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The Q,.,« Experiment — First Results

* proposal, 2001
» development and construction: 2002 — 2010
» data taking 2010 — 2012 (~ 1 calendar year)

first 4% of data
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What is proton’s weak (vector) charge ?

‘ S =
1 ¥
: VY ‘

« analog to the electric charge
« vector coupling to the Z boson summed over
quark constituents

eak

arge (e)
Electric Weak (vector)
Particle
u +2/3 -2C,, =+ 1-28/3 sin?0,,
d -1/3 -2C,4=-1+4/3 sin?0,,
‘ Proton +1 QP =-2(2C,,+C,y)= 1 - 4 sin?0,,
uud
Neutron 0 Q" =-1
udd
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Tree level:

0, =-22C,, +C,,)

=1-4sin’6,,

Standard model value:
QP,, = 0.0710 + 0.007

Figure 10.2: Constraints on the effective couplings, C,, and Cq4, from recent

(PVES) and older polarized parity violating electron scattering, and from atomic
parity violation (APV) at 1 o, as well as the 90% C.L. global best fit (shaded) and
the SM prediction as a function of the weak mixing angle §2Z (The SM best fit

value §2Z = 0.23116 is also indicated.)
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eak

P, = (PysiE,) | -
_ ”) o

€ o0 @ | P S

proton | \\

! recoil

Q° = 2p,p'(1-cosb) ; sets a scale for the interaction

(Q is the energy scale in the “running of sin?6,, “ plot;
we do our measurements at small Q?)

‘ Scattering measurements as Q2 - 0 see the target as pointlike;
higher Q2 probes its spatial distribution ( form factors”...)
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Parity violating (PV) asymmetry and Q

weak
’50
d0-++d0'_ 47'50(.\/5 weak
“ form factor” correction.

. g -
PV asymmetry + right-handed k
A~-3x107 for
+, - beam helicities: s

- left-handed 4_%_.5

We can’t “do” Q2 = 0 or there is no signal! > At Q%2 =0.03 GeV?

OA/A=2% ->0Q,/Q,f =4% |> 08sin%6,,/ sin%6,, = 0.3%
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CEBAF Accelerator at JLab

» superconducting RF accelerators

Coordinates: (g, 37°05 41N 76°28 54"W  continuous e- beam (499 MHz)
» 3 4 experimental halls
Thomnas "eﬁe's‘;';:‘"a_x“a' CCRInTaloy « 12 GeV upgrade underway essentially complete
Jef,agon Lab
0
. ; : X Qweak
Motto "Exploring the nature of 7 ' A 4 in Hall C
matter." :

Established 1984
Research Type MNuclear physics

Budget US$72 million (2004)
Director Hugh E. Montgomery
Staff 675

Location Newport News, Virginia
Campus 214 acres (87 ha)
Operating Jefferson Science
Agency Associates, LLC
Website wiwaw jlab.org g
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The Q,..« Experiment -- practicalities

89% polarization (elastic) scattered e- at 8°
1 GeV e beam . e
RRhiis hhhhhhhhhhii ‘ """"""""""""""" Aexp
140- 180 pA «
P 35 cm liquid
Hydrogen target
(2500 W @ 20K) Aop= PA

Key requirements:

- minimize the statistical error
- high beam current, high power target, integrating mode electronics,
large acceptance detectors....

- maximize the signal
- high beam polarization, background-insensitive detectors,
tight collimation and shielding ....

