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Precision tests of the Standard Model

The Standard Model has been greatly successful,
but thought to be just an effective low-energy theory
of a more fundamental underlying structure.

Two complementary approaches to look for Physics
Beyond the Standard Model :

~ Energy frontier - direct searches, eg LHC, Tevatron

~ Precision or Intensity frontier - indirect high-precision measurements at lower energies
0(“-2, Ovp[3, atomic parity violation (APV), parity violating electron scattering (PVES)

Precision measurements focus on quantities that are precisely predicted or
suppressed within the Standard Model.

The weak charge of the proton Q_(p)
IS both suppressed and precisely predicted in the SM
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Weak charge of the proton, Q (p)

Charge
Particle Electric | Weak (vector)
u +2/3 2 C,, =+ 1-28/3sin%),, Weak mixing
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uud +1 Qpf=1- 4 0.07 Suppressed
Neutron
udd 0 an = -1
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Weak charge of the proton, Q (p)

Vector weak quark couplings, defined in
__—» the effective 4-fermion contact interaction
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Weak charge of the proton, Q (p)

Very important precision test of EW sector. Q (p) suppression allows:

> Enhanced TeV-scale sensitivity to signatures of BSM physics
> A 0.3% extraction of sinzew, the weak mixing angle: most precise at low Q?

> High-precision extraction of both C_, C_, in combination with APV data

Charge Vector weak quark couplings, defined in
. __—» the effective 4-fermion contact interaction
Particle Electric | Weak (vector) ~__— 0" =—2(2C. +C.)
N —_ +
: 1u 1d
u +2/3 2CL ¥ T=BB %0y | yeak mixing v
d /3 -25(:1d /: A + 413 sin%e,, A7 angle il o
Proton M
uud +1 Qr=1- @ 0.07 Suppressed B i
. C,,=28,8v
Neutron e GF :
o — F- .
udd 0 Q," = -1 Ze_q ol ey,y ez Ci,qy q
( —
The QW%lk experiment proposes a 4% determination of Q (p)




The QWea p Experiment in Jefferson Lab
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The Jefferson Lab
e” accelerator facility,
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P Qweak was completed on May 2012 after 2 years
Hampion of data-taking in Hall C of Jefferson Lab.

Elastic scattering of polarized e™ on proton target.




Parity-Violating asymmetry in e-p scattering

Electrons prepared in two “mirror” states of opposite
helicity. The Parity-Violating asymmetry arises from
interference of y and Z exchange:

PV
Or — O0; N ‘Mweak

APV = ~N ———
* Or+ 0} |MEM|
Tree-level expression B G.Q° || eG.Gr+1G!,G;, — (1—4sin°0 ) €'G", G,
in terms of EM and ep — 2 2
weak form factors 4ma/2 e(Gp)" +1(Gy)
At forward angles and low Q?, 5> A /A, =QP + QZB(QZ 9) A= —GPQ2
recast the reduced asymmetry: ep’ ©70 T XW ’ ’ " a2na

v

Access to the neutral-weak
charge of the proton
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Parity-Violating asymmetry in e-p scattering

Electrons prepared in two “mirror” states of opposite
helicity. The Parity-Violating asymmetry arises from
interference of y and Z exchange:

MPV

APV — Or — O; ~ ‘ weak
ep
opt o, |Mp,l

Tree-level expression G.Q° || eG.Gr+1G!,G;, — (1—4sin°0 ) €'G", G,
in terms of EM and A, = R 2 Y
weak form factors o e(Gp) +1(G))

_GFQ2

At f d I dl 2
orward angles and low Q N Aep/A0:Q€V+QzB(Q2,9) A=
4\5710(

recast the reduced asymmetry:
K \

Access to the neutral-weak Nuclear structure in terms of EM and
charge of the proton weak FFs. Suppressed at low Q* and

constrained experimentally by the
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Q ear Preliminary results

Wea

Results from the commissioning run of the experiment.
Only ~4% of full dataset, but already competitive.

First Determination of the Weak Charge of the Proton
PRL 111, 141803 (2013)
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The Q... experiment has measured the parity-violating asymmetry in £p elastic scattering at * = 0.025 (GeV / e)?, employing 145 pA of 89% longitudinally polarized
electrons on a 34.4 cm long liquid hydrogen target at Jefferson Lab. The results of the experiment’s commissioning run, constituting approximately 4% of the data collected in
the experiment, are reported here. From these initial results, the measured asymmetry is 4., = —279 £ 35 (stat) =31 (syst) ppb, which is the smallest and most precise



