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4 Historical Overview

4 Electroweak Measurement of the Neutron
Skin of a Heavy Nucleus

Y PREX and CREX at Jefferson Lab

4 Precision Measurements of Weak Charges

% Future Program with the JLab 12 GeV Upgrade
% (Followup talks on 6 GeV program by P King and V. Sulkosky)
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Fourier transform of charge distribution
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Relavitistic Electron Scattering
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V e Universal strength: coupling constant Gr
G “Effective” low energy theory that explains many
F observed properties of radioactive nuclear decays

charge and flavor-changing
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Observed N oT to be mvartant under parity transformatwns

Weak Interactions
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Observed NOT to be invariant under parity transformations

Weak Interactions
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Observed NOT to be invariant under parity transformations

Weak Interactions
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Zel’dovich speculation: Is E lectron S ccﬁtering Parit);-Vlolating?

Parity Violation Signature

| JETP 36, pp 964-66 (1959)
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Anatomy of a Parity Experiment
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E122 at SLAC (1978): PV Deep Inelastic Scattering _
Anatomy of a Parity Experiment
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100kY -Rapid helicity reversal: polarization sign flips
. pockelscellI S v _~ 100 Hz to minimize the impact of drifts
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Accelerator -Helicity-correlated beam motion: under sign

half-wave plate

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

E122 at SLAC (1978): PV Deep Inelastic Scattering _
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Tiny signal buried in known background
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Anatomy of a Parity Experiment

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

C.Y. Prescott, ef al.
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< Beam helicity sequence is chosen pseudo-randomly
* Helicity state, followed by its complement
* Data analyzed as "pulse-pairs”
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Anatomy of a Parity Experiment

BEAM MONITORS

GUN
1 CURRENT
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C.Y. Prescott, ef al.
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helicity-correlated changes in
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 High-power cryotarget
30 cm long for high
luminosity
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Anatomy of a Parity Experiment

C.Y. Prescott, ef al.
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* Polarimetry
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Anatomy of a Parity Experiment

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

C.Y. Prescott, ef al.
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*Parity Violation in Weak Neutral Current Interactions
esin?fy, = 0.224 * 0.020: same as in neutrino scatteringﬁ

Apy ~ g Glashow, Weinberg, Salam Nobel
5(Apy) ~ 107° Prize awarded in 1979
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Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool
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2 N dies (16982010 * Beyond Standard Model Searches
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o Future Yy * Strange quo%rk form factors
= ® Neutron skin of a heavy nucleus
L. 3 ® QCD structure of the nucleon
. 10°F Mainz & MIT-Bates in the mid-80s
> =
St JLab program launched in the mid-90s
107 E158 at SLAC measured PV Magller scattering
F State-of-the-art:
- MIT-Bates e 3y
10°L Mainz e sub-part per billion statistical
- Jefferson Lab reach and systematic control
10’10 1111 L1 il |- llllll| 11 lllllll | 1 lIlllI[ | 1 lllllll o Sub-1% normalization ContrOI

10°® 107 10°® 10°
PV

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

10 10°
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The Neutron Skin of a
Heavy Nucleus
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Pb- Radlus EXperlment

EW Probe of Neutron Densities

YV TO\ M e S R S R R S e |
Z" | #a 4o
& EM 2

Ao M™ = ?FP(Q ] M- ([ (1-4sin’6, ) (QZ)—Fn(QZ)]
QpEM ~ 1 QnEM ~0 an -1 pr ~1 - 4Sin26W

|

proton neutron %

i

Electric charge 1 0 i

Weak charge ~0.08 -1 |

Paritv-Violatine LElectron Scatteringe
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PEFT
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APV =

G,0* F.(2°)
dwa2 FP(QZ)

Pb Radlus EXperlment

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

206@5. W =

v)F,(2°) -

EW Probe of Neutron Densities

QQQQQQQQQQ

F(Q)

w~ 1-4sin%0, |

I

proton neutron §

|

Electric charge 1 0 '
Weak charge ~0.08 -1 |

L'1’311“1t\7:V 10latine Electron Scatteringe
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| Pb Radlus EXperlment

EW Probe of Neutron Densities

A\ V“ mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
Z | dna

—

—

208pp M™ _ZFP(QZ) Mg‘f \/7[ 1 4sin? 0 (Qz) _Fn(QZ)] '
G 2 F (Qz) 0 . :
A,y = LY = QPey~1 Qgy~0 Q"w~-1 QPy~1-4sin?0y

 4man2 F.(Q? |
P( ) APV ~ (0.6 pPpm proton neutron ji

Q2 ~ 0.01 GeV? —  Rate~1GHz Electric charge 1 0

5° scattering angle 5(Apy) ~ 20 ppb!

Weak charge ~0.08 -1

P
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Pb-Radius EXperiment

EW Probe of Neutron Densities

‘ Y — o s s e s e et et o et e
2"\ Oy 4ot
R EM 2 G
’ 208pp M =_F( ) N ke s w0 2 2
? * F(0)
A . = G,Q° F.\Q QPey~1 Qey~0 Q~-1 QPy~1-4sin’0y |
" 4man2 F,(Q°) |
| P = |
| APV 0.6 PPm proton neutron :
| i 2 |
| ? 0.01 GeVI —> Rate~1GHz Electric charge 1 0 |
| © scattering angle |
i g ang 5(APV) ~ 20 ppb! Weak charge ~0.08 -1 i
e T R = | | | | | T {
2 At R FSUGold - |
\k._\ rme standard 0.8 S zzgca [0.207(6)] |
A pe eft -« 25ph[0.223(6)] l
[ . rmf standard ] — e—e PREX [0.204(28)] - :
~ 0B A ] 06 - e |
; F s electroweak % & J. Piekarewicz
= A 50 4
= ob R. Furnstahl x‘! probe E = 0'4_
[ ‘i 0.2
[ Mean Field Theory fit wu &
~mostly by data other
0.26 '_—than neutron densities ] B O
A N e ol
r in “Fph (fm) : qL(fI.n—l) ; .
R S C et oL Scaerne = = 5 i R TSI A TN AT O TS L S 21 1 B
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Pb-Radius EXperiment

EW Probe of Neutron Densities

208pp,

- —————— “-T

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

_ G,0* ()
dwa2 FP(QZ)

Apy

M = %[(1- 4sin’6,,F,(Q’) -
Qey ~ 0

an = '1 pr = 1 = 4Sin26W

;

Apy ~ 0.6 ppm proton neutron ||
| = 2
Q 0'01 GeV T Rate ~ 1 GHz Electric charge 1 0 |
5° scattering angle 5(Apy) ~ 20 ppb!
PV ' Weak charge ~0.08 -1
SR Y LA B B B B B B B 1 | | | | | | | — %
of . fmE oo | — :
® skyrme standard B — %Ca [0.
\ SEm 08 i Neutron Star
[ N ¥ rmf standard : B o—e PREX [0.204(28)] - f Skin
0.28 ] 0.6 =
< - " = Piekarewicz
5 a electroweak % = ]. Tie ~10
~ A B
e robe 0.4+
= . R. Furnstahl g& P = fm
(l.27*.- — —
ﬁ 0.2 |
" Mean Field Theory fit n B
-mostly by data other
0.26 -than neutr(l)n denlsities - (0] crust
Pl Al l dendendend W -t dend el 1 LA A A l ' L‘
5.55 5.6 5.65 5.7 5.75 5.8 '
t in ™Pb (fm) S s qﬁﬁ_l) 1.2 16 Horowitz and Piekarewicz, PRL 86 (2001)
: Paritv-Violaung Electron Scatteringe | e R TSI I A TN TN G T TS G s i i 1 B




