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External target experiments

* Opportunities: Measurement of
very small asymmetries with parity
violating electron scattering

« Challenges: Technique, form factor

iInput, targets

« Studies for the upcoming P2
experiment at MESA



Concept of an ERL

Mainz energy recovering
superconducting accelerator
1.3 GHz c.w. beam

Normal conducting injector LINAC
Superconducting cavities in recirculation beamline

ERL

ERL mode (Energy recovering mode):
10 mA, 100 MeV unpolarized beam (pseudo
internal gas hydrogen target L~103°cm-—s)

EB mode (External beam):
300 pA, 150 MeV polarized beam (liquid
Hydrogen target L~103%° cm?s1)

to PV-experiment




Concept of an ERL

Mainz energy recovering
superconducting accelerator

ERL

1.3 GHz c.w. beam
Normal conducting iniector LINAC
(dperconducting cavities in re

Internal target

ERL mode (Energy recovering mode):
10 mA, 100 MeV unpolarized beam (pseudo
internal gas hydrogen target L~103°cm-—s)

ion beamline

Electrons that pass the internal target are
decelerated and their energy recovered:

Very intense electron beams
possible!

EB mode (External beam):
300 pA, 150 MeV polarized beam (liquid
Hydrogen target L~103%° cm?s1)

to PV-experiment




Concept of an ERL

Mainz energy recovering
superconducting accelerator
1.3 GHz c.w. beam

Normal conducting injector LINAC
Superconducting cavities in recirculation beamline

ERL

ERL mode (Energy recovering mode):
10 mA, 100 MeV unpolarized beam (pseudo
internal gas hydrogen target L~103°cm-—s)

External target

EB mode (External beam):
300 pA, 150 MeV polarized beam (liquid
Hydrogen target L~103%° cm?s1)

Target is too thick: Electrons can't be decelerated
and go directly into a beam dump
Very high luminosity possible!

to PV-experiment




Parity violating electron scattering

longitudinally polarised detector
electron beam Ngr, NL
R == Ng—N
| = ARL = ———
——— Ngr + Ny,

proton target

« Statistical uncertainty

« high luminosity
for a counting experiment: J ¢ large acceptance
A — 10-8 _ * fast detector

« Systematic uncertainty

- helicity correlated fluctuations

- polarisation measurement



Parity violating electron scattering

longitudinally polarised detector
electron beam Ngr, NL
R == Ng—N
| = ARL = ———
——— Ngr + Ny,

proton target

« Statistical uncertainty g

« high luminosity
for a counting experiment: J ¢ large acceptance
A — 10-8 _ * fast detector

« Systematic uncertainty

- helicity correlated fluctuations

- polarisation measurement



Forward angle PV experiments

Target length
Beam current
Luminosity

Q"

Future

N
S
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Forward angle PV experiments

Experiment Luminosity Target cooling
(108 s cm2) power (kW)

HAPPEX 2.9 0.5
A4 0.5 0.2
GO 2.1 0.4
Qweak 16 2.8
P2 24 4.0

Moller 30 5.0



Forward angle PV experiments

Experiment Luminosity Target cooling
(108 s1 cm) power (kW)

HAPPEX 2.9 0.5
A4 0.5 0.2
GO 2.1 0.4
Qweak 16 2.8
Moller 30 5.0

Opportunity!
Measure tiny asymmetries
In ppb range



Forward angle PV experiments

Experiment Luminosity Target cooling
(108 s1 cm) power (kW)

HAPPEX 2.9 0.5

A4 0.5 0.2

GO 2.1 0.4

Qweak 16 2.8

Moller 30 5.0
Opportunity! Challenge!
Measure tiny asymmetries Huge energy deposition

In ppb range In the hydrogen target



PVES and the weak mixing angle sin?0,,(L)

detector

long. polarized
beam electrons proton - target

At low momentum transfer:

