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Overview

« Qweak determines QP and sin°0, to high precision via measuring parity-violation
asymmetry (~300 ppb) in e-p elastic scattering at low Q? (0.0248 GeV?)

Deviations from Standard Model predictions would be
sensitive to PV semi-leptonic physics beyond the SM

e Qweak Ran in Hall C with two run periods during 2010 - 2012
- Commissioning data (~4% of total dataset) was published in PRL 111, 141803 (2013)
- Data were unblinded last March
- Results out of full analysis were released last September

This will lead to a publication soon!
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Search for Physics beyond the Standard Model

e The Standard Model (SM)

- A successful low energy effective theory of more fundamental physics, yet
incomplete

» Two complimentary approaches in testing SM and searching for new physics

- Direct searches for new particles at high energy (e.g. LHC)

- Indirect searches to test the SM via precision measurements at low energy
(e.g. PVES, including Qweak)

The Qweak Experiment
- Elastic scattering of electron beam from proton target (e-p — e+p)
- Measure significantly suppressed SM observable (Q,(p)) to high precision

- Sensitive search for new physics at TeV mass scale
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Proton's Weak Charge in the Standard Model

Weak charges - neutral current analog to the electric charges

Particle | Electric charge Weak vector charge' (gin2 Ow ~ %) The accidental suppression
€ -1 Q‘?V = —1+4sin"0w =0 of O ,,and Q¢ in the SM
) +% —2C, = +1 - %Sin2 Ow ~ +§ makes them sensitive to
d —3 —2CGqg=-1+3 sin Oy ~ —5 new physics!

p(uud) +1 Qb =1 —4sin®fy ~ 0.07

n(udd) 0 ng — -1 Leptonic

2 <

measurement of Q° to APV and Meller

- Qweak completes the low Q° “weak charge triad” by adding a precision
[ Qw = —2(Cyy + 2C14)

QF, = —2(2Cyy + Cm)]

- At tree level, Q° =1 - 4sin’0, ( 0, - weak mixing angle); Qweak can
lead to a high precision test of sin*0,, at low energy
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Parity Violating Electron Scattering

- Scatter electrons of opposite helicity from an unpolarized target

right-handed e beam left-handed e beam
- The scattering process: EM + WNC >i~</
e DL
N

o & IMEMlz +2 MEMM;JVE + |M§Jrvc|2 Electromagnetic (PC) + Neutral-weak (PV)

- The interference term gives rise to a parity-violating asymmetry

NC
op+o, MEM M%

Apv(p) = when Q2 < M% ~-200 ppb
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Extraction of the Proton's Weak Charge

The PV asymmetry in e-p elastic scattering:

APV —

OR—OL [—GFQ2] eGR Gy +TGhIGRY — L(1 — 4sin 0y )e'GhIGh
or+or | moy/2 e(Gy')? +1(G)y)?

At Qweak kinematics (Q* — 0 and 6 — 0):
The O, term dominates the total asymmetry (~2/3)

-G Q
[Aw 4mﬂ (HVS)Q] }

Hadronic structure - contains G*_. & G*
Proton’s weak charge EM EM

Q. =1 - 4sin’0_ at tree level) form factors, well determined by existing
W W higher Q> PVES data
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Qweak Apparatus

Pb pre-radiated

Quartz Cerenkov bars
(~900 MHz e per bar)
| —
Toroidal ‘ : * Detectors read out
sI.)[ectrometer in integration mode
Bdl = 067Tm
Collimators
(6~ 8°)

35cm, 3 kW
LH2 target

N

E=1.16 GeV
=180 pA
P=289%

[T. Allison et al. Nuclear Instruments and Methods in Physics Research A 781 (2015) 105-133]
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Multiple Helicity Reversals

Three independent techniques for
helicity reversal of e beam:

Detectors

J Lab Ha” C Rapid pseudo-random reversal (960/sec):

