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* Parity-Violating Electron Scattering: Formalism and
Physics Motivation

* The Qweak Experiment: Measurement of the Proton’s
Weak Charge

* The MOLLER Experiment: Measurement of the Electron’s
Weak Charge



Parity-Violating Electron Scattering — The Basics
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Longitudinally polarized electrons on unpolarized targets —
e, p, d, *He, °Be, 12C, 2%8Pb
Measure small parity-violating cross section asymmetry
(~ 20 ppb — 100 ppm)
Elastic and deep inelastic kinematics

Neutral weak current — Standard Model test and select hadronic physics topics

8/5/2015 Hadron-China-2015 3



Qweak and MOLLER Experiments at JLab

Qweak Experiment: parity-violating e-p elastic scattering to measure
proton’s weak charge

last experiment in Hall Cin “6 GeV era”

data-taking 2010 — 2012 (~ 1 year total beam time)

First results on proton’s weak charge (based on 4% of the dataset) published in
Phys. Rev. Lett. 111, 141803 (2013)

Apparatus described in NIM A781, 105 (2015)
Analysis of full dataset underway; final results expected early next year

MOLLER (Measurement of a Lepton-Lepton Electroweak Reaction): parity-
violating e-e elastic (Mgller) scattering to measure electron’s weak charge

initiative for Hall A in “12 GeV era”

approved by JLab PAC in Jan. 2009
Successfully reviewed by JLab Director’s Review in 2010 and DOE Science Review|
in 2014

Aiming for factor of 5 improvement over previous measurement of SLAC E158
See Moller white paper: arXiv:1411.4088 for further details
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Standard Model Weak Neutral Current Couplings

The Standard Model prescribes the couplings of the fundamental fermions to the Z boson:
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For low energy electroweak tests (Q% << MZZ), restrict to parity-violating e-g and e-e four-
fermion contact interaction:

G -
LPV = \/_% [gyuyse(cwﬁyﬂu + deyud) + Ey“e(Cmﬁyﬂysu + Coady,ys d) + CeeEy“yse(Eyue)]

C.=2g:8 C, =288, C,=2g,g

quark vector: C,, C4 quark axial-vector: C,, C,4 electron: C_,

C,.,C.,, C..:“Weak Charges”: neutral current analog to the electric charges
1u 1d ee
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“Weak Charges” in Low Energy Neutral Current Tests

C,, ,Ciy, Coo : “Weak Charges”: neutral current analog to the electric charges > _ _Z_ _<
C

Electron’s weak charge: Q;, =-2C,, = -(1-4sin’0,, )
parity-violating Meller scattering e+e—e+e

* published: SLAC E158 ~ 13% on Q°,

 planned: JLAB MOLLER ~ 2.4% on Q°,

Leptonic
QL Most precise low energy
measurements define a weak charge
“triad” (M. Ramsey-Musolf)
A
d—quark Q W Q W u—c!uark
“Neutron’s weak charge”: Semi-Leptonic
Proton’s weak charge:
4 _
0X(ZN)=-2[C, 2Z+N)+C,,(Z +2N)] 01 =-22C, +C,, = - 4sin’0, )
)
~ Z(1 —4sin ew)'N“ -N parity-violating elastic ep scattering
Atomic parity violation €+p—e+p
* published: Cesium ~ 0.5% on Q% * Running complete: JLab Qweak ~ 5% on Q°,
* planned: KVI Ra, FrPNC@TRIUMF * Published: Qweak commissioning ~ 17% on QP,,
~0.2% on Q*, * planned: Mainz MESA/P2 ~2.5% on Q°,,

Q°, and Q°, are suppressed in Standard Model — increased sensitivity to new physics.
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Physics Potential of Precision Electron Weak Charge

Measurement from MOLLER

The MOLLER experiment provides:
* Excellent sensitivity to Beyond Standard Model (BSM) physics
High precision measurement 6(Q,)/ 0y~ £2.4%
of suppressed SM observable ¢y, = —(1—4sin2 HW) ~—.046
—— sensitive to new neutral current amplitudes as weak as ~ 103 G,

Most sensitive probe of new flavor and CP-conserving neutral current
interactions over next decade

- new TeV scale dynamics (Z’, supersymmetry, doubly charged scalars,...)

- weakly coupled MeV — GeV scale mediators (dark photons, ...)