Preliminary results: Aep

Corrections and contributions to uncertainty

Contribution

P Correction
A =R i=1 Value (ppb)|[to AA., (ppb)
ep ~— " “total 4 .. :
Normalization Factors Applied to Araw
1 — Z fl Beam Polarization 1/P -21 5
| i=1 ) Kinematics Ryt 5 9
Bckgrnd Dilution 1/(1 — fiot) -7 -
. . Asy try c ‘tions
A :Includes corrections for helicity-correlated it ALLLALM AL :
msr . Beam Asymmetries kAreq -40 13
beam differences Transverse Polarization kA 0 5
P : Beam pOlarization Detector Linearity kA 0 4
Ai,fi . Background asymmetry and signal fraction = Backgrounds kPfiA: | 8(F) ] 8(A))
R : Radiative corrections and non-uniform Q?2 Target Windows (b1) 58| 4 8
total Beamline Scattering (b2) 11 3 23
Other Neutral bkg (bs) 0 1 <1
Inelastics (by) 1 1 <1
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Preliminary results: Aep

' A )
L
P i=1
Aep = Rtotal 4
1 - Z fi
i=1

A__ Includes corrections for helicity-correlated

beam differences
P : Beam polarization
A.f . Background asymmetry and signal fraction

R Radiative corrections and non-uniform Q?

Preliminar result:
y QWeak

Corrections and contributions to uncertainty

Correction
Value (ppb)

Contribution

to AA., (ppb)

Normalization Factors Applied to Araw
Beam Polarization 1/P -21 5
Kinematics Ryt 5 9
Bckgrnd Dilution 1/(1 — fiot) -7 -
Asymmetry corrections
Beam Asymmetries kAreq -40 13
Transverse Polarization kA 0 53
Detector Linearity kA 0 4
Backgrounds kPf; Ay 10(f:) | 0(A;)
Target Windows (b1) -58 4 8
Beamline Scattering (b2) 11 3 23
Other Neutral bkg (bs) 0 1 <1
Inelastics (by) 1 1 <1

A,, = —279 £ 35 (statistics) + 31 (systematics) ppb
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Preliminary results: Aep
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Comparing to world data:
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A, = —279 £ 35 (statistics) + 31 (systematics) ppb
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Preliminary results: Weak charge of the proton

A [A. = P 2B ° 3]
ep 0 QW- Q .(Q ’)_ Global fit of all PVES data on

= QWEAK' H, D, “He, similar to:
: - Young, Roche, Carlini, Thomas
v : HAPPEX Data Rotated to the Forward-Angle Limit PRL 97, 102002 (2006)
ap] e S PRL 99, 122003 (2007)
A PVA4
@ & Free fit parameters:
= SM (prediction) K P l C' C
& 031 - without QwEAK - Weak couplings L, &,
< — With QWEAK “P, M
E - iso-vector axial FF Gi(T_l)
0.2}
World PVES data constrain
uncertainties of hadronic
0t structure in the B-term.
v Q. (p) is the intercept of the fit
00 Z . . . . =
0.0 0.1 (2 0.3 04 0.5 0.6
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Preliminary results: Weak charge of the proton

2 2 L
Aep/A0 =Q;, +Q B(Q ,9) Global PVES fit yields
, _ _ , _ first determination of
¢ QWEAK the neutral-weak
B HAPPEX Data Rotated to the Forward-Angle Limit charge of the proton
0.4F[% SAMPLE
A PVA4
® G0
> SM (prediction) P _
003 - WithOUt QWEAK QW - 00064 i 00012
< — With QWEAK
P (18.7% relative)
<
0.2}
Consistency with SM
prediction:
0.1}
> SM Q" (SM)= 0.0710 £ 0.0007
00 ¥ , , . . =
0.0 0.1 0.2 0.3 04 0.5 0.6
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Constraints on C__couplings \.\A’//
1q e e

Inner Ellipses - 68% CL 9 W\
0.17| OuterEliipses - 95% CL N ‘
Global fit C,.,=28,8v
0.16 SM prediction -. ] NC _ GF _ 5 _
S i G L= oL C's
S ) | —
+ 0.15¢ !:_’J" _
5 G P "’ R Excellent complementarity
> between PVES and APV
0.14 ' allows high precision on both
K7 S.inzﬁ'W |z ‘ Crvr Cug
B3 | C,, =—0.184 + 0.005
PVES data, - +
0.12 . including Qweak Cld 0.336 + 0.005

-0.70 -0.65 -0.60 -0.55 -0.50 -0.45 -0.40 AdreementwithSMatlo

PRL 111, 141803 (2013) C1u — G4
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Preliminary results: Weak mixing angle

