectrometer, and a
cost range (~ 20M$)

Funding

Recently submitted a funding proposal to DoE Nuclear
Physics

Potential Schedule

goal is for funding to begin 2014/2015
goal is for installation in 2016/2017
Possible Beam Time Allocation

Run I: 3 months (6 wks setup + 6 wks data): E158 error

Run IT: 6 months: 25% statistics; already world's best
measurement

Run III: 2 years: full statistics with 60% efficiency

Goal - collecting final statistics by 2020

e
Kent Paschke

JLab Parity Violation

FS&N Workshop, Chicago, August 2012 25



SOLID for PV-DIS at 11 GeV



How well measured are the Ciq, C24?

' I T T I N |l{ l
-0.53  -0.52 -0.51

a°)
\ % |
o

3 AN NN\ AN
NN N\ AN
s N\ N\ \ \
\ \ N \
L] L]

Kent Paschke

JLab Parity Violation

Clu_Cld C2u_C2d
N
Ciq = (95Rr)% + (95)% — (97R)* — (971)°
q e e e e
. A Coq = (95r)" — (95n)* + (97%)° — (97%)°
\_ C.,=2g,8, C, =2g,8, )

FS&N Workshop, Chicago, August 2012
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How well measured are the Ciq, C24?

0.1 F
- _
Q
@ () BAVPLE
+
=
A
@) - 2 |
o |
L
-0.1 2
-0.2 -0.1 0
C2u_C2d
= —1+isin’Oy = —0.19
= <—Z2sin’by ~ 035
- = —i42sin’fy ~ —0.04
C.=20%0! C,. =200 Coy = 2-2sin’b0y =~ 0.04
\_ 1 = 4848y 2i = ngAJ 2d P 14 '
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How well measured are the Ciq, C24?

0.1 NN
- .
IS
O ISAMPLE
T OF
=
[\
@) ,
0.1 F
-0.2 -0.1
C2u_C2d
Red ellipses are PDG fits
Blue bands represent expected data:
Qweak (left) and PV-DIS-6GeV (right)
. A . Green bands are the proposed
e 1 _ e i
\_ C,=2g8,8y C, =28,8, ) measurement of PV-DIS
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How well measured are the Ciq, C24?

This box matches the

scale of the Cyq plot
/

0.1

CoutCoyg

-0
2 |
o

-0.1 -

02 01 0
C2u_C2d

Red ellipses are PDG fits

Blue bands represent expected data:
Qweak (left) and PV-DIS-6GeV (right)
Green bands are the proposed

A
\_ C; = 2828\11 C,=2g,8, ) measurement of PV-DIS
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How well measured are the Ciq, C24?

0.01 B

CoutCoq

0.02 |

-0.07 -0.06 005

C2u_C2d

Red ellipses are PDG fits

Blue bands represent expected data:
Qweak (left) and PV-DIS-6GeV (right)
Green bands are the proposed

. G, = 2828\1./ C, = 28;82 ) measurement of PV-DIS
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Deep Inelastic Scattermg

For an isoscalar target like 2H, the poorly-measured
axial quark couplings are accessible

z r
Aio = Ol — O?“
o'+ o
- <3GFQ2> 2C1, — Cra (1 4+ Ry) + Y (205, — Csy) R,
B T2v/2 b+ R,
f;}i% f?(igl%aﬁsﬁid A= Yjorkenys L - (1-y)”
electrons on deuterium y=1-E'/E L+ (1—y)?—1y? R?—l

R(z,Q%) = o'/o" ~ 0.2
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Deep Inelastic Scattermg

For an isoscalar target like 2H, the poorly-measured
axial quark couplings are accessible

[ r
Aio = Ol — O?“
o'+ o0
- <3GFQ2> 2C1, — Cra (1 4+ Ry) + Y (205, — Csy) R,
B T2v/2 b+ R,
f;}i% f?(igl%aﬁsﬁid A= Xpjorken Y — L-(1-y)
electrons on deuterium y=1-E'/E L+ (1—y)?—1y? R?—l
At high x, A, becomes independent of x & W, R(z,Q%) =oc'/o" ~ 0.2

with well-defined SM prediction for Q2 and y

QS(CE’) Largex\

R, (x) 0(@) + D(@) > 0
uv( )‘l‘d ( ) Large T

) = Twapw
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Deep Inelastic Scattermg