* High precision benchmark point within the I
Standard Model on same timescale

8(sin*@,,) ~ £0.00024 (stat.) = 0.00013 (syst.) MnzMEAP2 ~ £0.00034
. s Final T ~

~ 0.1% precision, comparable to sensitivity of o oo $0.00041

LHC14TeV,300fb*  ~+0.00036

best collider determinations
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* Two most precise values of sin® 0,, at Z pole (SLC A ; and LEP A°) disagree by 30

* MOLLER goal is S(sin” 0,,) ~ £0.00024 (stat.) + 0.00013 (syst.)

comparable sensitivity to these two most precise collider values (+0.00029)
precise enough that result will have an impact on the central value of the world
average

* MOLLER is the only method available in the next decade to directly address this issue at
the same level of precision and interpretability

Q,(e) {NuTeV

Weak Mlxmg Angle - stG - Potentlal MOLLER Impact

LHC events

llllllllllllllllllllll

llll 1111

.2
sin"0 (e)

llllllllll INNRNNNT]

lllllllllllll

u [GeV]

+ 100 discovery potential at Q? << M?,

8/5/2015

Hadron-China-2015

- ‘IIIOOO
M,, [GeV]

5 0.235

0.234

0.233

1 J0.232

_o0.231

0.23

0.229

0.228

10.227



Energy Dependent Electroweak Radiative Corrections

— For useful Standard Model test all electroweak radiative corrections need to be
under good theoretical control

Proton weak charge: Q% =[1+Ap+ A] [(1— 4sin? Oy (0)) + Ac] 4+ Oww + Ozz + 0,z

Most significant radiative correction: y-Z Box Diagram
- significant theory effort in past several years

Vector Y-Z rad.
corr. for Q_W _p

Rislow & Carlson, PRD 83, 113007 (2011) 0.0057+0.0009
Gorchtein, Horowitz, Ramsey-Musolf, PRC 84, 015502 (2011) 0.0054+0.0020
Hall, Blunden, Melnitchouk, Thomas, Young, arXiv:1504.0397 0.0054+0.0004

Electron weak charge:

ng ={1 — 4« (0) sin’ Oy (11 757 + a(mz)  3a(myz)

_ 1 —
4752 327t§252(

D[+ (1 - 4821+ Fi(y, Q1) + Fx(y, Qz)}

Purely leptonic process; electroweak radiative corrections under control at sub 1% level
(1 loop, Czarnecki and Marciano, 2 loop: Aleksejevs, Barkanova)
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Sensitivity to New Physics at TeV Scales

Model-independent way to quantify effects of potential new high energy dynamics (ie. heavy Z’s,
compositeness, extra dimensions,...) is expressing it in terms of neutral “contact” 4-fermi interactions:

L = »CSM + *Cnew
Consider f,f, = f,.f, or fif, = fif, “G><'

(9i3)° - . b
Efl f2 = Z A—2 fl’i/yu fl’if2j /y,u, f2] Eichten, Lane and Peskin, PRL50 (1983)

i,j=L,R %

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

Precision of current and future low energy experiments =»
mass reach of A/g in the multi-TeV region.

(See Erler, Horowitz, Mantry, Souder, Ann. Rev. Nucl. Part. Sci. 64 (2014) for detailed mass reach comparisons)

“Energy frontier” - like LHC “Precision frontier” — weak charge, g-2(p), etc.
— Make new particles (“X”) directly in — Measure indirect effects of new particles (“X”)
high energy collisions _a | made virtually in low energy processes

= AALICE. = —
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Qweak&MOLLER: TeV-Scale New Physics Re

Complementarity to Possible LHC Z’

oVirtually all GUT models predict new Z’s
oL HC reach ~ 5 TeV, but....
oFor ‘light’ 1-2 TeV, Z’ properties can be extracted

Suppose a 1 to 2 TeV heavy Z’
is discovered at the LHC

*Can we point to an underlying GUT model?

RPC and RPV Supersymmetry

0.08

RPV
L oot RPC
“ oon MOLLER + |
P2

-0.04

-0.04 -0.02 0 Q2 0.04 0.06

8 ((9v)susy/Favisu

Includes LHC constraints;

Erler, Su arXiv: 1303.5522
8/5/2015
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'z, E158
SOLID (0.57%)
SOLID (0.6%)

90% exclusion limits X
T M, =1.2TeV N
1 —

-l SOLID (0.55%) Bl Qweak (4%)

| N MOLLER (2.3%) | |
-1 0 1

®c0s B Erler, Rojas

Doubly Charged Scalars

Naturally arise in many extended Higgs
sector models; lepton number violating
MOLLER sensitivity: A >5 TeV

(LEP-200 ~ 3 TeV)
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Qweak & MOLLER: Sensitivity to MeV — GeV Scale Mediators

“Dark photon” — possible portal for new force to communicate with SM
ury, A um, Dark
“Dark parity violation” [V
(Davoudiasl, Lee, Marciano, arXiv 1402.3620) e, B yen
* New source of low energy parity violation through mass mixing between Z, and Z,

 Complementary to direct searches for heavy dark photons; observable even if direct
decay modes are “invisible”

* Example: possible deviations of sin?8,, for dark photons respecting rare kaon decay