,’l Rejects LH, target “boiling noise”.
2 %
Qweak ‘ Beam Helicrtv Pattern IHWP at ~8 hOlll' intel’ValS1
Magnet LD ORE A GaAs Mechanical action unable to induce
Collimators ]y ~ = - -k = Photocathode  ¢lectrical or magnetic induced false
elicity .
BCMs Generator | 'HWP asymmetries.
Compton & Moller \\
e v J Wien filter at monthly intervals:
- Rejection of beam size (or focus)
Position Modulati aser + : :
L e Pockels Cell modulatlpn induced fal.se asymmetry and
suppression of slow drifts in apparatus
CEBAF linearity.
Position Feedback
Maghete Wien Filter
—————t o/ ‘i Also as check construct NULL:

“out-of-phase” quantity from the two slow
reversal techniques to bound unaccounted
for false asymmetries.
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From Raw Asymmetry to Physics Asymmetry

STEP 1: Measure Araw

1ms(@1KHz sampling)

\") i
- Integrate detector signal (S) over each helicity | T
Helicity States | 4! = ! = !4 | = {4 4 = -+- - =4
Y=S/ |
Q N \/ /k. _\/ }\. Y A
- Calculate asymmetries for each quartet pattern A, A, A, LA,
Y+_ Y- . . . ) 107
Amw: —— ~  (Blinding analysis applied) —
Vo+r, o 0=230 ppm
STEP 2: Correct A for measured false asymmetries = ' per quartet
raw S 10°
10°
Amsr — Araw T AT + AL + ABCM 10
_'_ ABB —I_ Abeam + Ablas 1‘; 003 -0 nn;'r1 .0.001 0 l'}l:lf:‘ :nn? 0 rl.-m
~— Quartet Asymmaetry
STEP 3: Correct A for polarization, backgrounds, acceptance, etc
msr o~
A —R Amsr/P - Zi:l,S,é fﬁA@) - Largest correction is from Al
ap = =60k 1_ 24 f; ~— target windows
=17 - A, contribute large error to A_
where Rtot = RRCRDetRACCRQQ-
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Aluminum Target Window Backgrounds

IHWP - IN or OUT

Dilution fraction (f, ) Wien Filter — L or R

Sign correction for slow reversals and

further systematic corrections are needed

to extract physics asymmetry for Al

- Directly measured with empty target 4% DS Aluminum Asymmetry (reg, bb)
E 0| x/ndf 22.26/13 | | x®/ndf 15.59/14
g | Prob ! 0.05141 | | Prob 0.3389
Asymmetry (A, ) 2 41 P0  1.439+0.09901 | [ pO ~1.435 +0.09291
e £ :
E 2 {v f | - |[aour,
- Directly measured from thick Al ﬁ i3 { Y ! + 4 + {' ' + -}— ‘.':;LJT
“dummy” target = N {' g + o,
(Corrections for effects of H made using -1 i— T + i % % {. [ ¢ '}
— T T
simulation and data driven models of 2 t | I .} + {' t +
elastic and quasi-elastic scattering) s~ Wien6 Wien 8 | Wien 9
- I10["1'0I = I10|35I — I10I4-0I - I10|4-5I = I10|50I — I10|55I —
Time Period [~8 hour intervals]
~ O pum—
f, ~2.5% A, =1515+77 ppb

Resulting in a -38 ppb correction to the hydrogen asymmetry (20%)

1/23/2018
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Detector Optical Imperfections: A Systematic

L ongiudiest Susartzation » Small residual non-cancellation of L/R
transverse scattering from Pb pre-radiators in
front of quartz bars

Transverse Polarization Detector

Torosdal Spacirometer

"o.. | * The effect is dominated by optical & mechanical
imperfection of the as-built apparatus, not details
of the Pb analyzing power

Pb Pre-radialor

#

Primary Electron Beam e GEANT simulations and models tied to our
asymmetry and light yield data were used to
10 - % determine A
= + bias
= 5 . { Contributions to A,.. Uncertainty
s [ } + Optical Model: +2.7 ppb
o | + Simulation cross checks: +2.3 ppb
<5 = Glue Joints Effects: + 1.5 ppb
O Effective Model: +1.5 ppb
m + B [Ayasly (Correlated Systematic Errors Shown) i
: — Correction Central Value (AbiaS =4.3 + 3 ppb) Abias COI’TECtIOI‘I 4'3 * 3'0 ppb
S \ | \ 1 \ 1 |