For an isoscalar target like 2H, the poorly-measured
axial quark couplings are accessible

ol —o"
Aiso — ; -
o'+ o 5
BGEpQ? \ gy | g
~ — ( [ZClu — Cld +Y (2C2, — Caq )]
10l10v?2 ) Sl s
Cahn and Gilman, PRD — . IR Y
17 1313 (1978) polarized A= X jorken _ 1-(1-y)
electrons on deuterium y= 1—-E’JE 1+ <1 — y) y2 RJ—T— -
At high x, A, becomes independent of x & W, R(z,Q%) =oc'/o" ~ 0.2

with well-defined SM prediction for Q2 and y

QS(LIZ‘) Large T

B0 = torom 0
uv( )‘l‘ d ( ) Large T

oW = Torpw
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Deep Inelastic Scattermg

For an isoscalar target like 2H, the poorly-measured
axial quark couplings are accessible

ol — o

Aiso — ;
o'+ o"
) ( 3GrQ? \ guumppen  ge——
7T041()f ...............................................

Cahn and Gilman, PRD — _ 02

17 1313 (1978) polarized A= Apjorken v 1-(1-y)
electrons on deuterium y= 1—-E’JE 1+ <1 — y) y2 R?— -
At high x, A, becomes independent of x & W, R(z,Q%) =oc'/o" ~ 0.2

with well-defined SM prediction for Q2 and y

RS (x) ZS(£U> Large x> 0 QcD
U( ) + D( ) = Parton distributions (s, c)
% (x) _ uv( )-I— dy ( ) Large x> 1 -Charge Symmetry (CSV)
v U( ) 4+ D( > = Higher Twist (HT)
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QCD and Hadronic Structure in PV-DIS

Charge Symmetry Violation: Higher Twist
= u-d mass difference =cancellations isolate effects to
= electromagnetic effects coherent operator: Diquarks!
" proton structure *HT thumbprint (increase with x, Q?)
* Direct sensitivity of parton-level CSV should be clear if it is significant
e Important implications for PDF’s -
e Could be partial explaination of the NuTeV anomaly ' 9 (x, Q%) * 2 » BCOMS
0t - NMC
i \’
N B%j/m% x=0.350,i=4
e LF M =0450,i=3

¥
M
P x = 0.550,i=2

10 = N \l/ W2 > 12.5 GeV*

v E665 A - x=0.650,1 =1

BAG Model + QED Splitting 10 3
—0.04- ==== QED Splittingin MRST r —— QCD
L~ ~ 7] Uncertainty band, this proposal i ——— QCD + TMC
| L . . ] : L i | i : ; | - ——— QCD + TMC + HT
0‘2 0.4 0.6 0‘8 10 -3 1 1 IIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 1 IIIIII 1
Xoj 2 3
1 10 10 10

2 2
Bluemlein and Bottcher Q", GeV
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Coherent Program of PVDIS Study

Strategy: requires precise kinematics and broad range
Measure Ag in narrow bins of x, Q% with 0.5% precision

Aq / Q2 should be FLAT in x, Q2 above x=0.3-0.4

Variations in x, Q2 would indicate identifiable QCD effects
higher twist: Q* dependence, larger at higher x
CSV: expected to have less Q% dependence, grow rapidly at high x

Ag around x~0.4, high Q?, will determine a combination of Ci4’s, C24’s to 0.6%

Possible at 11 GeV JLab - requires a spectrometer optimized to precise
measurements at high luminosity over a broad range of x, Q2 7 _

SOLID:

* High luminosity from H and D, <1% precision in fine bins
* xg range 0.25-0.75, W? > 4 GeV?, large Q? range
* Baffling to cut backgrounds

* Fast tracking—GEM, particle ID, calorimetry, and pipeline
electronics

* Precision polarimetry (0.4%) Compton and atomic
hydrogen Moller
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SoLID Desugn for PVDIS Phy5|cs

Solenoidal detector fOf PVDIS at hlgh X
1 T I T T 1 L 1 [
5300 ~ l Yoke ] ﬁg _
> " . GEM
200 + e -
I | ’= gas Cerenkov
Coil | )
: | 2% 1 | collimator
100 | - A B -
i fq’w |
8
I
0 ; = | —
- '\ .
I ’,,,,% |
-100 ‘ \ _
I L |
i _— |
- [ | .| -
-300 | | | | | | L
-400 -300 -200 -100 0 100 200 300 400
Z.cm

e 20°-35° E’~1.5-5GeV, 6p/p ~ 2%
e some regions 10’s of kHz/mm?, Pion rejection with Cerenkov + segmented calorimeter
e Several large solenoids would work (Zeus, Babar): present design focuses on CLEO




