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Basics

The Standard Model (SM) is the most successful elementary particle theory
developed so far. But missing phenomena like gravity and dark matter suggest it is

a “low energy” effective theory.

Particle| EM Charge Weak Charge
u 2/3 -2C,, = 1-(8/3)sin?6,, ~1/3
d -1/3 -2C,4 = -1+ (4/3)sin?%6,, ~-2/3
p(uud) 1 QP = -2(2C,,*+ C,4) =1 -4sin?B,, | ~0.07
n(Udd) O an = '2(C1”+ 2C1d) ~ '1
3 2
pv, /YN
0y —0— __ |Mweak c P ¢ P

PV asym. A,, = ~
p
o+ +o0_  |Mgum]| EM(PC) neutral-weak(PV)

Where o,(0)) is positive(negative) helicity correlated electron-
proton scattering cross section. MPV .. and Mg, are the parity

violating (PV) neutral current and parity conserving (PC) helicity E
electromagnetic (EM) scattering amplitudes, respectively
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Q-weak Basics

Tree level PV asymmetry can be written as

W —Gr@* | [=GZ GE + GG — (1 — 4sin® O )=’ G, G4
P 41V 21 E(G‘Y )2+ 7(G 1)2

1
14204+ 7)tan2 &7

¢ = \/rl+7)A—¢e2),7 %

As — 0, e =1, and 7 << 1

Ao = [T EZ [0y + QB(Q0)] = 4o [Qy + OPB(@0)

N

Ina A, /A, vs Q2 plot QP is the intercept and B(Q?,8) is slope

GYe,GYy: EM form factors (FF)
G% ,G%,: weak neutral FF
G4,: axial FF

Gg: Fermi constant

Q? is four momentum transfer
squared

sin? 6,, the weak mixing angle
M is the proton mass

0 is scattering angle

@, = 1 — 4sin20,,
- GEQ?

A, =
4\2ma

e . proton 7 e ~ proton
o——> -G -~ o—> -
s(+) s(-)

The PV asymmetry can be
Y, — Y_ The scattered electron yield is integrated | extracted after correcting for

Amsr = Y Y during each helicity state. The helicity is | polarization, false asymmetry
+ 1T - flipped pseudo-randomly at 960Hz and backgrounds.
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Q-weak Goal

« The objective of Q-weak experiment is to measure the parity violating
asymmetry (A,,) in elastic electron-proton scattering in order to extract Q.

* A, has a size of ~230 ppb (measuring very small number very precisely).

Error Source O(Agp)Agp [%] [D(QP)/QP,, [%]
£ q Statistical 2.1 3.2
xpectg Hadronic Structure — 1.5
uncertainty .
goal with full Polarimetry 1.0 1.5
2 L] L]

statistics (from g El)(etermlganon 82 (1)(7)
2007 proposal) |- acKarounds . ' '

Helicity-Correlated Beam Properties 0.5 0.8

Total 2.5 4.2

This presentation includes ~ 4% of total data set.
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Jetferson Lab
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The Q-weak experiment was performed at Hall-C of
Thomas Jefferson National Accelerator Facility (Jlab)
at Newport News, VA, USA during November 2010
to May 2012 although preparation started in 2001.
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Jetferson Lab Beamline Sketch
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Q-weak Apparatus

[ Target ] \
o
- e
beam O 1O
Epeam = 1.155 GeV/ @

<Q?> ~ 0.025 (GeV/c)?
<> ~7.9°+0.3°

¢ coverage ~ 49% of 2m
Current = 145 (180) pA
Polarization = 89%
Target = 34.4 cm LH,
Cryopower = 2.5 kW
Luminosity 2x103%s-1cm-2
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Q-weak Apparatus
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Q-weak Apparatus

= low-current tracking mode (production current x 10-) Quartz
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Q-weak Apparatus
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Main Detector and Experimental Asymmetry

. . — 400
« 2 m long radiation hard, fused quartz 5 F
Cherenkov detectors. 00/ .
* Azimuthal symmetry decreases sool
sensitivity to HC beam motion, - S0
transverse asymmetry. e
: 6000
o
'100% 4000
Pseudo random quartet ordering 200F-
frequency ~ 1 kHz - 2000
” 1ms(@1KHz sampling) -300 E
; Y : : j '405156 "306'H2‘06”‘1i)6'”c|)‘ "'1(‘)0"”230""330“]'400 0
Detector Signal _1 f_ _ll_ll_ | l__ - - - - X [om]
: ; ; ; ; t Scattered e profile from GEANT-IV on MD bars
Helicity States + - .- + -4 + - + - .- +
A A »
Y \4 Y 4
Al Az A3 /‘\” : ' ,
mt _ YT-Y— YET _
For each quartz bar, Ai)aw = YFTIvYy— gt B EE 4
RaW asymmetry, A, — —i=ifm e \& o s
’ e 16 Two quartz bars Installed MD at Hall-C

Nuruzzaman

HU Group Meeting 11/19/13



Target Design and Performance

« World’s highest power cryogenic target ~3 kW

« Designed with computational fluid dynamics ' il =t aas Sl
(CFD) to reduce density fluctuations = T
rase §6},
Hlu TR
= L =N
Ta_lrget noise < 50 ppm<< statistical asymmetry Centrifugal pump |/ i gg
width per quartet (~ 230 ppm) @ 180 pA (151/s, 7.6 kPa) | - T
100 ————y—————— e ——— 5o
L ) \ AR
s, = 1.3+ (19.4/x)42.399 ] 3 kW Heater \ »:g
3 - Run 12104 : g;g
g 75+ May 2011 . 3 kW Heat .
~ i exchanger utilizing Ty
3 | 4K & 15K He coolant L B
S I
T sl |
o) I 34.4 cm cell (beam
- interaction volume)
- e ER electron
2530 35 40 45 50 55 Solid Targets ‘ beam
Raster Size (mm)
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Precision Polarimetry

Q-weak requires AP/P < 1%

Strategy: use 2 independent polarimeters il

* Use existing <1% Hall C Mgller polarimeter:
* |ow beam currents, invasive
* Known analyzing power provided by
polarized Fe foil in a 3.5 T field.