1 2 3 4 5 6 7 8
Detector Number

11

J.Pan (University of Manitoba): Qweak JLab Hall-C User Meeting 1/23/2018




Final Aep & Uncertainty Contributions

Period Asvimetry (ppb)/Stat. Unc. (ppb)|Syst. Unc. (ppb)|Tot. Uncertainty (ppb)
Run 1 ' -223.5 ' 15.0 10.1 18.0
Run 2 -227.2 5.3 5.6 10.0
Run 1 and 2 combined
with correlations -226.5 7.3 5.5 0.3
g 2101 .. .
& o} } . - Run 1 & Run 2 are both statistics limited
> i
§ =1 o
E om0 f »An1&20meaedAvy | | Exdellent agreement - Systematic contributions for Run 1 & Run 2
> r . . o .
2 0t | +Fun2 betwedn Run I and Run 2 are different due to different run conditions;
@ i o RuN1 .
2 sl o Run 2 shows much better systematics
2 : = CommissioningRun
o -330 '
un Cycle # - All significant systematic effects are
— . . . . - accounted for and corrected
Quantity Run 1 Run 1 Run 2 Run 2
: error (ppb)|fractional lerror (ppb)|fractional
BCM Normalization: Apew 5.1 25% 2.3 T
Beamline liil'l'k,'!_',]t)lllltll -'1“]1 5.1 E'Ji.-" 1.2 Gir"f Experiment NULL Asymmetry
Beam Asvmmetries: Apea 4.7 22% 1.2 P .

: sane slow helicity reversals out-of-phase
Rescattering bias: Ay 3.4 11% 3.4 3T% ( y p )
Beam Polarization: P 2.2 5% 1.2 1% Weighted Avg = -1.75 £+ 6.51 ppb
Target windows: Ay, 1.9 4% 1.9 12%

Kinematics: Hg: 1.2 2% 1.3 5
Total of others 2.5 6% 2.2 15%
'Combined in quadrature 10.1 5.6

12
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Method - global fit of PVES data extrapolated to Q> =0 [R.D. Youngetal. PRL 99, 122003]

pr Determination

+0°B(0%0=0)

Qu

A, /A,

Data Projected to the Forward-Angle Limit
_ Gr Q7
0.4} Aep/Ag = [QL + Q*B(Q%, 68 = 0)], Ay = 4; :;:E :
f :Short I
-~ Extr lati
0.3t»F gk 1 I ]
® Qweak 2017
0.2 { ¢ Qweak 2013
o m HAPPEX
®x SAMPLE
0.1} A PVA4
, | ® GO
@Y, (this result) 0.0719 % 0.0045 » SM (prediction)
00 Qb, (SM) 0.0708 + 0.0003
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0?[GeV/c)?
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Results Determined from Qweak A

p
Diisvtils daticdviven Quantity Value Error Method
constraint on B(Q’) term > Ig | 0.0719 0.0045
sin?@,, 0.2382 0.0011 Qweak A ,
Ps 0.19 0.11 +
e .0.18 0.5 PVES data base
GpAT=1) -0.67 0.33

» Use world PVES data up to Q° = 0.63 (GeV/c)’

o Use five free parameters: C ,C ,p, p & GAZ(T=1)

- EM form factors from [Arrington & Sick, PRC 76, 035201 (2007)]
-G %, G, "and G “" use a dipole form: (1-Q*/A%)?, with A =1 GeV/c

- G, “"" is small, constrained by theory [Zhu, et al., PRD 62, 033008 (2000)]

* All e-p data points were corrected for E & Q” dependence of yZ-box contributions

- 0v,z: Hall et al., PLB753, 221 (2016); - 0,,(Q): Gorchtein et al., PRC84, 015502 (2011);