Statistical Errors (%) vs. Kinematics

C r Statistical sensitivity for SOLID spectrometer
10 Error bar o,/A(%) H61 D63
L shown at center of 958
bins in Q?, x 53
L 967
@32 .65
L "'51‘).48 @52 " 4 months at 11 GeV
L @569 50
.50
‘).51‘)
5 é-16
.58 T
- o-58
@52
B @487 2 months at 6.6 GeV
» 949
4096 ¢
- &6
1 1 1 1 I 1 1 1 I 1 1 1 I

|
0.2 0.4

0.6

0.8

bj
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SoLID would fill a unique corner of
parameter space

No other technique can provide comparable
precision on axial hadronic weak neutral currents

I
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SoLID would fill a unique corner of
parameter space ;.. nopic 2’

No other technique can provide comparable
.. . . e arXiv:1203.1102v1 q
precision on axial hadronic weak neutral currents Buckley and Ramsey-Musolf

Since electron vertex must be vector, the Z’ cannot
couple to the Ci4’s if there is no electron coupling:
can only affect Cz2q4’s

I
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SoLID would fill a unique corner of
parameter space

No other technique can provide comparable
.. . . e arXiv:1203.1102v1 q
precision on axial hadronic weak neutral currents Buckley and Ramsey-Musolf

Leptophobic 2’

Since electron vertex must be vector, the Z’ cannot
couple to the Ciq’s if there is no electron coupling:
can only affect Cz2q4’s

o HC reach ~ 5 TeV, but....

eLittle sensitivity if Z’ doesnt couple to leptons
eLeptophobic Z’ as light as 120 GeV could € q
have escaped detection SOLID can improve sensitivity:

100-200 GeV range

I
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SoLID would fill a unique corner of
parameter space ;.. nopic 2’

No other technique can provide comparable
.. . . e arXiv:1203.1102v1 q
precision on axial hadronic weak neutral currents Buckley and Ramsey-Musolf

Since electron vertex must be vector, the Z’ cannot
couple to the Ci4’s if there is no electron coupling:
can only affect Cz2q4’s

o HC reach ~ 5 TeV, but....

eLittle sensitivity if Z’ doesnt couple to leptons
eLeptophobic Z’ as light as 120 GeV could € q
have escaped detection SOLID can improve sensitivity:

100-200 GeV range

~ SOLID

| Complementary

| sensitivity to SUSY
| B | Ramsey-Musolf
' 3 and Su, Phys.
o
| | | 1 . @) | | a O O Rep. 456 2008)
%0 15 .10 S5 0 5 10 25 10 05 9 5 10 15
W)SUSY/(QW)SI\/I (A)) (QW)SUSY/(QW)SI\/I (A))

e —
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Broad SolLID Program

Q* = 10 GeV? |

|
8 F B3 QCD fit
----- - CTEQ4M

-~ CTEQ4M (modified) |

e This proposal, 90 days/
(follows MRST-2004)

Deuterium PV-DIS drives the need for SolLID, but a broad
program of hadronic studies will also make use of it

"  —
- PV-DIS on Lead
"' nuclei

I (e |
| _/I/ |
possible explanationof |

ar(x)

i = -
i '“tff.ifw\i -------- o NuTeV anomaly
2 ) 2 _§ 2
-_ PV DIS on prOton ey \.,\_”... 08 | | al,nlaive Q” =50GeV
0 =——— fitted range ————— \\\\M. 0 0.2 0.4 . 0.6 0.8 1
0 5.5 5.3 5.6 o8 X
Transverse Spin Structure
P “ E12-10-006: Transverse Single Spin
e Asymmetry 3He
semi- _ .
i clusive E12-11-007: Single and Double Spin
DIS from Asymmetry 3He
polarized PR12-11-108: Single and Double Spin
targets Asymmetries on Transverse Proton

Kent Paschke JLab Parity Violation

C'ﬁ_elreru(ov PR12'12'006: Near Thre.ShOld
— Electroproduction of Jpsi at 11 GeV
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Compelling new opportunities in PVeS
Since 2007: 10

* New constraint on quark vector weak charges

e (Completion of Strange quark program)

e (First electroweak observation of neutron skin in a heavy
nucleus)

* Successfully completed PV-DIS-6 running (results soon!)