Standard Model

SU(3)xSU(2)xu(1)

constraints — |
0242} ]
r v—DIS 1
0.240 Queak (s gz =25 GeV |
““““““““““ ~0.0016 < &6' < =0.0005 |
0.242 ] ~ 0.238 led'] > 0.0008 (light color)
Mdarkz = 150 MeV i NQ} 1
0.240 T s =100 MV = 0236] T
’ ] 2 r APV(Cs) PVDIS
s i
0.238 % 0234
5 ro it }
§ 0.236 0.232 Apv(Ra") Moller SoLb
g ] i Qweak i
” 0.234 ] 0.230 "Anticipated sensitivities" SLAC
] | R T
0.232 ] 7
MOLLER | / Log,, Q [GeV]
0.230 (Anticipated sensitivity) SLAC 7
T T N E SR Intermediate mass (¥10 — 35 GeV) Z,
L GeV . . .
0210 Q [GeV] (Davoudiasl, Lee, Marciano, arXiv 1507.00352)

- Relation to rare Higgs decays —

H—-ZZ,or H—>7Z,7,
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The Q... Experiment at JLab: The Essentials

Elastic scattering of longitudinally polarized electrons on protons
_e>' +p—oe +p
(elastic) scattered e~ at small angle (~ 8°)

spin (+)
1 GeV e beam — e — T|25x10°(1+A) e
>--@----------------- ‘ ———————————————————————————————————————————
(180 uA for 2000 hr) , proton 25x10" (1-A) e
spin (-) target

Parity violating asymmetry:
A~ -2.3x107 or-230 ppb (parts per billion)

proportional to the proton’s weak charge (“Qweak”)

Requires:

* High polarization, high current polarized source (record 180 pA , 89% polarized beam
delivered routinely for Qweak)

* High power cryogenic LH, target (Qweak: world’s highest power (3 kW), lowest density
fluctuation target)

* Large acceptance spectrometer with ability to separate elastic and background processes

* High count rate detectors/electronics
8/5/2015 Hadron-China-2015 13



Parity-Violating Asymmetry for the Q .., Experiment

@ i . @ -
_ 7
(1) ()

The Qweak experiment at JLAB determines the proton’s weak charge by measuring the parity-
violating asymmetry in elastic scattering of longitudinally polarized electrons on proton.

o 2Mye [—GFQ2] [eGgGg -Gl GE — (1 - 4sin29w)e'Gg4G§\]
4\ 2m o e(GE)? + 7(Gp)?

My
At forward scattering angles and low 4-momentum transfer:
2 AP 4 2
Q7 QL +Q"B(Q7)]

_ —

47t /
“Form factor” term due to finite proton size
— hadronic structure (~ 30% for Qweak)

Q*—0
do, —do._ 6—0

do, +do_

Gp

A =

proton’s weak charge:
Q®,...=1—4sin°0,, attree level

weak —

By running at a small value of Q? (small beam e’ W

energy, small scattering angle) we minimize our
sensitivity to the effects of the proton’s detailed e

spatia} structure. ,
8/5/2015 Hadron-China-2015 14



Qweak Experimental Apparatus

1A

ANN (NAN
AN

Production: ~ 800 MHz rates r
' L
must integrate PMT current 0 00 s  time

Quartz Bar Detectors

Production Mode: 8-fold symmetry

180 uA, Integrating

Toroidal
Spectrometer

35 cm LH, target

E=1.16 GeV

[=180 pA

P =88% Acceptance-defining
Pb collimator

High-density concrete
shielding wall
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Qweak Experimental Apparatus

UA
Tracking (event) mode: low rate; )

each event individually registered ; 190 s time
Quartz Bar Detectors

Production Mode: Vertical 8-fold symmetry
180 uA, Integrating Drift Chambef

Toroidal
Spectrometer

Tracking Mode: \
50 pA, Counting Horizontal

2 .
(Q° Systematics) Drift Cham

ber

35 cm LH, target

E=1.16 GeV

[=180 uA

P =88% Acceptance-defining
Pb collimator

Trigger

. . Scintillators
High-density concrete

shielding wall
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Qweak Apparatus During Installation

[ Quartz Cerenkov Bars ]

— — —p ",p'! a l
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 — “erm
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Electron beam
‘ TETE
\"i\‘\f =
\' \*"?
A\ w.e
™ Trigger Scmtlllator ki

> S~ ~ aR T ,
= , P \ertical Drift Chambers
L, Target L= | LR
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Qweak Data Taking Periods and First Results

Qweak had ~ 1 calendar year of beam split into 3 running periods
Each period had its own “blinding factor” to avoid analysis bias:
 Run 0:January — February 2011 (commissioning data)
* Run 1: February — May 2011
* Run 2: November 2011 — May 2012