- 04,z Blunden et al., PRL107, 081801 (2011); - AoA ,: Blunden et al., PRL109, 262301 (2012).
- The o, RC for Qweak is 6.4% + 0.6%.
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Results Determined from Qweak A

p

Quantity Value Error Method
£ AEHS
Including "’ Cs APV result allows i 0 gg;;g ggg:_ls
extraction of neutron weak charge S Ow . . Qweak A ¢,
& P 0.19 0.11 Re d+t :
separation of C , C,quark Hs -0.18 - 0.15 tedy
. G ,2(T=1) -0.67 0.33
couplmg constants b
- Lf, | 0.0718  0.0045
W -0.9808 0.0063 Qweik A
Q,(p) =-2(2C.. + C.a) Cy, -0.1874 0.0022 PVES data base
Q,(*’Cs) =-2(188C,, + 211C,,) C:; | 0.3389  0.0025 APVJ;33 o
C, correlation = -0.9317

Q,( PCs) =-72.62 + 0.43 [PDG2016 EW Review]

« '3Cs experiment: [Wood, et al., Science 275, 1759 (1997)]
« 'PCs atomic corrections: [Ginges & Flambaum, Phys. Rep. 397, 63 (2004)]
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Results Determined from Qweak A

p

Quantity Value Error Method
P 0.0719  0.0045
sin? : .
IN<0, 0.2382 0.0011 Qweak A,
Ps 0.19 0.11 +
g -0.18 0.15 PVES data base
G ,2(T=1) -0.67 0.33
P - 0.0718  0.0045 2
W -0.9808 0.0063 Qwet’ik A
Ci, -0.1874 0.0022 PVES data base
Addition of Lattice QCD constraint Ci; 0.3389 0.0025 i
on strange quarks further improves | APV 135 Cs
precision on)W& SinzaW C-| CDITB|atI0n = '&931 7
Qweak A ¢,
+
| Q, 0.0684 0.0039 PVES data base
n 2 +
SIN<0y, 0.2392 0.0009 LQCD (strange)
» High-precision calculation of strange form factors using LQCD: [Green, et al., PRD 92, 031501 (2015)]
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Results Determined from Qweak A

p

Precision of A
ep

dominates determination of O

Alternate “Standalone” technique to
extract ' does NOT depend on

other PVES measurements
=

Quantity Value Error Method
P 0.0719  0.0045
sinZ0,, 0.2382 0.0011 Qweak A
P 0.19 0.11 +
g -0.18 0.15 PVES data base
G ,2(T=1) -0.67 0.33
P 0.0718  0.0045 o8
W -0.9808 0.0063 Qweaik A
Ciu -0.1874 0.0022 PVES data base
Ciqg | 0.3389 0.0025 APVt33 Cs
C, correlation = -0.9317
g Qweak A .,
+
Qy 0.0684  0.0039 | pyES data base
s +
SIN<0y, 0.2392 0.0009 LQCD (strange)
3 & Qweak A .,
+
p{’r 0.0706 0.0047 < EMFF’s & theory axial
+
«  EMFFs: [Arrington & Sick, PRC 76, 035201 (2007)] LQCD (strange)

*  Axial FF: [Liu, Mckeown & Ramsey-Musolf, PRC 76, 025202 (2007)]
«  Strange FF (LQCD): [Green, et al., PRD 92, 031501 (2015)]
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Running of Sin“0_,

k Qﬁ‘,:{PNc"‘Ae] 1—4sin’ BAW(O)+A ’e]+EIWW+EIZZ+EIyZ]
0.243
T 0.241
K - Qweak
De(c):(vegzing 0.239 _ (+ LQCD strange)
g 237 | | awes ]
2 [ APV L (ep)
r? (133(35)
= 0.235
= i
Qweak (233 1
Increasing -
- | Tevat LEP 1
0.231 1 solid curve by: J. Erler, M. s SLC {LHC
- Ramsey-Musolf and P. Langacker N
0.229 : : '”“”I : — II'I I : EE—
0.0001 0.01 1 100 10000

Q (GeV)
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Sensitivity to New Physics