* Successfully completed QWeak running

10°

I>

10°

Moller(12GeV)

yTnu-PZ
Qo
10-10 I\IIIIIIII L IIIIlIII 1 1 IIlIIlI 1 1 Illllll L L L Ll

10® 107 10°® A 10° 10 10
PV

I
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Compelling new opportunities in PVeS

. 10% €
Since 2007: :
* New constraint on quark vector weak charges sl
e (Completion of Strange quark program) 10 §_
e (First electroweak observation of neutron skin in a heavy N
nucleus) 10°
« Successfully completed PV-DIS-6 running (results soon!) |~ [
 Successfully completed QWeak running :rf"m'7 =
oS -
MOLLER at JLab BRPS
 Ultra-precise weak-mixing angle comparable to the S
best collider measurements, needed and unavailable _9:1\
anywhere else! 10 - {Toller(12GeV)
* TeV-scale BSM sensitivity to complement LHC N "‘\J,“""”l | | |
SOLID at JLab N
« Unique access to axial weak hadronic coupling tests Ary

un-illuminated corner of BSM parameter space

* Broad program of hadronic studies: high-x partonic
structure, transverse spin structure, nuclear
modification, QCD studes

P2 at Mainz
e Factor of two and low Q? available on Q"
* Extend precision and improved interpretation

I
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Compelling new opportunities in PVeS

. 10% €
Since 2007: : .
* New constraint on quark vector weak charges sl He
e (Completion of Strange quark program) 10 §_ o
e (First electroweak observation of neutron skin in a heavy n Pl;::lfg
nucleus) 10°E (12GeV)
* Successfully completed PV-DIS-6 running (results soon!) |~
 Successfully completed QWeak running 50“10'7 =
oS -
MOLLER at JLab 0oL
 Ultra-precise weak-mixing angle comparable to the S
best collider measurements, needed and unavailable _92\
anywhere else! 10 - foller(12GeV)
* TeV-scale BSM sensitivity to complement LHC . N "\\Jo”""l)zl | | |
SOLID at JLab 900 107 10°. 10° 100 10°
» Unique access to axial weak hadronic coupling tests Ary
un-illuminated corner of BSM parameter space International Context
« Broad program of hadronic studies: high-x partonic » JLab is a unique facility, attracting
structure, transverse spin structure, nuclear foreign collaborators to this effort
modification, QCD studes Vision for 2020:
P2 at Mainz  Conclusion of MOLLER production running

* Final results of P2 under preparation
* Opening a broad program of study of

inclusive and semi-inclusive DIS with SOLID
S

Kent Paschke JLab Parity Violation FS&N Workshop, Chicago, August 2012 35

e Factor of two and low Q? available on Q"
* Extend precision and improved interpretation
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Charge Symmetry Violation

We already know CSV exists:

=u-d mass difference  d6m =mg-m, =4 MeV
6M =M -M,= 1.3 MeV

= electromagnetic effects

* Direct sensitivity of parton-level CSV

* Important implications for PDF’s

e Could be partial explaination of the
NuTeV anomaly

uP(x) %d"(w) = Ju(z)=uP(xr) — d"(x)
d’(z)=u"(z) = dd(z)=d’(x)—u"(x)

0Apy ou(x) — od(x)
Apv .28 u(z) + d(x)

For Apy in electron-2H DIS

Sensitivity will be enhanced if u+d falls off

|:*CSV

more rapidly than du-6dasx > 1

0.01

0.00

-0.02

BAG Model + QED Splitting

_0.04-| ==== QED splittingin MRST

L~ 7] Uncertainty band, this proposal

l 1 1 | l ' | 1 l

- bag model (solid) Radionov et al.
- QED splitting (dashed) Glueck et al.

0.008
0.006
0.004
0.002
(U
-0.002
-0.004
-0.006
-0.008

00%""061 02 03 04 05 06 07 08 099¢ 1

0.2 0.4 0.6

Kent Paschke JLab Parity Violation

0.8 Significant effects are predicted at high x
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CSV in Heavy
Nuclei: EMC Effect

Isovector EMC Effect and the NuTeV Anomaly

I.C. Cloét,! W. Bentz,” and A. W. Thomas®

PRL 102, 252301 (2009)

= Mean Field approach to estimate an EMC-
like effect for N # Z nuclei

= Possible explanation for NuTeV anomaly
which used iron target.