1 GeV electron beam, 50-70 HA

high polarization, ~89%

helicity reversal at 120 Hz

. . —— e —————— > —
. —— e, — ———— e w—

e

0.5 mm isotopically pure 208} target|,
*  5° scattered electrons
Q% =0.0088 GeV3/c2

¥ - . new thin quartz detectors
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Apy = 0.656 ppné_i 0.060 (stat) + O._O*14—(Systz)—m"-.‘

pr10s 2012 112502 PR, X at JLab

1 GeV electron beam, 50-70 HA

high polarization, ~89%

helicity reversal at 120 Hz

. . —— e —————— > —
. —— e, — ———— e w—

e

0.5 mm isotopically pure 208} target|,
*  5° scattered electrons
Q% =0.0088 GeV3/c2

¥ - . new thin quartz detectors
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| A — 0.656 ppm + 0.060 (stat) = 0. 014(Syst)

pr10s 2012 112502 PR, X at JLab

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

1 GeV electron beam, 50-70 A

high polarization, ~89%

helicity reversal at 120 Hz

FW((j) = 0.204 £ 0.028(exp)
+0.001(model) fm

| R, =5.751 £0.175 (exp) 0.5 mm isotopically pure 2081) target
+0.026 (mo del) 5° scattered electrons

2 =0.0088 GeVz/c2
+0.005(strange) fm E: _ 2
new thin quartz detectors

Establishes the existence of a neutron skin in a heavy

= e iy S s sl —

nucleus at 95% C.L. with an electroweak probe
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Presented to JLab PAC in 2011 and 2013: Approved with strong endorsement

|

0.85+ 208Pb

0.65

0.6}

PREX-II and CREX

[a)
NL3mo05

| ! ]

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

j 6(APV)/APV et 3%
) S(R,)/R, ~1% | &(R,)~+0.06 fm

Full precision in 25 additional PAC days
PREX-II likely to run in late 2016

54 55 56 57

5.8 5.9

Paritv-Violatine Llectron Scatteringe
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Presented to JLab PAC in 2011 and 2013: Approved with strong endorsement

PREX-II and CREX

o 'NL3., | eSSttt
208 - Plane wave
oss- - ““Pb - 1 [pAr)Apy ~ 3%
i ja
: NL3m05 .
o 8 SR,)/R,~1% | dR,)~=0.06 fm
o8
o
= 07 Full precision in 25 additional PAC days
| 07 PREX-II likely to run in late 2016
1 065
" NL3m05
- . TS Bl R B [ e
00 , . . 1 1 03~ mean field theory predictions-
5.4 5.5 5.6 5.7 5.8 5.9 6
Rn (fm) r::in=r£2
. 0.25 e o1
CREX O(R,) ~ £ 0.02 fm E . i
8 A PREX-II O |
Measured Asymmetry (pe A) 2 ppm 2" 02
Scattering Angle 4° - 7
Detected Rate (each HRS) 140 MHz | 0.5} . Relativiatic :
Statistical Uncertainty of Apy | 2.1% ¢ Non-relativistic
Systematic Uncertainty of Apy | 1.2% 0.1 it bt L
Statistical Uncertainty of At 0.4 ppm r,. (" Pb] (fm)
Paritv-Violatino Eleciron Scatterne T4 =2 B T Krishna Kumar. Auoust 28 2014




Precision Electroweak
Physics
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Electroweak Interactions at scales much lower than the W/Z mass

Indirect Clues

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

———

High Energy Dynamics
E x SM amplitudes can be very precisely predicted

|
| A(=Tev) - | | > higher dimensional
M ﬂ L=Lspm+ K£5 + F£6 + . operators can be
3 systematically classified
(100 GeV) ~ /
courtesy

| V. Cirigliano, >< <: x Dal‘k SeCtOI'

H. Maruyama, |

M. Pospelov ﬂ (coupling)'1

Heavy Z's, light (dark) Z's, technicolor, compositeness, extra dimensions, SUSY ...

Paritv-Violatine LElectron Scatteringe 0
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Electroweak Interactions at scales much lower than the W/Z mass

Indirect Clues
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High Energy Dynamics
E x SM amplitudes can be very precisely predicted

S,

A (~TeV) = = higher dimensional
1 1
L=Lsm+-Ls5+-—=Ls+""- operators can be
Mz i A® systematically classified
(100 GeV) \ J
courtesy
| V. Cirigliano, >< <: x Dark SeCtOI‘
H. Maruyama, :
M. Pospelov ﬂ (coupling)'1
Heavy Z's, light (dark) Z's, technicolor, compositeness, extra dimensions, SUSY ...
L 1 Search for new flavor diagonal neutral currents 1
I Look for tiny but measurable deviations from >< il
. . o ~6
£ 7 precisely calculable predictions for SM processes A
must reach A ~ 10 TeV
Paritv-Violaung Electron Scatteringe 0 e R TSI I A TN TN G T TS G s i i 1 B
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Electroweak Interactions at scales much lower than the W/Z mass

Indirect Clues

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Interplay between electroweak and hadron dynamics

High Energy Dynamics
E x SM amplitudes can be very precisely predicted

A (~TeV) = = higher dimensional
1 1
L=Lsm+-Ls5+-—=Ls+""- operators can be
My z i A® systematically classified
(100 GeV) \ J
courtesy
| V. Cirigliano, >< <: x Dark SeCtOI'
H. Maruyama, |
M. Pospelov ﬂ (coupling)'1
Heavy Z's, light (dark) Z's, technicolor, compositeness, extra dimensions, SUSY...
L ,Search for new flavor diagonal neutral currents 1
I Look for tiny but measurable deviations from >< il
; = o ~6
£ 7 precisely calculable predictions for SM processes A
must reach A~ 10 TeV
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed:

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

4th and 5th best
measured parameters:

-———

1. Rb-87 mass + Ry constant

2. The muon lifetime tOb Mw and sin20w
3. The Z line shape
/ ll ll
| XQED GF M Z Muon decay Z production 7"
I
| Weak Neutral Current interactions ¢ i
p) 2
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed:

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

4th and 5th best
measured parameters:

-———

1. Rb-87 mass + Ry constant

2. The muon lifetime tO)b Mw and sin20w
3. The Z line shape / L L
| QLo €=V 7 - Wuon decay  Z production 2
| Weak Neutral Current interactions ¢ /5
LEP-I, SLC, LEP-II, Tevatron sin® w (mz )zgs = 0.23125(16)
World Averages My, = 80.385(15) GeV

—— — -
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed: |

4th and 5th best
measured parameters:

1. Rb-87 mass + Ry constant

— S S ——————————

| 2. The muon lifetime t )b Mw and sin20w
3. The Z line shape
A i i
QXQED GF M Z Muon decay Z production 7" |
Weak Neutral Current interactions f 5
LEP-I, SLC, LEP-II, Tevatron sin® O (mz)5g = 0.23125(16)
| (" Flavor Diagonal Contact Interactions My = 80.385(15) GeV
3 : f, i}
Consider fif, = fof, or fifa = 11 I>< !
47 - '
Lf1f2 7= E A2 nl]fizyyf;szJ)/MfZ] f2 Anewfz

i,j=L.R
New heavy physics that does not
& couple directly to SM gauge bosons
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Weak Mixing Angle at 1-Loop

For electroweak interactions, 3 input parameters needed: |

4th and 5th best
measured parameters:

1. Rb-87 mass + Ry constant

| 2. The muon lifetime tO)b Mw and sin20w
| 3. The Z line shape / L L
I e C oV iuon decay  Z production i i
| Weak Neutral Current interactions ¢ /5
LEP-I, SLC, LEP-II, Tevatron sin® w (mz )zgs = 0.23125(16)
(" Flavor Diagonal Contact Interactions My, = 80.385(15) GeV

3 ; f [,
Consider [ = f,f, or fif, = /ifs 1><1

r 2 f ) 2
Lflfz T E A2 nlffilyﬂf;lfzjyuf2J ZAnew ’ ‘AZ = Anew 3 == A% d o (Anew) :|

on resonance: Az is imaginary

i,j=L.R AZ
New heavy physics that does not : I
| couple directly to SM gauge bosons no interferencel!

‘New flavor diagonal interactions mediated by 2
a new light boson such as the “dark 2” Q = MZ

s ——— ——— . —— — —
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e; e ¢ electron target:
e é QW('I
P e- e” QW ] e | Sin2 HW
6@QW) _ 10 —s SEIT0W) o o
; Qw sin? Oy |

Paritv-Violatinge Llectron Scattering RS P B T Krishna Kumar. Aucust 2820714
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OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

& e ¢ 1 electron target:
. get:
e” ) OyG.  + _£6
e e” e >< A2 QW =1-—-4 Sin2 HW
O(Qw) ARl e d(sin” ) ~ 0.5%
Qw sin? Oy ' |
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. ) "
/ ¢ e . 1 electron target:
e é 0,G. + >< NG £6
e e” e” A QW =1-4 Sin2 HW
) 4 (sin” 0
Ciabsras - W) . 0.5%
i e-‘*—-.. - e- - - QW S111 HW
' e . S e e e
AN § Z / ’ & 2 AZ Anew
$ s ‘A,Y +Az+ Ane| — AZ[142(22) +2( 2
e > ~__ € e 7 e g Ll

Paritv-Violatinge Llectron Scattering RS P B T Krishna Kumar. Aucust 2820714
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SLAC E158: First Measurement of the Electron’s Weak Charge

PV Electron-Electron Scattering

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

- ) -
/ ¢ ¢, 1 electron target:
e ) OvCr  + >< ) £6
e e” e” A QW =1-4 Sin2 HW
0 §(sin? 6
CigEen o - W) 0.5%
- . Qw sin” Oy
A e e
AN S zZ' :5 ﬂ/ & AZ Anew
) g ‘é//‘ ‘A7+AZ+AneW _>A2 1+2(— ) +2
S - ; A, A
e —7 — @ e 7 @
_8 )
A, =8xI107E, (1-4sin"0,)

——> Tiny!

— e —
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SLAC E158: First Measurement of the Electron’s Weak Charge

PV Electron-Electron Scattering

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

——

APV & 8 X 10_8 Ebeam

——> Tiny!

45 & 48 GeV Beam

85% longitudinal polarization

End Station A at SLAC

(1-4sin*9,,)

s

SLAC E158: 1997-2004

- - e-
_ ¢ e o 1 electron target:
€ é Qﬂ’ .’I-' + >< p £6 s e)
e e € Qw =1 —4sin” Ow
0 §(sin® 6
| Qg 5 W) 0.5%
s i Qw sin” Oy
€ T—a — - — € e- \.-_“"-1&_____ /,/ ed
AN : VAN / g 2 Az Ancw
é ' // -l ‘A'Y —+ AZ -+ Anew —> Ag 1 -+ 2 (A—) + 2( A )
D e P e : &

L

4-7 mrad

Paritv-Violatine Llectron Scatteringe
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Apy= (131214 £ 10) x 10° "l:ree-wl-evel pre-dicti(”)n: ~ 270-i)pb
Low Q% 3 Best Measurements

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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Apy= (131214 £ 10) x 10° "free-]evel pre-dicti;)n: ~ 270-i)pb
Low Q% 3 Best Measurements

| Prediction: -154 ppb

oooooooooooooooooooooooooooooooooooooooooooooooo

Czarnecki and Marciano (1995) )

g G

Z Z Z
[ [ Wi 3w W
¥ ] I

A\ W
1

Paritv-Violatine LElectron Scatteringe 9
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APv (- 131 14 £ 10) x 10°° Tree-level predlctlon ~ 270 ppb
Low Q% 3 Best Measurements

Prediction' -1 54 ppb

———

Limits on “New’” Physics

- — e ——— —— > —

95% C}L. E158 |
LEP I ,
+
e e
17 TeV
| Fermilab
q e
q Z' \e e"/.>
0.8 TeV @ev (Z, )>
6 -
doubly charged
scalar exchange s A" \e-
I'l?szrltv-Vlolatmg !“ectron bcattermé—gm‘"“ e R TSI I A TN TN G T TS G s i i 1 B




A, = (131 %

+10) x 10

| Predlctlon' -1 54 ppb

Limits on “New’” Physics

LEPII

82 e
+

17 TeV

| Fermilab
q e

o/ Z'\e
0.8 TeV

doubly charged
scalar exchange

95% ClL.

E158

T ) >

P VIOTION !”ectron Scatterine Fo—

sin%0 ()

sin26,_(Q)

"l:ree:ievgi~i;re—dicti;n° ~ 270-i)pb
Low Q_2 3 Best Measurements

0.245

0.240 -

0.235 -

0.230

0.225 -

| Erler and Ramsey-Musolf (2004)

MS-Bar curve from PDG

0. 0001

0 OO'I 0.01 0.1 'IO 100 'I 000 10 000

(GeV)

0.245

0.240

vdeep-inelastic
scattering

0.235 +

0.230 |-

APV (Cs)

0.225 |-

1-loop calculation
Czarnecki and Marciano

0.0001

0.01 100 10,000

Q (GeV)

—
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s MOLLER at JLab

Apv = 35.6 ppb

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

- S » = i —

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

Measurement Of Lepton Lepton Electroweak Reaction
e

11 GeV Beam %
e” -@ -

detector
systems

hybrid
toroid

=2\ upstream liquid
4 " toroid hydrogen
target

Luminosity: 3x103° cm?/s

75 pA 80% polarized

electron
beam

L'Parltv— Violating LElectron Scatteringe 720
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An ultra-precise measurement of the weak mixing angle using Moller scattering

s MOLLER at JLab

Measurement Of Lepton Lepton Electroweak Reaction

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

PR : 2
o- 11 GeV Beam M Qw =1—4sin” fw -

hybrid \/

toroid

g =
I Z zAjzeIWG €;7"e;