Mgller Polarimeter

* Use new Compton polarimeter (1%/h):
* (Continuous, non-invasive

QWEAK, Polarlzatmn ,

e 92 F : .
* Known analyzing power provided E oo 3 c?'ﬁm%ﬁﬁ*i o
by circularly-polarized laser 5wk e %”"J ity wﬁé 4
= ot
5 Prellmlnary o
. ' 82 F ' ' !
Compton Polarimeter S sf o Compon t A
~ B ompton - -
eeeeeee AL - O Moller  ler L 1 |
8 F LG ! R MR L ! : l
P | 23000 23500 24000 24500 25000 25500
g g Run Number
Slug
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Determining the Kinematic

Q-weak requires uncertainty on
Q2<0.5%

i

.- 3
} 5

/t :

HDCs |before magnet to msr 6
2 =2E? (1-cosB) / [1 + E/M(1-cosB)]

e,
Meany 0.7595 2
RMSx 1216
RMSy  20.09

VDCs | & trigger scintillators after magnet to

msr light weighted Q? across quartz
bars

10

<Q2> - 0.025 (GeV/C)2 “Aopgs— 1:‘;0 om0 a0 w400

radial position x:cm
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Extracting PV Asymmetry

Extracting

physics A,
asymmetry

A -
% - Z Abifbi
ijl
1- Z fbi
: i=1 _

p — Rtotal

Amsr = Araw + Areg + AT + AL

Extracting physics asymmetry, A, from

the experimental measured asymmetry by

* removing false asymmetries, parity
conserving contamination

« correcting for the beam polarization

* removing background asymmetries

« correcting for radiative tails and other
kinematic correction

0.0

Areq = Linear regression asym.

A; = Residual transverse asym
A, = Non-linearity in PMT

Asymmetry or Corrections (ppm)

-0.25

-0.3

-0.35

A, A

raw reg
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Extracting PV Asymmetry

i 4 7 Extracting physics asymmetry, A, from
_ Amsr _ Z Apifpi the experimental measured asymmetry by
Extracting F « removing false asymmetries, parity
physics A = R, 'jl conserving contamination
asymmetry » correcting for the beam polarization
1- Z bi < removing background asymmetries
L i=1 .  correcting for radiative tails and other

kinematic correction
Amsr = Araw + Areg + AT + AL

0.0

b1 = Al. window bkg.

b2 = Beam line scattering.

b3 = Other neutral background
b4 = Inelastics.

Asymmetry or Corrections (ppm)

-0.25

-0.3

-0.35

Aww Aeg Ar AL A, P AbT Ab2 Ab3 Ab4
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Extracting PV Asymmetry

i 4 7 Extracting physics asymmetry, A, from
_ Amsr _ Z Apifpi the experimental measured asymmetry by
Extracting F « removing false asymmetries, parity
physics A = R, 'jl conserving contamination
asymmetry » correcting for the beam polarization
1- Z bi < removing background asymmetries
L i=1 .  correcting for radiative tails and other

Amsr = Araw + Areg + AT + AL
Riotal = RrcRpetRBinRq2

Rgc = Radiative corr.

Rpet = Detector bias corr.

Rgi, = Effective kinematic corr.
Rq, = Q2 calibration corr.

Asymmetry or Corrections (ppm)

Nuruzzaman
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kinematic correction

0.0

-0.25
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Extracting PV Asymmetry

4 7 Extracting physics asymmetry, A, from
_ Amsr _ Z Apify the experimental measured asymmetry by
Extracting g o « removing false asymmetries, parit
| — g ymmetries, parity
physics A = R, conserving contamination
asymmetry

* removing background asymmetries
« correcting for radiative tails and other
kinematic correction

4
) Z ¢ « correcting for the beam polarization
- bi
- i=1 .

Amsr = Araw + Areg + AT + AL

0.0

Riotal = RrcRpetRBinRq2

b1 = Al. window bkg.

b2 = Beam line scattering.

b3 = Other neutral background
b4 = Inelastics.

Asymmetry or Corrections (ppm)

-0.25

-0.3

035 E—L | 1 | 1 | 1 | 1 | 1 |

Araw Areg AT AL Amsr P Ab1 Ab2 Ab3 Ab4 Rtotal Aep|
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Extracting PV Asymmetry

i 4 7 Extracting physics asymmetry, A, from
Extracting Amsr _ Z Apifpi the exper!mental measured asymmetry by
: : * removing false asymmetries, parity
physics A = R, '=41 conserving contamination
asymmetry » correcting for the beam polarization
1- Z fbi < removing background asymmetries
L i=1 .  correcting for radiative tails and other

kinematic correction

Amsr = Araw * Areg FATHA Correction Contribution
R — RorRe .Ra: R Value [ppb] to AAep [ppb]
total — TRCTDet Bin2Q2 Normalization Factors Applied to A,..
b1 = Al window bkg. o Pouriation 1/ 2 ;
b2 = Beam line scattering. Background Dilution 1/(1-fi:a)) -7 -
b3 = Other neutral background. Asymmetry Corrections
b4 = Inelastics. Beam Asymmetries KA -40 13
Transverse Polarization kAt 0 5
Detector Linearity <A 0 4
Backgrounds K'bei Abi 6(fbi ) ) (A bi )
Target Windows (b1) -58 4 8
Beamline Scattering (b) 11 3 23
Other Neutral Bkg (b3) 0 1 <1
Inelastics (bg) 1 1 <1
Phys. Rev. Lett. 111, 141803 (2013)
Nuruzzaman 11/19/13
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Extracting PV Asymmetry

Error bar 0 0.05 0.1 0.15 0.2 0.25 0.3
. P
is hard to 07-U
visualize! ’ ' } * Q-weak
-1 ¢ . £ } = HAPPEX
n } SAMPLE
Our A & AA are E-z % A PVA4
~3 times §_3 o } } ° GO
smaller than 2 } }
nearest GEJ'4 -
competitor. €5 } % }
>
) |
;|
-7 F
-8 1
Q2 [(GeV/c)?]
Smallest asymmetry and This is ~ 4% of
absolute error bar measured in total data set
e-p scattering to date
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Q-weak

Global fit (solid line)

¢ This Experiment| Data Rotated to the Forward-Angle Limit

presented in the forward =) ® HAPPEX
angle limit as reduced ) 0.4 SAMPLE
asymmetries derived from ‘E; : GO !