EMC ratios

EMC ratios

1.2

1.1

0.9

0.8

0.7

1.2

1.1

0.9

0.8

0.7 F

.’P\~: >
0 .s.‘};\.\\
oooooo Z/N — 0
| -=-=-= Z/N =0.2
c=c=Z7/N = 0.6
= = =Z7/N =0.8
Z/N = 1.0
0 0.2 0.4 0.6 0.8

Z/N =1/0.2

| cem - ZIN=1/04
= Z/N = 1/0.6
— - = Z/N =1/0.8
Z/N = 1.0 Q* = 10 GeV?
0 0.2 0.4 0.6 0.8




CSV in Heavv Nucle| EMC Effect

1.2

1.1

Carbon

a1

(1 naive

Q> =5.0CeV 2

0.2 0.4 0.6

0.8




CSV in Heavy Nuclei: EMC Effect
Lead
1.1

0.9 F

0.8 F

(1 naive

=50GeV?Z

0.2

0.4

0.6



F,(x,Q%)=F,(x)(1+D(x)/Q?)

Higher Twist -- MRST Fits

Q*=(W?-M?)/(1/x-1)

MRST, PLB582, 222 (04)

D(x) D/Q?in (%0)
X Q,., | LO | N°LO | LO | N3LO

0.1-02 | 05 | -007 | 0.001 | -14 | 2
0203 | 1.0 | -11 | 0003 | -11 | 0.0
0304 | 17 | -06 | -0.001 | 35 | -0.5
0405 | 26 | 22 | o011 8 4
0506 | 38 | 85 | 039 | 22 10
0.60.7 | 58 | 26 14 | 45 | 24
0.7-0.8 | 94 | 73 44 | 8 | 47

szin:QZ(W=2)

Order of DGLAP
influences size

|__MRST (Higher Twist Coefficients) |

of HT

12

Dyr(x)

10

HT Coefficients D(x)
DO
— NLO

— N\ |2
. N°LO

N’LO

llllllllllllll
. j,

=]
-
o
=]
N
o
2
w
o

| MRST (Higher Twist Coefficients) |

06
x

(u+d)*D

Higher twist

C(x)
Ameas. — APV 1 + 7
If C(x)~D(x), there is large
sensitivity al large x.

falls slowly
compared to
PDF’s

IIIIIIIIII‘IIIIIIIIIII

at large x.

HT may be most visible at the highest x

Kent Paschke
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Higher Twist and g-q coherence

The observation of Higher twist in PV-DIS would be exciting direct evidence for diquarks

following the approach of lw J‘<D | () (0)+ " (x) /* (0) | D>eiq>sxd4x
Bjorken, PRD 18, 3239 (78), A o< " " pr—
Wolfenstein, NPB146, 477 (78) L J<D |77 (x)j(0)] D>€ d’x

v, =lyu—dy,d)o S, =byutdy,d) (W)=l [(D|V* @)V (0)| D)e™d*x

1
Isospin decomposition (G, —Cy )<VV> T 5 (€, +Cyy )<SS>
before using PDF’s A= 1
(VV)+5(SS) /Zeroin QPM

(V) =(SS) = {(V =)V +8)) o< I, [ (D [u(x)y u(x)d (0)y" d(0) }e™*d*x

HT in E be domi g \Higher—TwistvaIance
In F, may be dominate qguark-quark correlations

by quark-quark correlations o
Vector-hadronic piece only

Use v data for small b(x) term.
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HT in the a3 term

1-(1-y)’

1-y—y°/2(1+R)

These hadronic corrections can be
obtained from charged-current
neutrino scattering data

Kent Paschke

0.05

-0.01 BT
-0.02 )
=003 F

-0.04 G

FIGURE 2. Left figure: the 1o error bands for the high-twist terms in the isospin-symmetric combina-
tions of different structure functions (solid lines: 5, dashes: £, dots: £1.) for charged leptons. Right figure:
corresponding 1 ¢ bands for neutrino scattering off an isoscalar target (upper panel: F,, lower panel: x/3).
The predictions for 7, from charged leptons rescaled by the corresponding leading twist terms are also

Cl3(Q2,V) oc

0.04
0.03 : e
0.02 F

0.01 |

|ll|‘|‘||l||||n|||||l||||l|||||l|||||1||||l||
01 02 03 04 05 0.6 0.7 0.3
X

shown for comparison.

