THE MOLLER PROJECT AT
JEFFERSON LABORATORY

Krishna S. Kumar
University of Massachusetts, Amherst



A GLOBAL STRATEQGY

Direct and Indirect Searches for Physics Beyond the Standard Model
Compelling arguments for "New Dynamics” at the TeV Scale

A comprehensive search for clues requires:
Large Hadron Collider as wellas Lower Energy: Q% << M;?
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A GLOBAL STRATEQGY

Direct and Indirect Searches for Physics Beyond the Standard Model
Compelling arguments for "New Dynamics” at the TeV Scale

A comprehensive search for clues requires:
Large Hadron Collider as wellas Lower Energy: Q% << M;?

Nuclear/Atomic systems address several topics; complement the LHC:

Neutrino Masses and Mixing

Ovpp decay, reactor 013, long baseline experiments
Rare or Forbidden Processes

EDMs, other CP & 1-Violation, Charged Lepton Flavor Violation
Dark Matter Searches

Precision Electroweak Measurements

weak neutral currents at low energy, muon g-2, weak decays
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PRECISION €W PHYSICS

Start with 3 fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level:

sensitive to heavy particles via higher order quantum corrections ‘t" b tZ ,
4th and 5th best measured parameters: sinow and My /W/ /}\
All weak neutral current amplitudes are functions of sin?0w

Muon decay Z production
2 2
Ly =11, xm; —m,
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PRECISION €W PHYSICS

Start with 3 fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level:
sensitive to heavy particles via higher order quantum corrections Vt" b Z

4th and 5th best measured parameters: sin‘ow and My } /}\

All weak neutral current amplitudes are functions of sin‘ow
Muon decay Z production
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PRECISION €W PHYSICS

Start with 3 fundamental inputs needed: dem, GF and Mz

Other experimental observables predicted at 0.1% level:

sensitive to heavy particles via higher order quantum corrections

4th and 5th best measured parameters: sin‘oyw and My
All weak neutral current amplitudes are functions of sin‘ow
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Muon decay Z production
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Ly =11, <m; —m,
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Allows searches for new physics at the TeV
scale via small measurement deviations
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COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ ST g] Ic\4rany theorides Erediﬁt new forces thlatd
particles with m > A ——\|sappeare when the universe coole

courtesy /\/\ .
V. Cirgliano x L SM 4+ Heav v

A (~TeV) I % l -

My 2 >< Leg = Lsy + Z ACn O DNdsn]

d>5
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COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ ST g] Ic\4rany theorides Eredtiﬁt new forces thlatd
particles with m > A ——\|sappeare wnen the universe Coole

courtesy /\/\ .
V. Cirgliano x LSh+ Heavy

A (~TeV) I % l -

Cn “
My z >< Leg = Lsy + E Osu]

d>5
\_ J

There are often mechanisms to suppress
Flavor Changing Neutral Currents
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COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ ST g] lc\4rany theorides Erediﬁt new forces thlatd
particles with m > A ——\|sappeare when the universe coole

courtesy /\/\ .
V. Cirgliano x LsM +Heavy

A (~TeV) I % l -

Cn A
My z >0< Log = Lsy + E Osu]

d>5
\_ J

There are often mechanisms to suppress
Flavor Changing Neutral Currents

Flavor Diagonal Interactions

: : f f Many new physics models

Consider fifi = fof, or fif, = /if; 1>< 1 give rise to such terms:
e ; Heavy Z's, compositeness
L., = — N FY oY fa; fZ é 4 ! P 4
212 ,.,JZ,R A a2 extra dimensions, SUSY..
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COMPREHENSIVE SEARCH

Neutral Current Interactions at Low AND High Energy

E [ ST g] Ic\4rany theorides Erediﬁt new forces thlatd
particles with m > A ——\|sappeare when the universe coole

courtesy /\/\ .
V. Cirgliano x LSh+ Heavy

A (~TeV) I % l -

Cn “
My z >< Leg = Lsy + E Osu]

d>5
\_ J

There are often mechanisms to suppress
Flavor Changing Neutral Currents

Flavor Diagonal Interactions

: : f f Many new physics models

Consider fifi = fof, or fif, = /if; 1>< 1 give rise to such terms:
e Heavy Z's, compositeness
Ly, = My St ufifo V" F 'k Y5 sonp :
L2 LJZRAZ S extra dimensions, SUSY..

One goal of neutral current measurements at low energy AND colliders:
Access A > 10 TeV for as many f,f, and L,R combinations as possible
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COLLIDERS V§ FIXED TARGET

Weak-Electromagnetic Interference

Colliders access scales AN’s ~ 10 TeV - LR combinations accessed
Tevatron, LEP, SLC, LEP200, HERA are mostly parity-conserving

Z b?son.proc.luction a(.:ces:ved some on resonance: | T = A2 (Anew>2
parity-violating combinations but... Az imaginary Ay
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COLLIDERS V§ FIXED TARGET

Weak-Electromagnetic Interference

Colliders access scales AN’s ~ 10 TeV - LR combinations accessed
Tevatron, LEP, SLC, LEP200, HERA are mostly parity-conserving

Z b?son.proc.luction a?ces:ved some on resonance: | A Ak = o A% 14 (Anew>2
parity-violating combinations but... Az imaginary Ay

no interference!

arity-violating electron scattering

Electromagnetic ampl]ijtude
interferes with Z-exchange as | N AT A 142 (ﬂ > 5 <Anew )}
new A_,_Y A_,_y

well as any new physics

2 5
A
Al
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COLLIDERS V§ FIXED TARGET

Weak-Electromagnetic Interference

Colliders access scales AN’s ~ 10 TeV - LR combinations accessed
Tevatron, LEP, SLC, LEP200, HERA are mostly parity-conserving

Z b?son.proc.luction a?ces:ved some on resonance: | A A = o A% 14 Aew :
parity-violating combinations but... Az imaginary Ay

no interference!

arity-violating electron scattering

Electromagnetic ampl]ijtude
interferes with Z-exchange as | N Al Koo A 19 Az 192 Anew

97 new Afy Afy
=04 0 NIiveak LOr0? (84°8v" +b 817847

well as any new physics
“A. .= A
e Gy+Gy A, 410

2 5
A
Al

o

longitudinally
polarized ¢

gy and g, are function of sin?0y, Ay, ~ 10°-0° to 107~ 0’
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COLLIDERS V§ FIXED TARGET

Weak-Electromagnetic Interference

Colliders access scales AN’s ~ 10 TeV - LR combinations accessed
Tevatron, LEP, SLC, LEP200, HERA are mostly parity-conserving

Z b?son.proc.luction a?ces:ved some on resonance: | A Ak = o A% 14 Aew :
parity-violating combinations but... Az imaginary Ay

no interference!

lparity-violating electron scattering
Electromagnetic amplitude
142(22) 4 o Lnew
A A

. o <
interferes with Z-exchange as | A +Az+ AL,
¢ =4 =94 94 ~$Veak G (84°8v" +b g¢°g4l)

2
H
A’Y

well as any new physics
longitudinally -ALR - {py

polarized ¢ Gf-l_ G} A’Y 41O

0

V.7 gy and g, are function of sin’0yy, Apy ~ 107 - Q2 to 107 - Q2

At very forward angles, Apy « gv',
the target vector coupling, called the
weak charge Qw

Thumb rule: measure J(sin? fw) < 0.002 or
better to access the multi-TeV scale
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ELECTRON WEAK CHARGE

Derman and Marciano (1978)
Gp 16sin? ©

Apy = —mE c
Sadk e V271a (3 + cos? ©)2 Qw

50 GeV at SLAC: ~ 150 ppb!

Major technical challenges

\

4-7 mrad

plh - - - o o e o = . - e o o e o o == == =

45 & 48 GeV Beam

85% longitudinal polarization E

Krishna S. Kumar

Parity-Violating Electron-Electron (Meller) Scattering

e e” Purely
—) %‘;GF leptonic
e e e”  reaction
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ELECTRON WEAK CHARGE

Parity-Violating Electron-Electron (Meller) Scattering

e; e e” Purely
e é‘ —) >@3GF leptonic
e- e- e- reaction

Derman and Marciano (1978)
Gp 16sin? ©

APV = —mkE

V2ra (3 + cos? ©)2 Qw

50 GeV at SLAC: ~ 150 ppb!

Major technical challenges

45 & 48 GeV Beam §
85% longitudinal polarization
#) 4-7 mrad

Final Result:

Apv= ('131 + 14 % 10) x 107°
Phys. Rev. Lett. 95 081601 (2005)
Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010 8




CLECTRON WEAK CHARGE

Parity-Violating Electron-Electron (Meller) Scattering

€ Ta € e e / e e- e Pu r'ely
A 'é A ‘/? ﬁ %‘;’GF leptonic
e \e. - e e”  reaction
Derman and Marciano (1978)
Gg 16 sin” O ¥ p 959 C.L. E158
Apy = —mE 5 5 QS LEPII
V27ma (3 + cos? ©) e el? |e el?
>
50 GeV at SLAC: ~ 150 ppb! e e |e e
17 TeV
Major technical challenges Fermilab
q e
45 & 48 GeV Beam § —y
85% longitudinal polarization q z e
#) 0.8 TeV
Final Result:
doubly charged
Apy= (-131 £ 14 £ 10) x 109  scalarexchange
Phys. Rev. Lett. 95 081601 (2005)
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THE WEAK MIXING ANGLE

Running of 6w : Bookkeeping for off-resonance measurements
III'I LBLBLBLLLL

/

— SM

- Si n2 e + current _ ‘
q Czarnecki and Marciano (2000)

VV\ 0.246 . proposed Erler and Ramsey-Musolf (2004)

VWO VWOV \ANCE OOV —~
W W TS B o
s FW(APV) I " ¢
oy-y loop is the running of agy & 9238 L-D'S g
@
2 =rioeioy y
W-Ww loop. provides u.zdzrect fnt o551 £ MOLLER @%%
oy-Z loop is the running of sin’Ow Taweak — ONE ‘|7Tevatron
0.23 feDS g

Krishna S. Kumar

0.001 0.01 0.1 10 100 1000

u [G1eV]
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THE WEAK MIXING ANGLE

Running of 6w : Bookkeeping for off-resonance measurements
III'I LBLBLBLLLL

5 — SM
y .

T - q Sln e AL Czarnecki and Marciano (2000)
/ \ VV\ 0.246 e proposed Erler and Ramsey-Musolf (2004)

w s W Y :n Y “y“®n V7' 20242

*v-v loop is the running of aem C 0.238
oW-W loop provides indirect m;
oy-Z loop is the running of sin’Ow

% MOLLER
I Qweak

0.23

Published Measurements

133Cs Atomic Parity Violation

0.001 0.01 0.1

1 10 100 1000
u[GeV]

NuTeV result requires careful consideration of nuclear corrections
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THE WEAK MIXING ANGLE

Running of 6w : Bookkeeping for off-resonance measurements
III'I LBLBLBLLLL

— SM
o« 2 .
T - qS ln e S Czarnecki and Marciano (2000)
/ \ “7’\‘ 0.246|  proposed oo
W » W Y © v Y x Z 5; 0.242
D

*v-v loop is the running of aem C 0.238
oW-W loop provides indirect m;
oy-Z loop is the running of sin’Ow

0.234 T MOLLER

0.23

Published Measurements

133Cs Atomic Parity Violation

0.001 0.01 0.1

1 10 100 1000
u[GeV]

NuTeV result requires careful consideration of nuclear corrections
Future Electron Scattering Measurements

e-q measurements: QWeak (running) and DIS (Paul Souder talk)
Improved on E158 by a factor of 5: MOLLER at 12 GeV JLab
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NMOLLER AT JLAB

Measurement of Lepton-Lepton Electroweak Reaction

APV X meElabQ%V X (1 s 4Sin2 @W)
11 GeV Beam 75 pA

80% longitudinal polarization 5(Sin2 ﬁW ) (S(A PV )
M > = =0.05 7

Apv = 35.6 ppb [B8weeks > O(Apv) =0.73 ppb > 5(Qew) = * 2.1 (stat.) + 1.0 (syst.) %

3(sin?0y) = + 0.00026 (stat.) = 0.00012 (syst.) > ~0.1%
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NMOLLER AT JLAB

Measurement of Lepton-Lepton Electroweak Reaction

APV X meElabQ%V X (1 s 4Sin2 @W)
11 GeV Beam 75 pA

80% longitudinal polarization 5(Sin2 ﬁW ) (S(A PV )
ﬂ > = =0.05 7

Apv = 35.6 ppb [B8weeks > O(Apv) =0.73 ppb > 5(Qew) = * 2.1 (stat.) + 1.0 (syst.) %

3(sin?0y) = + 0.00026 (stat.) = 0.00012 (syst.) > ~0.1%

2

8i; A

L — E =L e;v.ei€;ve; = 7.5 TeV
= o

best contact interaction reach at low Q-

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010 10



NMOLLER AT JLAB

Measurement of Lepton-Lepton Electroweak Reaction

APV X meElabQ%V X (1 o 4Sin2 @W)
11 GeV Beam 75 pA

80% longitudinal polarization 5(Sin2 ﬁW ) (S(A PV )
M > = =0.05 7

Apv = 35.6 ppb [B8weeks > O(Apv) =0.73 ppb > 5(Qew) = * 2.1 (stat.) + 1.0 (syst.) %

d(sin?0w) = = 0.00026 (stat.) + 0.00012 (syst.) T—> ~0.1%

g A
5~ = ¥l eiv.eieive; =15 TeV
:ZR 20T > el

best contact interaction reach at low Q-

Current limits on 4-electron contact interactions:

LEPII at 200 GeV
(Average of all 4 LEP experiments)

A A
5 s AN QR =2 =75.27T6V
V/gkr + 881 gRL

: s 2 2
insensitive to |8&Rr — SLL|
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NMOLLER AT JLAB

Measurement of Lepton-Lepton Electroweak Reaction

APV X meElabQ%V X (1 s 4Sin2 @W)

11 GeV Beam 75 pA

80% longitudinal polarization 5(Sin2 ﬁW ) (S(A PV )
M > = =0.05 7

PV

Apv = 35.6 ppb [B8weeks > O(Apv) =0.73 ppb > 5(Qew) = * 2.1 (stat.) + 1.0 (syst.) %

d(sin?0w) = = 0.00026 (stat.) + 0.00012 (syst.) T—> ~0.1%

g A
5~ = E ¥l ——€;Yu.€i€;V"€; =T.5 TeV:
e > -

best contact interaction reach at low Q-

Current limits on 4-electron contact interactions: Compositeness scale:
LEPII at 200 GeV
(Average of all 4 LEP experiments) \/ | g%{R g%L’ DT
A A
=44TeV QR —— =5.2TeV —
VIg%r + 821 gRL —> A=47TeV

: —21
insensitive to |8&r — &1Ll et scale profeds o 4 1) =
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MOLLER has discovery reach independent of LHC but...

Krishna S. Kumar

SN HIGGS AT LHC

Muon Detectors Electromagnetic Calorimeters
A

Solenoid

Barrel Toroid Inner Detector

1000

ATLAS

|

Detector characteristics
Width: 44m
Diameter: 22m

7000t

Weight:

Hadronic Calorimeters

H —yy: 100 fb", m

1500

1000

Events {g 2 GeV
g

17500

1"}
o
o

15000

Signal-background, events / 2 GeV

(=]

g
B

135

m,, (GeV)

CERN AC - ATLAS V1997

Forward Calorimeters

End Cap Toroid

Shielding 1 o

|===- Z Asymmetries

all data (90% CL

120 GeV:

120

135

m, (GeV)
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SN HIGGS AT LHC

MOLLER has discovery reach independent of LHC but...

Ag —o—| 0.23099 = 0.00053
A(P.) . 0.23159 = 0.00041
A(SLD)  —a— 0.23098 = 0.00026
0,b
A; —v— 0.23221 =+ 0.00029
Ay +— 0.23220 + 0.00081
Q" X 0.2324 = 0.0012
Average s 0.23153 = 0.00016
10 3, x°/d.0f:11.8/5

_

>

()

O

| I—

I
£ 102 5 Aol®) = 0.02758 = 0.00035
: EEE m= 172.7 + 2.9 GeV
0.23 0.2I32 0.2IS4 | |
. o _lept
SN0

Krishna S. Kumar

Muon Detectors Electromagnetic Calorimeters
A

ATLAS

N | Detector characteristics
Width: 44m
Diameter: 22m
Weight: 7000t

CERN AC - ATLAS V1997
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Forward Calorimeters

End Cap Toroid

.

Barrel Toroid Inner Detector Shielding

Hadronic Calorimeters

H —yy: 100 fb", m, = 120 GeV:

1000 1 1 1 1 1 1 |
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[} I~ % 1500 [
O r 14 L
o B o L
20000 -
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M HIGGS AT LHC

MOLLER has discovery reach independent of LHC but...

Ag —o—| 0.23099 = 0.00053
A(P) —u— 0.23159 = 0.00041
A(SLD)  —a— 0.23098 = 0.00026

0,b

. v 0.23221 + 0.00029

o R 0.23220 + 0.00081
Q" X 0.2324 = 0.0012
Average s 0.23153 = 0.00016

10 35 ¥?/d.0f:11.8/5

_
>
()
O)
| —

I
= 10 % e Aol = 0.02758 + 0.00035

: ERm= 172.7 = 2.9 GeV
0.23 0.2I32 | | | 0.2I34 | |
. o _lept
SN0

Bill Marciano:

We forgot to nail sin2 v~
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Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

CERN AC - ATLAS V1997

Muon Detectors Electromagnetic Calorimeters
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SN HIGGS AT LHC

1 fl 1 Il 1 1 | 1 1 1 Il | 1 1 1 1
MOLLER has discovery reach independent of LHC but... AL :
2} Detector characterist 500 __ > -~ 23 T | = - 3 /_—
o Muon Detectors Electromagnetic Calorimeters :% B ‘ 3 L % I I s ¥ F
Ay —o—] 0.23099 = 0.00053 . = {] [weight” 70n ] g VI P i
- Forward Calorimet cmac YR A ¥
A(P.) —— 0.23159 = 0.00041 200 //AFB(b) //,r/ i =
A(SLD)  —a— 0.23098 + 0.00026 3 '
S, 100
0,b ag
Aq —v— 0.23221 = 0.00029 - =
o,c 50
Afsad +— 0.23220 + 0.00081 | . A_(had) [SLO]
Q,, 5 0.2324 + 0.0012| = 1——— A(b) [LEP]
) 20 { —— MW
Average I+ 0.23153 = 0.00016 Lo Ty ry 8809 Ir(‘)"w-energy
10 3_ Xz/d.O.f.Z 11.8/5 ] Barrel Torold nner Detector Hadronic Calorimeters Shiélding 10 : _I : _I : T t o
] . -1 . 140 150 160 170 180 190
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> H @ £ 0.00029
Q)
= S 3w —a— 0.23098 + 0.00026
T A X |
£ 102l 58 Aol = 0.02758 + 0.00035 & £ |
- EE m= 172.7 + 2.9 GeV 8 g™ | =X 0.23221 + 0.00029
0.23 | | | O.2IBZ | II tl 0.2IS4 | | r -é: : :
Sin2geef'f~" oo g i 0.23153 + 0.00016
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. 5 12500 i 0 |
Bill Marciano: ; _ R i |
oopo Lt 0 Loy A R ol B
® o 2 105 120 135 105 120 135 m
We forgot to nail sin“ O+, iy (GY) NG
EI
Proposed MOLLER error bar is precise enough = 1> 5 (ol = 0.02758 = 0.00035
] B m= 172.7 = 2.9 GeV

to affect the central value of the world average oz _ 1 Tozw " oz
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NEW PHYSICS AT LHC (1)

Assume there is a SUSY signal discovered

' | " MOLLER : X
0.15f m :
| l A A
= o1 T ®: ] Y
oz l . MSSM 4
g o005 . A A AT X
> ' i 5
: |
’\a Or : e € T ‘S €
el : : % S
= ' ! X 4 X
“© : I Ramsey-Musolf & ~ &
-0.05¢ | : and Su, Phys. Rep. | ;2 ~ _E_ ~ _<>
! | 456 (2008) f — f
0.1 . i MSSM sensitivity if light
| ' : super-partners, large tanfs

0 OB 0 A 2005 L e L A 005 0

e
W)SUSY/(QW)SM Pr = (_1)3(B—L)—|—2s

Does Supersymmetry provide a candidate for dark matter?
‘B and/or L need not be conserved (RPV): neutralino decay
‘neutralino then unlikely to be a dark matter candidate

‘neutrinos are Majorana

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010
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NEW PHYSICS AT LHC (2)

Assume a new, heavy vector boson is discovered

oVirtually all GUT models predict new Z’s: LHC reach ~ 5 TeV e
eWith high luminosity at LHC, 1-2 TeV Z’ properties can be extracted 7’

eApy can help separate left- and right-handed couplings

Suppose a 1 to 2 TeV heavy Z’ is discovered at the LHC

*What are its vector- and axial-vector couplings?
Z' Leptonic Couplings, M;=1.5 TeV

PR e e ) e 1
; | ; E ot
0’4__ BEGe Boun:ds XXH 71 \/§GF5(QW) s (7 5 TeV)Z
- : il D 3
0.2 — MOLLER X/ B 3 ’gRR gLL‘ __er —¢€g,
: < v'd&?"f‘&x‘,z:z"‘“‘ : : s A_ 2 7 M % /
QSE' 0.0 :—“““ ““““““ i 4‘ ----------- -l ------ —:
L oz !"z.‘,Qf"jb"" : _
XA : ]
e RE BhT 7 LHC data can extract the
: g o ] .
- s : mass, width and Arg(s)
~O04 1 7F Petriello et al, PRD 80 (2009)5 5 :> constraint on egler
= 1 | [FR A | [ | W | | 1 [ 1 | [l e BT | [ |
-0.4 -0.2 0.0 0.2 0.4

Lol
Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010



Ve Sy LT ST ae L - 2l R PR Ui B L 2 P e oo b Doin gl S Lg) v P . = T P e Il T il T o Yyl o TR " oD o TN e S,
e e e S A M T o e A P I N e T D ki 2 s D e M it SR P o X gt TL s '..,/'—o""’,,g,x-‘;,‘_ga T ot~

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010 14



PROGRESS OVER 3 DECADES

Parity-violating electron scattering has become a precision tool

107
; Steady progress in technology
i S towards:
107 o :
; : e part per billion systematic control
. PYDIS :
i Z LS soisadceyy © 1% systematic control
Pl * Major developments in
ek H-He - photocathodes (1 & P)
<y -
o:é, 107F H-II - polarimetry
- E1%  pRr - high power cryotargets
10°¢ s . . - nanometer beam stability
E o gl recision beam diagnostics
o\ e recent -P g
F * next generation - low noise electronics
10°F S e future 7740
L AT ) - radiation hard detectors
\
10.10 Eahh L W | .‘llll | 11 lll 1 lllIlU e S BN GO T
10° 107 10° % 10° 10 10°
PV
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NMOLLER HALL LAYOUT

Beam Direction

<2
=
K First
MTarget Toroid
_|Chamber
Tl

11

Hybrid
Toroi

g

A

Drift
Region
contains primary beam & Mollers
|

Mollers exit vacuum

Detector
Region

\

Krishna S. Kumar
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NMOLLERC APPARATUS

Target, spectrometer, detectors

» Most thickness for least radiative losses
» No nuclear scattering background
» Not easy to polarize

eNeed as much target thickness as technically feasible
eTradeoff between statistics and systematics
eDefault: Same geometry as E158

Krishna S. Kumar

High Power Liquid £
Hydrogen Target K )

..........

parameter value
length 150 cm
thickness | 10.7 gm/cm?
Xo 17.5%
p, T 35 psia, 20K

power

5000 W

The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010

17




NMOLLERC APPARATUS

Target, spectrometer, detectors

» Most thickness for least radiative losses
» No nuclear scattering background
» Not easy to polarize

eNeed as much target thickness as technically feasible
eTradeoff between statistics and systematics
eDefault: Same geometry as E158

Krishna S. Kumar

High Power Liquid (S
Hydrogen Target Kw,)

..........

parameter value
length 150 cm
thickness | 10.7 gm/cm?
Xo 17.5%
p, T 35 psia, 20K
power 5000 W
17
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SPECTROMETER CONCEPT

Moller’s

(2]
o
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SPECTROMETER CONCEPT

Moller and elastic ep electron tracks

(2]
o
1

1.2

N
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Lab Scattering Angle (mrad)
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o
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2000 2200 240 200 [
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¥ hybrid
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l 1 | 1 l 1 ¢ I | l L bt A l Ll ()

0 5 10 15 20 25 30 35
meters
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SPECTROMETER CONCEPT

Moller and elastic ep electron tracks
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1.2

meters

Krishna S. Kumar

SPECTROMETER CONCEPT

Lab Scattering Angle (mrad)

Moller and elastic ep electron tracks

w
o

Moller’s

N
(3]

N
o

—h
o

______________ ep’s

L

—
o

(3]

v b b b b b v AT S g, S [ S|
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Scattered Electron Energy (GeV)

o

hybrid
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Opera -1 -0.5 0 0.5 1
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SPECTROMETER CONCEPT

Moller and elastic ep electron tracks

BN ep’s >

w
o

1.2

N
(3]

Moller’s

N
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I
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(o)
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.......................
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DETECTOR SYSTEMS

e+p 7
7
7

luminosity
i neutrals >

;

-

» Integrating Detectors:

- Moller and e-p Electrons:

e radial and azimuthal segmentation
e quartz with air lightguides & PMTs5

- pions and muons:
* quartz sandwich behind shielding

- luminosity monitors

e beam & target density fluctuations

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010
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DETECTOR §SYSTEMS

e+p

-7

Vd
T neutrals >

7

» Integrating Detectors:

- Moller and e-p Electrons:

e radial and azimuthal segmentation
e quartz with air lightguides & PMTs5

- pions and muons:

* quartz sandwich behind shielding

- - luminosity monitors
o

\\.‘ Ny e beam & target density fluctuations
\ -

Krishna S. Kumar The MOLLER Pro]ect at Jefferson Laboratory, WHAT?2010, July 28 2010 19

Ry, *77"77‘ : \\



DETECTOR §SYSTEMS

» Other Detectors

- Tracking detectors

e 3 planes of GEMs/Straws

e Critical for systematics/
calibration/debugging

e+p

-7

Vd
( neutrals >

7

- Integrating Scanners

e quick checks on stability

» Integrating Detectors:

- Moller and e-p Electrons:

e radial and azimuthal segmentation
e quartz with air lightguides & PMTs5

- pions and muons:
* quartz sandwich behind shielding

~, - luminosity monitors

Iy e beam & target density fluctuations

\~-
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STATISTICS & SYSTEMATICS

parameter value
cross-section 45.1 uBarn
Rate @ 75 uA 135 GHz
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb
O(Astat)/A (80% pol.) 2.1%
O(Sin20w)stat 0.00026

Irreducible Backgrounds:

» Flastic e-p scattering

- well-understood and testable with data
- 8% dilution, 7.5+0.4% correction
= Inelastic e-p scattering
- sub-1% dilution
- large EW coupling, 4+0.4% correction

- variation of Apy with r and ¢

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010 20



STATISTICS & SYSTEMATICS

parameter value
cross-section 45.1 uBarn
Rate @ 75 uA 135 GHz
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb
O(Astat)/A (80% pol.) 2.1%
O(Sin20w)stat 0.00026

Irreducible Backgrounds:

» [Elastic e-p scattering
- well-understood and testable with data
- 8% dilution, 7.5+0.4% correction
» Inelastic e-p scattering
- sub-1% dilution
- large EW coupling, 4+0.4% correction

- variation of Apy with r and ¢

photons and neutrons

mostly 2-bounce collimation system
dedicated runs to measure “blinded” response
pions and muons

real and virtual photo-production and DIS
prepare for continuous parasitic measurement

estimate 0.5 ppm asymmetry @ 0.1% dilution
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STATISTICS & SYSTEMATICS

parameter value
cross-section 45.1 uBarn
Rate @ 75 uA 135 GHz
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb
O(Astat)/A (80% pol.) 2.1%
O(Sin20w)stat 0.00026

Irreducible Backgrounds:

» Flastic e-p scattering

- well-understood and testable with data
- 8% dilution, 7.5+0.4% correction

» [Inelastic e-p scattering
- sub-1% dilution

- large EW coupling, 4+0.4% correction

- variation of Apy with r and ¢

photons and neutrons

mostly 2-bounce collimation system
dedicated runs to measure “blinded” response
pions and muons

real and virtual photo-production and DIS
prepare for continuous parasitic measurement

estimate 0.5 ppm asymmetry @ 0.1% dilution

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010

source of error % error

absolute value of Q2 0.5
beam second order 0.4
longitudinal beam polarization 0.4
inelastic e-p scattering 0.4
elastic e-p scattering 0.3
beam first order 0.3
pions and muons 0.3
transverse polarization 0.2
photons and neutrons 0.1

Total 1.0

20




TECHNICAL CHALLENGES

» ~ 150 GHz scattered electron rate

- Design to flip Pockels cell ~ 2 kHz
- 80 ppm pulse-to-pulse statistical fluctuations

e Electronic noise and density fluctuations < 10-5
e Pulse-to-pulse beam jitter ~ 10s of microns at 1 kHz

e Pulse-to-pulse beam monitoring resolution ~ 10 ppm and few microns at 1 kHz

» 1 nm control of beam centroid on target

- Modest improvement on control of polarized source laser transport elements
- Improved methods of “slow helicity reversal”

» > 10 gm/cm? target needed to achieve desired luminosity
- 1.5 meter Liquid Hydrogen target: ~ 5 kW @ 85 A
» Full Azimuthal acceptance witho,,, ~ 5 mrad

- novel two-toroid spectrometer
- radiation hard, highly segmented integrating detectors
* Robust and Redundant 0.4% beam polarimetry

- Plan to pursue both Compton and Atomic Hydrogen techniques

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010
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STATUS AND PLANS

*Project received PAC approval: Jan ‘09

* Director's review of physics goals and concept: Jan '10
* Aim to develop project funding (US + foreign): 2011-12
* Aim to install at JLab after 12 GeV upgrade: late 2015

» Steering Committee:

- D.Armstrong, R.Carlini, 6.Cates, K.de Jager, Y.Kolomensky, K.Kumar (chair),

F.Maas, D.Mack, K.Paschke, M.Pitt, 6.Smith, P.Souder, W.van Oers
» Working Groups & Conveners

- Polarized Source @G. Cates
- Beam & Beam Instrumentation M. Pitt
- Target G. Smith

- Spectrometer K. Kumar

- Integrating Detectors D.Mack

- Tracking Detectors D, Armstrong

further!

- Polarimetry K. Paschke
- Electronics/DAQ R. Michaels

- Simulations N. Simicevic /| K. Grimm

Krishna S. Kumar

expression of interest:

not yet finalized
sub-system Institutions
polarized source UVa, JLab, Miss. St.
Target JLab, VPI, Miss. St.
Spectrometer Canada, ANL, MIT, UVa
Integrating Syracuse, Canada, JLab, FIU, UNC
Detectors A&T, VPI

Luminosity Monitors VPI, Ohio U.

Pion Detectors UMass/Smith, LATech

Need to expand

Tracking Detectors William & Mary, Canada, INFN Roma

collaboration

Electronics Canada, JLab

Beam Monitoring VPI, UMass, JLab

Polarimetry UVa, Syracuse, JLab, CMU, ANL, Miss.

St., Claremont-Ferrand, Mainz

Data Acquisition Ohio U., Rutgers U.

Simulations LATech, UMass/Smith, Berkeley, UVa

(Canada: UBC, Manitoba, Winnipeg, TRIUMF')

The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010 22




SUMMANRY

*» Projected Result from an Ary measurement in Mpller Scattering
Apy=35.6 ppb 0(Aprv) =0.73 ppb  O6(Q°w) = * 2.1 (stat.) £ 1.0 (syst.) %
d(sin?0w) = = 0.00026 (stat.) + 0.00012 (syst) C—> ~0.1%

* Opportunity with high visibility and large potential payoff
- The weak mixing angle is a fundamental parameter of EW physics
- A cost-effective project has been elusive until now

o expensive ideas reach perhaps 0.2% (reactor or accelerator v’s, LHC Z production...)

o sub-0.1% requires a new machine (e.g. Z- or v-factory, linear collider....)

- physics impact on nuclear physics, particle physics and cosmology

e pin down parameter for other precision low energy measurements
e help decipher potential LHC anomalies at the TeV scale
o shed light on feasibility of SUSY dark matter via search for R-Parity violation

» NSAC Long Range Plan strongly endorsed the physics
- part of fundamental symmetries initiative to tune of 256M$
- will need significant foreign participation to succeed

» 11 GeV JLab beam is a unique instrument that makes this feasible
Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010
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OPTICAL PUMPING

C.Y. Prescott et. al, 1978 pOl 76 ource

*Optical pumping of a GaAs wafer

specialized GaAs Z e .
optics N ‘Rapid helicity reversal: change sign of
laser ST longitudinal polarization ~ kHz to minimize
% 100kY  drifts (like a lockin amplifier)
pockels cell | \/ -Control helicity-correlated beam motion:
\_polarized under sign flip, keep beam stable at the
- electrons b z | |
| Accelerator SUP-Micron ieve

half-wave plate

< Beam helicity is chosen pseudo-randomly at multiple of 60 Hz

e sequence of “window multiplets”
Example: at 240 Hz reversal

Choose 2 pairs pseudo-randomly, force [ T S ey - €1 o 5 S e ey S0 S I
1
1

complementary two pairs to follow

' 124 ( : :
Analyze each “macropulse” of 8 windows : any line noise effect here : will cancel here
together

MOLLER will plan to use ~ 2 kHz reversal; subtleties in details of timing

Noise characteristics have been unimportant in past experiments:
Not so for PREX, Qweak and MOLLER....

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010 24



"Flux Integration”: very high rates

oo >

77777 :comer  phototube  integrator — diract scattered flux to background-free region
electron flux [ : quartz
Detector D, Current|: F = D/I 1 1
AL AE
21 2E
[ order: x,y, O, 0y, E T 2 AD Al >
Il order: e.g. spot-size 2D 2D 2
AF After corrections, variance of Apqir must get as close
A =20 A . o .
pair oF to counting statistics as possible: ~ 80 ppm (2kHz);

central value then reflects Apnys

Experimental Challenge & Systematic Control
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"Flux Integration”: very high rates

oo >

7777 [J:cover  phototube  integrator  djjract scattered flux to background-free region

electron flux [ : quartz

Detector D, CurrentI: F = D/I T 1
Al LE
2| 2E
>
[order: x, y, Ox, Oy, E R AD _Al
Il order: e.g. spot-size 2D 20 o

After corrections, variance of Apqir must get as close
to counting statistics as possible: ~ 80 ppm (2kHz);
central value then reflects Apnys

Experimental Challenge & Systematic Control

» Must minimize both random and helicity-correlated
fluctuations in the integrated window-pair monitor
response of electron beam trajectory, energy and spot-size.
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§PECTROMETER CHOICE
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Highest figure of merit at GCM =90°
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* Avoid superconductors

- ~150 kW of photons from target
- Collimation extremely challenging

» Quadrupoles a la E158
- high field dipole chicane

- poor separation from background

- ~ 20-30% azimuthal acceptance/loss

» Two Warm Toroids
-@% azimuthal acceptance

- better separation from background

Krishna S. Kumar
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SPECTROMETER LAYOUT

Solid view, proposal Outline model side view
X ~ g
600 T 1400 350 1 i TI00 =%

\\._\_ %'~"4.

-uniform axis scaling e
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PECTROMETER LAYOUT

Solid view, proposal Outline model side view
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Moller and elastic ep electron tracks
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SIGNAL & BACKGROUNDS

parameter value
cross-section 45.1 uBarn
Rate @ 75 uA 135 GHz
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb
O(Astat)/A (80% pol.) 2.1%
O(sin?6w)stat 0.00026

Krishna S. Kumar
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SIGNAL & BACKGROUNDS

parameter value
cross-section 45.1 uBarn
Rate @ 75 uA 135 GHz
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb
O(Astat)/A (80% pol.) 2.1%
O(sin?6w)stat 0.00026

Statistical Error
83 ppm 1 kHz pulse-pair width @ 75 A

table assumes 80% polarization & no
degradation of statistics from other sources
realistic goal ~ 90 ppm

potential for recovering running time with
higher Pe, higher efficiency, better
spectrometer focus....

Krishna S. Kumar The MOLLER Project at Jefferson Laboratory, WHAT2010, July 28 2010
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SIGNAL & BACKGROUNDS

parameter value » Statistical Error
cross-section 45.1 uBarn - 83 ppm 1 kHz pulse-pair width @ 75 1A
Rate @ 75 pA 135 GHz - table assumes 80% polarization & no
palr stat. width (1 kHz) 82.9 ppm degradation of statistics from other sources
- realistic goal ~ 90 ppm
3(Araw) ( 6448 hrs) 0.544 ppb

- potential for recovering running time with
O(Astat)/A (80% pol.) 2.1% higher Pe, higher efficiency, better
spectrometer focus....

3(sin20w)stat 0.00026
Backgrounads:
= photons and neutrons » Elastic e-p scattering
- mostly 2-bounce collimation system - well-understood and testable with data
- dedicated runs to measure “"blinded” response - 8% dilution, 7.5+0.4% correction
= pions and muons » Inelastic e-p scattering
- real and virtual photo-production and DIS - sub-1% dilution
- prepare for continuous parasitic measurement - large EW coupling, 4+0.4% correction
- estimate 0.5 ppm asymmetry @ 0.1% dilution - variation of Apy with r and ¢
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SYSTEMATICS OVERVIEW

source Of érror % error » longitudinal beam polarization
absolute value of @ 0.5 - Goal: redundant, continuous monitoring with
beam second order 0.4 Compton & Atomic Hydrogen Moller
longitudinal beam polarization 0.4 - Redundancy backup plan: High field Moller
inelastic e-p scattering 0.4 » transverse beam polarization
Elastic €' p;scalienng L) - kinematic separation allows online monitoring
beam first order 0.3 : : >
: - slow feedback using Wien filter
pions and muons 0.3 b ol l 02
transverse polarization 0.2 G solfre tatue of
photons and neutrons 0.1 - dedicated tracking and scanning detectors
Total 1.0 - experience with HAPPEXTII & Qweak
» I order beam helicity correlations HAPPEXII

B X angle difference |

X position differenc

- position to 0.5 nm, angle to 0.05 nrad

10°

10°

- active intensity, position and angle feedback
» [T order beam helicity correlations

—0.26; £0.24 nrad

- control laser spotsize fluctuations to 10-*

10

- slow flips with Wien filter and g-2 energy flip -1 o RO TOVP SR

micro * urad

10 20 30
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SCATTERED FLUX

Initial and final state radiation effects in target
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QUARK WEAK CHARGES

0(C,,) o (+Mgy + Ngg =My = Mpg) 2>
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QUARK WEAK CHARGES
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QWEAK @ JEFFERSON LAB

Precision Measurement of the Proton’s Weak Charge

Elastically Scattered Electron

_ Luminosity _l_
/ dgg‘:? Monitors
Region |, Il and Il detectors are for Q? a:-‘\f;'-'/
measurements at low beam current . ‘ b
' 1| MR [N
Region IlI L | “\‘ NI. (f,' L/
Drift Chambers —— o L “;', l'
===y S ) Kl N TR
| bl 1y hl 0

Toroidal Magnet

N\
Region |l
Drift Chambers v

Region | \
GEM Detectors \ /

g I “Primary Collimator with 8 openings

Eight Fused Silica (quartz) Cerenkov
Detectors - Integrating Mode

o \ 35 cm Liquid Hydrogen Target
Polarized Electron Beam, 1.165 GeV, 150 YA, P ~ 85%

*Design and construction over past several years
Installation nearly complete

*Pilot beams a few days ago! New, complementary constraints on lepton-

*Commissioning: next few weeks quark interactions at the TeV scale
Data ~ 2010 thru mid-2012
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DEEP INELASTIC SCATTERING

With Qweak and APV, Cii’'s measured, but Cay’s still unconstrained

Apy in Electron-Nucleon DIS: a(x) = [(2 = )|:
Q 1d
A o b e :
& \/5 JTOL [a(X) : f(Y) (X):I : b(x) = i[(zc _C )uv(‘x) T dv(x)]_l_ L
02>> 1 GeV2 ,W2>> 4 GeV? 0] O () +dx) |

For a ?H target, assuming charge symmetry, structure functions largely cancel in the ratio
Must measure Ap, sub-1% fractional accuracy! ——> Iluminosity > 10°%/cm?/s at JLab
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Q 1d
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02>> 1 GeV2 ,W2>> 4 GeV? 0] O () +dx) |

For a ?H target, assuming charge symmetry, structure functions largely cancel in the ratio
Must measure Ap, sub-1% fractional accuracy! ——> Iluminosity > 10°%/cm?/s at JLab

- First experiment at 6 GeV: ran Oct-Dec ‘09; 3-4% accuracy @ Q% ~ 1-2 GeV?
 Approved Hall C proposal at 11 GeV using planned upgrade for spectrometers
* SOLID: New large acceptance solenoidal spectrometer approved for Hall A
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 Approved Hall C proposal at 11 GeV using planned upgrade for spectrometers
* SOLID: New large acceptance solenoidal spectrometer approved for Hall A
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MSSM Sensitivity

» If ~ 200 GeV sparticles; useful benchmark

- What are the scenarios for LHC SUSY searches that allows

intferesting discovery phase space for MOLLER?

- If LHC discovers light squarks, expect greater than 2 sigma

deviation in MOLLER

- If LHC doesnt find squarks, then they are heavy. If winos are
relatively light, then MOLLER sensitive to light sleptons

-3
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sq

0x10
-0.5
= e = e o e e e e o o e o o o o = ==
0=
e/}
_15l Ramsey-Musolf & Su
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Doubly Charged Scalars

e . »- € e A / -e-
Z % Z'Y % //
e »” (4 e i o e ]

1 IrgRl

V2GroQW) = e MY Mg, CEmereEY e
M s
L~ 5.3 TeV
h$e
L

Sensitivity better than LEP200



e-p inelastic background

inelastic p-Z coupling
unknown at diffractive
kinematics

E158 measured
104 x Q2

Apv as function of

r& ¢

4% correction,
0.4 % error




Transverse Polarization

Average transverse asymmetry Average transverse asymmetry, energy weighted detectors
g B L E 10 __ e
S 10— ‘ &t |
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Initial beam setup ~ | degree
50 ppb error in 4 hours: 0.5 degree precision

Feedback 25 times in ~ | week

Grand average: 0.04 degrees + azimuthal cancellation



Overview of the Mgller LH, Target System

Requirements: high luminosity (thick target), high cooling power, very low noise
« beam conditions: helicity flip 2000 Hz, 85 YA, 11 GeV e- beam rastered 5x5 mm?2
—> deposits 4546 W in LH,, total target power 5000 W (including overhead)

« LH, conditions: 20 K, 35 psia (2.4 atm), 1 kg/s (3.7 K sub-cooled liquid)

« closed re-circulating cryogenic loop for LH, with 150 cm (10.7 g/cm?, 17.5 % rl) Al
cell

* noise scaling from GO target measurements (238 ppm@30 Hz) would indicate ~26
ppm@2000 Hz for the Mgller target, a 5 % increase to the counting statistical width of
/7.3 ppm/pair

 the 2500 W Q4 target is a critical precursor to the Mgller target

« computational fluid dynamics (CFD) simulations are essential to the design of the
Mgaller target components as well as any safety assessment

This is the highest power LH, target in the world



HAPPEX-Il beam corrections

| X position difference | | Y position difference |

0.56 =0.53 nm 10E
RMS =2.77 um

1.69 = 1.83 nm
RMS = 9.50 um

10°k

10°E

1 month runtime :
random jitter
-40 —0-20 -10 0 10 20 30 40_ 50 1: -100 =50 0 50 100 dominates

micron micron

10°
10°E

10E

|_X angle difference | | Y angle difference |

—-0.26+ 0.24 nrad

021 = 0.25 nrad

::: RMS = 1.23 wrad ::: RMS = 1.29 wrad pOSition < an
. " angle < 0.25 nrad

=30 -20 -10 0 10 20 30 =40 =30 -20 -10 0 10 20 30 40

Position feedback will likely be required to
speed convergence ~ factor of 5



1st order beam corrections

required Syst G
Property Sensitivity precision helcity- y> (?ma. ¢
: contribution
correlation
Charge o N
Asymmetry 1 ppb / ppb 1% <10 ppb 0.1 ppb
energy -1.4 ppb/ppb | ~10% <0.3 ppb ~0.05 ppb
position .
: ~ <0. ~0.
(on target) 0.85 ppb/ nm 10% 0.5 nm 0.05 ppb
angle 8.5 ppb/nrad | ~10% | <0.05nrad | ~0.05 ppb




Insertable Half-wave plate
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Image from HyperPhysics:

http://hyperphysics.phy-astr.gsu.edu/Hbase/hph.html

IHWP flips sign of cathode analyzing power with respect to Pockels cell voltage, but also:

* all analyzing power with respect to Pockels cell, and

* all birefringence downstream of Pockels cell

Most beam asymmetries ARE NOT cancelled by the IHWP




Helicity Sequence

60Hz line noise must cancel to avoid conflating
electronics noise with sensitivity to beam dynamics

Present scheme (30 Hz) automatically handles this, as
each window is ~2 60Hz cycles long.

Best Solution: form pulse-pair groups to combine high-frequency
noise suppression with 60 Hz line noise averaging

Example: at 240 Hz reversal, 4 windows completes a 60 Hz cycle.
Option 1: Choose 2 pairs, force @ — [ 7~ VT T | T )
complementary two pairs to follow

Analyze each “macropulse” of 8 :
WlndOWS together R e e e e e o T"mmmmmr,,,mm,m,TT,T,,TTTTTTTTTITITTTTTTT -
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Option 2: Choose 1 pair followed by —7 "7 "7 U1 "
the same pair, every time.

Analyze each “macropulse” of 4
WindOWS together e e

Potential drawback is additional sensitivity to low frequency electronics noise



Signal Path

Current signals from the detector are first converted to large voltage signals using
nearby, low-noise preamplifiers. The amplified signals are then sent outside the hall to
precision digital integrators.

10 p.e. )
per event 1M I-V
5.5 GHz \  LAMN— §
\ f i - | VME digital
Y - —{ signal > to DAQ
e [} |integrator
N |
/ L 6 pA 6.0V !
x 680

in shielding § outside hall



Low-Noise Electronics

Our TRIUMF collaborators originally developed low-noise electronics for their own
parity program. They have built custom versions for the Qweak experiment.

The same or similar electronics would be used in this experiment.

TRIUMF low-noise preamplifier TRIUMF 18-bit, 500 KHz sampling ADC
(I-to-V) with RF shield removed. with FPGA integration.

Ext NIM Gate

Status LEDs
8 inputs I Ext NIM Clock | VME Access
Ext Clock Enb
Ext Gate Enb

. ‘ Chan 1 gain Offset adjust

P Al WY
Chan 1 gife o #_"?' filter
, , o) VME
atil W
IN 3 T Qut| [apc 5| A Module
: e“I 1 Ji 'y :l W .-._.1 | URanE fadadey | daddcds | BAdidd  dddddd | dddodd Select
' Chan 2 2 D5nk S ety MR |5 j | o8 m Switches
‘ . M i gt BB | TP e ——
- -, : S ei®og; e o S ’ FPGA Prog/
R =8, heaise TRIUN T | Debug Ports
- — 5 g 2epz QUEAK = - | Debug Ports
. ] DC-DC
Converter
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MQ ‘ Chan 2 gain




Slow Helicity Reversal

“slow” helicity reversals are an important component
of a comprehensive strategy to control HCBA

Why use slow reversal:

e Comparison to two data sets rules out gross problems, at the level
of ~4c of final error bars

» Addition of two data sets implies cancellation of subtle problems
(at least those susceptible to cancellation under the reversal)

Why use more than one:
* Effectiveness relies on flipping helicity without changing

systematic effect... you need the right flip for the specific possible
systematic effect

SLAC EI58 used an energy
change to create a g-2 spin

flip into End Station A




Slow Helicity Reversal

SLAC EI58 used an energy
change to create a g-2 spin

flip into End Station A

“slow” helicity reversals are an important component
of a comprehensive strategy to control HCBA

E/HWP state

Why use slow reversal: 45/IN —o—r 147 + 27
e Comparison to two data sets rules out gross problems, at the level
of ~4c of final error bars

» Addition of two data sets implies cancellation of subtle problems 45/0UT —e— -129+ 28
(at least those susceptible to cancellation under the reversal)

48/IN —=—] -119+ 26

Why use more than one:
* Effectiveness relies on flipping helicity without changing 48/OUT —a—] 137+ 26

systematic effect... you need the right flip for the specific possible
systematic effect
Run I-III o] 131+ 14
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g-2 and Injector Spin Manipulation

g-2 spin rotation is available with 100 MeV energy shift

Near ideal cancellation for 1st and higher order beam systematics... but machine
tuning requirements mean long time scale for reversal

Injector Spin Rotation

Wein Spin Rotator

* Crossed E/B fields intrinsically focus the beam. 180° spin flip from
Wein will not perserve the beam properties!

Two Wien rotations, optimized once

* Solution: incorporate Wein with solenoids, and accomplish spin flip then held constant, with +/-90 degree
with +/-90 degree solenoid rotation. Solenoids focus as B?, so this solenoid rotation
minimally changes beam transport properties.

original

oriraerr‘mct’::trirclm Solenoid  Vertical .
R 24 _ ' Wien  solenoid Ho\:\lﬁg:tal
A R
. . S
Wein upgrade project now underway at JLab to -~ \I 77 optimized

. ~ < launch
support the 2010 experiments >~ \angle
&4 T~ o



Polarimetry

Need major effort to establish unimpeachable credibility for 0.4% polarimetry
= two separate measurements, with separate techniques, which can be cross-checked.

Compton Polarimetry

Electron Beam

orE- E=11GeV
Eosf A=532nm
a ¢
80.55_
s Photon detector D04
Magnetic Chicane ’9, -
303}
o.1f—
P I U U BN B
. . 0 500 1000 1500 2000 2500 3000
For scattered electrons in chicane: k (MeV)
two Points of well-defined energy!
* Asymmetry zero crossing wEE=11GeV
- Compton Edge _»-A=532nm
C . . R 20F-
Integrate between to minimize error on analyzing = F
< 15
ower! 8 F
P E 10
“independent” Photon analysis also normalizable at 3 5|
~0.5% o
—Sf—\/
1:—I co o | L | ! | ! | |

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1
1000 1500 2000 2500 3000

k (MeV)

500

o



High Precision Compton

At high energies, SLD achieved 0.5%. So why haveI:’t; we)done better
efore!
Why do we think we can do better?

 Small asymmetries
= long time to precision

* SLD polarimeter near interaction region - = cross-checks are difficult
background heavy * No one tried zero-crossing technique (zero
* No photon calorimeter for production crossing gets hard near the beam)

 photon calorimetry gets tricky at small E,
» Hall A has “counting” mode (CW)

- Efficiency studies
« Tagged photon beam

 Greater electron detector resolution S0E 1 @
25—
20
~ 15 .
s F Design PV-DIS
E JoF- (4.5GeV)
e il
o
1__ | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 40

Distance from primary beam [mm]



High Precision Compton

At high energies, SLD achieved 0.5%. So why haveI:’t; we)done better
efore!
Why do we think we can do better?

 Small asymmetries
= long time to precision

* SLD polarimeter near interaction region - = cross-checks are difficult
background heavy * No one tried zero-crossing technique (zero
* No photon calorimeter for production crossing gets hard near the beam)

 photon calorimetry gets tricky at small E,
» Hall A has “counting” mode (CW)

- Efficiency studies
« Tagged photon beam

« Greater electron detector resolution 302_ ' GeV
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. . % 15;_ Design PV-DIS
Its a major effort and a full time £ J0b (45GeV)
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Atomic Hydrogen For Moller Target
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Brute force polarization

Moller polarimetry from polarized atomic
hydrogen gas, stored in an ultra-cold magnetic
trap

* 100% electron polarization
* tiny error on polarization

* thin target (sufficient rates but no
dead time)

* Non-invasive
* high beam currents allowed

* no Levchuk effect

E. Chudakov and V. Luppov, IEEE Transactions on Nuclear
Science, v 51, n 4,Aug. 2004, 1533-40



Hall A with Moller and PVDIS installations
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OZl rule | 0.00003

w source |uncertainty
' 72 ‘ s quarks | 0.00005

NeXyolly 0.00001|

| spectral
kernel functions) once

a set of quark masses have | data/OPE | 0.00003

been accepted.

e | 0.00004
o sin” Ay (0) important 0.00004

input for low energy .

observables, like APV, sub-total | 0.00009

EI158, Qweak, 12 GeV 0.00015
Maller, ...




Future improvements

® s quarks: currently very conservative. In
future use T spectral functions!?

0.00005—0.00003

® ec+e- data already improved, and will
continue to improve: 0.00003—0.00002

® strong coupling will incrementally improve in

the future: 0.00004—0.00002

® sum rule error on charm quark mass
currently inflated; expect 0.00004—0.00003



Atomic Parity Violation

*6S — 7S transition in 33Cs is forbidden within QED

eParity Violation introduces small opposite parity admixtures
e/nduce an E1 Stark transition, measure E1-PV interference

*5 sign reversals to isolate APV signal and suppress systematics
eSignal is ~ 6 ppm, measured to 40 ppb

Boulder Experiment

Noecker et. al (1988) Power build-up cavity
( F=100 000 )
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