- minimize systematic errors

—> beam properties should not change when the spin flips, polarization
should be well-measured...
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Apparatus

Toroidal Magnet
Spectrometer

) Horizontal
(NOt ShOYV”' lots of Drift Chambers
diagnostic apparatus
upstream.)
1.165 GeV Electron beam
+ or - helicity
b
(]
\/ OI]Q Q
LH, Target
Collimators

Red = low-current tracking mode only

\

=
/- @&

[ Quartz Cerenkov Bars ]

Trigger Scintillator

Vertical Drift Chambers
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LH2 Target

- World’s highest power cryogenic target ~3 kW g
* Designed with computational fluid dynamics
(CFD) to minimize density fluctuations §§§
beam
direction Centrifugal pump o
LH, (15 1/s, 7.6 kPa) b
flow

3 kW Heater

3 kW HX utilizing
4K & 14K He coolant

35 cm cell
Bottom line: fluctuations in target
density did not significantly impact Solid Target
the measurement statistics array




Main Detector — elastic electron image on quartz bars
» Toroidal Spectrometer produces 8 elastic e- foci

Measured elastic image (bottom bar) :

Simulation, 12 m downstream of target
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Helicity reversal pattern and signal integration

1ms(@1KHz sampling)

\ M
Detector Signal _| ...................  — T I — I_l .................. [_ .......
« 960 Hz helicity flip (fast!) B t
HelicityStates | 4! = | = i | =i 4+ =| 4! = = | +
 PMT anode current integrated \ A A y,
o : Y Y Y
for each helicity window, normalized
A1 Az A3 A”
to beam charge
* Quartet asymmetries calculated (4 ms) ¢
8 10°
« Statistical width ~ 230 ppm per quartet 105
at 180 pA is dominated by counting 10¢
statistics; target noise contributes ~ 50 10°
ppm 102
g . . 10
* Unknown additive “blinding factor” : | | | . |
applied for analysis -0.003 _ -0.002 -0001 0 0001 ('Jo.r(t)ot'zA — (').(t)os
uartet Asvmmetry

(over several days, run 2)
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msr
(ppm)

eak

Extracting the physics asymmetry, A,

. Data averaged over 8 hr “Slugs” with slow helicity reversal
« Central value “blinded” by additive constant
. E.g.Slug plot for RUN O :

{in) = -0.171+ 0.055, Chi2/NDF=0.477 {out) = 0.224 + 0.055, Chi2/NDF=2.484 * 1IN
08 E_ - (in)
o.s; + = out
o B g + ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (out)
o2 ;_ .......... *{ .................................... e ——— -
Amsr = Araw HAT + AL + Arey | False asymmetry corrections
P 4 A .
A =R msr/ - Zizl 1414 Polarization, backgrounds,
ep — | ttot 1—f radiative corrections
tot
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Corrections and uncertainties: first result

UNITS: parts per billion (ppb)

Ams'r — Ara’w + AT + AL + Areg
A, =—204 =x31(stat) *13(sys)
A, = 0 =4
A, = 0 x3 F 17%~1ccorrectionto A,
Apg = =35 £ 11

f.: fraction of light from background i

R : fo, = Sf, = 3.6%
A, = ol x| A —PY fA
ep [P (l—ﬁot)j ( msr ; ]l; lj

R: product of factors ~ unity:
(Rad. corr, kinematics, detector response)

Aep = —279 =+ 35(stat) =* 31(sys)
Ryor I(PA-f,,;)) = 1.139
PfA= =51 + 11 + 0 + 1 = _39]- 14 % ~ 10 correction

(Al windows + beamline bgd. + soft neutrals + inelastic)
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Additive correction, linearity: A, =0 + 3 ppb

eak

« Scales with beam charge asymmetry
« Suppressed by feedback loop to polarized source

o0
|

m =80s Charge Asymmetry ;ﬂ';:_;;"

ol | — 1/y/n Scaling
1/n  Scaling

o
|

NN
I

o
|

(~ 1 hrrun)
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| (running average)
)
I
=

b
I

Run 11418

Ll I \ | \ I \ |
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Data Set Number
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eak

. Dedicated measurements with FULLY transverse polarization
. Physics origin: nucleon structure and 2-photon exchange

Y (Vertical)

. Highly suppressed by azimuthal symmetry

R
“*400 -300 -200
X (Horizontal) [cm]

— | — — — Vertical fit A, cos(0+¢ ) +C —
— . . ° ’/""—**\\ //’ r\\\
4 |— — — — Horizontal fit A, cos(o+0 ) + C j/ - SO LS ~

| NE
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Corrections for x, y (ppm)