JLab Parity Violation
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High Sensitivity, Complementary to LHC

A

Moller sensitivity: N 7 = 7.5 TeV
RR OSLL




High Sensitivity, Complementary to LHC

A

Moller sensitivity: N 7 = 7.5 TeV
RR OSLL

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

(Average of all 4 LEP experiments)

A A N
— 4.4 TeV OR T —_ 52 TeV insensitive to |g2 B gz
VIgkr +g2Ll gRL RR — 8LL|

To do better for a 4-lepton contact
interaction would require: Giga-Z
factory, linear collider, neutrino factory

or muon collider



High Sensitivity, Complementary to LHC

A

Moller sensitivity: N 7 = 7.5 TeV
RR OSLL

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

(Average of all 4 LEP experiments)

A A N
— 4.4 TeV OR T —_ 52 TeV insensitive to |g2 B gz |
VIgkr + 871 SRL RR — 8LL

Z' Leptonic Couplings, M;=1.5

TeV To do better for a 4-lepton contact

N ‘\‘. | Moeller x* Bounds | | ) interaction would require: Giga-Z
04— \\‘\Q‘ Moeller LR* Bounds ~ . . .
il Q. LHC x* Bounds X3 1 factory, linear collider, neutrino factory
R N-LHC LR Bounds XX ’ .
I AN ' ] or muon collider
- N \ i
02— A : * _
L \\ : X '«.v‘QzQ:z‘
i N e %
\\ | _ »,"A"‘ [}
: N~ 1 Moller:
o I S DR o _] 2 2 2 2
0.0 : _ _

v I L= I\ | drr — 9101 _ €R — €L
i KT LN\ i 2 — 2
'0'2:9'2“:’;’:”’) : \\\\ : A_ M /

| AN
—0.2FH : LR* \\\ |
- ! 1
» ! LD . []
y : N 1 LHC:
! X
0.4+ . . . | ‘Q\‘\ ] . .
__Figure; .Petnelllo &S. Quacli(enbush | .‘0‘ j With mass, Wldth, and Arg
C | | | | | | | | | | | | | | LS | a

04 0.2 0.0 0.2 0.4 can get constraint on egr/eL
€L




68% exclusion limits
MZ, =1.2TeV

30

B SOLID (0.6%) B Qweak (4%)

Il MOLLER (2.3%) B APV

-1 0 1
o COS f

Kent Paschke JLab Parity Violation FS&N Workshop, Chicago, August 2012 46



. e” scattering and
SUSY

Ramsey-Musolf,
Su (2006)
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Measuring Strange Vector Form Factors

More recently: an international program of measurements of elastic
electron-nucleon scattering, with an eye to extracting strange quark
contributions to the proton form factors

Proton: >
-G A+ A4, + A4
A= O A Ay A, few parts per million
471:0(«/5 G,
Ap =eGEGZ Ay =1GP,G% Ag = (1—4sin? 0w ) G%,G A
“ le” radiati

Forward angle Backward angle Anaffrreec;?or:zt;:
problematic

G%},M =(1- 4 sin* HW)G%’M = E,M —
T T from assumption of

Spin=0,T=0 “He: Gsg only!
Deuterium: Enhanced G,

charge symmetry
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The Axial Term and the Anapole Moment

~

Axial form-factors G,P, G,"
+3R.7°G'® + As

- Determined at Q2=0 from neutron and hyperon
decay parameters (isospin and SU(3) symmetries)

- Q2 dependence often assumed to be dipole form,
fit to v DIS and it electroproduction

* Includes also As, fit from v-DIS data

G =—7,(1+ R;™')GY

Anapole Moment Correction:
Multiquark weak interaction in Ra(™=1), Ra(™0)

Zhu, Puglia, Holstein, Ramsey-Musolf, Phys. Rev. D 62, 033008

‘Model dependent calculation with large uncertainty
‘Uncertainty dominates axial term

Difficult to achieve tight experimental constraint

Kent Paschke JLab Parity Violation
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Strange Vector Form Factors Are Small

w S 0.15

(O] B © HAPPEX-II A, uncertainty

— - = GO (FORWARD) =1 Global Fit

+ 0 10— ® HAPPEX-H — 3%of (G +1 G':n)

. ) E
o W v MAMI A4 (different )
| |

o l :