- ii=L.R.
g e\ upstream liquid A
o " toroid hydrogen = dse ety
pv =35.6 ppb AR 5 5
LA PP : el V0gEr — 281

Luminosity: 3x103° cm?/s

75 pA 80% polarized
0(Apv) = 0.73 parts per billion
0(0¢w) =+ 2.1 % (stat.) = 1 0 % (syst)

P

electron
beam

<

detector 1 £ |
S systems + >< ST ,
DN e

e Krishna Kumar._ Aucust V8 UuTE
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An ultra-precise measurement of the weak mixing angle using Moller scattering

e MIOLLER at JLab

e e * = e R e e — =

| Measurement Of Lepton Lepton Electroweak Reaction
7 d(sin0w) = + 0.00026 (stat.) + 0.00012 (syst.) > ~0.1%

Matches best collider (Z-pole) measurements!

_ 11 GeV Beam
€ -<| 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

. S ———

detector

tem‘ ¢ ~ 20M$ MIE funding required -+ 5
® Science review by DOE NP: A
September 10 at UMass, Amherst

hybrid N

toroid 2
8ij

Luminosity: 3x103° cm?/s

75 uA 80% polarized
0(Apv) = 0.73 parts per billion
0(0¢w) =+ 2.1 % (stat.) = 1.0 % (syst.)

electron
beam

Leje, = Z Wéi%eiéﬂ“ej

- ii=L.R.
LN\ upstream liquid A <
o " toroid hydrogen =—rerAdsihzay
pv =35.6 ppb AR 5 5
qu PP : el V0gEr — 281

|
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meters

Scattered Electron Energy (GeV)

Unique Spectrometer Concept

e
Exr )ZGV) C=
s

identical particles!

a- Backward |

_______________________________

1 1 1 I 1 1 1 I 11 1 ‘ 1 e I 1 1 I 1 11 ‘ 1 1 1 I 1 1 1
G0 20 40 60 80 100 120 140 160

COM Scattering Angle (degrees) .
odd number of coils:
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MOLLER Status

| Director’s Review chaired by C. Prescott: strong, positive endorsement

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

e MOLLER Collaboration

Technical Challenges - ~ 100 authors, ~ 30 institutions
e ~ 150 GHz scattered electron rate - Expertise from SAMPLE, A4, HAPPEX,
- Design to flip Pockels cell ~ 2 kHz G0, PREX, Qweak, E158

| - 80 ppm pulse-to-pulse statistical
| fluctuations

e 1 nm control of heam centroid on target
- Improved methods of "slow helicity reversal”
e > 10 gm/em? liquid hydrogen target
| -15m: ~5kwWw @ 85 pA
o Full Azimuthal acceptance with 0, ~ 9 mrad

- novel two-toroid spectrometer

- 4th generation JLab parity experiment

- radiation hard, highly segmented integratin
detectors e 2 e 20M$ proposal to DoE NP

o Robust and Redundant 04% beam polarimetry  © 2-3 years construction

- Pursue both Compton and Atomic Hydrogen = 2':? yeats ru.nnlng
techniques e Science review scheduled

Paritv-Violatine LElectron Scatteringe 79 S B T Krishna Kumar. Auoust 28 2014




Elastic and deep-inelastic electron-nucleon sc'“atfewfi'né

Semi-Leptonic Couplings

Vo e p e e e s =
—< Y = ﬁ[ev“%e(c&uuvuu Cladry,d)
+eve(Coulyuysu + Coqdyuysd)]

C.=2g.8, C,=2g8,
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~ Elastic and deep-inelastic electron-nucleon scattering

Semi-Leptonic Couplings

@ 155
= 7[67“756(Cluﬂfyﬂu Cladry,d)

_ +evHe(CouTyuysu + Coqdy,ysd)]
C1i = Zgjg‘l/ C, = nggA

— S S ——————————

= P - 1 - «
A,, in elastic e-p scattering: For a 'H target, nucleon structure contribution

well-constrained from measurements
e ps’, G
2 4 2
A(Q* —0) = [ Q|Qflu +Q'3(0%)]
4Jtoc\/_
|
P =2C, +C, x1-4sin*®,
P(k's’
LPeTﬁ’tV-‘VIGTatmg Electron Scatteringe G P S T T T A T — Krishna Kumar. Auoust 28 2014
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C.=2g.8, C,=2g8,

— S S ——————————

Apy Iin elastic e-p scattering:

Clda’}/’ud)

+ev*e(Coutyuysu + Caady,vsd)]

For a IH target, nucleon structure contribution
well-constrained from measurements

2 G ey
A(Q* —0) = [ Q|Qflu +Q'3(0%)]
4Jtoc\/_
| o)

P =2C, +C, x1-4sin" 1,
("‘lu — _%"i‘i} \”12 UH ~ —0.19 new PhySiCS fl f2 S
C"l(l — %—% \1112 U” ~ 0.35 -’.} -Pf:r g’L]
C;"'Zu - _%+2 \]ll;’ UH ~ —()()4 + Z f127uf12f237uf2]
Coa = L-2sin’6y ~  0.04 L b iTr N
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Semi-Leptonic Couplings

| I A S S e i
© © = E[ev“%e(Cluuyﬂu Cladry,d)
+eve(Coulyuysu + Coqdyuysd)]

C.=2g.8, C,=2g8,

For a IH target, nucleon structure contribution

Apy In elastic e-p scattering: s
well-constrained from measurements

eq \2 eq \2 eq \2 eq \?2 PV elastic e-p scattering,
Clq X (gRR) —|_ (gRL) A (gLR) =k (gLL) |:> Atomic parity violation

~ Elastic and deép-inelé—stic electron-nucleon sc"ei_.t-fé'fiﬁg

- 475?@ [Q2 Q|+ Q' B (Qz)]
| weat = 2C,, + €y x1-4 sin” i
~ —0.19 new physics L ety
~ o NG s %?2 hrntit
~ 0.04 f b e e

. —— e, — ———— e w—
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~ Elastic and deép-inéléi—stic electron-nucleon sc"eimt-ivthéfiﬁg},'_“mmT

Semi-Leptonic Couplings

~d e VY — ,pv_Grp = d
e e ¢ e £ — —[6’)/#’)/56(01“,'“”}/““ Cldd’y,ud)

v ' A . —|—€’7M€(02uﬂ7,u75u -5 CQdE%ﬂ%d)]
C,=2g,8, C,=2828,

For a IH target, nucleon structure contribution
well-constrained from measurements

B —

Apy Iin elastic e-p scattering:

4@ =0 - - [ Q1QU+Q'B(0"))
| A e e " 19WQweal~: at JLab: talk by P. King|
; ! ~ —0.19 new physics L: i o
, > - ok 122
g’: z —%:) ::::’Z:: ; —834} + J} J} Z (%\]2) fli”YuflifQjVquj
Cog = L-2sin%0y ~  0.04 L b =L Rt

eq \2 eq \2 eq \2 eq \?2 PV elastic e-p scattering,
Clq X (gRR) —|_ (gRL) A (gLR) =k (gLL) |:> Atomic parity violation
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Weak Charge and Neutron Skin
at Mainz
Future: MESA/P2 at Mainz