Run O results (about 1/25 of data set) published in PRL in Oct. 2013

week ending

PRL 111, 141803 (2013) PHYSICAL REVIEW LETTERS 4 OCTOBER 2013

5

First Determination of the Weak Charge of the Proton

D. Androic,! D.S. Armstrong,2 A. Asaturyan,3 T. Averett,2 J. Balewski,4 J. Beaufait,5 R.S. Beminiwattha,6 J. Benesch,5
F. Benmokhtar,’ J. Birchall,® R.D. Carlini,>*" G.D. Cates,” J. C. Cornejo,” S. Covrig,” M. M. Dalton,” C. A. Davis,"°
W. Deconinck,” J. Diefenbach,'" J.E. Dowd,” J. A. Dunne,'? D. Dutta,'> W. S. Duvall,"* M. Elaasar,'* W.R. Falk,®
J.M. Finn,z’>l< T. Forest, > 16, Gaskell,5 M.T. W. Gericke,8 J. Grames,5 V.M. Gray,2 K. Grirnm,m’2 F. Guo,4 J.R. Hoskins,2
K. Johnston,16 D. Jones,9 M. Jones,5 R. Jones,'” M. Kargiantoulakis,9 P. M. King,6 E. Korkmaz,18 S. Kowalski,4
J. Leacock,"® J. Leckey,> A.R. Lee,"” I.H. Lee,>*" L. Lee,'>® S. MacEwan,® D. Mack,” J. A. Magee,” R. Mahurin,®
J. Mammei,"*! J.W. Martin,'® M. J. McHugh,?® D. Meekins,” J. Mei,” R. Michaels,” A. Micherdzinska,”® A. Mkrtchyan,’
H. Mkrtchyan,3 N. Morgan,13 K.E. Myers,zo’q[ A. Natrayan,12 L.Z. Ndukum,12 V. Nelyubin,9 Nuruzzaman,“’12
W.T. H. van Oers,'®% A. K. Opper,20 S.A. Page,8 J. Pan,8 K.D. Paschke,” S. K. Phillips,21 M.L. Pitt,13 M. Poelker,5
JLE Rajotte,4 W.D. Ramsay,lo’8 J. Roche,® B. Sawatzky,5 T. Seva,! M. H. Shabestari,'? R. Silwal,” N. Simicevic,'°
G.R. Smith,5 P. Solvignon,5 D.T. Spayde,22 A. Subedi,'2 R. Subedi,20 R. Suleiman,5 V. Tadevosyan,3 W. A. Tobias,9
V. Tvaskjs,lg’8 B. Waidyawansa,6 P. Wang,8 S.P. Wells,16 S.A. Wood,5 S. Yang,2 R.D. Young,23 and S. Zhamkochyan3

8/5/2015 Hadron-China-2015 18



Extraction of Qweak from e-p Asymmetry

Run O Results (1/25% of total dataset) — published in PRL 111, 141803 (2013)

2 2
A, =-279 +35(stat) = 31 (syst) ppb  at <Q > =0.0250 (GeV /¢)
0 0.05 0.1 0.15 0.2 0.25 03 o ¢ This E;Defime”t 'Data Rota'ted to the 'Forward-Al\ngIe Limit.
0 . yer—r R — . . . — m HAPPEX
: , . G0 GI:ID 0.4 i/\A/XPLE
- I T u H A 4
N o I R <ol
2 Qweak l { covag | = 0.3l SM (prediction)
€ i * Q-wea
8- (4% of data, 1 } = i Quweak
£, . . ! + 002
e '3 days@100%) [ ™
€ 5 & } o
2 IIO
6 F ; <\E Ol
7 &
< 0.0 e
8 Q2 [(GeV/c) 0.0 0.1 0.2 0.3 04 0.5 0.6

0°[GeV/c]

Global fit of world PVES data up to Q% = 0.63 GeV? is done to extract the proton’s
weak charge

Aep/Ag = Qi + Q°B(Q%, 0),

ho=[2%]

Q,,(PVES) =0.064 +0.012

0,,(SM)=0.0710 = 0.0007

First determination of proton’s weak charge in good agreement with Standard Model

8/5/2015
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Implications of First Proton Weak Charge Measurement

>

Improved precision on quark
vector coupling constants

N

MWWW

C, =-0.18350.0054
C., =0.3355=0.0050

P _ /g/fj‘\g\ Combining this result with the most
w — "2(2C1u T Cld) . & _ _ _ _
_y precise atomic parity violation
0.18 , C=28,8y experiment we can also extract, for the
Inner Ellipses - 68% CL . ) ,
0.17| OuterElipses-95%CL < first time, the neutron’s weak charge:
APV + PVES n
016 Combined Result QW (SM) =-0.9890 = 0.0007
Ci o1s O,,(PVES+APV) =-0975+0.010
O
0.14
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
0.245 . * g + ' ' / t 0.245
013 0.243 (4%ch;lf(pQ)w‘::(agata Erler MSbar T 0.243
only 4% of Qweak data 0.041 | F’VES’\)ID Qe l wrey || g oo
0.12 0.239 _ L 0.239
-0.70 -0.65 -0.60 -0.55 -0.50 -0.45 -0.40 _ o omsens |
C1u _ C1d g0.237 E Qu(Cs) ] + 0.237
< 0.235 APV } 0235
% 0.233 } 0233
LER Tevatron
. . . 0.231 o231
First contribution of proton | /} SLo -
weak charge to “weak 0227 | | [N RN 1 oam
charge triad” in running plot| oxs it i) 0225
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
Q(GeV)
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Qweak First Result — Correction/Error Summary

| Ams‘r = . |
P' . Z Ai f
Acp - R:o:a! ijl
1 - Z f:‘
i=1

A__ tIncludes corrections for helicity-correlated

differences in beam parameters
P : Beam polarization
AT : Background asymmetry and signal fraction