‘Q%V = [pne + Ae][1 — 45in® by (0) + AL] + Oww + Ozz + Lz

0.0001 0.001 0.01 0.1 1 10 100 1000 10000
! Qu(p) JLab
0-243 [ (4% Of Qweak data r e Frler MSbar 0'243
[ + PVES) —m— This Result
0.241 ¢ \ Qule) NuTeV 0.241
[ E158 ®  Published
0.239 { _ 0.239
I ® Ongoing
~ 0.237 § - 0.237
“g" Qw(Cs)

o 0235 § APV 0.235
= 0.233 0.233
[ LER Tevatron
0.231 0.231

: } SLD
0.229 1 / 0.229
[ Qu(p) JLab
0.227 1 || (estimated final uncertainty) 0.227
0.225 . f f f f f f 0.225
0.0001 0.001 0.01 0.1 1 10 100 1000 10000

Q (GeV)

SM prediction for running in
the MS scheme, anchored
by collider measurements

at the Z-pole.

Precision measurements at
lower energies test the SM
prediction, complementary
to collider searches
(but many open issues).

The full Qweak
measurement will offer the
most precise determination

below the Z-pole.



Outlook

* 25x more data in hand for the full measurement.
* Systematic uncertainties very conservative for preliminary results. Analysis ongoing.

+ Important subsystems became available after commissioning.

+ Full QWea . result expected in late 2014
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Outlook

| ® This Experiment
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Outlook

w+ Q0 B(Q',6=0)

A/A=Q

| @ Simulation Data Rotated to the Forward-Angle Limit
|| @ HAPPEX
0.4} % saMPLE
| A PVA4
L | ® GO
03 | @ SM (prediction)
| Final Qwealk,
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| uncertainty }
02| - N
| / I
: Full Qweak has potential to
0.1} + place very tight constraints on
N possible SM extensions
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Summary

* The Qweak experiment measured the Parity-Violating asymmetry in elastic ep scattering
+ Preliminary result released, from only 4% of full dataset

* First determination of the neutral-weak charge of the proton:

Q° =0.064 +0.012  (18.7 % relative)

Consistent with SM prediction: Q&(SM) =0.0710 £ 0.0007

* 25x more data in hand, full Qweak result expected in 2014

+ Demonstrated the technological base for the next generation of ultra-precise SM tests
at an upgraded 12 GeV Jefferson Lab.
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Running of the weak mixing angle
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Weak mixing angle, PDG 2010
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Weak mixing angle, PDG 2012
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R =

oo + AJ[1 - 4sin? By (0) + AL + Oww + 02z £ 0,7

[,z contribution to @Y, (Qweak kinematics)

Gorchtein & Horowitz
0.0026 + 0.0026 : ®
PRL 102, 091806 (2009) OLDER CALCULATIONS :
Sibirtsev, Blunden & Melnitchouk, omas 0.0047+0:0011 3 ——
PRD 82, 013011 (2010) H0001 -
Rislow & Carlson
arXiv:1011.2397 (2010) 0057 =~{0.0003 -
Gorchtein, Horowitz & Ramsey-Muslof 0.0054 - 0.0020 -
; X L *
PHYSICAL REVIEW C 84. 015502 (2011) i
Hall, Blunden, Melnitchouk, Thomas & Young 3
arXiv:1304:7877 (2013) (calculatlon constralned by PVDIS data) 0.0052 = 0.00044 3 NN -r Ly
0123 45 6 7 8
0,z contribution to Qy,
0.008 — T(I)tal _- I1 ;:_;___T_,____j___
il | - III . 0.0054} o “\E. % 7= s
0006t E : mil“\ Sk - e
AE?- e g 0-0052__ E \ .
& 0.004} .""'-"’- I:‘Trilll' 0.005 |- k
0.002 = ; 0.0048;
0.000 S —‘—'.—_——._. . ) ; EOWEAIKH:-O-OS wa) ;
0.0 0.5 1.0 1.5 2.0 2.5 3.0 encontres de 0 0.02 0.04 e 0.06 0.08
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Pushing the envelope of Intensity and Precision

Very challenging precision goals of Q-weak require:

Statistics
* High current, high polarization
* High power cryotarget, long target cell
* Long running period
* Large acceptance detector, high rates

Noise

* Detector and monitor resolution
* Target density fluctuations
— fast helicity flip

Systematics

* Backgrounds
« Beam polarization, Q?