New ERL complex will also support a high-
current extracted beam suitable for a PV
measurement of proton weak charge

MESA-LAYOUT

» Funding approved from DFG
» Development starting now
 Planned running 2017-2020

—— —

e Apy =-20 ppb to0 2.1% (0.4ppb)
e« 5(sin%Bw) = 0.2%
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e Apy =-20 ppb to0 2.1% (0.4ppb)
« §(sin%Bw) = 0.2%

200 MeV

FOM peaks around 25 degrees

at Mainz

Future: MESA/P2 at Mainz

New ERL complex will also support a high-
current extracted beam suitable for a PV
measurement of proton weak charge

« Funding approved from DFG
« Development starting now
« Planned running 2017-2020

Weak Charge and Neutron Skin

ESA-LAYOUT

E
a

EGOO
Eelenmdal spectrometer will

Explore a
PREX-style
measurement

using
same
solenoidal

magnet to be
used for P2

SR, / 5,, [%]
N

At = 2500h (1% sys. error) -
At = 1440h (1% sys. error)

llllllllllllllllllllllllllllllllllllllllllllllllll }(lllflll‘TTll 1111 :
6 dinA/dnR (%) | r L1d1 At = 720h (1% sys. error) ]
- A (ppm) | 400 ’ 2 i}
£ [S.Banand N J O(R,) ~£0.03 fm
- . -
- |C. Horowitz | 300 " ]
= 2 - [ 1 ——]
= 200 v s
- p hs ¥ ¥ M :
E 0 0.5t e e T L A -
- 100 ]
I 1 1 411 l 2 L1 l 1 11 l 4 2 1 l 1 1L l 4 1 1 7
0 PP TV POPPTTITN FOTPTIT T Levsiiinns Lohd, Liaes QO 22 24 26 28 30 32
-0 lO 20 \O IO 50 ()O 70 | LAl | [ | | vl L TS s | v 111 l
Theta (deg) %0 0 500 1000 1500 2000 2500 9 [degree]
[l z/mm .
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Dark Z to Invisible Particles

Davoudiasl, Lee, Marciano

"@""‘0"""""""‘."‘0"Q""‘D‘."Q?"QQO"‘."Q"QQQ"’V"""0"""""""’"0""@."’0""""""""
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Dark Photons:

Beyond kinetic mixing;
introduce mass mixing

mzd
€E7 — 0
M

1x10-5t with the Z°
[ I
| 5% 10761 .
} 2 —— v N P o
i1 W i N at &
! -~ IES AAPEX Fest [l MAMI
el AAPV  Combined |
=77 )
5% 10 141
| [For 6°=10"°]
-7 Ll o o e S e (O
LRI ST 50 100 500 1000
mMyq [MGV]
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http://arxiv.org/find/hep-ph/1/au:+Davoudiasl_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Lee_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Marciano_W/0/1/0/all/0/1

e —— = = s B e —— =
Dark isi '
ark Z to Invisible Particles
| Davoudiasl, Lee, Marciano ||
? 1x10™4 ——+—+— e - e e e ’
< 1o@rXiv:1203.2 'Y Dark Photons:
S ) ' i o ot mz
; /| |Beyond kinetic mixing; o SRy
| introduce mass mixing M
| 1x 1075} with the 7'
= o= "  Potentially Observable Effects (for 52103) f
i % APV & Polarized Electron Scattering at low <Q> |
I ! BR(K=nZ,)= 4x10456? BR(B=»KZ,)=0.182 |
% 10-6 " /*APV  Combined
Bps _ &2 roughly probed to10°
5% 10_7f n
| [For 6>=107°]
PRI s pammiy 50 100 500 1000
myzy [MeV]
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Dark Z to Invisible Particles
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Davoudiasl,

Lee, Marciano
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- MES AAPEX;; st MAMI
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memNEn, *
Rog Rl TS

/|| |Beyond kinetic mixing;

| ’APV Combined
- 14
[For 6>=107°
s 1) L (T 500
mMyq [MGV]

K=27Z = w+”missing energy”
& and & effects could partially cancel!

Dark Photons:

=
introduce mass mixing

with the Z°

mgz,

M25

« Potentially Observable Effects (for 5210-3)
APV & Polarized Electron Scattering at low <Q>

BR(KDnZ,) = 4x10452 BR(BIKZ,) =0.152
&2 roughly probed to10-°
0.242 Moy 7 = S0 MeV
0.240 DS s s = 100 MeV
’ My 7z = 200 MeV
0.238 (no suppression factor)
5. (dilution factor = 2)
'3':. 0.236 (Q(.D corrcction =1/
=
‘=

—— —

0.232
0.230 "Anticipated sensitivities SLAC
-3 -2 -1 0 1 2
Logw Q [GeV]
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K=27Z = w+”missing energy”
& and & effects could partially cancel!

Davoudiasl, Lee, Marciano
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% ) APV & Polarized Electron Scattering at low <Q> |
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PVDIS at JLab

Deuterium Target

A GFQ2[ F’YZ f(v) FQZ]
JeAvases
2/ 2o P 2ot
Q2>>1 GeV2 , W2>> 4 GeV?

Paritv- Violating Electron dcatterine 20
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CZq X (gi‘{qR)Q

(gRL)2

(gLR)2 (gLL)

PVDIS at JLab

Deuterium Target

C> PV deep inelastic scattering

~—~ — e s
e ; e e GrQ? [ Ff +gvf(y)F:;Y }
72 2\/2ma L it
Q2>>1 GeVZ , W2>> 4 GeV?
Q2
7 f = [a(0 + £ fb)]
; a(x): function of C1’s b (x) function Of
Co’s
Partv-Violatine Eleciron Scatterne 70 = B — Krishna Kumar. Auoust 28 2014
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CZq X (g%qR)Q

(gRL)2

(gLR)2 (gLL)

PVDIS at JLa

Deuterium Target

C> PV deep inelastic scattering

PVDIS at JLab 6 GeV;
talk by V. Sulkosky

\\/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ % ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
e ; e B GrQ’ [gA i = f(y) F:YZ}
g = Vv
73 Y 2v2ma "7 FY P

Vi\ﬁ 025> 1 GeV? , W?>> 4 GeV?
| A, G,Q [a(x)+f(y]
% A C /\/7 A .
| afx): function of Cri’s b(x): function of

Co.’s
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Cag X (gRR)2 (gRL)2 (gLR)2

GrQ’
Z\fm)z

GO
~ \27a

Apy =

Tt
a(x): function of C1’s

— S S ——————————

os 3

&)

(gLL)

f(y)

PVDIS at JLab 6 GeV}
talk by V. Sulkosky
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e e = o e e =
Coq X (gRR)2 (gRL)2 (gLR)2 (gLL) > PV deep inelastic scattering |