QR — 0. Apy= e Q2 (QW ( p)_ F (QZ))
42 ma
Weak charge of the proton: Proton structure:

QW( p) — 1_ 4Sin2 (OW) (M) F (Qz): F EM (QZ) +F Axial (QZ) +F Strange(Qz)



PVES and the weak mixing angle sin?0,,(L)

detector

long. polarized
beam electrons proton - target

At low momentum transfer:

Q%2 — 0: APV —

Weak charge of the proton: Proton structure:
QW( p) — 1 F (Qz): F EM (Qz) +F Axial (QZ) -I_F Strange(Qz)

Weak mixing angle




The weak mixing angle / standard model relations

Relations at tree-level (classical level), e.g.,
e electric charge ¢ = /4mo = g, cos By = 2> s By
® COS ew = MW;'IMZ

e Muon decay constant: G, = U

S - 9 3
vV 2sin” By My,

e ... and many more

Including quantum corrections (perturbation theory):

v OO ’
[ ] p— — -
Gy V2sin® Oy Mg, (14Ar)
with

f
e Absorb universal quantum corrections ?WCW’E
7

Into effective, running, scale-dependent parameters,
denoted sin” B¢ or sin” Oy (1)
where u is a characteristic energy scale




The weak mixing angle sin20,,(.)

0.245 e
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T e
0.24 - P2@MESA -
- o 2
I Moller ]
i [ )
0.235 |- — o
L Qyy (APV)
- Tevatron I ATLAS ¢
0.23 R SLD B
[ )
-2
 sin“ By (Q) L cus _
0.225 |- _
AT | r 3 s sl A ERTT | r 2 s sl AR | r 2 saaanal AT | T
0.0001 0.001 0.01 0.1 1 10 100 1000 1000Q
Q [GeV]

Measurements:

Atomic parity
violation

Neutrino scattering
LEP and SLAC

Tevatron

Queax (finished
data taking)

Moller (planned)

P2 (planned)



sin Oy (Q )

Sensitivity to a new Physics

Example: Dark Z boson
H. Davoudiasl, H. S. Lee and W. J. Marciano, Phys. Rev. D 89 (2014) 9, 095006
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Finding a scattering angle for an experiment

PV Asymmetry vs angle, E=137 MeV

o~ i
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Scattering"angle
=> Forward scattering angles preferred!
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Choice of kinematics for the P2 experiment

= Beam energy: 150 MeV
] Beam current 150 pA
u Polarization: 85 %
— = AP : 3425 %
[ Target length: 60 cm
-1 Detector acceptance: 20 deg
- on 104 Total rate (el e-p): 0.1 THz
= Asin ew- 3.2:10 Measurement time: 10000 h
= _LI_"I-.__‘_‘ \ el 6.1 ppb
[ total —
20 30 40 50 60

B/deg



Choice of kinematics for the P2 experiment

\
s 10% =
@ H Beam energy: 150 MeV
= ] Beam current 0 150 pA
3 [ Pnlarlzatlnn\\a 85 %
0.425 %

Target 1@ 60 cm
- Detect ceptance: 20 deg

20 — 29 104 Total r e (el e-p): ©.1 THz
107 R Asin ew- 3.2-10 Measurement time: 10000 h
x AAZ* 6.1 ppb
total

10

| [II|\||| T T T

20 30 40 50 60
B/deg



Asin®e

Choice of kinematics for the P2 experiment

\0
2
s 10% =
H Beam energy: 0 150 MeV
= Beam current M) 150 pA
| Polarization: ‘ 85 %
= AP: 0.425 %
Target le?Q 60 cm
[ - Detect@ eptance: 20 deg
. oA _ 4 Total rate (el e-p): 0.1 THz
10° R Asin“g = 3.2:10 Measurement time:p 10000 h

\ AA®F: 6.1 ppb
total

IR

|

B/deg



Beam fluctuations

Nt

Uncorrelated |
beam fluctuations:

Larger uncertainty

Helicity correlated | ‘
beam fluctuations:

Systematic uncertainty




Helicity correlated beam fluctuations

Example:

Target

Different positions of
the beam for the

helicities "+" and "-

Different scattering
angles

» Different cross sections
 Different solid angles

 Different scattering
rates

=> False asymmetries



Beam stabilization at MAMI/A4

Analog feedback loops . Beam energy 315 MeV
Helicity flip 50 Hz

Beam not stabilized Beam stabilized 2300 h beam data_ |

Current intensity

=
=
o
&
5 Minutes 5 Minutes 240 ppm
Beam position x ) Beam position & e
| 000
Ay
£ £
3 3 s
) o
E E =
o0
= = = Toox ™ e . ) ) ) ) . o
e [ ) 10000 [E=T] 18000 )
5 Minutes 5 Minutes 10 pm
A, D B P E
eam ener = E i i i
- ey 152 Beam energy E Energy differénce AE Lir =835V
" B L gpmer
= | o P =
2| . 2 E
LA LY ;
[ 1000 = =
- - SH . | TR ———
el
L)
) ) [ [ [ 1000 14000

5 Minutes 5 Minutes 100 eV



Helicity correlated beam fluctuations

Which uncertainty contribution to Ap,, would be realistic with the existing MAMI
technigue after 10.000 hours of data taking?

Requirement from the experiment: AA<0.1 ppb

Helicity correlated Expected average Uncertainty contribution
beam parameter after 10.000 hours after 10.000 hours

Beam intensity asymmetry 23 ppb 11 ppb

Beam position difference 7 nm 5 ppb

Beam energy difference 0.04 eV < 0.1 ppb
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Helicity correlated beam fluctuations

Which uncertainty contribution to Ap,, would be realistic with the existing MAMI
technigue after 10.000 hours of data taking?

Requirement from the experiment: AA<0.1 ppb

Helicity correlated Expected average Uncertainty contribution
beam parameter after 10.000 hours after 10.000 hours

Beam intensity asymmetry 23 ppb 11 ppb @

Beam position difference 7 nm 5 ppb @

Beam energy difference 0.04 eV < 0.1 ppb @



Helicity correlated beam fluctuations

Which uncertainty contribution to Ap,, would be realistic with the existing MAMI
technigue after 10.000 hours of data taking?

Requirement from the experiment: AA<0.1 ppb

Helicity correlated Expected average Uncertainty contribution
beam parameter after 10.000 hours after 10.000 hours

Beam intensity asymmetry 23 ppb 11 ppb @
Beam position difference 7 nm 5 ppb @
Beam energy difference 0.04 eV < 0.1 ppb @

Improvements for the new accelerator MESA:
» Digital feedback loops (FPGA based)
« Stabilizations directly on the beam differences / asymmetries

» Increased bandwidth / sensitivity for the beam monitors



Helicity correlated beam fluctuations

Test of new feedback techniques already started with 180 MeV beam
at MAMI

runcontrol logbook storage
PCs for runcontrol, RCserver ELOG nsf-server
electronic logbook
(ELOG), and data
storage ethernet control room

accelerator hall
embedded PC (stabtrig)} [spartan-6 stabtrig
Spartan-6 FPGA board FPGA board ]
. : TBservel
with IP cores for "trigger board"
i2c and trigger i 2
12C bus
trigger

| L 4 L i L
Zynq7000-based stabdaql stabdaq2 stabdaqg3 stabdaq4
DAQ boards DAQserver DAQserver DAQserver DAQserver
2 ADCs, 2 DACs each, v ' v Yy Y :
all 125 MSa/s | | | | | | ||

f n v T i iV EEEEEE]

ADC DAC ADC DAC ADC DAC ADC DAC

ADCs and DACs for 2% in 2x out 2% in 2x out 2x in 2x out 2x in 2x out

readout and control of beamline elements: XYMOQOs (beam position monitors), fast steerers



Installations at MAMI

Test of new feedback techniques already started with 180 MeV beam
at MAMI
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Choice of kinematics for the P2 experiment

= Beam energy: 150 MeV
] Beam current 150 pA
u Polarization: 85 %
— = AP: 0.425 %
[ Target length: 60 cm
-1 Detector acceptance: 20 deg
- on 104 Total rate (el e-p): 0.1 THz
= Asin ew- 3.2:10 Measurement time: 10000 h
= _LI_"I-.__‘_‘ \ el 6.1 ppb
u total
20 30 40 50 60

B/deg



Form factor input

Parity violati -G, Q°

as)tlnzlrr\l”e?ri " Apy = 4\/5”0( (Qw(p)—F (Q2)>
Vector coupling F., Q%)= eGgGe +1Gy, Gy

without strangenes =" eG2Y +2(GE )

_ (1-4s))V1-&*Jz(1+7)G\, G,

Axial couplin 0?2

pling Foiat (Q7) N,
Vector coupling, = 2)_ £GeGe +7Gy Gy
strangeness s (Q°) eGE) +2(G] )

contribution

Q? £ = 1
AVE - 2 0
p 1+2(1+7)tan® ~




Parity violating
asymmetry

Vector coupling
without strangenes

Axial coupling

Vector coupling,
strangeness
contribution

Form factor input

contributions to
the uncertainty

—G Q2
Apy=—0r ~F(Q°
PV 4\/27[0((QW(p> (Q))
2\_ €GEGE + Gy Gy,
F —
S ey
- (Q2)= (1—4s2)/1-&7 \/r(1+r)G@
axial 8(65)2 +T(G,\‘,’, )2
Largest
2\ eGEG: + G| Gy,
F —
Strange (Q ) E(Gé) )2 N Z_(G;I\;IQ
@ L 1
4M | 1+2(1+ r)tanzg



Experimental data for G,,

Sample

Happex

A4

GO

A4—IV analysis in progress

SAMPLE:

Happex:
GO:

A4:

0.4 0.5

0.6
Q? (GeV?)

D. T. Spayde et al., Phys.Rev.Lett. 84 (2000) 1106-1109
A. Acha et al.,, Phys.Rev.Lett. 98 (2007) 032301

D. S. Armstrong et al., Phys.Rev.Lett. 95 (2005) 092001

D. Androic et al., Phys.Rev.Lett. 95 (2010) 092001
F. E. Maas et al.,, Phys.Rev.Lett. 93 (2004) 022002
S. Baunack et al., Phys.Rev.Lett. 102 (2009) 151803



Experimental data for G,

<|
O |
ob T B
[ ‘ I
gE |
— |
| . GO
-l e SAMPLE
-2 o A4
u e A4—IV analysis in progress
_I .I | | | | | | | I | | 1 | | | | | | | | | | 1 | | | | | | | |

0 0.1 02 03 04 05 0.6

Q2 (GeV?)
SAMPLE: T. M. Ito et al., Phys.Rev.Lett. 92 (2004) 102003
GO: D. S. Armstrong et al., Phys.Rev.Lett. 95 (2005) 092001
D. Androic et al., Phys.Rev.Lett. 95 (2005) 092001

A4 Paper in progress

A4-1V: about 700 hours deuterium data on tape



Can we measure G,,5 and G,
with better precision?

Sketch of P2 main experiment:

Liquid hydrogen target
Elastic ep-scattering A® = 20°

Measurement time: T=10.000 h
1

s cm

Luminosity L=2.5 - 103°

2

Solenoid

Beam electrons i
Energy: 200 MeV .
Polarization: 85 %

60 cm liquid | Electrons, scattered elastically Integrating detector,
hydrogen target off protons full azimuthal coverage



P2 back angle measurement!

Back angle measurements: Determination of G,,;* and G,

Solenoid 1m

B

Beam electrons /

Enr:zrg},nr _
o 85 %

=

60 cm liquid
hydrogen target

Electrons, scattered elastically Integrating detector,
off protons full azimuthal coverage



P2 back angle measurement

Imagine to place an A4-like detector (AQ=0.63 sr, 140° < ® < 150°) into the P2 setup:
Ap, = 7.5 ppm

Parameter ______________| | P2back angle experiment

Integrated luminosity 8.7-107 fb!

AA,= 0.03 ppm
HC correlated false asymmetries AA,-=0.0001 ppm
Polarimetry AP = 0.5%

AA;,, = 0.04 ppm
Uncertainty in the measured AA.,, = 0.05 ppm
asymmetry (0.7 %)

Ideal solution: Separate measurements with hydrogen and deuterium target



Possible uncertainties of G, and G,
with P2 back angle measurement

Q2=0.06 GeV?
Numerical determination of precision

Choose randomly EM form factors and asymmetries according to their uncertainties and

calculate G, and G,

Correlation of electromagnetic form factors input taken into account

GAp

Entries

800 E—
600 z—
500 E—
300 ;—
200 E—

100

Mean
RMS

0.04923

10000

-1.011 GMs

Entries 10000
Mean  0.04323
RMS 0.0398

1000

800
600

400




Measurements with other targets at
P2

« 150pA
MESA: -+ 150MeV-200MeV .
 Polarimetry e-Bremsstrahlung Collimators

e from el. e-?C-scattering
Extended 5-finger *2C-target /

e’

« 5 graphite “fingers” Solenoid magnetic field /

Target: « 5 g/cm?total
» 36mm spacing




Sensitivity of the weak charges to
New Physics

Parametrization of “new” quantum loop corrections:

Q,=—5.5080(5)[1-0.003T+0.016S5—-0.034 X (Q*)+y]
Qh=+0.0708(9)[1+0.150T-0.2005+0.4 X (Q*)+4 %] x=mf§fmi
Q;=—0.0458(6)[1+0.240T—0.345+0.7X(Q%)+7 %]

0, =—73.24(4)[1+6.0105-0.023X(Q°)—0.9%]

SM ‘NEW PHYSICS”

> Measurements of different Weak Charges
are complementary!




@ Beam energy

12C measurement at P2

Scattering angle ©=40° +- 9°
Target density d = 5g/cm?

E = 150MeV Measuring time t = 2500h
Beam current | = 150uA
_ 051n?0,
We can achieve . =0.3%
s1in<0,

G.-Q°

V2o

_ 2
A= sin“©, ——»

—

Q,=—24sin’0,

5A,, 8Q, dsin’e,

C . 7 _
Apy Q, sin“@,

0.3%




12C measurement at P2

T ma— ’
- Q&
0.246 e}(b
0.244 xO
0.242 P2(12C) 4&

= 024 R "\\'\

20 Q,, AP ‘6’ S

~T 0238 ' \ @Q

< \)Q )

0.236 6 @b %%
(o)
024 ¥ b2 (ep) Mainz 'Q (\0 6\(0
0232 f OQ \{\(b Q
0.23 @Q 6\,0
9228 aal— 1 evaedid gl il sdaand sl il 3ty Q\Q
00001 0001 001 0.1 1 10 100 1000 10000

u [GeV]

05=-5.5080(5)[1-0.003T+0.0165—0.034 X (Q?)+y]

2 2
- e y=m>/m
UH:+0.0ﬂﬁﬂ9H1+B.150T—0.2005+8.4xq0ﬂ+4x} 2!z,

50,

C

6 P
0”20.02

oﬁl

5 =0.005

=0.003




P2 concept: Solenoid spectrometer

electrons, Moller scattering

electrons, elastic e-p scattering

150 MeV electron beam

\

60 cm liquid hydrogen target

/ 2-pi symmetric detector
solenoid coil

Separation of charged
background from elec-
trons scattered elastically
off protons with a solenoid
spectrometer

Superconducting coil:
Radius ~ 1 m,
Axial length ~ 3 m

Magnetic field ~0.5T

Quartz-Cherenkov detec-
tors in the stray field

Full azimuth may be
used to collect statistics

Compact setup, suits our
spatial requirements



P2 concept: Solenoid spectrometer

Full GEANT4 simulation:

B =1.00°B.....
Target center @ z = -700 mm
E,.. = 155.0 MeV

. el. e-p-scatiering: 0 «[25.00 deg, 45.00 deg]) ° I nte rface Wlth CAD

el.e-p-scattering: 0 <= [0.00 deg, 90.00 deg]

sl.o-o-scattoring: 0 - [0.00 dog, 90.00 dog] program (CAT IA)

1500
1000 * _ . * Tests of various setups

-~ — f « See talk of D. Becker
= e | for details

5007 . i brriaprrrrrrreers
-1000 AN

i \\\,\\\’\\i‘\ﬁ WK
-1500 \,\“\\\'\m\ MR \\\

\

I N
oo AN
-1000 -500 O 500 1000 1500 2000 2500 3000 3500
z/mm

RN AN




Detector development for P2

Cherenkov medium: Fused Silica (aka Quartz): * Exceptional transmittance for UV /

100
90 |
80 |

’0 -

.
=]

Transmission [%)]

150 200 250 300 1000 2000 3000 4000 5000

F ‘ — Reflection loss
| = Suprasil 1 GrA

— Suprasil2GrB |
| — Spectrosil 2000

‘10m_m sample | || ‘ | ‘
l L &H

Wave length [nm]

Yet another advantage:

« Very good radiation hardness

Quartz blocks for Prototype:

!

!

r

| m-ﬁ/

For fused silica: n=+(2)

e / Toward PMT

45° cut as optical outlet

2

_ » 0.~0,



Prototype detector tests at MAMI

Detector module prototype tested at MAMI

What is needed

* Cherenkov medium
(quartz)

* Wrapping material
for quartz blocks

» Reflecting foil for
light guides

e PMTs
« DAQ




Prototype detector tests at MAMI

| Trigger scintillators '

Quartz block

yght guide
PR

Beam line Rotation and translation table




Summary

Parity violating electron scattering: Ideal application for external
target experiments

Hydrogen target: Determination of the weak mixing angle at low
Q2 with high precision

Technical challenges: Due to high rates and small asymmetries
Additional benefits: Measurement of G, and G,,5 , carbon target

P2: Measurement of weak mixing angle at MESA, work in
progress



Kathode electrons MP Gauas from Fit

Kathode electrons MP Gauss from Fit

Example: P.E. yield for different

polishings and sc

attering angles

B = 160
sof- - * Heraeus e - = Heraeus

- EMI}— ._._.......

80— 8- 8 [ -

- e = Hellma 120 - = Hellma
70— L'I'*Er £ [ -
ol s i

- oo g “r e
5[]:_ '_-_'-I--._._. s # E _ --,_._|~.- o

[~ - = ‘ﬂhﬁ 60—

4[):— - - ; . g W o ‘ul

: v " o = e
- ™ - B

- . ) "i" ) , | ) | , | i i '_._| I . En-l 1 1 1 I 1 I-I 1 1 I 1 1 1 | 1 1 1 | 1 1 I

-40 -20 0 zingle of ala mfﬂ% incidence i i s Eﬂﬁnglemelggw:-n incicen?:%
BCI_

that i = Heraeus

e
i 2 - = flame polish
sof- - . pithobdl'hivkid Hereaus Polished up to
hz +{ e transparancy

m R Hellma Optical polish
20— R ) .

EORAL_ Flame polish Transparent but riffles
T visible
0: | M I |- -

&0 -40 0 0 20 40

Angla of electron incidance