this measurement as wellas @ ( 3}L2_SM (prediction)

m
other Parity Violating O
+

Electron Scattering (PVES). uncertainty

in the fit
Our result increased
consistency
with SM calculation _ _ _ _ _
QP (SM) = 0.0710 % 0.0 0.1 0.2 0.3 04 0.5 0.6
0.0007 Q2 [(GeV/c)3
This is ~ 4% of

total data set Phys. Rev. Lett. 111, 141803 (2013)

L GF02 L 2 2
Ae,,[Mm] Q% + Q?B(Q2,0)] = Ao [Qly + O*B(Q%. )]

Qr,(PVES) = 0.064 + 0.012

Nuruzzaman
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Impact on C,, and C4
QP = -2(2C;,+ Cyqq)

_ 0.18 ———————
Qy = -2(Cqy+ 2C4q) Inner Ellipses - 68% CL
Qr,, along with Atomic Parity Violation 0.171 Outer Ellipses - 95% CL &
(APV) constrain on the neutral-weak quark '
coupling constants C,, - C,4 (isovector) APV + PVES
and C,, + C,q (isoscalar). _0.16]  Combined SM
A Result ',44:4‘
C,,=-0.184 £ 0.005 + 0451 ,v';_’\,.
C,q= 0.336 % 0.005 5 = M"ﬁ
@) raecs ©
Neutron weak charge is extracted 0.14 2
for the first time. 013 F/sinl, |,
o : World PVES
Our result for neutron is in 015 with Q-weak
ﬁgreement with SM value -0.70 -0.65 -0.60 -0.55 -0.50 -0.45 -0.40
= - + .
Q",(SM) =-0.9890 £ 0.0007 This is ~ 4% of Ciu = Cig

Phys. Rev. Lett. 111, 141803 (2013)

total data set

Q" (PVES+APV) =-0.975 + 0.010

Nuruzzaman
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Running of sin?0y,

0.245 ,
. [ —Erler MSbar
The SM predicts the 0243 [ Qy(p) JLab ~+This Result
. . 9 . (4% of Q. data +
running of sin<6,,(Q) . PVES) ® Published
based on the s, %%\/(5%) NuTeV ¢ Ongoing
measurement done at 0239 ¢
the Z-pole. 0237 |
P g L Qu(Cs)
©0.235 | APV
Running of sin?6,, is due ;
_ % 0.233 [
to higher order RC R epy Tevatron
varies with Q2. 0.231 % sLD
0.229 | ,////7

i : : Qu(p) JLab
1(231 WealZ(eWI(”(Qr;]teagu:;?/ 0.227 | (estimatedwfinal uncertainty)

e Ssin O V.07 I

th full WA= 0225 Loevimn i i - s
with full statistics. 0.0001  0.001 0.01 0.1 10 100 1000 10000

Q [GeV]

The running of the weak mixing angle with momentum transfer, Q , as depend in

the MS renormalization scheme

Nuruzzaman
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Ancillary Measurements

In addition to the ~ 4% measurement of the proton’s weak charge, numerous other
interesting ancillary measurements:

» Elastic transverse asymmetry (proton)

» Elastic transverse asymmetry (aluminum, carbon)

* PV asymmetry in N—A region.

» Transverse asymmetry in the N—A region (proton)

* Transverse asymmetry in the N—A region (aluminum, carbon)

* PV deep inelastic scattering yZ box diagram constraining

« Transverse asymmetry in the PVDIS region (3.3 GeV)

« PV asymmetries in pion photoproduction

« Transverse asymmetries in pion photoproduction

* Measurements of elastic PV asymmetry on aluminum(alloys)/ carbon

Plenty of projects, plenty of results, 20+ theses....

Nuruzzaman
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Summary

Q-weak has produced the first direct measurement of the weak charge of the
proton, with ~4% of the total data set.

The result is a 16.8% measurement of the PV asymmetry at <Q2> = 0.0250 +
0.0006 (GeV/c)?

A, = =279 £ 35 (statistics) + 31 (systematics) ppb

This is a 18.7% measurement of the weak charge of the proton

Qr,(PVES) = 0.064 £ 0.012
At the effective kinematics QP (SM) = 0.0710 £ 0.0007

Weak charge of neutron using this data along with PVES and APV extracted as
Q" (PVES+APV) = -0.975 £ 0.010

« Expect to report results with 5 times smaller uncertainties in about a year.
« Demonstrated the technological base for future high precision SM tests using
PVES at an upgraded 12 GeV Jefferson Lab.

Nuruzzaman
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Q-weak with 4% Statistics

Global fit (solid line) ) ¢ This Experiment| Data Rotated to the Forward-Angle Limit
presented in the forward I 0.4} ” gﬁ;ﬁfé
angle limit as reduced =) A PVA4
asymmetries derived from NQ) : g& it
this measurement as wellas 0.3 o |
other Parity Violating o
Electron Scattering (PVES) ? O 2 uncertainty
az in the fit |
C
I
This is ~ 4% of <\(°£M1
total data set <% ’
0.0l . . . . .
00 01 02 03 04 05 06

0°[GeV/c]
Phys. Rev. Lett. 111. 141803 (2013)

| 10+ QB 0)] = 40 [0y + QPB(Q20)

B [—GFQz
v 4271 x

Qr,(PVES) = 0.064 + 0.012

Nuruzzaman
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Simulated Q-weak with Full Statistics

Global fit (solid line) ¢ Simulation Data Rotated to the Forward-Angle Limit

. B HAPPEX
presented in the forward % SAMPLE

= 0)
<
~

angle limit as reduced o) O N g
asymmetries derived from RS S gﬁ o
this measurement as well as = 03} (prediction)
other Parity Violating o T
Electron Scattering (PVES). :’ 09 [ uncertainty
ez in the fit |
@]
I
Simulated <\(°2M1_)
prediction for <%

total data set.