SOLID PVDIS at JLab &35 el

. S . ————

| Deuterzum Target B[ —
| ——— e e }CLEO i Sotenoid | | || |
Z _| 200 [/ [5 \ ‘1
:/ = 2 FPY 100 I = |
i NN 2Q >> 1 GeV s W >>4 GeV a Sashlyk I ’I_r_____,. _:—ﬁ
G.O gas Cerenkov J q!
—_ i 100 E 1 T
Apy = [a(x) + f(y)b(x ] | collimator "l e
: 5 2o 1 ‘ B
afx): function of Cii's b(x): function of | B
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SOLID Sensitivity

[2g™ - ged]Av Courtesy: J. Erler

SLAC-E122
JLab-Hall A
SoLID

Final Qweak result + projected SOLID

eu ed
29 =9 ],

Qweak and SOLID will expand sensitivity
that will match high luminosity LHC |
reach with complementary chiral and
flavor combinations

| SR —
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Longstanding issue in proton structure
d/u at high x
PV-DIS off the proton (hydrogen target |
e R, (hydrogen far9eh) .. suys): diu~112
G.0 Valence Quark: d/u~0
A, =——]a(x) + b(x :
= \/in(x[ (x)+ J(M )] Perturbative QCD: d/u~1/5
) u(x)+0.91d (x)
u(x)+0.25d(x)
Projected 12 GeV d/u Extractions @ Three JLab 12 GeV |
e " QCD Fi, Botje ] experiments:
\ CTEQS.6M I
i . . A BigBlke *HiHo Dis 1 o CLAS12 BoNusS -
0.8, (O " oNu 1 .
: \ o 4 i P E g(l)_aivagguS, relaxed cuts H Sl?ect.ator tagglng
0.6 , i o BigBite - DIS
= gy, 2O *H/?He Ratio
0.4l N e SoLID - PVDIS ep
: " DSE ,
ooF ¢ T - @ The SoLID extraction
2 ’ @ S~ : . .
- BoNuS sys. uncert. ® e T 4PACD of d/u is made directly
of ———————————— DIk from ep DIS:
o 0T 02 08 04 05 00 07 08 09 T no nuclear corrections

Paritv-Violatine Electron Scatteringe 78 P —  Krishna Kumar. Aucust 28 2014



. S ———

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 Parity-Violating Electron Scattering
Y Technical progress has enabled unprecedented precision

Y flagship experiments at electron accelerators

v Nuclear/Nucleon Physics

* Neutron RMS radii of heavy nuclei: [Lab (PREX, CREX) & MESA

* valence quark structure of protons and neutrons: SOLID

Y Electroweak Physics

* Quweak, 6 GeV PVDIS, MOLLER, SOLID (JLab) and P2 (MEESA)
* Search for new dynamics at the multi-TeV scale and the 100 MeV scale

* precision measurements of the weak mixing angle at various Q? values

A rich experimental program over the next S to 10 years
at Jefferson Laboratory and the new Mainz MESA facility

B —
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COIT det ~ AQ T O AE_I_ 261 AXi

Parity Quality Beam

A hys ~ 300 ppb A\

i
|

Electron

---------------------------------------------

‘ — _— Beam —
= Microscope
B Slide >
_____ b I G‘ccdbackl,ooD
' d , ' <+
M H 'I Iy '
| v | Pockels Cell [ | S—
| v | Voltage Control ' ' Y
] L}
- slicity | o r  ADC Board
: - FIV C"L'K") +  Delayed Helicity ~} :
| renerator = ' DAQ System
| ' PITA Offset ( ' | |
| : : et req) L {viF}e—{DAC] !
| t  Helicity Control Electronics | ' '

1 Polarized Source Hall A

* Active feedback of charge asymmetry
* Careful laser alignment

® Precision beam position monitoring
* Active calibration of detector slopes

——
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Aphys ~ 500 ppb A= A DYk Ax
corr det
|
*T' Laser = Pockels (_‘c]]. >' Photocathode . Electron 'BCM .—’ 00T P P VN VN, V0 TR0 R R VO VO VN VN VRO TR0 R R R N O VN VR TR0 TR R R N PR VO VO VO T T D T
‘ . R D Beam e
= Microscope
< Slide >
_____ b I G‘ecdbackl.ouD
' d , ' <+
. H'I bl . .
| v | Pockels Cell et N SO
| v | Voltage Control ' ' Y
' ' ' ADC Board
| : - v Helicity | | Delayed Heliciry » e
| ' — ("cncntor T - DAQ System E
| PITA Offset (freq)
|

. VIF =— DAC | ¥
t  Helicity Control Electronics '

---------------------------------------------

| Polarized Source Hall A

* Active feedback of charge asymmetry
* Careful laser alignment

® Precision beam position monitoring
* Active calibration of detector slopes

—_———
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Aphys ~>00 ppb Acorr Adet A TG >
y Beam

Parity Quah

— ———

‘, | 7 Blectron ~ —— ' JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60 , °= 0.98, P=0.52
[ Laser [Pockels Cell [—7=——*{ Photocathode ——p . (BCM —> diff_bpm4ax | |ywp IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , 3*= 1.36, P=0.02
S Microscope — HWP OUT/Wien R A=24.702 +/- 5.396 nm, dof=100, y’- 1.20,P=0.08 [
= Slide > el IHWP IN/Wien R A=22.450 +/- 4.256 nm, dof=91 , y*= 1.28, P=0.04
| * G‘ccdback l,ou[D B AVG + A=22.537 +/- 4.256 nm, dof=152 , _": 1.16, P=0.09
| e Y " - AVG- A=19.121 +/- 4.610 nm, dof=173 , y2= 1.27, P=0.01
( . . Heliciry ' 0 1 5 :
| v | Pockels Cell = ' R ERET TETET TN = — AVG A=2.386 +/- 3.130 nm, dof=326 , y*= 1.45, P=0.00
i ' Voltage Control ' ' Y ) ~ =
: T Helicty | 3 petayed Heliciy | | A1 Board : 0 p) 0 1-_ raw average: ~;20mnm
| — Generator | T : - : " DAQ System . = -
1‘ . e — . E PITA Offset (freq) : V/F=—{ DAC E o — } } -
| e S ® esesensenansd Yo — I { b
| Polarized Source Hall A 20.05: b4 % { T { L T
{ ° = -+ T
. — T & { T { : ;

* Active feedback of charge asymmetry E 0F T f $

* Careful laser alignment 0.0 5:

® Precision beam position monitoring e }
|* Active calibration of detector slopes -0'1|T S S R RS A S

&) ]
N
o
N
(37
W
O
W
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=
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phys

~ 500 ppb A

COorr

=

det

Parity Quality

Ag T HZP) Ax;

E
calill

JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60 , y“= 0.98, P=0.52
IHWP IN/Wien L A=11.685 +/- 7.995 nm, dof=72 | x2= 1.36, P=0.02
THWP OUT/Wien R A=24.702 +/- 5.396 nm, dof=100 , ){_2= 1.20, P=0.08 i
IHWP IN/Wien R A=22.450 +/- 4.256 nm, dof=91 , y“= 1.28, P=0.04
AVG + A=22.537 +/- 4.256 nm, dof=152 , y“= 1.16, P=0.09
AVG- A=19.121 +/- 4.610 nm, dof=173 , 12= 1.27, P=0.01

diff_bpm4dax

0.15

AVG A=2.386 +/- 3.130 nm, dof=326 , y°= 1.45, P=0.00

p)