Beam parameter corrections, A, =-35 + 11 ppb

Y (Vertical) [cm]

@
=3

3

E3
010) suun Atenqiy

B
S

N

8
(Po1Blom uopo9s s

[ 10967:motion in x | %2  ndf 40.66/5 [ 10967:motioniny | 72 { ndf 95.19/5
I Prob 1.1e-07 Prob 5445e19 - - .
€ - po 1396 + 68.26 £ - po 1923+ 38.95 Yoo 500 ER e 300" a00 ©
20000 — p1 -8778+ 96.63 -EE.GODO - p1 5987 + 55.02
58 000 E_ p2  -0.07163+ 0.01098 g C p2  0.005362+ 0.00921
2 o -
Se000f Se000p
Z4000F- 000k
g C s 000_— 5 aA
b3 = > C
2000 - A = —2 D A
: el A R EEE CEE Tl reg 9
0 - - - izt OX;
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-80001_IlllllIlllllllllllllllllllllllllllllllllll | "IN I T R T T B A R |
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& . .
«
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L : [
—0.14 . . - g 0.1+
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-0-2 J ¥ \J l. -0-2 I L) L
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Background: Aluminum windows (dominant)

fa1=323+024 % Aal = 1.76 £ 0.26 ppm

* Dilution from windows measured with * Asymmetry measured from thick Al targets
empty target * Measured asymmetry agrees with expectations

* Corrected for effect of H, using simulation ~ from scaling.
and data driven models of elastic and

. . . 2G N
quasi-elastic scattering. APV(JZVX) _ _ia\g [ €V 4 (7> Qq‘}v]

it [ I T R A R S S R Simulated e- profile at detector:
i B MD! - Cold Gas .
0.036 ....... * MD] . Emp[y Ccll g PTe - - %

- |—— Lincar fit to cold gas peints ] 2 E ps-t-ré.aln W.H.;dow Qe
; S YIRS
: i 0 r l“I i 1

Daloclor Prorla 101 UPEETaT WiNJoN cuenls

0.052
0.048 |

0.044

0.04

*Ei Downstream window |l

it L
0 Rt

\
Yeern
£

Measured Dilution Factor

0.036 |- ............... ’1 ................ ............... ............... ...............

0.032 |- E ............. b S ................ ............... ............... ...............

0.028 |- RN S———— A— H— —

0 T 00004 00008 00012 00016
Hydrogen Gas Density (gfcm**3)




First results only used Hall C Mgaller polarimeter
(low beam current; e-e scattering from polarized Fe foil)

Run 2 used both Mgller and Compton /
polarimetry — cross checked for absolute

normalization 40P o

o
o
LI B

o]

N
(3]

I T
P
$

.
e
——
o
—e—
e
_M_'%_

(o] .
(3]
LI L B

R

Measured polarization (%)

i e plerstemts o SERGRGTIANY ...
L Backscattered,
[ 4 Moller polarimeter A Photons
82.5 | e Compton polarimeter - electron detector !
| |

22500 23000 23500 24000 24500 25000 25500

Compton run number



i~}

Preamplifiers

Motion
Mechanism

Scattered electron

Nominal beam axis

Beam pipe

QED asymmetry exactly known;
“self calibrating” feature

June, 2014

Compton polarimeter diamond microstrip detectors

I I | |

®
. e ° g o
15 Signal (packground corrected) o B
2 B ¢ o. o 7]
~ 10]-* e
5 e o % .. e ©® o =]
E K .. °® ° .
e 5 ° - -
>
yoo  Background -
. :.( )f-lm"' 000000 | CO00C0CoNTCRCEN NI ECa T T 8
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Strip Number
trajectory
0.04] 4— exp asymmetry [ = ' TH
—— QED fit .
a 0.02 il
<
L ]
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Normalized Number of Events

Momentum transfer:

Target

Drift chambers before

i

and after magnetic field

Low current, counting mode data

taking &

Systematics studies:
acceptance, light yield vs Q2

Q? Distribution in Octant 1 (Sim & Data)

0.018

o o o
o (=] o o
o — — —
purd N E »

0.008

0.006

0.004

0.002

0?2
Simulation
Data

PRI ISR RRT SN S BRI

o
o

0.06 0.07 0.08
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Q2

Tracking
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Tracking
Detectors

Focal Plgne ¥
Maif Detectors

: (]
2m
Track Projection on SW01 5 | h_2d not welghted nct prfle
Entries 527118
g 100 Meanx  161.3
o Meany 0.7595 2
> 80 RMSx 1216
5 RMSy  20.09
= 60
[
o
o 40
20
0
-20
-40
-60
-80 :
10 & I I
‘? 00 150 200 250 300 350 400

position x:cm
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Run 0 Asymmetry Results (4% of full data)

Aep, = —279 + 35 (stat) +31 (syst) ppb
(Q?%) = 0.0250 & 0.0006 GeV? (Byeam) = 1.155 & 0.003 GeV
0 0.05 0.1 0.15 0.2 0.25 0.3
O 1
A 7 I " HAPPEX |
\ 1 i ] T T * SAMPLE
o [oe] i i~
§-3 . ]
z, [ |
£ | o .
>-9 [ l
2 T
7
8 1

Q2 [(GeV/c)?
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Determining the weak charge - details

[A ] €GLGE +1G),Gly — (1-4sin? 0)€' G} G4
()

Aep = e(G)2 +1(G])?

— wheree = [14 2(1+D)tan?(8/2)]7Y, & = Jr(1+1)(1 —€?),
T=Q?/4M?, G}, are EMFFs, GZ ), & G7 are strange & axial FFs,
andsin? 6, = 1 — (M, / M,)? = weak mixing angle

Reformulate at low Q2

—

A
T = 0 +0° BQ".0)
0 /

/ Main point: we have to do the extrapolation to
intercept Q2 = 0 using world data for B(Q2, 6)
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Global fit of low Q? PVES data, Qweak Run 0

¢ This Experiment | Data Rotated to the Forward-Angle Limit
0.4ll% Saes See PRL 111, 141803 for details

A PVA4
ep ® GO

A 03 2> SM (prediction)

N

SM value: 0.0710 £ 0.0007
Qeak 4% data set*: 0.064 £ 0.012

‘00 01 02 03 04 05 06
Q°[GeV]*
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Constraints on quark weak charges, neutron:

0.18 ' ' '
Inner Ellipses - 68% CL
Outer Ellipses - 95% CL KN C,, =-0.184 £ 0.005
0.17 | C,4= 0.336 £0.005
0.16 |
isoscalar L_i 015 | Standard model is
3 the tiny black dot.
)
0.14
013 | Q" =-2 (Cyy +2 Cyy)
' =-0.975 +0.010
0.12

-0.70 -0.65 -0.60 -0.55 -0.50 -0.45 -0.40
Clu—Cld

isovector
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Coming soon: a wealth of new results

Full data set ‘almost ready’ for unblinding (this fall), 25x more elastic ep data!

Plus, additional physics results from ancilliary measurements to assess
systematic errors and backgrounds in Qweak:

» Parity-violating and conserving e-C and e-Al analyzing powers.

« Parity-allowed analyzing power with transverse-polarized beam on H and Al.
- Parity-violating and allowed analyzing powers on H in the N—/A(1232) region.
« PV asymmetries in pion photo-production.

« Transverse asymmetries in pion photo-production.

* Non-resonant inelastic measurement at 3.3 GeV to constrain y-Z Box
uncertainty.