Qweak employed
the highest-power
cryotarget in the
world, designed
with CFD

* False asymmetries from helicity-correlated beam parameters

Feb 24, 2014 28eme Rencontres de Physique de La Vallée d'Aoste

beam
direction
LH2
flow




Polarized source at Jefferson Lab

Polarized e produced from

chrimm R OPRPOR 1l strained superlattice

Palari
Light zer Hm - . Plate GaAs photocathode
1n conduction band 12
amd | A% circularly
— Rtosahide polarized R

e W W l Gaz\sl
N TN —

E,=143eV

L
+2 . 5 k V '2 . 5 k V -3/2 valence band yzl
Ep i 0.05 eV
-1/ — +1/2
Pockels Cell acting as a A/4 plate  1ms T
(electro-optic effect) t L o
creates circul ar|y polarized Iight ......... s e .................. — ......... e
Fast, 960Hz helicity flip LI Al I Bl B e Bl
Pseudorandom quartet pattern =~~~ "~ L
4 N Y
Al AZ A3
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Aluminum target window background correction

Largest correction to the measured asymmetry (~30%)

2
At Qweak 2 ~G;Q Pl E Order of magnitude higher
kinematics: Apy (A1) ~1Q,+ Qw( Z) | = asymmetry than H

4naJ2

Aluminum signal fraction — + 0
(Run 0 value) fAI =32102%

[ Goal: Reduce uncertainty of this fraction by factor of 4 }

c  Profile of US and DS Al windows (simulation)

Average Q? of e scattered from the US
window is lower due to kinematic
acceptance.

Signal fractions from the US and DS
windows are different and radiative
corrections applied separately.




Polarimetry

The Hall C Mgller polarimeter provided the polarization for Run O:

P=289.0+ 1.8 % (Run 0 value)

Main systematic uncertainties: High current extrapolation, beam position;

[ Goal: Reduce uncertainty down to ~1% J

The Compton polarimeter was available after April 2011.
Non-invasive continuous monitoring of the polarization from two independent detectors:
electron and photon

Electron
Detector

Scattered
Fabry-Perot Electron
Optical Cavity
A

PAANAAN bl
Photons




Polarimetry

The Compton e detector performed admirably!
Provided continuous polarization measurements in very good agreement with Mgller.

Run 2 polarization, preliminary

I oo W o
o B O ka

e i

[m1]
(]

® Hall ¢, EDet
O Hall ?, Moller

i ]
=

Polarization (2%)

oo
s
I|III|III|III|III|IIIIIIIlIIIlIIIII

e
-
_._

|
]

o

1%

23000 23500 24000 24500 25000

25500

Run 1:
Different combinations of Mgller and
Compton may be used. Mgller Q3 issues,
Compton unavailable before April.

Run 2:

“Default” polarization value from
Compton e detector with input from
Mgller and Compton y.

The Polarimetry group will likely
achieve <1% precision,
better than our proposal.
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Beamline Background asymmetry correction

Background detectors provide continuous monitoring. They see large and highly
correlated asymmetries, roughly proportional to their background signal fraction.

Asymmetry of different background detectors through Run2
& ; R | | L .
P L | | Contribution to the Main Detector
ib L' lq ; 3 \ ~ ' signal constrained experimentally
Pl " 1 IS | iy by dedicated measurement:
% 0—‘]--!“‘}----,1--,:& ---b,"'&"" ,dtnﬂ!"-'illluf,:";ﬁa'ﬂ ﬂdﬂrﬂ ------ i °_‘"“""'g'““'a'!-"j“'l’f'“ “"‘i':'.i':'-:'.','.‘-j'-’;:f‘-""""""“"“'“f’" """""""""" f ~0.2%
- II !!llilgiii R Y ; BB
] ! : o
® 3 C— — ® 7 #—— Correction is significant relative to
] US Lumi monitors required precision but appears
i | - T r : well understood.
[ T S . )
% I Ll“ llJﬂ"”i\“h“ i I EI 0: .. " I:_ '.':'.fl'.l’ .' ..M...lli“'"."ll..-::ﬁ;-l.‘_ml
:I B i
- W T , 7allée d'Aoste




1 Q’« M2 1
A “new physics” term in the Lagrangian QQ M2 ”
(approximated by a 4-fermion contact interaction) :

P, i= o

New e,N e,N e,N

G 2

_E ey,y ez Clay'q + 4A 2y,y eZh‘Mv“q

Model-independent mass reach of full Qweak, 95% CL :

Mass scale over A N 1 N 3 25T€V Erler et al, PRD 68,
coupling of new physics \/‘ ' 016006 (2003)
g \/2 ZGF‘AQW(p)‘

Benchmark LL* model often used, with g°=

Feb 24, 2014 28eme Rencontres de Physique de La Vallée d'Aoste



Confronting Top A__ with PV constraints Gresham et.al.
arXiv:1203.1320 [hep-ph]

CDF and DO observe a 3.40 deviation from 20

the SM of the tt A

t-channel models of extra mediators with | 5
flavour-violating coupling between u/d and t,
could explain the excess while evading
collider constraints.
~
The Cs APV measurement disfavours these
models, and Qweak has the reach to place
even stronger limits.
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60 30 100 120 140 160
m 40 (GeV)

u,d u,d u,d u,d w,d  u,d
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