« 0.1

raw average: ~

201N
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| t  Helicity Control Electronics | ’ '
1 Polarized Source Hall A

* Careful laser alignment
® Precision beam position monitoring
* Active calibration of detector slopes

* Active feedback of charge asymmetry
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~ 500 ppb A

COorr
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det ~ AQ -

Parity Quality Beam

LA 2hAX,

JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60, y“= 0.98, P=0.52
IHWP IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , y’= 1.36, P=0.02

|
‘v - ’ Electron 1
| Laser Pockels Cell * Photocathode BCM ——»
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. Microscope
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* Active feedback of charge asymmetry & 0
* Careful laser alignment
s 3 i 0.05
® Precision beam position monitoring
-0.3

* Active calibration of detector slopes
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Modulation Value vs. Time

|diff_bpm4ax
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= Full Az:muthal Acceptance i

Warm copper coils Optics are being fine-tuned

Water cooling — Reduce backgrounds

— Optimize asymmetry

- — Symmetric forward/backward
2 / « Collimator optimization

/A Position sensitivity study

Acceptance
collimator

Vacuum Tank
Concept

) ‘ * Engineering work
— Native CAD model
St — Water-cooling
©_~ — Support structure
— Force calculations 3
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Conceptual design

— |

; . : h0
Im A\ 60 cm long Miro-Silver e 205
I' |(run#109) Mean 147
) ‘ RMS 3449

,/ | .I ch0
R e1e o //‘ Entries 4096
\ _ ) Mean 1856
v 7, Conceptual design with longss _ 54.17

e ——— —————" 7

7

L neutrals >

luminosity »

Ihtegrating Detectors
|

1/

100

* Moller and e-p electrons:
- radial and azimuthal segmentation

- quartz with air lightguides & PMTs
* Pions and muons:

- quartz sandwich behind shielding
* Luminosity monitors

- beam & target density fluctuations

., {\\
O |
\f \

JL

light guide validated

|
1

\ 25 cm long Miro-Silver
\ (run#58)

Partv-Violanno Fleciron ScCatiering

Test beam of prototype at Mainz

Single
channel

Mounting/
alignment
concept

electrqp




SOLID Sensitivit
| : Does Supersymmetry provide
X a candidate for dark matter?
Z Z,
‘B and/or L need not be
a conserved: neutralino decay
Depending on size and sign
of deviation: could lose appeal
as a dark matter candidate
MOLLER
Ramsey-Musolf & Su
% 15 RN 0 5 10
Qusysy/(Qplsy (%)
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Does Supersymmetry provide
a candidate for dark matter?

‘B and/or L need not be
conserved: neutralino decay

‘Depending on size and sign |
of deviation: could lose appeal
as a dark matter candidate

Ramsey-Musolf & Su

MOLLER

20

15

10
(QW) SUSY/(Q

5

W)SM

0
(%)

10

Leptophobic Z’ °

oVirtually all GUT models predict new Z’s
o HC reach ~ 5 TeV, but....

arXiv:1203.1102v1
Buckley and Ramsey-Musolf

eLittle sensitivity if Z’ doesnt couple to leptons

Since electron vertex must be vector, the Z’ cannot
couple to the Ci4’s if there is no electron coupling:
can only affect Czq4’s

oL eptophobic Z’ as light as 120 GeV could have escaped detection

q
e

SOLID can improve sensitivity

100-200 GeV range

q

— e —
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The Three Best Measurements

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

4 Atomic Parity Violation
sin® Oy (mz )z = 0.-2283(20
;

% The 6$ - 78 transition in 133Cs atom o

4 Neutrino Deep Inelastic Scattering

. 2 = =3
% The NuTeV Experiment sin” Ow (mz)s = 0.2356(16)
(Q) ~ 5 GeV

4 Parity-Violating Meller Scattering

) 3 ——
% The E158 Experiment 5" 0w (m2z)nis = 0.2329(13)
(@) ~ 160 MeV

| aritv- VIOlatIDQ Electron dcatteringe 20
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Compelling arguments for "New Dynamics” in the Early Universe
A comprehensive search to understand the origin of matter requires:

—

The Large Hadron Collider, astrophysical observations as well as Lower Energy: Q?<< M,?

- — e — —— > —

Nuclear/Atomic systems address several topics; unique & complementary;

« Neutrino mass and mixing Ovpf decay, 0,5 P decay, long baseline neutrino expts...

 Rare or Forbidden Processes EDMs, charged LFV, Ovpf3 decay...
« Dark Matter Searches direct detection, dark photon searches...
e Precision Electroweak Measurements: (g-2),, charged & neutral current amplitudes
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Compelling arguments for "New Dynamics” in the Early Universe
A comprehensive search to understand the origin of matter requires:

The Large Hadron Collider, astrophysical observations as well as Lower Energy: Q?<< M,?

Nuclear/Atomic systems address several topics; unique & complementary;

Neutrino mass and mixing Ovpf decay, 0,5 P decay, long baseline neutrino expts...

Rare or Forbidden Processes EDMs, charged LFV, Ov@33 decay...
Dark Matter Searches direct detection, dark photon searches...
Precision Electroweak Measurements: (g-2),, charged & neutral current amplitudes

Experimental Facilities/Initiatives/Programs
Neutrons: Lifetime, Asymmetries (LANSCE, NIST, SNS...)

Underground Detectors: Dark Matter, Double-Beta Decay
Nuclei: Precision Weak Decays, Atomic Parity Violation, EDMs (MSU, ANL, TAMU, Tabletop...)

Muons, Kaons, Pions: Lifetime, Branching ratios, Michel parameters, g-2 , EDMs (BNL, PSI, TRIUMF, FNAL, J-PARC...)
Electron Beams: Weak neutral current couplings, precision weak mixing angle, dark photons (JLab, Mainz)

L'Parlt\ﬁ‘v 10latine Electron Scatteringe T R A 7 T T A T — Krishna Kumar. Auoust 28 2014
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electrons

4 MOLLER Inelastic backgrounds'

% Inelastic e-p scattering in diffractive region (Q% <<1 GeV?,
| W25 2 GeV?) pollutes the Meller peak ] % 7

4 Box diagram uncertainties

— B W —_— e

% Proton weak charge modified; inelastic intermediate states

4 Parton dynamics in nucleons and nuclei
% Higher twist effects S S . I

(a) (b)

% charge symmetry violation in the nucleon i
* “EMC” style effects: quark pdfs modified in nuclei
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Parton-level charge symmetry assumed in deriving ?H Ap,

Charge Symmetry Violation

ou(x)=u"(x)-d"(x) * u,d quark mass difference
8d(x) = d”(x) - u" (x)  electromagnetic effects |

3 A, (x) du(x)-8d(x)
Resv = APV(x) B u(x)+ d(x)

I:'CSV

-
——
-
-
—n
—
——
—
ey
———
———

0.00

* Direct observation of parton-
level CSV would be very exciting!
-0.02
e Important implications for high
energy collider pdfs

BAG Model + QED Splitting

—0.04- === D EEREaR M  Could explain significant

L~ ~ 7] Uncertainty band, this proposal
portion of the NuTeV anomaly

l 1 1 | l 1 | 1 l L 1 l l
0.2 0.4 0.6 0.8
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Elastic Electron-Proton Scattering
P2 at Mainz

gy . . .

