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Q-Weak (JLab)
P2 (Mainz/MESA) e-DIS
e e

Moaller Scattering

e e
Y

e

» