The QP, ..« Experiment:
A Search for New TeV
Scale Physics via a
Measurement of the
Proton's Weak Charge

Measure: Parity-violating asymmetry in
e + p elastic scattering at Q2 ~ 0.03 GeV?
to ~4% relative accuracy at JLab

Extract: Proton's weak charge QP . ~ 1 - 4 sin?0,,
to get ~0.3% on sin?6,,, at Q? ~ 0.03 GeV?

=) tests “running of sin20,," from M2, to low Q2
mmm) scnsitive to new TeV scale physics

W.T.H. van Oers




The Standard Model

» Building blocks are quarks and

ELEMENTARY leptons | |
PARTICLES point-like, spin % particles

« Forces mediated by exchange of
spin 1 particles:

« Mostly neutral currents
(gamma,Z,gluon)

* One charged current (W+-)

* One colored current (gluon)

« The different strengths and
characters of these forces

yield a rich phenomenology:
most of the nucleon mass,
the elements and their isotopes,
fusion in stars,
chemistry and life.

T u.__

Three Generations of Matter

£ Farmilab 95-750

Courtesy of D.J. Mack



The Standard Model: Issues

L SRR
* Lots of free parameters (masses, mixing angles, '
and couplings) S S SR
How fundamental is that? '
b Wy Vo W) b

 Why 3 generations of leptons and quarks?
Begs for an explanation (smells like a periodic table)

* Insufficient CP violation to explain all the matter

left over from Big Bang
Or we wouldn’t be here.

* Doesn’t include gravity

Big omission ... gravity determines the structure of our solar
system and galaxy

Belief in a rational universe (that something
“ordered the muon”) suggests that our SM is only
a low order approximation of reality, as
Newtonian gravity is a low order approximation
of General Relativity. % ¥ Billen Yoors

Courtesy of D.J. Mack



Running coupling constants in QED and QCD
QED (running of o) QCD(running of a)
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What about the running of sin?6,,?




"Running of sin?6,," in the Electroweak Standard Model

- Electroweak radiative corrections
— sin%0,, varies with Q
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- All "extracted” values of sin“0,, must agree with the Standard
Model prediction or new physics is indicated.



0.25

0.245

0.23

0.225

—— existing measurements

— future measurements (anticipated uncertainty)
m— SM (WS scheme including higher orders)

SLAC E158

Cs APV

Q,(e)

JLab 12 GeV

JLab Cr,r,‘.{:p}f NuTeV

Z-pole leptonic

curve by Jens Erler

Z-pole

semi-leptonic

0.001

0.01

0.1

1
Q [GeV]

10

100

1000



LE Experiments: Good News/Bad News

A 1% measurement of a weak-scale quantity, suppressed by an order of
magnitude, is sensitive to physics at the scale 3 TeV.
This is well above present colliders and complementary to LHC.

Fine print:
- Low energy experiments can’t measure A or g separately, only A /g.

With no bump to display, enormous burden of proof on experiment and theory.

« If limited by systematic errors, a factor of 2 increase in mass scale requires
22 = 4 reduction in the systematic error. (eg, atomic experiments)

« If limited by statistical errors, a factor of 2 increase in mass scale requires
(22 )2 = 16 improvement in statistical figure of merit. (eg, scattering experiments)

A factor of 2 increase in A /g in the scattering sector may happen only
once per generation!
Nevertheless, JLab can do that and a bit more.

Courtesy of D.J. Mack



Low Energy Weak Neutral Current Standard Model Tests

Low energy 7
weak charge "triad” (M. Ramsey-Musolf) -—-=--
probed in weak neutral current experiments
€
SLAC E158: parity-violating

Moller' scattering _2
g+re— e+re Qy~—(-4sin"4g,)

Leptonic

€

Qu

Cesium Atomic Parity Violation:

P
primarily sensitive to neutron A JLAB Qeqi parity- violating

v/ Q Q wquak €~ elas‘rlc scatterin
weak charge Py W NN ominated P C+p—o> e+p ’
. . : :
Q) ~-N+Z(1-4sin’4,)~—-N Semi-Leptonic QF ~1-4sin%4,

These three types of experiments are a complementary set for exploring new
physics possibilities well below the Z pole.




Weak Charge Phenomenology

EM Charge‘ Weak Charge
P +2/3 1 - 3sin® By = 1/3
4 22 o~
goovm -1/3 -1+ $sin® by & -2/3
QP = 2g*P + 1gfovn +1 1 - 4sin® By = -.048
Qn — lqup + 2qdmun 0 -1

Note how the roles of the proton and neutron are become almost reversed
(ie, neutron weak charge is dominant, proton weak charge is almost zero!)

This accidental suppression of the proton weak charge in the
SM makes it more sensitive to new physics (all other things
being equal).

Courtesy of D.J. Mack



QP cak: Extract from Parity-Violating Electron Scattering

¥ 7°
AsQ2—->0 >e----
c p c p
Mg Myc

measures QP - proton's electric charge measures QP,..« - proton’s weak charge
2M -G
A=——N F_1lQ*Q?’.. +F*lQ?6
M ey {4TCOC V2 } ‘ ( )]
Q2—> 0 _ G
6—->0 F
> Q® Qe +Q°BIQ
{ Ao~ 2 | [ ‘ ( )]

ucontains Gl and GZ,,
=1-4sin’ 0, ~0.072 (at free level)

weak

* QP,eqx IS a well-defined expemmen’ral observable
* QP,..k has a definite prediction in the electroweak Standard Model




Energy Scale of an "Indirect” Search for New Physics

- Parameterize New Physics contributions in electron-quark Lagrangian

G
Lo, = Loy + Liew = _FEEYHYSe%Cmquq ' mseg hiay*q

* A 4% QP measurement probes with g: coupling constant, A: mass scale

95% confidence level for new physic

at energy scales to: Mass Sensitivity vs AQ Weak/Q Weak

4 T \; T Y T Y T T T
. N 68% CL
N\
2.3 TeV 3t 95% CL™ -
~—~ ~
> - S~
- Ii) K QPyyeak Projeded 4% (2200 hour® praguction)
) ) ~ 2 B . ) -
* The TeV discovery potential of weak — QPWeak Projected 8% (14 da
charge measurements will be unmatched < 1 SLACELS8, Cs APV
until LHC furns on. — FermiLab Run IT projected i
» If LHC uncovers new physics, then precision Fermil.ab Run T
low Q? measurements will be needed to 0 : : : . .
determine charges, coupling constants, etc. 0 2 4 6 8 10 12

AQpWeak/ QpWeak (%)



QPyeak & Qeak - Complementary Diagnostics for New Physics

JLab Qweak SLAC E158
Qv = 0.0716 QS = 0.0449
| (proposed)

—O— 40.0029 Experiment I——.——'I
|

. A

— SUSY Loops — Run |+ 1l + [l
| | (preliminary)
o o +0.006
| |
| |
1 -
! |
I |
T t
SM SM

Erler, Kurylov, Ramsey-Musolf, PRD 68, 016006 (2003)
« Qweak measurement will provide a stringent stand alone constraint
on Lepto-quark based extensions to the SM.

* QP (semi-leptonic) and E158 (pure leptonic) together make a
powerful program to search for and identify new physics.



Model-Independent Constraints

Forget about the predictions of any specific new physics model!

Do the up- and down-quarks have their expected SM weak charges?

0.4 0.4
-Qw(down)/ now -Qw(down)/2 N\, future
0.375 0.375 V '
UE 0.35 B ateS UE 0.35 BateS

Dot is SM value
0.325 F 0.325

T

0'.%_25 _0_1225 -02 -0.175 -0.15 O'—%J.QS -0.225 -0.2 -0.175 -0.15
CIu Clu
'QW(U p)l2 -QW(Up)/Z

Constraints by 12C and APV are nearly parallel (N ~ Z). Proton measurement is
needed so weak charges can be separated with interesting errors.

Qw(He) where N = Z could provide an important cross-check on Cs APV.

Figures courtesy of Paul Reimer (ANL)
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New Physics Sensitivity of Qw(p)

_ » CDF SLAC JLab
Qw(p) is sensitive to new

lect K int ti New Physics or K158 Qr,
gf:hr::-quar interactions Type LEP2 14.5% A%
(TeV) (TeV) (TeV)
Leptoquarks cC . -
omposlteness:
A new heavy vector (Z’) oo 11.9
R-parity violating SUSY e-q - 27.5
Compositeness
but not the usual R parity- Leptoquarks:
conserving SUSY (she’s very Yup “1.5” —— 3.1
shy and hides in loops). ~Ydown “1.5” — 4.3
(for X = 1)

Zi-primes:

Ee Z, 67 .63 .95

7' (LEP2)
----- Zin .80 .32 .45

e p (LEP2)
E¢ Zy 59 @ —

(CDF)

Courtesy of D.J. Mack



Overview of the Q..x Experiment

Secondary Shielding
Collimator Inelastics

Elastic ep
Ring of Integrating
Quartz Cherenkov
detectors

Precision
Collimator

Elastically Scattered Electron

Luminosity
35 cm Liquid

Monﬁ'o rs Hydrogen Target Toroidal Magnet

Region ITI

Experiment Parameters
Drift Chambers

(integration mode)

Toroidal Magnet .
Incident beam energy: 1.165 GeV

Py e Beam Current: 180 pA
Dri?f%‘ﬁgnfgers \ 4 e Beam Polarization: 85%
p LH, target power: 2.5 KW
Region I Eight Fused Silica (quartz)
GEM Detectors Cerenkov Detectors
N
Collimator with 8 openings .
= 8° + 2° Central scattering angle: 8.4° £ 3°
Phi Acceptance: 53% of 2rn
~~ 35cm Liquid Hydrogen Target Average Q2: 0.030 GeV?2
Polarized Electron Beam Acceptance averaged asymmetry: -0.29 ppm
Integrated Rate (all sectors): 6.4 GHz

Integrated Rate (per detector): 800 MHz



How it Works.
Qweak Apparatus in GEANT4

Courtesy of D.J. Mack






Anticipated Q" ..« Uncertainties

AA phys / A phys Aqu/ea»(/ preak

Statistical (2200 hours production) 1.8% 2.9%
Systematic:
Hadronic structure uncertainties - 1.9%
Beam polarimetry 1.0% 1.6%
Absolute Q? determination 0.5% 1.1%
Backgrounds 0.5% 0.8%
Helicity-correlated Beam Properties 0.5% 0.8%
Total 2.2% 4.1%

4% error on QPy, corresponds to ~0.3% precision on sin?0,, at Q> ~ 0.03 GeV?

Qw(p)=[pnc+A.J[1—4sin*8{(0) + A]]

+ Uppt+Uzz+ U,z

(Erler, Kurylov, Ramsey-Musolf, PRD 68, 016006 (2003))
Q" = 0.0716 + 0.0006 theoretically
0.8% error comes from QCD uncertainties in box graphs, etc.




Nucleon Structure Contributions to the Asymmetry

A= AQV% * Avagronic T A Constraints on A, 4-onic from other Measurements
4 2
=—.19 ppm .09 ppm —.01 ppm Avagronic = Q" B(Q”)
Projected Hadronic Uncertainties from Planned Experiments
\ —40
hadronic: .
(31% of asymmetry) g —°0
- contains G'g y G4 a .
Constrained by .
0 o
HAPPEX, G°, MAMI PVA4 < =70
4 < —-80 _
., o 2l " QN e
(4/° of GSijmeT'”Y) - ED“ -0 4 _° Model 1 (all data) i
contains GeA, la; - z{o;if '(QB1 d a{_l-a?} "
has large electroweak o — 100 B
radiative corrections. _110 | | | |
Constrained by 0.0 0.2 0.4 0.6 08 1.0
G° and SAMPLE Q* ((GeV/c)®)

Quadrature sum of expected
AApadronic = 1.5% and AA i = 1.2% errors
contribute ~1.9% to error on QP




The Qweak Apparatus
(Calibration Mode Only - Production & Calibration Modes)

Region 1: GEM
Gas Electron Multiplier

Region 2: Horizontal
drift chamber location

\ Mini-’ror'us

e beam

Epean = 1.165 GeV
Tean = 180 pA
Polarization ~85%
Target = 2.5 KW

Collimator System

Quartz Cherenkov Bars
(insensitive to
non-relativistic particles)

Trigger Scintillator

Lumi Monitors

Region 3: Vertical
Drift chambers




QP ook Toroidal Magnet - QTOR

-8 toroidal coils, 4.5m long along beam
‘Resistive, similar o BLAST magnet

* Pb shielding between coils

» Coil holders & frame all Al

- [B-dl ~0.7 T-m

* bends elastic electrons ~ 10°

* current ~ 9500 A

Status: e coils wound in France
e support stand under

construction




Inelastic/Elastic Separation in QP ..«
View Along Beamline of Q... Apparatus - Simulated Events

Fused Silica Bars In-elastic Events

(synthetic quartz) |

| < (beyond detector)

570 cm

rectangular
quartz bar;
| 18 cm wide
X 2 meters
long

-50 =25 0 -1 50 75 100

Elastic Events
(in focal plane)

Black region in center

is Pb shielding Central scattering angle: ~8.4° + 3°
Phi Acceptance: >50% of 2n
Average Q?: 0.030 GeV?

Acceptance averaged asymmetry: -0.29 ppm
Integrated Rate (per detector):  ~801 MHz
Inelastic/Elastic ratio: ~0.026 %

Very clean elastic separation!




HELIUM CELL

m@@

2.00"

/ c]l:_p
=1

0.57 U m

2500 -

% 2000

Beam Power (Watt

TEM

A3¥j
\\\; @
HYDROGEN TARGET

" Beam Power vs Current for Selected Targets

i

1500

1000

-
40T 0
a /*
; Q, f
? -
s |
i S/QE‘[TJ//
20(;11}--//
/’/_,- — : " £
L 11A 2]

500

140 160 180 200
Beam Current (uA)

The QP\y.qk Liquid Hydrogen Target

Target Concept:

- Similar in design to SAMPLE and G° targets
— longitudinal liquid flow
— high stream velocity achieved with

perforated, tapered "windsock"

QPweak Target parameters/requirements:

* Length =35 cm

* Beam current = 180 pA

* Power = 2200 W beam + 300 W heater
* Raster size ~4 mm x ~4 mm square

* Flow velocity > 700 cm/s

- Density fluctuations (at 15 Hz) < 5x10-5
* Use reversal rate of 270 Hz




Helicity Correlated Beam Properties: False Asymmetry Corrections

N . (8Y)A AP =P, - P.
Ameas = Aphys T ZW P ¥ Y = Detector yield
1=1

(P = beam parameter
~energy, position, angle, intensity)

Example: -1(22)~1,0 %/mm, Ax =100 nm

Afalse — (aY )AX ~10° b =1 pPpm

Typical goals for run-averaged beam properties

Intensity: A, = _:' <1ppm Position: AX,Ay<2-20nm

+

AP =P, -P :> keep small with feedback and careful setup

2%( (g\g) > keep small with symmetrical detector setup




The QP\y..x Luminosity Monitor

Luminosity monitor - Symmetric array of 8 quartz Cerenkov detectors
instrumented with rad hard PMTs operated in "vacuum

photodiode mode”

& integrating readout at small 6 (~ 0.8°).
Low Q?, high rates ~29 GHz/octant.

Expected signal components: 12 GHz e-e Moeller, 11 GHz e-p elastic,

EM showers 6 GHz.

Expected lumi monitor asymmetry << main detector asymmetry.

Expected lumi monitor statistical error ~ (1/6) main detector statistical error.

Useful for:

= Sensitive check on helicity-correlated
beam parameter corrections procedure.
= Regress out target density fluctuations.

, Elastically Scattered Elecja

Luminosity
Monitor

Region 3
Drift Chamber

Toroidal Magnet___ /

Region 2 e
Drift Chamber ¢

v )
g, o . Eight Fused Silica (quartz)
Re%ion1 s Cerenkov Detectors
ege \ =

h
Collimator With Eight Openings
6=9+2°

35 cm Liquid Hydrogen Target

Polarized Electron Beam



2 . .
Q" Determination
Use low beam current (~ few nA) to run in "pulse counting” mode with a tracking

system fto determine the "light-weighted” Q2 distribution.

Region 1: GEM
Gas Electron
Multiplier

Region 2: Horizontal
drift chamber location

e  beam

Quartz Cherenkov Bars
(insensitive to

non-relativistic particles)

Trigger Scintillator

Expected Q? distribution

50000 |-

40000 |-

30000 —

20000 |-

10000 |-

Mean 0.2938E-01
RMS 08732602

Region 3: Vertical
Drift chambers

Region 1 + 2 chambers --> determine value of Q?

Region 3 chamber --> efficiency map of quartz detectors

I 1 I I 1
0.01 0.02 0.03 0.04 0.05 0.0
GeVv™2



Precision Polarimetry

Hall C has existing ~1% precision Moller 100 Hz 10 10 kHz
polarimeter ick (L-2 mm)
Present limitations: 7 '
- Ipex ~ 10 pA. —
- At higher currents the Fe target ' ™™
depolarizes.
- Measurement is destructive

Plan to upgrading Maeller:
- Measure Py, at 100 pA or higher, 1 ol
quasi-continuously

Kicker beam
position

- Trick: kicker + strip or wire target
(early tests look promising - fested | m
up to 40 pA so far) poston
Schematic of planned new Hall €
Compton polarimeter.

Electron detector

Photon
Detector




- — =25

e2ePV at 12 GeV

JLab could determine _

Qw(e) to 2.5% as a E=12GeV
search for new physics 4000 hours

or the I?est_low energy e L =150 cm
determination of the _

weak mixing angle. * Apy = -40 ppb

1Z GeV Moeller Spectrormeter
100

=

>0

=5

o)

ray

— D0

— D

Q
IIII|IIII|III\|IIII|IIII|IIII|IIII|IIII

— 100

Courtesy of D.J. Mack



e2ePV at 12 GeV

Qw(e) would tightly Theory contours 95% CL
constrain RPV SUSY AQW(p) EXpt bands 10.

(ie tree-level)

Killer application of
improved Qwf(e) is to
RPC SUSY

(ie, loop-level)

One of few ways to
constrain RPC SUSY if it

happens to conserve CP
(hence SUSY EDM = 0).

Direct associated-
production of a pair of
RPC SUSY particles
might not be possible
even at LHC.

2.5% Qweak(e)

] '
R

= RPC SUSY

02 015 041 —005 0 _ 005 01
S(Qew)susyl (QeW)SM AQW(e)

Contours courtesy of Shufang Su (U. Arizona)



Future of the JLab Weak Charge Program

*  Qw(p) finish construction (mid 2007)
Run | (8%) (2008?)
(lick wounds following embarrassing confrontation with Mother Nature)

Run I (4%)
(Potential 1% Qw(He) as cross-check on Cs APV?)

What do we do when the LHC (or Atomic Physics) turns our world upside down?
Will Run Il be finished so JLab can respond?
What do we do if we see a significant deviation in Run 11?

e

2.5% Qw(e) at 12 GeV

Constrain e-e couplings of ~TeV

mass particles discovered by LHC.
2.5% Qw(p)/Qw(He)

or
Constrain e-up and e-down quark
couplings of ~TeV mass particles If LHC finds the TeV-scale region is
discovered by LHC. a desert, make world’s best

measurement of the weak mixing
angle at low energy.

Courtesy of D.J. Mack



Summary

- Completed low energy Standard Model tests are consistent with Standard
Model “running of sin°e,,"

SLAC E158 (running verified at ~ 6c level) - leptonic
Cs APV (running verified at ~ 4c level ) - semi-leptonic, "d-quark dominated"”

- Upcoming QP,, Experiment

- Precision measurement of the proton’'s weak charge in the simplest system.

- Sensitive search for new physics with CL of 95% at the ~ 2.3 TeV scale.

* Fundamental 10 o measurement of the running of sin26,, at low energy.

* Currently in process of 3 year construction cycle; goal is to have multiple runs in
2008 - 2009 timeframe

Possible 12 GeV Parity-Violating Moller Experiment at JLAB

- Conceptual design indicates reduction of E158 error by ~5 may be possible at 12

GeV JLAB. Leptonic
weak charge triad — Quyy
(Ramsey-Musolf)

d-quark O\i Q \lj)\} u-quark

dominated dominated

Semi-Leptonic
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