R . ' Radiative corrections and non-uniform Q°

, .
Clarresslian

Value (pph)

Corrections and uncertainty contributions for initial result

Combribuation

ta AA, (pph)

Normalization Factors Applicd Lo

"‘l Houw

Backgronnds

Brarmline Scat bering (ba)

Beam Polarization 1 /07 21 5
Kinematirs Hyoe 0 9
Bekgrnd Dilation 1701 — focl 7
Asvinerry corrections

Deam Asvmmetries x.l.., -41) 13
Transverse Polarization £ 4y 0 0
Detector Linearity sy (] i

Pl A, el fo) o 8lAD

Other Neatral bkg :"'71:‘

Inclastics (b )

Largest uncertainty contributions for initial result

* False asymmetries from helicity-correlated differences in beam parameters

(13 ppb)

* Backgrounds from beamline scattering (23 ppb)

8/5/2015
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Status of Full Qweak Dataset Analysis — Beam Corrections
Data analysis in progress for the full dataset
Example: Status of corrections for helicity-correlated beam parameters
(sensitivity of detector asymmetries to beam position variations)
- “Regression”: Natural jitter of beam parameters
- “Dithering”: Occasional “large” driven variation of each beam parameter

- Corrections based on the two methods are in excellent agreement for this subset

of our data
Run2 measured asymmetry

L 5 0A 0F
Acorr = Z,‘:1 (dx,) Ax; - — —

(X X/ / E) 5 -160.0 + 8.6 ppb | -159.4 + 8.5 ppb | -159.3 + 8.5 ppb
’ 1y1y y

- Reduced y?= 1.38 | Reduced y?= 0.61 | Reducedy?= 0.57

i | | %++ | |
 Asymmetries have no corrections other l I l | + ‘

than beam parameter corrections : l I[ T'+ Hll H IT

l
-200 I

Preliminary - Blinded (arbitrary offset)

-100
* Includes about 77% of Run 2 dataset

(~ 50% of overall dataset)

Asymmetry (ppb)

Excellent consistency between
regression and dithering .

observed s
38/5/2015 Hadron-China-2015 Wien (monthly) 22




Status of Full Qweak Dataset Analysis — Beamline Backgrounds

Tungsten Shutters

Highest contribution to systematic uncertainty
for Run 0 results.

Background from electrons scattering on
beamline or tungsten plug collimator.

Thought to be associated with large
helicity-correlated false asymmetries in e
the beam halo. = Tungsten “Plug”

Yield fraction on Main Detector measured

directly by blocking scattered electron on Correlations of Background Detectors

octants 1 & 5. Where the contribution was Cindf  1075/124
Prob 0.8541

Intercept  0.5295+ 0.16
Slope 1.398 + 0.02899
20

fan® ~ 0.19 %.

Dedicated background detectors in various
locations monitored this component and
measured highly correlated asymmetries.

-20

Bkg Det 2 Asymmetry (ppm)

Scaling of background asymmetries was also T e e
consistent with expectation from dedicated N ’ " *

P Bkg Det 1 Asymmetry (ppm)
measurement.

i

Sim. with “plug" i /Sim. without|"plug”
" Background detector
asymmetries up to 20 ppm

23




Status of Full Qweak Dataset Analysis — Beamline Backgrounds
Qweak Run 2 - Blinded Asymmetries

(statistics only - not corrected for beam polarization, Al target windows, AQz, etc.)

Physics Asymmetry = (IHWP, - IHWR, ;)

Raw=-161.8+7.6

2 0 E m .

o - M Iﬂ (X2/ NDF = 1.40, Prob = 0.043)
T - C
9 > -100 [ | l I 1 ,l h e ! | i “ m il | Regressed = -160.9 + 7.6

= C 1t [ 1 U 11 i
ST P LT L L TR
m e - NI | l _

C Beamline
o 300 IH NI H] Bkgd Corrected = -164.5 + 7.6
< .

0 | (2/NDF=1.08, Prob = 0.33)

-400

7150 200 250 300
Data Set #
NULL Asymmetry = (IHWP, + IHWR, )/ 2
_ Raw =4.7 +7.7
'§ 200 g IM ()(2/ NDF = 1.84, Prob = 0.001)
; 100 E_ M l M m } [ l” m Regressed =7.9 7.7
5 o E 1 A 1111 Y lLll,L Ll )
O : [ !i I| | | I| I | | () “/ NDF = 1.38, Prob = 0.048)
E -100 — m | Ill | II M Beamline
> - Bkgd Corrected = -1.4 £+ 7.7
&D -200 & 1 {-I',o 260 250 360 ()(%/ NDF = 1.29, Prob = 0.097)

Data Set #

Inclusion of beamline background correction improves the statistical consistency
of both the Physics and “NULL” asymmetry
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The MOLLER Experiment at JLab: The Essentials

Elastic scattering of longitudinally polarized electrons on unpolarized electrons
— > Parity-Violating Mgller scattering ¢ +e—=¢€' + ¢’

® Pioneering
- @ Strange Form Factor (1998-2009)
Parity violating asymmetry: 107 3 abovicsore
Ap,~ 35 x 107 or 35 ppb (parts per billion) ¢ Future
8A,, ~ £ 0.7 ppb (2.4% precision) 10°

——> next generation in size and precision
of asymmetry for parity-violating electron
scattering experiments

10°

proportional to the electron’s weak charge Q¢
- precisely predicted in Standard Model

At tree level O, = —(1 —4sin’ HW)

—

: Q,
©

T T TN

—

o
N
o

2.4% precision on Q¢,, 0.1% on sin?0,, 10° 107 10° 10° 10 10°
PV

MOLLER experiment approved by JLAB PAC in Jan. 2009

Successfully reviewed by JLab Director’s Review in 2010 and DOE Science Review in 2014

Will be factor of 5 improvement over previous measurement of SLAC E158
8/5/2015 Hadron-China-2015 25



Parity Violating Asymmetry in Mgller Scattering

Under assumption of 126 GeV Higgs SM boson, the parity-violating asymmetry
in Mgller scattering is predicted at the sub-1% level of theoretical accuracy:

e ‘_—___"‘*—______ ______-r"'_—-__. e e _‘______‘"—4\_______ e-
A +
Z % Z % %4
e T ¢ e 7 e

Op — Oy - AYAZ GF 4Sil’129
Or+O1 A3 - T V2mo (34 cos?0)

Apy =
Derman and Marciano (1978)

At tree level electron’s weak charge is given by:

O, =—4gy8;, =—(1-4sin"6, )
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MOLLER Experiment: Conceptual Overview

detector
= =~ systems 11 GeV Beam
: 5 X 5-10 mrad

s ne E'= 17— 8.5 GeV

hybrid
toroid

N# upstream liquid
= M toroid hydrogen
target

electron

11 GeV, 90% polarized, 60 pA electron beam
beam

* 150cmlong, 5 kW LH, target
* Precision collimation (“2-bounce” design minimizes backgrounds)
* Novel two (warm) toroid spectrometer

* Variety of integrating and counting detectors for main measurement and backgrounds
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Projected Uncertainty Budget and Experimental Challenges

Error Source Fractional Error (%)
Statistical 2.1
Absolute Normalization of the Kinematic Factor 0.5
Beam (second order) 0.4
Beam polarization 0.4
e+ p(+7) = e+ X(+7) All systematics 0.4
Beam (position, angle, energy) required at 0.4
Beam (intensity) sub-1% level 0.3
e+ p(+7) — e+ p(+7) 0.3
Y 4 p— (o, K) 4+ X 0.3
Transverse polarization 0.2
Neutral background (soft photons, neutrons) 0.1
Total systematic 1.1

Statistics: High power beam, target; large acceptance; minimize random noise sources
Beam quality: Minimize helicity-correlated beam properties; small random fluctuations
Polarimetry: Redundant, high-precision polarimetry

Backgrounds: Novel spectrometer, “2 bounce” collimation, auxiliary detectors

Tracking: kinematic factor, backgrounds

Builds on experience from previous PVES experiments like E158 and Qweak
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Spectrometer — Kinematics and Azimuthal Acceptance

Optimized spectrometer:
50% azimuth, 100% acceptance

FOM optimized at 90° in COM

highly boosted
laboratory frame

=
=]

s
]
e
>
2
¥
W - Forward
<30 557 .
©
B
gzs ,g 4: Backward_
2 '§ 2
o220
&,5.. §Qs ® 0w 160 120 0 e Tm
g’ : 7 COM Scattering Angle (degrees)
g |
g ;
"E Backward . Forward 8]
t , : COM
5 oL e ememinia PR PN FUTTE FETE e sk .
1 2 3 4 S 6 7 ] Bl 10 n

Scattered Electron Energy (GeV)

...are collected

Highest figure of merit at 6, = 90°

70

-
=

Asymmetry (ppb)
8 B &

&

T 20 4D @0 80 100 120 140 160 180

Center of Mass Angle

=[90,120]

The rays that are
blocked here...

COM

~
‘\
3

19 mrad '
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* Accept all Mgller scattered electrons in range O, = 60° —

120°

* Exploit identical particle nature for 100% acceptance; needs odd number of coils
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Spectrometer — Signal/Background Separation

T “ < I” .
12l 5 Downstream “hybrid” toroid
£ Moller
- o2f — & _ 100% azimuth“line current” near beamline
bl ; 1B Y4\ A y 14-17 degree azimuthal fill for coll limbs
7 g c-p 29160
SRl 2, :i;__‘::__—'
0.8 g i Geraets '
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P s Bl T e B 8 5178 1 Alcoil
| s d El E G
- cattered Electron Energy (GeV) 10600
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04— 7750
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0.2 :_ ybrld
= toroid
e - 1 1 '] 1 Vv::: 1 L L L I L L L L I 1 L L L l L L 1 1
% 5 10 15 20 25 30 35 | el
meters Y R e s e |

Spectrometer employs a novel two toroid design
* Upstream toroid has conventional geometry

* Downstream “hybrid” toroid novel design inspired by the need to focus

Megller electrons with wide scattered energy range
them from Mott (e-p) scattering background

MIT-Bates engineers have produced a buildable
coil design and have designed coil carriers,
mounting struts, frame, and vacuum chamber
for the hybrid torus
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Detectors Overview
GEM  Gem Yotz pion detectors

assembly
ﬂ luminosity
momtor

GEM  GEM Mgller I

T

~
€ p beam centerline Quartz/W
shower max. detector
Quartz Ap, measurements for Mgller,

* Integrating (current mode)
detectors: asymmetry
measurements of both signal Quartz/W  Shower max. detector, provides a

and background, and beam and second, independent
target monitoring.

elastic and inelastic e-p events

measurement of Mgller peak

Pion Pb-glass and two GEM planes
. Tracking (counting mode) detector for hadronic dilution/asymmetries
detectors: spectrometer Lumis monitor for target density
calibration, electron scattering fluctuations, false asymmetries
angle distribution and GEMS backgrounds, kinematics,
background measurements. spectrometer diagnostics
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Detector Plane Segmentation
Quartz Cerenkov detectors will have radial and azimuthal segmentation

Detector Plane Transverse Distributions

Detector Plane Radial Distributions

Detector Plane Radial Distribution

R1

y-coordinate (m)

Rate (GHz/5mm)

-0.5

- 05 0 0.5 1
x-coordinate (m)

Azimuthal defocusing —

o HH‘\H\‘HH‘\H\‘\\H‘HH‘HH‘HH‘HH‘HH

Main Moller peak in Region 5

Different ¢, different 6, bins
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R2

R3

R4

R5

R6

3
r(m)

Proposed Segmentation

28 azimuthal channels per radial bin

Moller peak (region 5): 84 azimuthal
channels per radial bin

224 total channels

Rate per channel ~ few MHz — GHz
(overall rate ~ 159 GHz)
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Measurement of Background Asymmetries/Dilutions

Radial rate distribution Radial f, A, distribution: Contributions to A,

Radial distribution - Full

10_E ’ 3 a5 e 80F-
= rﬁr rﬂrM = 1 r2[/r3 rd 5 ré
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/
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i
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£ F 30F-
10° 20F
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r [m] r [m] °
. . . meas E f A

Color coding: Mgller: black, elastic e-p: red, inelastic e-p:green

Radial binning of measurements — measurement of background asymmetries under
“Moller peak”

e Elastic e-p: ~8.9% of signal; asymmetry well known
* I|nelastic e-p: <0.5% of signal but asymmetry ~ x20 larger and not well known
——> The asymmetry weighted inelastic contribution dominates rings 2 and 3,
so it will be measured there
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MOLLER Complementarity to LHC

* If LHC sees ANY anomaly in Runs 2 or 3 (~2022)

— The unique discovery space provided by MOLLER will become a
pressing need, like other sensitive probes (eg. g-2 anomaly)

* If LHC observes no anomaly in next decade, MOLLER sensitive
to discovery scenarios beyond LHC signatures
— Hidden weak scale scenarios (eg. compressed supersymmetry)
— Lepton number violating amplitudes
— Light dark matter mediators

Most sensitive discovery reach over the next decade for CP-/
flavor- conserving or lepton number violating scattering
amplitudes
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Timeline: Past and Future
Past:

e JLab PAC approval Jan. 2009, JLab Director’s review Jan. 2010
e JLab PAC37 Ranking/Beam Allocation Jan. 2011 (A rating, 344 PAC days)

 DOE Science Review of MOLLER Experiment — Sept. 2014
— Report received at lab recently; excerpts:

— “.. NP concludes that the proposed MOLLER experiment has very strong scientific
merit. .... Purely leptonic ... is well motivated ... would be of high scientific impact ...

7

— “... theoretical cleanliness ... makes it unigue among the low-Q? probes of the SM”

— “Significant progress ... in design of the liquid hydrogen target...; novel design of the
hybrid toroidal magnetic spectrometer is impressive.”