<
o

0 01 02 03 04 05 06
0°[GeV/c[

~

— [T [Qh + QB 0)] = Ao [y + QPB(Q20)

The simulated Q-weak point is through SM prediction.
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Q-weak ollaboration

(OHIU)

D.S. Armstrong, A. Asaturyan, T. Averett, J. Balewski, J. Beaufait, R.S. Beminiwattha, J. Benesch,
F. Benmokhtar, J. Birchall, R.D. Carlini", J.C. Cornejo, S. Covrig, M.M. Dalton, C.A. Dauvis,
W. Deconinck, J. Diefenbach, K. Dow, J.F. Dowd, J.A. Dunne, D. Dutta, W.S. Duvall, M. Elaasar,
W.R. Falk, J.M. Finn', T. Forest, D. Gaskell, M.T.W. Gericke, J. Grames, V.M. Gray, K. Grimm, F. Guo,
J.R. Hoskins, K. Johnston, D. Jones, M. Jones, 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, J.A. Magee,
R. Mahurin, J. Mammei, J. Martin, M.J. McHugh, J. Mei, R. Michaels, A. Micherdzinska, K.E. Myers,
A. Mkrtchyan, H. Mkrtchyan, A. Narayan, L.Z. Ndukum, V. Nelyubin, Nuruzzaman, W.T.H van Oers,
AK. Opper, S.AA. Page', J. Pan, K. Paschke, S.K. Phillips, M.L. Pitt, M. Poelker, J.F. Rajotte,
W.D. Ramsay, J. Roche, B. Sawatzky,T. Seva, M.H. Shabestari, R. Silwal, N. Simicevic, G.R. Smith?,
P. Solvignon, D.T. Spayde, A. Subedi, R. Subedi, R. Suleiman, V. Tadevosyan, W.A. Tobias, V. Tvaskis, B.
Waidyawansa, P. Wang, S.P. Wells, S.A. Wood, S. Yang, R.D. Young, S. Zhamkochyan

'Spokespersons “Project Manager Grad Students
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Running of sin?0y;

The SM predicts the
running of sinZ6,,(Q) based
on the measurement done
at the Z-pole.

Running of sin?6,, is due to
higher order RC varies with
QZ

Q-weak will measure
the sin26,,(Q) to 0.3% with
full statistics.

Nuruzzaman
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Basics

Four forces: strong, weak,
electromagnetic and gravitational.

The proton, consisting of three
quarks, is the simplest particle
that experiences all the
fundamental forces.

Weak force
Bosons (W,2)

N J The strength of the weak force
N between interacting quarks and

| Py v other weakly interacting particles

d u d Neutron decay . .

) weee Lo, Beadcy | can be characterized by their
B weak charge (distinct from their

electric charge).

The weak force stands distinct because it violates a fundamental symmetry of
nature called parity. This distinctness is often exploited to measure properties
related to the weak force.

Nuruzzaman
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Result from 4% of Total Data

Global fit (solid line) o |[* aweak -
. Il B HAPPEX Data Rotated to the Forward-Angle Limit
presented in the forward D 0.4}|% sampLe
angle limit as reduced % : PVA4
. . GO
asymmetries derived from = > SM{predictior)
this measurement as well as = "-[| - Without qwrak
. . . — With
other Parity Violating 6] ih AR
Electron Scattering (PVES). +; 0.2l
a
I
o 0.1
<< 3
< ¥
Q.
[} R L
< 00 ; " : — =
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Q2 [(GeV/c)?]
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Electroweak Corrections

07, = [onc + AlJ[1 — 45in2 0w (0) + Al + Oww + Ozz K0,2)

O,z contribution to @Q%, (Qweak kinematics)

Gorchtein & Horowitz
PRL 102, 091806 (2009)

Sibirtsev, Blunden & Melnitchouk, Thomas

PRD 82, 013011 (2010)
Rislow & Carlson
PRD 83, 13007 (2011)

Gorchtein, Horowitz & Ramsey-Muslof

PRC 84, 015502 (2011)

0.0026 + 0.0026
0.004713-303%
0.0057 = 0.0009

0.0054 £ 0.0020

Hall, Blunden, Melnitchouk, Thomas & Young 0.0052 + 0.00043

arXiv:1304:7877 (2013) (calculation constrained by PVDIS data)

» Calculations are primarily dispersion theory type

« error estimates can be firmed up with data!

« Qweak: inelastic asymmetry data taken at W ~ 2.3 GeV, Q2 = 0.09 GeV?

0.008F — Total
Sl |
0.006

NN

O

& 0.004f =

0.002f /£

—_
—_
e

--1I
- III

_________
______
o=

—
S
-
-—
—

——
........
.....................

—_—

0.000 b=
0.
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~7% correction

0.0054

0.0052

1.165 GeV, 1)

I
|
|
|
te
] o,
I
|
I
|
|
|
]
|

T

0.005

Re DYZ(E

Q? Dependence

T

0.0048

|QWEAK (t = -0.03 GeV?)
I

|
H 1
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- (GeV?)
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0.04 0.06 0.08

35



Nuruzzaman
HU Group Meeting

Global PVES Fit Details

5 free parameters ala Young, et al. PRL 99, 122003 (2007):

. O M & isovector axial FF G5

* G3y=p,Q2G, Gy =uG, & G%useG,where
Gp = (1+Q%/A°)2withA=1GeV/c

Employs all PVES data up to Q2=0.63 (GeV/c)?

On p, d, & “He targets, forward and back-angle data
SAMPLE, HAPPEX, GO, PVA4

Uses constraints on isoscalar axial FF G4
« Zhu, etal., PRD 62, 033008 (2000)

All data corrected for E & Q? dependence of O,; RC

« Hall et al., arXiv:1304.7877 (2013) & Gorchtein et al., PRC84,
015502 (2011)

Effects of varying Q?, 6, & A studied, found to be small

11/19/13
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Model Independent Constraint New PV Physics

G
P F_ _
Leg = ——\/56%%6 ' ZCquv“q + 4A2 e%,%e Zthv hy, = cosby
q
\ Y J \ {/ J h(\i/ = smé’h
PV L} o s
SM
AQY
O
Mass Scale Confidence Level (CL) .
g is the new
- physics
SN e coupling |
P S while Aisthe |
E ------ new PV . R. Young, ] Roc‘he R. Carlini, A. ‘Thomas PRL 99 f2007) 122003
E physics mass 0 z ” 3 o
oo scale O " (hy = cosfh)
0 2 4 6 8 10 A, 1
@ The bounds on new quark-

(Qw)sm

11/19/13

5Q€V — (Qg\/)@weak

Nuruzzaman
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lepton PV physics scale

New physics is ruled out
below the curve at 95% C.L.
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Model Dependent New Physics

CDF and DO results of the forward
backward asymmetry A

Results favored t production in the
incoming proton direction and t in the
anti-proton direction

Observed Az =0.475 +0.114 a 3.40
deviation from SM next-to-leading
order prediction of 0.088 + 0.013

New physics models could account for
the excess

t t Z Z
M g N
"""""" L N
_._L/_/_“_[_\_\_L._ ﬁ

w., d w. d w, d w., d

Plot show how PV constraints could
exclude certain models as the source

excess Ay

Nuruzzaman
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2-0 T T T T T T T T
- Excl.
Al 209

1.5

A

100 120 140 160

M 40 (GeV)

60 80

of
Gresham et.al. arXiv:1203.1320 [hep-ph]
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title

Even with only 4% of the full data set, Q-weak significantly constrains new physics
scenarios.