« Transverse asymmetry in the PV inelastic scattering region (3.3 GeV).
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Run 2: beam motion corrections two ways!

i Partial Statistics - Blinded (arbitary offset)
- H Raw A Natural ¥ Driven
= | -160.0 + 8.6 ppb | -159.4 = 8.5 ppb | -159.3 + 8.5 ppb
& - Reducedy?>= 1.38 | Reduced 2= 0.61 | Reducedy?= 0.57
<, 100
p -
e
)
£
=
>
7)
<
-200
I ] 1 1 ] I 1 1 1 1 I 1 1 | | l 1 ] ] 1 I ]

June, 2014

Wien [monthly]
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Running of sin?0,, -- final data set > SM test

0.0001 0.001 0.01 0.1 1 10 100 1000 10000
0.245 -_—Fll-rrrlli rrrrrm—r—rrrrm rorel i rrrmi— .ll||/ r—rrry 0.245
I Qw(p) JLab
0.243 ¢ (4% of Q. data = Erler MSbar 0.243
L + PVES )
0.241 1{ ) Qu(e) NuTeV —— This Result 0.241
[ ol £ = Published
0.239 4 ] 0.239
| ® Ongoing
o 0.237 § 0.237
@ 0235 § APV 0.235
= 0.233 0.233
[ LER Tevatron
0.231 0.231
; { SLD
0.229 { 7 0.229
[ Quw(p) JLab
0.227 1 || (estimated final uncertainty) 0.227
0.225 - e e o e o e e ol L9015
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
Q (GeV)

June, 2014 CAP Congtess 2014 S. Page, Univ. Manitoba 29



Institutions:
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
TRIUMF 22 Hendrix College, Conway
30 July 2008 2 University of Adelaide
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NSERC Canada (>$3M over 12 years)

» National Lab support:
Jefferson Lab
TRIUMF

« Many hardworking collaborators, students and postdocs
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Electroweak Radiative Corrections to QF,

O,z contribution to @, (Qweak kinematics) ~7% correction
Gorchtein & Horowitz ®
0.0026 £ 0.0026 g
PRL 102, 091806 (2009) ER CALCULATIONS 3
Sibirtsev, Blunden & Melnitchou?, I"Igomas 0.004'7+0:0011 3 -
PRD 82, 013011 (2010) ' ~0:0004 3
i a —Q—
Atislow & Catlsen 0.0057 + 0.0009 ;
PRD 83, 13007 (2011) e
Gorchtein, Horowitz & Ramsey-Muslof - ®
PRC 84, 015502 (2011) 0:005:£ =50.0020 i
Hall, Blunden, Melnitchouk, Thomas & Young 0.0052 1 0.00043 — llllllllllllllllll -.- llllllll |
arXiv:1304:7877(calculation constrained by PVDIS data) 0 1 2 3 4 5 6 7 8

o]
0,z contribution to Q,

Qweak’s Inelastic asymmetry data taken at W ~ 2.3 GeV, Q? = 0.09 GeV?can check these

0.008t — Total =--1I ) —
0.0054 Rl
— 1 - I _ ooosy|
0.006¢ E _ i
e i - - i 0.0052 |
O g 8 . |
Y 0.0041 L P |
2 7 3 .
E Dependence " oos|

0002t/ s | |Q? Dependence
e —— 0.0048 .

0.000mmemmrm =T I IQWEAK (t = -0.03 GeV?)

00 05 10 15 20 25 30 S W

0 0.02 0.04 T T
E (GeV) -t (GeV?)



EPV - 'C + £Ne'w

Mass Sensitivity versus AQ" w/ Q’ W

6 T | \‘ T I T I T | T I T I T I T | T I T
New physics term: il ‘\\ )
YVCLALRCL E vt ” N\ 68% CL |
4 A2 H |4 K . |
> . ]
2 .. |
= 95% CL ™~
At 95% CL, <
2 —
A 1 |
~ 2.3 Tev 1= Erler, Kurylov, and Ramsey-Musolf m
2\/ V2G r|AQY| - Phys. Rev D 68, 016006 (2003)
1 | 1 | 1 | 1 | 1 I 1 | 1 I 1 | 1 | 1
OO 2 4 6 8 10 12 14 16 18 20

AQ /Q (%)
J. Erler et al., Phys. Rev. D 68, 016006, 2003
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