— “...experimental collaboration is strong with world-class experience in previous PV
electron scattering experiments.”

— “..collaboration is bold in setting the new goal..., thorough in examining possible
systematic effects.”

— “The panelists believe the experiment has the potential to be a flagship effort for JLAB
and the NP community.”

Next Steps:
* JLab Director’s Technical Feasibility/Cost/Schedule Review planned for Fall 2015
 DOE Technical Feasibility review potentially late in 2015
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Summary
* Parity-violating electron scattering provides stringent low energy tests of

the Standard Model

* Qweak Experiment: Parity-violating elastic e-p scattering
- First result: PRL 111,141803 (2013)
- based on just 4% of data taken
- first determination of proton’s weak charge

O,,(PVES) =0064+0012 Q,,(SM)=0.0710 =0.0007

- final result using full dataset expected early next year

* MOLLER Experiment: Parity-violating elastic e-e scattering
- new initiative being developed for Jlab
- anticipated 0.1% precision on weak mixing angle
- sensitive down to 10 G; ; mass scales to A/g ~ 7.5 TeV
- best discovery reach for flavor and CP conserving
process over next decade



97 collaborators 23 grad students

The Qweak CO"abOratlon 10 post docs 23 institutions

Institutions:

I.,!]. B | -. e ¥ 1 University of Zagreb

2College of William and Mary
3 A. I. Alikhanyan National Science Laboratory
4 Massachusetts Institute of Technology
5 Thomas Jefferson National Accelerator
Facility
6 Ohio University
7 Christopher Newport University
8 University of Manitoba,
9 University of Virginia
10 TRIUMF
" Hampton University
12 Mississippi State University
13 Virginia Polytechnic Institute & State Univ
14 Southern University at New Orleans
15 |daho State University
16| ouisiana Tech University
17 University of Connecticut
18 University of Northern British Columbia
19 University of Winnipeg
20 George Washington University
21 University of New Hampshire
22 Hendrix College, Conway
23 University of Adelaide

D. Androic,' D.S. Armstrong,? A. Asaturyan,® T. Averett,? J. Balewski,* J. Beaufait,> R.S. Beminiwattha,® J. Benesch,>
F. Benmokhtar,” J. Birchall,® R.D. Carlini,> 2 G.D. Cates,® J.C. Cornejo,? S. Covrig,> M.M. Dalton,® C.A. Davis,'® W. Deconinck,?
J. Diefenbach,'" J.F. Dowd,? J.A. Dunne,'2 D. Dutta,'2 W.S. Duvall,'® M. Elaasar,'* W.R. Falk,® J.M. Finn,? T. Forest,'5: 16 D. Gaskell,>
M.T.W. Gericke,? J. Grames,® V.M. Gray,? K. Grimm,'6:2 F. Guo,* J.R. Hoskins,? K. Johnston,’¢ D. Jones,? M. Jones,5 R. Jones,”
M. Kargiantoulakis,® P.M. King,® E. Korkmaz,'® S. Kowalski,* J. Leacock,'® J. Leckey,> A.R. Lee,'® J.H. Lee,% % L. Lee,°
S. MacEwan,? D. Mack,5 J.A. Magee,? R. Mahurin,® J. Mammei,'3 J.W. Martin,'® M.J. McHugh,?° D. Meekins,® J. Mei,5 R. Michaels,’
A. Micherdzinska,?? A. Mkrtchyan,® H. Mkrtchyan,® N. Morgan,'® K.E. Myers,?° A. Narayan,'? L.Z. Ndukum,'2 V. Nelyubin,®
Nuruzzaman,' 2 W.T.H van Oers,'% 8 A.K. Opper,2° S.A. Page,? J. Pan,? K.D. Paschke,® S.K. Phillips,?' M.L. Pitt,’3 M. Poelker,>
J.F. Rajotte,* W.D. Ramsay,'% 8 J. Roche,’ B. Sawatzky,® T. Seva,' M.H. Shabestari,'2 R. Silwal,® N. Simicevic,'®* G.R. Smith,®
P. Solvignon,’ D.T. Spayde,?2 A. Subedi,'? R. Subedi,?° R. Suleiman,’® V. Tadevosyan,® W.A. Tobias,® V. Tvaskis,!% 8
B. Waidyawansa,® P. Wang,? S.P. Wells,'6S.A. Wood,5 S. Yang,? R.D. Young,?® and S. Zhamkochyan 3
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The MOLLER Collaboration

~ 35 institutions, ~ 115 people

The MOLLER Collaboration
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Stony Brook University, SUNY
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University of Massachusetts, Amherst
J. Bessuille, E. Ihloff, J. Kelsey, S. Kowalski, R. Silwal
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INFN Sezione di Catania and Universita’ di Catania
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Idaho State University
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R. Gilman, K. Myers, R. Ransome, A. Tadepalli
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Virginia Polytechnic Institute and State University
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Mississippi State University
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