Model independent mass reach (95% CL) comparable to LHC limits:

A1 1
Mass scale over coupling of new —nN ~ 1.1 TeV

physics g 2 \/‘/E G |AQ5|

Strongly coupled theories have g2~4rr.
Separate limits can be quoted for models that interfere constructively and
destructively with the Standard Model.

Nuruzzaman
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PV g
Lnew — 4A26/Y,u75e Zh\/’qu qO.lO

10

Limit from 4% Q% / —

(TeV)

<| 1))

R. Young, J. Roche, R. Carlini, A. Thomas PRL 99 (2007) 122003

hl\lf — cosby, hV = smé’h

Nuruzzaman
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Why Considering Only C,,, C,4

Strongly suppressed
by design kinematics

Standart Model Parameters

Tree Level

Rad. Corr. + New Phys.

Ci, | 1% 5 (1— %sin2 9“.) —%p;q (1 — glﬁ‘.eq sin 6, ) + A1y
Cia | —3 (—1+ Fsin® 6., ) —%peq ( 1+ 3rc sin” 0“,) + A4
*?P 11— § sin’ O ) —%p;q ( - %n; sin’ N1is
Coy | —3(1—4 sin Wq sin” 6,,.) + Ao
Cag (1 — 4sin=67 > Peq kg sin 0,,) + Aog
"_/C'g.sm 1 — 4sin® 6 ) %peq (1 —4f~:eqsinm

QP = -2(C4,+ 2C4y)

Q"

Nuruzzaman
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=-2(2C;,+ Cyy)
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Parity Violating Electron Scattering

Strategy

Maximize Statistics:

Small counting statistics

high polarization, high current

high power cyrogenic hydrogen target
large acceptance high count rate
detectors/electronics

Minimize Noise:

target density fluctuations

electronics noise (in integrating mode)
detector resolution

~
>
=¥
<
—’
L

Systematics:

Minimize helicity-correlated beam
properties

Isolate elastic scattering from background
Precision electron beam polarimetry
Precision Q? determination

Nuruzzaman
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10"

10°
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107 &
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: s} JLab 2010-2012
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PV
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Q-weak will be most precise (relative and
absolute) PVES result to date.
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Backgrounds and Corrections

Nuruzzaman
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Aluminum Window Background

Large asymmetry and high
fraction make this a big effect.

Rate from windows measured with empty target
(actual windows)
» Corrected for effect of hydrogen using simulation

Correction driven by and data driven models of elastic and QE
measurement. scattering.
A, =1.76 £ 0.26 ppm « Asymmetry measured from thick Al target
f,;=3.23+0.24 % * Measured asymmetry agrees with expectations

from scaling.

¥ N
5 i

Dilution Factor: Dependence on Gas Density

0.06

- B MDI - Cold Gas ,
0.056 B MDS - Cold Gas -
B MDI - Empty Cell “ [
o 0052 m  MD5 - Empty Cell , - -
:;' r / -
E 0.044 = s
& ot - .
£ oo v I LA . : :
z [ o T
) - - -
0.032 "
s .
0028
0 0.0004 0.0008 0.0012 0.0016
Hydrogen Gas Density (g/fcm**3)
Nuruzzaman
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Various "background" detectors observed
highly correlated non-zero asymmetriesAsymmetries were &

Beamline Scattering

primarily from beamline background (hypothesis: asymmetric
“beam halo” events interacting in Tungsten beam collimator

and beamline)

Beamline background contributes only ~0.19% to the signal

MD 1

of the main detectors.Background detectors provided
continuous monitoring of any asymmetry associated with this

background

Correction is determined from the upstream lumis.
Relationship to main detector determined using a variety of
methods (including direct blocking of primary events),
appears to be well understood.

pmtltg

MD 3

pmtonl

O

MD 7

4’0
v
s 8
©
©
S

fo =0.19+£0.10 %
Cy,, =11 %3 ppb
Example of the correlation between background detectors.

I

] LI 1 l ] L I 1 ]

—

i

D om 3
- 1
’

- S ———
o
lllllllllllllllllllllll
4
‘-
e}
b
-
f
b
¥
\
X
-

a a 1
200

2
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Other Neutrals

Blocked octant studies allow measurement of background fraction

Background fraction Main detectors - 0.19%
MD9 - 9.4%

USIumi - 60%

background detectors -100%

Ratio of background fraction
pmtonl/uslumi = 1.7
pmtltg/uslumi = 1.7
MD9/uslumi = 0.16

Ratios of measured asymmetries
replicate these numbers well.

A3 =-5.5+/-11.5 ppm
frs =0.2+0.2%

Nuruzzaman

HU Group Meeting 11/19/13

MD 3
pmtitg  pmtonl
v 2,
N <z
- =
s © o
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MD 7

Background detector orientations
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Inelastic Background

Negligible effect for Run-0

Spectrometer magnet current scan

! | ! | ! | ' |

®  MDIBAR (stat. error only)
= Simulation - Total
—— Simulation - ¢p clastic
—— Simulation - ep inclastic x10

—— Simulation - eAl elastic and quasielastic x10

m: inelastic peak (x10)

! | 1 | 1 | 1 |

\_. l :

.I

Simulated contribution very small.

Total A = 3.02+0.97 ppm
bllnulatmlIa _ 0

Sim: elastchc)re asymmetry data on tape.

Improved simulation efforts
will yield much more precise
contribution.