0.05

-+

0.00

-0.05

_0.10 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |

Probing over a range of low-Q?, effects
are small (<3%) and consistent with zero.
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Strange Vector Form Factors Are Small

w S 0.15
O " © HAPPEX-I A, uncertainty
- o. sEE L I 5 e e B B — L = GO (FORWARD) Global Fit
xg& £ SAMPLE with ] + 0.10 __ ® HAPPEX-H — 3% of (Gp +M Gl:n)
- G, calculation o < v MAMI A4 (different ) :
E O -
= ] 0.05 —
B i 0.00|—mmeiHRS ERZTE0 2
HAPPEX-He -
-0.0 ,, -0.05[—
>:m %);, S — s s
0 o B 0 correlated error
-V. m»gmm:@ _0.10 ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] |
At Q2~0.1 GeV?, 0.0 0.2 0.4 0.6 0.8 10,
_0.15-| G* < few percent of GP Q
Il Il Il Il | Il Il Il Il | Il Il Il Il | L 1 Proseont | 1 1 1 Il | Il Il Il Il
-1.5 -1 -0.5 0 0.5 1 1.5

Gy
Probing over a range of low-Q?, effects
are small (<3%) and consistent with zero.
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Strange Vector Form Factors Are Small

w S 0.15
O " © HAPPEX-I A, uncertainty
5 L s N BB = - = GO (FORWARD) Global Fit
SAMPLE with ] + 0.10__ ® HAPPEX-H — 3% of (Gp +M Gl:n)
GA calculation - w v MAMI A4 (different ) :
] “(’5 B L
. - 1
- i 0.05_—
S - - N ] 0.00f- ===
HAPPEX-'He
0.0 ,, -0.05
0 o GO correlated error
-V. m»gmm:@ _0.10 ] ] ] | ] ] ] | ] ] ] | ] ] ] ] ] ] |
At Q2~0.1 GeV?, 0.0 0.2 0.4 0.6 10,
_0.15-| G* < few percent of GP Q
| —— | | | | —— | [Pristengoreosirrosion) | foviseguronperon) | | | —— ‘
-15 -1  -05 GOS 0.5 1 1.5 B N \
M Q~022" Q2~0.62
F E 0.1j ]
Probing over a range of low-Q?, effects - E ; ;
are small (<3%) and consistent with zero. 05 ER E
G oi Gy o 1
0051 E . ]
C ] -0.055 ]
-0.1} { r 7]
-o.15§ --95% : o :gz;z% \]
0% 08 0504 0. I B T » g X
Gm® G,
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Strange Vector Form Factors Are Small

w S 0.15
(O) - © HAPPEX-I A, uncertainty
™ o. = i s LALNL ELNE — L = GO (FORWARD) 7] Global Fit
= (6 SAMPLE with ] + o010 e HAPPEX-H — 3%0f (6" +1 G))
GA calculation - * LW ~ v MAMI A4 (different ) :
1|1 O -
= i 0.05 —
g ] 0.00: .....
HAPPEX-"He
_0.0 X '0-05
0 S GO correlated error
-V. :gmm:» _0.10 ] ] ] | ] ] | ] ] ] |
At Q2~0.1 GeV?, 0.0 0.4 0.6 10,
_0.15-| G* < few percent of GP Q
Il L1 Il | L1 L1 | Il L1 Il | L gressssprosionts i forssig Lol | Il L1 Il ‘
-1.5 -1 S 0.5 1 1.5 02 N SRR 015 , N
M 0.15 Q2~0.22 Q2~0.62

Probing over a range of low-Q?, effects
are small (<3%) and consistent with zero.

Whether strange quarks, charge
symmetry breaking, axial contributions -
all effects must go to zero at zero Q2

o
o

0.05

)

m
1%

(=]

-0.05

:
o
o

-0.15

--95%

el L L L L L B )

N
G o

0.1

0.05

-0.05

— 68.3%
— 95%

-0.1
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vZ box contributions

Q

P
%%

(1+Ap+ AL)(1 — 4sin® Oy (0) + AL)
+Oww + 0zz +0,2(0) ,

-0.02

1+ 0y + 0z
APV = (1—|—5)AOPV = ( 1(776) Y( 7))14%\/
T Oy(vy)
0.04 , , .
0.02
§S
NS 0
Ze)

0.01

0.1 1

0’ (GeV?)