[l Shielding

MESA

External Beam:
Full-wave-recirculation

Energy recovery: Half-wave-recirculation

EBeam 200 MeV
Q?%/Be 0.0048 GeV?/20°
Time/current/target 10000h/150pA/60cm
Aphys -20.25 ppb
AAtot 0.34 ppb (1.7 %)
AAstat 0.25 ppb
AAsys 0.19 ppb (0.9%)
Polarization (85 0.5) %
Rate 0.44 10'2Hz
Asin? Bw stat 2.8 104
Asin? Bw tot 3.6 104 (0.15 %)

eFunding approval from DFG

*R&D in progress

eAim to run from 2017-20
Technically challenging:

great synergy with JLab program
Recent joint beam test of integrating

N R P D R R T

quartz detectors successful

S e o
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Physics Examples: Beyond LHC
§ Z resonance measurements: little sensitivity to new contact interactions
e*e colliders Prediction for R mmm———
OIl,EP and SLC 125 GeV Higgs! Allowed region: R-Parity- 0.06l R-Parity-conserving
Ap 0.23071 = 0.00053 violating Supersymmetry  ~__ Supersymmetry
=
7]
AP) 0.23131 = 0.00041 o> 0.04
Ko .
. . = 0.02
E A(SLD) a— 0.23070 = 0.00026 & ,,scey-Musolf and Su, 2
Phys. Rep. 456 (2008 e _
; AP v~ 0231932 0.00029 % Kep- 46 (2008) s °
| 023 0231 0232 S © 002 .
sin"’ew(M ) arXiv:1303.5522 \ Future constraints:
. Z'WS v 0o constrai JLab MOLLER &
MOLLER — - 0. _o.04 :
Qweak (Mainz) —|—  proposed  =0.00037 | . Mainz P2
<Lidinid Sl ‘ + 0.00060 -0.04 -0.02 .0 Q02 0.04
Qweak (JLab) ongoing  =0.00072 6 ((9av)susy/(Fav)sm
C
(] AP\S/ published + (0.0014
E158 ° + 0.0014 :
Leptophobic 2’
e q
Lepton Number Violation
A >5TeV v 7
Doubly- q
¢ . IRRAGss e
(S:halr ged SOLID can improve sensitivity:
calars
Frsdnis 100-200 GeV range
Significant reach beyond LEP-200 5
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Goal: error small enough to probe TeV scale physics

SLAC E158 1997-2004

~ 10 ppb statistical error at highest E,,,,, ~ 0.5% error on weak mixing angle

.--‘-“““‘-““‘-—‘-““‘-‘---‘“-“-"-““--“““‘-““‘-‘-“‘

collimator primary d\ scattered collimator detectors
liquid J / yeam ep's
polariz hydrogen . | —— ( photons !I---‘E.F /—’—ET
beam 2 — e - :E---F a -hl-:& .'W()Ilers)- > _0.7m
target A P o= l
dipoles quadrupoles
- 60 m >|
A large number of P
45/IN —e—ri -147 + 27
[/
technical challenges
‘ 45/0UT p———r] -129% 28
48/IN —— -119% 26
"""" 48/0UT ——i 137+ 26
half-wave
y circularly  plate Run I B iz
¢ polarized R L
— VaVvaWay 3 [VaWeWe s J NN TN TN NI T
P 300 -z.lso 2‘00 llso 1;;0 slo
Moller Asymmetry (ppb

(-131 £ 14 £ 10) x 10°

Phys. Rev. Lett. 95 081601 (2005)
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Qw =

Qw
Qw (120)
Qw (1330s) =

— S S ——————————

L HEE S SE e

—0.0435(9)[1 +0.25 T — 0.34 5 + 0.7 X(Q*) + Tmz /m,__
0.0707(9)[1 +0.15T — 0.21 S + 0.43 X(Q?) + 4.3m% /m7_
—5.510(5)[1 — 0.003 T' 4 0.016 S — 0.033 X (Q*) — mz/my._ |

—73.24(5)[1 +0.0T +0.011 S — 0.023 X (Q?) — 0.9m3z/my
Kumar, Mantry, Marciano & Souder, arXiv:1302.6263

Oblique Corrections (vacuum polarization)
Contact Interactions

Heavy Z’s

Light Z’s

X Parameter (Q dependence of sinZ0w)

Paritv-Violatine LElectron Scatteringe
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PV Deep Inelastic Scattering

off the simplest isoscalar nucleus and at high Bjorken x

GrOZ B 1955 =
e FQ [QA 17 i f(y) 37 } X = Xpiorien
2Woma ' By - y=1-E'/E
02>> 1 GeV? ,W2>> 4 GeV? ' | — (1 — 1/')'2
G : V= — 27)2 _ | 2_R_
Apy = 2L [a(x)+ fF(»b)] R
’\/EJTOC R(a Q)):()”/(T ~ ().2

ol — o7 Athighx, A, becomes independent of pdfs, x & W,
Aiso = S with well-defined SM prediction for Q> and y
o 3GrQ°\ 2C1, — Cig (1 + R) + Y (205, — Csy) R,
Ta2y/2 5+ R,
: Interplay with QCD
R (z) = — 2‘5("') Large =, = Parton distributions (u, d, s, c)
U(z) + D(x) = Charge Symmetry Violation (CSV)
R,(z) = “'_'('r) + do(7) Large 1 = Higher Twist (HT)
Ulz) + D() = Nuclear Effects (EMC)
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e Neutron or proton excess in nuclei leads to a isovector-vector
mean field (p exchange)

e shifts quark distributions: “apparent” CSV
e |sovector EMC effect: explain additional 2/3 of NuTeV anomaly

° new 1n51ght into medlum modification of quark distributions

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Consider PVDIS on a heavy nucleus
Cloet, Bentz, Thomas, arXiv 0901.3559
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ai ] : ay
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A new proposal using Ca-48 has been submitted to the JLab PAC
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A Special HT Effect

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

following the approach of = GY i )<:> : (;Y = )
Bjorken, PRD 18, 3239 (78), 2 u-dyd)s S, Ju+dyd
Wolfenstein, NPB146, 477 (78) : : o
o lq
Isospin decomposition <VV> o luv J<D ‘ V (X)V (O) | D>€ d’x
before using PDF’s

Z
G.0’ (VV) — (85) Fy
A, =— b g i
Higher-Twist valence quark-quark correlation Zero in quark-parton model

£ \ s .
=((V =)V +8))e< L, D|u(x)y“u(x)d(O)yVd(0)>e"’>“d4x

m m (c) type diagram is the only operator
that can contribute to a(x) higher

twist: theoretically very interesting!

m oL contributions cancel

(€)  Castoring & Mulders, ‘84 Use v data for small b(x) term.