P —_—
LY. - _—&'E}—' ysez O E‘g_z hd |gy*q |Q“’ =-2(2C,, +C,y)
vertP oz - M Ge A New PV Physics Ruled Out
%= cosB) hd = sin#, @95% CL Below Mass Scale of A/g
0.355F e g Alg=3TeV
'%ob N o7 K e
a2 N
SN\ | Me=8Tev
0.345 / 2 w’if Alg =5Tev\\
. - ': . .. __",tf{j \\/, \‘
S : . j
0.335} \\ ,fl
0.325}
0,20 0.19 0.18 0.17
Cm M 1 ey " 3 . PV
SM values indicated by the red square. Dashed g Lavor r.mxmg angle” in Lagrangian £y,
contours indicate value of A/g =3, 5, and for new physics at value A/ g mapp.ed.
8TeV. (133Cs APV, from PDG — Flambaum) around boundary of experimental limitsggy
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Leptoquarks

Impact of Q°  on leptoquarks: @ ~ v
T':" ! .-"J.
[Erler, Kurylov, Ramsey-Musolf, Phys. Rev. D 68, 016006 (2003)] P 1 — p
Included HERA, LEP and APV data in analysis [Aaron, et al. Phys. Lett. B 705, 52 (2011)]
Leptogquarks
New Qweak data has sensitivity to distinguish among LQ types @ 95% CL
Scalar Leptoquarks Vector Leptoquarks
L Consistency AQwi(pVQuip) LQ Consistency AQuipVQwip)
S| 0.57 g vt 0.26 ~8%
s* 001 - 6% Uy, 0.56 6% meqﬁg.oﬁ PDG 2017
S":" 0.44 - 6% E'rr.: 0949 25% me*%‘&;ljé
[ 0.76 10% Us, 0.31 —4% %m‘z‘.: eploquarks
R} 044 13% Vi, 0.87 9% Sre 31 0= ==
R 0.89 15% Vi, 0.11 —7% 0 i 2 3 4 T
R 0.13 — 4% vL 0.56 145

New QOweak data rule out leptoquark masses limit ~ 2.3 TeV for g = 4no
(The current LHC limits at ~1 TeV)
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Implications for “Dark Parity Violation”

“Dark Photon” - possible portal for new force to communicate with SM?

“Dark parity violation”
[Davoudiasl, Lee, Marciano, Phys. Rev. D89, 095006 (2014)]
[Davoudiasl, Lee, Marciano, Phys. Rev. D92, 055005 (2015)]

Slandard Model (T3] ™ ._1" Uity
.. BT BTl §
- New source of low energy PV through mass mixing -
betweenZ and Z_
- Complementary to direct searches for heavy dark photons
New Qweak point rules out some of the allowed region
Q" (2013) | m,.,.; = 150 MeV S 1QuP(2013) M., =300 MeV 0.242

1 Mgz =100 MeV ] Mz = 500 MeV Mz = 19 OeV _

(A= 2Mp./ My is used) -0.0010 < £F < —00003

. 0.238 {Ebound given by BaBar) [ -~ 0,238 fed] > 0.0008 (light cobor)
[T, = [
T 0236 & 0236 = 0236
2 E <
0234 * 0234 = 0234
0232 i 0232 w3 0.232} Arvir . -
VMOLLER H 3 .ok | ' i
0230 {Anticipated sensitivity) SLAC ] 0.230 ’ SLAC 02304 Anticipated sensitivities SLAC
- -2 -1 o 1 2 3 -3 -2 -1 0 1 2 3 e
Log,, Q [GeV] Log,, Q [GeV] Log,, Q [GeV]
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Summary

Qweak precisely measured Q , in good agreement with SM

A =-226.5+7.3 (stat) £ 5.8 (syst) ppb

€p

Q,” (this exp.) = 0.0719 +0.0045  [Q, " (SM) = 0.0708 + 0.0003]

« Lead to a very sensitive measurement of si1129W at low Q for BSM test

~ 0.46% 1n precision

e Mass reach for new neutral current semi-leptonic PV physics ruled out @ 95% CL.:
- N/g <7.4TeV (<3.5 TeV for arbitrary flavor ratios)
- Quark flavor dependent mass reach limit A ~ 26 TeV (assume g” = 4m)

» Will play a role in future analyses of bounds (or discoveries) of a variety of new physics

 Builds scientific and technical foundation for next generation of measurements
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