Sim: e+Al

(x10)

N

6000 6500 7000 7500 8000

5 I ]
- R
§ -
4+
X i
- i
s |
Q =
S 3
(a4 B
= B
-
‘~) -
L
R 2
8 i
N | Si
] "
=
= o
o i
Z .-
() L l
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Asymmetry (ppm)

Raw physics asymmetries = AVG(IN asymmetry — OUT asymmetry)

Transverse Asymmetries

2 I ndf 3.993/5
9, 1.787 + 2.481
12 I ndf 6.958 /5
0 -89.45 + 1.077

— | — —— Vertical fit A, cos(¢+¢0) +C i~
- — - .
4+ ——- Horizontal fit A, cos(o+0 ) + C j//’/ —* ""\\\ /// \\\i
- P e
L // / AN
2 ’ "/ X
AN / X \
0— Y 4 A
¥ / ¥
- \ / 4 \
| \ / / AN
2 AN / / \
- N\ / N\
~ % Pl NJd
— /\{ A N
'4 — - N s
Hom— — \""‘-.L-’//
_I | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
1 2 3 4 5 6 7 8

Octant Number

Not corrected for backgrounds and polarization.

90 degree phase offset seen between Vertical and Horizontal fits (as expected).

Nuruzzaman
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MD Sensitivities from Natural Beam Jitter

| 18431:motioninx | 27 I ndf 29.5715 | 18431:motion iny | I ndf 9.313/5 | 18431:Energy I 2 | ndf 60.91/7
- Prob 1.794e-05 Prob 0.09723 - Prob 9.940-11
E F p0 206.3: 68.77 3 p0 -101.7 £ 82.36 g C po -4.427 =0.275
20000~ Pl -1.0230+04 - 97.84 Gt p1 3043+ 1158 'E A =
g r p2 0.1571+ 0.00945 E:ooo p2 0.04412 + 0.0385 g , 2
g [ 22000 £
$s000- - g 3
o o =
§ | §1000 §
> : > 2 4
o+ 0 H C
: 4 °F
- -1000 sE
5000 -
- -2000 7
-10000" -3000 8
AP Y PRSP PSP TP PP P SN PR TS PR PP R T RS P
1 2 3 4 5 6 7 8 1 2 3 6 7 8 1 2 3 4 5 6 7 8
Bar number Bar number Bar number
18431:motion in thX 2 I nat 462315 18431:motion in thY 1 ndf 4.069/5 18431:Charge asymmet 2 1 mat 16,0317
g y ry
_ Prob 0.4635 _ Prob 0.5395 Prob 0.02431
T p0 3.412+ 2.151 T b p0 08144 = 1.91 Eooif B0 0.002587+0.0000478
2 " p1 1165+ 3.08 N C 1 -35.99 = 2.686 E -
s 100~ p2 0.2127+ 0.02595 3& 30 gz };.24:7 £ 0.07551 g.ooa -
- - - C L] L
£ z 20F 4006
2 sof g Bo04f-
Z r 2 10 - C 1
& L a s 2.002 = T
» - > oF o
= o - = o > -
- 10f i o
N : $.002 -
50~ 20( o004k
1003 '3°;" -0.006
r “40p- -0.008
Ll PP P aal C..l PP PP PP PP TP PP P
1 -50 1 2 3 6 7 8 1 2 3 4 5 6 7 8
Bar number Bar number Bar number
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MD Sensitivities from Beam Modulation

Stability of modulation sensitivities over time

| X Sensitivities versus Run | 22 1 ndf 4.424e+07 | 567

— - - po

-1867 + 11.72

3

Sen@ivity (pé mm)
S

g
g

i 11 1 l 11 1 l 1
1650 1700 17500
Run number in Arbitrary Units

XP Sensitivities versus Run |

12 I ndf 5.215e+04 | 567

]

Sensitivity (per yrad)
]

3

40

po 89.52 + 0.4024

ST ZTE T T TSP T U PN

Run number in Arbitrary Units

[ Y Sensitivities versus Run__ | #% I ndf 5.458e+07 | 567

po 276.8+13.02

T LTI T T

Run number in Arbitrary Units
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YP Sensitivities versus Run |

12 I ndf 1.468e+05 / 567

.—g po 0.1264 + 0.6752
I S N S I 5.
250 & =
a ‘—‘—n‘l —'E gy |
=0 —— -
'E_so \.,\EE;:J ......
s "
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| E Sensitivities versus Run | 22 I ndt 72.54 1 567
_ 0 — - - po -6.293 + 0.01501
§ H H .

5 A frressee

T2
= : :
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g F:
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Position diferences:
dX =100 um
dX' = 3 urad
dY =100 um
dY' = 3 urad
d(3c12X) = 250 um
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X Position Modulation %°/ndf 6.551e+06 /86

0

&
8

MD Sensitivity for Target-X [ppm/mm)]
3 ]
S S)

~2000 e b LIS R S
_Zwo"i....i....i....i....i
10050 10100 10150 10200 10250
Run Number

MD Sensitivities from Beam Modulation

Stability of modulation sensitivities over time

Prob

0

p0

-1536 + 29.59

Y Position Modulation

1000

MD Sensitivity for Target-Y [ppm/mm]
=)

-1000

x> I'ndf 3.261e+06 / 86
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r p0 113.6 + 20.88
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Energy Modulation %1 ndf 1.588e+06 /86
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T 3 p0 -1454 + 14.57
a L H H H
o -
g__soo_ ...................................
& -
% L
o [
g_1000- ...................................
ks i
2 L [ J
g L
F’_1500 ..................... R SR
c o H
@ H
0 [ :
9 .
-2000 |-+ S S SN S S
[PV S I PR R B
10050 10100 10150 10200 10250
Run Number

Beamline Optics
from X-Modulation

o
w

—— Target-X Position

—@— BPM 3C12-X Position

A Target-Y Position

o
)

BMod Target Position Amplitude [mm]
<)

o

¥ BPM 3C12-Y Position

con

10050 10100

_01|i||||i||||i||||i||||i

10150 10200 10250

Run Number

S



Background Detectors During Run-0

Measuring the diffuse background

I ’ i I

PMT PMT only
Lightguide

Nuruzzaman
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Normalization

Kinematics determined from detailed
simulation. Radiative corrections are
applied to the asymmetry.