Also results from Zhou, Kao, Yang, Nagata (2010)

Tjon, Blunden, Melnitchouk (2009)

—~ 1
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Sibirtsev, Blunden, Melnitchouk, Thomas (2010)

Also results from: Rislow, Carlson (2010),
Gorchtein, Horowitz, M. Ramsey-Musolf(2011)

Electron and neutrino DIS and resonance measurements are necessary input

Kent Paschke

Look to be under control, but work is not yet complete
I ———————————————————————————————————————————————————
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Radiative Corrections

L
Several corrections: AsinZOW(M Z), WW and ZZ box - but these have small uncertainties

Focus on: yZ Box Corrections near 1.16 GeV

P K * In 2009, Gorchtein and Horowitz showed the vector
k — ko k —— k hadronic contribution to be significant and energy dependent.

Rislow and Carlson g \ TQ‘ g l | [t] * - . - . .
e This soon led to more refined calculations with corrections

p—. pop ‘—‘9 of ~8% and error bars ranging from +1.1% to +2.8%.

* It will probably also spark a refit of the global PVES
database used to constrain G, G5, G,.

Blunden, Melnitchouk, Thomas (2011)

(V and A are hadronic couplings)

T T T T T T

TTITTTT T

lee.ak corr

IBEREREEEE RERRREREEI
I I I

E (GeV)

Forthcoming axial results for Q," have

*Does not include a small contribution frem the elastic. : )
** 5 7%xQ,P(LO) = 0.0026. Q,P(LO) = 0.04532. the potential to impact the
***Tncluded in Q,P. For reference, Q,P =0.0713(8). interpretation of Cs APV. 1

|
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Spectrometer

for high rates...

Epeam = 1.165 GeV
Ibeam = 180 UA
Polarization ~85%
Target = 35cm
Cryopower =2.5 kW | .«

Tracking System

Collimator System

for calibration...

Region 2: Horizontal drift
chamber location

Quartz Cerenkov Bars
(insensitive to
non-relativistic particles)

Trigger Scintillator

Lumi Monitors

Region 3: Vertical
Drift chambers




e Designed with

Cryotarget  [:= colmuetior

| 4.59¢+00

Liquid Hydrogen: s AP,
35cm cell, 180 pA 23 -
2300 Watts ! jﬁggg;
World’s highest power cryotarget B
Boiling Noise versus Current:
Low frequency noise onsets at Current Scan @ 3.5x3.5 mm? Raster
higher currents: 75{"""""""""""""'
B o, =-0.0 + 1.242E-05 * x/3.000
i ’g i
5 — Runs 8862-8877 —
— 10 E 150 pA ? I Jan 2011
2 - 20 uA > -
= - - I
oo — —
é 10 Z i
= I
£
< | | | | |
i TN T S Y T Y T N N T T T T S Ty
10 E 80 100 120 140 160 180
N | | | | | | | | | Beam Current (uA)
0 50 100 150 200 250 300 350 400 450
Frequency [Hz]
—>
Flip Rate: 960Hz Small contribution added in
“fast” reversal makes asymmetry quadrature with statistical width

measurement faster than the bubbles move! Boijling <60ppm = about 4% excess noise
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Polarimetry

Redundant 1% electron beam polarimetry

New Hall C Compton Polarimeter

Electron
Detector

Dipole

Fabry-Perot
Optical CaV|ty

Scattered

Backscattered
Photons

UVa Fabry-Perot resonant ‘
optical cavity at 1.7kW  _ . et

— 100 I L] L] I 1 L] L] 1 I L] L] L] 1 I L] L] 1 L] I L] L] 1 L] I I:
X Only Stat. Errors are Shown
3 95 =
2 ]
LN ’b(\\ .
High-Field Moller Polarimeter S #;» % ]
. . a 85 &
 Saturated iron foil; well-known target £ Q( ]
polarization & 80 F =
. . : c g :

* Precision scannable collimation, to S 5L , W Moller

o] - Only Runs are used with Index greater than 1 @ Cdet

control Levchuk effect 2 : 1 | 1 | ]
70 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Photon detector:
integrating photon
detection improves

calibration precision

AAAAAARAAS \‘ diamond micro- strlps

Electrodes

Electron detector: radiation-hard
Charge
amplifier

Qmeasured_ Qgenerated

x (d/D)
Charged Particle

e -h creation [\\‘N‘
Dlamond

b Current
Meter

I

Run Number