<Ep...> = 1155 MeV
o | <Q2> = 0.0250 + 0.0006 (GeV/c)2(2.4% rel)
Measured polarization using Moller 0. =790
Polarimeter P = 88.95+ 1.83 % (2% rel) "

Polarization by Slug | @2 at pre-radiator | Eies 50T
9 5414 / 6 s0000 - RMS 0007943
S P1 88.95 0.1908 -
c 90 - 70000 —
S L » :
et 60000 —
N | F — : Q2 (GeV/c)?
2 | 50000:—
g_ 88 - { 400002—
g 30000;—
3 e IHWP=IN 20000 —
@ 86 - = IHWP=OUT =
g [ = P 10060 =

1 \ 1 00—| - IO.éH 0.02 0.03 l0.04l l 0.05 * L-10(1)6 0.07

30 32.5 35 37.5 40
Slug
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Q-weak Performance

Main Detector All bars Asymmetry (Blinded)

40000F= htemp
WYY s o
msr Y+ —I— Y_ 30000;_ RMS 233.9
25000—
20000%—
15000%—
AA = OA 1oooo§—
\/Nquartets 5°°°;_
B0 000 - m00 0 B0 1000
Asymmetry (ppm)
Sample asymmetry at beam current of ~180 pA
Contribution Width
Pure counting statistics 201 ppm
Detector Resolution 92 ppm
Current monitor resolution 50 ppm
Target boiling o7 ppm
Total (observed) 233.7 ppm
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Jetferson Lab

180° Bending
Spreader WO —— 445 Moy / Elements
"y el 245 M1
, P"Eﬂ:':' S— i
\ T 85 Mg
North Linac / Recirculation ™ \
(400 MeV) Arcs i
Recombiner

Helium /

Refrigerator - .\

” Recombiner

5 Mev
¥=——_ South Linac

/ Injector > \ (100 MeV)
Polarized Spin 7- RC 2z B45 MeV ‘ '
Source  Rotators ARC 1SN Spreader

-ARC B 3245 Mel

'\‘\ Extraction Elements

) | o Beam Switchyard
B
‘ff//i lc

End Stations
&
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Jetferson Lab Beamline Sketch

@® Beam Position Monitor Injector

A - Accelerator

<€

Luminos
Monito

Nuruzzaman
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Polarized Source

12 conduction band

ource circularly

1/2
/I\

specialized GaAs polarized R
optics
laser _ <_\ E, = 1.43 ¢V
100 kV NN
orkelscell || \ 780 - 850 n“JJ W
pulse —- \'4 -3/2 valence band 3/2 -
. \_  polarized __ Eiraii= 0.05 eV
electrons 12 —— —— 412 Y
*l | 4 Accelerator
halfwave piate "strain" boosts polarization, but

Helicity changed by changing introduces anisotropy in response

Pockels Cell voltage. Recent developments
*New “inverted” gun
*130 kV extraction:
increase cathode lifetime,
decrease space charge
blowup for high current,
*New vertical Wien and
solenoid to allow a second
slow flip

Nuruzzaman
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Slow Reversals of Signal

Insertable Half Wave Plate

Optical element on laser table which
reverses

the sign of the laser helicity with respect to
the sign Pockels Cell high voltage.
~300 total HWP reversals, each about 8
hours of good data, called “slugs”
Measurements should have same
magnitude

and opposite sign. The sum (or null
asymmetry) should be zero.

“Double Wien” spin manipulator
Vertical Wien filter followed by a solenoid
and

then a horizontal-Wien. Allows reversal
between the laser helicity and the
experimental electrons.

11 total opposing “Wien” periods ~1 month
of data in each

5. Horizontal Wien
filter used normally,
but includes 90° offset

3. Two spin solenoids do the
flipping, each adding +45°

A/2 plat A ‘ i
Polarizer Pockels cell B GaAs .
Laser Light photocathode N
VAN Ao N~ & 4. Finally, Flip- Left or
C‘»\_]D O ’ aﬂ) ) N Flip- Right is achieved
//? 2. Vertical Wien filter
— f e precesses spin 90° to Vertical
1. Spin is longitudinal
from Gun
Nuruzzaman
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Polarimetry

Two independent polarimeters were used to measure beam polarization:

Electron
Detector

Dipole Dipole

Scattered

Fabry-Perot
Optical Cavity

v F Dipole ‘A\o\t\c\¢\t\4\A 4\4\
% Backscattered

Compton Polarimeter

« existing Hall C Mgller polarimeter to measure absolute beam polarization to <1% at low
beam currents.

 New Compton polarimeter is used to provide continuous, nondestructive measurement of
beam polarization at nominal experiment beam current.

R=F 1
A typical measured polarization is shown ¢ % F IR
in the figure. S §+M+4# %ﬂﬁ.ﬁ*ﬂ g@#%@#‘“ b
O o o § 1o -S#
NS ; : : ;#?; Co
Measured beam polarization during s s« [ @ HallC,EDet o
commissioning period using Moller O g | O HAlE Moller A
. . (W - @O Hall C, Meller : ' . !
polarimeter is ~ 89 £ 2 % (Compton results go b 1 N R SR U R
during commissioning was not available) 23000 23500 24000 24500 25000 25500
Run Number
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Q-weak Target

beam
direction
LH,
flow

« World’s highest power \
cryogenic target ~2.5 kW.

« 35 cm long liquid H2.

« Designed with computational

fluid dynamics (CFD) to
reduce density fluctuations. Ihil

Contours of X Velocky (mvs)

Amplitude [V/uA]

IS NS N NS S W IS N S
0 50 100 150 200 250 300 350 400 450
Frequency [Hz]
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Q-weak Toroidal Magnet Spectrometer

Toroidal magnet
spectrometer

 Length=3.7m

« | ~8900A
« [Bdl~0:67 Tm
e 0., =7.9°4+20

scat

« Q2=0.025 (GeV/c)?
« ¢ acceptance ~ 1/2(21)

Nuruzzaman
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Q-weak Cherenkov Detectors

8
”.C!
8

Y (Vertical) [cm]

(pawBlam uopoeg sso1d) syun Arenquy

S 2Rl
-4%50 300 -200 -100 0 100 200 300 400 °
X (Horizontal) [cm]

Cerenkov bars

* Azimuthal symmetry maximizes rate and decreases
sensitivity to HC beam motion, transverse
asymmetry

« 8 synthetic quartz Cerenkov detector bars 2m long _

* low noise, radiation hard Installed a 2 cm thick Pb
pre-radiators decrease the background by
showering electrons and attenuating low energy
neutrals

« Signal normalized to beam current

« Scattered e focused on the detector bars at a rate
of 800MHz per

Nuruzzaman
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Luminosity Monitors

Upstream lumis: Downstream lumis:
4 detectors at ~5 degrees 8 detectors at ~0.5 degrees
100 GHz / detector / 100 GHz / detector

null asymmetry monitor and

S o \
- t . .
,‘ﬂ | beam diagnostic
H = N

50-60% of signal from “plug”
scattering

Mainly functions like a
background detector

“Lead donut” added for
additional shielding.

Nuruzzaman
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Q-weak Apparatus

Horizontal drift chambers

Eieam = 1.155 GeV
<Q?> ~ 0.025 (GeV/c)?
<0>~7.9°%3°

¢ coverage ~ 49% of 21
Current = 145 (180) pA
Polarization = 89%
Target = 34.4 cm LH,
Cryopower = 2.5 kW
Luminosity 2x103%-cm-?

Electron beam

Target

Blue = production (“integrating”) mode

Nuruzzaman
HU Group Meeting

Collimators

11/19/13

Quartz Cerenkov bars

Vertical drift chambers

Trigger scintillator

Toroidal magnet
Red = low-current tracking mode (production current x 10) spectrometer
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Q-weak Apparatus

Horizontal drift chamber Quartz Cerenkov bars

Epour = 1.155 GeV
<Q?% ~ 0.025 (GeV/c)?
<6>~7.9°+%3°

¢ coverage ~ 49% of 21T nmiin
Current = 145 (180) pA ="
Polarization = 89% .
Target=34.4cmLH, E-&
Cryopower = 2.5 kW —
Luminosity 2x103%s-cm-3

Electron beam

Z R oS
: i Trigger scintillator
Collimators
Toroidal magnet]
Red = low-current tracking mode (production current x 10) spectrometer
Blue = production (“integrating”) mode
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Extracting PV Asymmetry

Extracting physics asymmetry A

Extracting physics

asymmetry, A,,,, from the

experimental measured

asymmetry by

* removing false
asymmetries, parity
conserving
contamination

« correcting for the beam
polarization

* removing background
asymmetries

» correcting for radiative
tails and other
kinematic correction.

Nuruzzaman
HU Group Meeting

Asymmetry or Corrections (ppm)

-0.35

ep — Rtotal

0.05

4
- E Abif bi
i=1

4
1- Z fbi
- i=1

A +A

= Araw reg + AT + AL

msr

Riotal = RrcRpetRBinRq2

o

-0.05

0.1

-0.15

-0.2

-0.25

-0.3

11/19/13

Araw Areg AT AL Amsr P Ab1 Ab2 Ab3 Ab4 Rtotal Aepl
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Extracting
physics
asymmetry

Radiative
correction
(1.010+0.005)

Extracting PV Asymmetry

_ s _
A Aff;
=173
4
-3
i i=1 /]

S~

Correction

Value (ppb)

Contribution
to AAe (ppb)

Normalization Factors Applied to Agraw

Beam Polarization 1/P -21

5

K

= RRrcRpetRpin R

Detector Bias Kinematic'Q? calibratio

(1.010+0.005)

(1.0100.005)

Smallest asymmetry and
absolute error bar measured in
e-p scattering to date

correction (1.010+0.005)

Backgrounds

Kinematics F;.; 5 9

Bckgrnd Dilution 1/(1 — fioe) -7 -
Asymmetry corrections

Beam Asymmetries KA,qq -40 13

Transverse Polarization kA 0 5

Detector Linearity kAL 0 4

Target Windows (by)

Beamline Scattering (b)

Other Neutral bkg (ba)

Inelastics (ba)

Phys. Rev. Lett. 111, 141803 (2013)

at <Q?> =0.0250 + 0.0006 (GeV/c)?

Acp

= -279 * 35 (statistics) = 31 (systematics) ppb

Nuruzzaman
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Extracting
physics
asymmetry

Radiative
correction
(1.010+0.005)

Extracting PV Asymmetry

_ s _
A Aff;
=173
4
-3
i i=1 /]

S~

Correction

Value (ppb)

Contribution
to AAe (ppb)

Normalization Factors Applied to Agraw

Beam Polarization 1/P -21

5

K

= RRrcRpetRpin R

Detector Bias Kinematic'Q? calibratio

(1.010+0.005)

(1.0100.005)

Smallest asymmetry and
absolute error bar measured in
e-p scattering to date

correction (1.010+0.005)

Backgrounds

Kinematics F;.; 5 9

Bckgrnd Dilution 1/(1 — fioe) -7 -
Asymmetry corrections

Beam Asymmetries KA,qq -40 13

Transverse Polarization kA 0 5

Detector Linearity kAL 0 4

Target Windows (by)

Beamline Scattering (b)

Other Neutral bkg (ba)

Inelastics (ba)

Phys. Rev. Lett. 111, 141803 (2013)

at <Q?> =0.0250 + 0.0006 (GeV/c)?

Acp

= -279 * 35 (statistics) = 31 (systematics) ppb

Nuruzzaman
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Extracting PV Asymmetry

B 4 7 Correction | Contribution
A Value b)|to AA, b
| %—Zz‘hfi (ppb) » (PPb)
Extracting i1 Normalization Factors Applied to Agaw
physics ~ Aep = Riotal 4 Beam Polarization 1/P -21 5
asymmetry 1_— Zf’ Kinematics R;.; 5 9
i P ] Bckgrnd Dilution 1/(1 — fio¢) -7 -
Asymmetry corrections
Amsr = Araw + AT - AL -} Areg Beam Asymmetries KA,.4 -40 13
Transverse Polarization kA 0 5
Detector Linearity kAL 0 4
Backgrounds kPfiA;, |6(f:)| 6(A:)
Target Windows (by) -58 4 8
Extracting physics asymmetry, A, from Beamline Scattering (bs) 11 3 23
the experimental measured asymmetry by Other Neutral bkg (bz) 0 1 <1
* removing false asymmetries, parity Inelastics (ba) i 1 1 <1
conserving contamination
* correcting for the beam polarization Phys. Rev. Lett. 111, 141803 (2013)
* removing background asymmetries
» correcting for radiative tails and other
kinematic correction.
Nuruzzaman 11/19/13 70

HU Group Meeting



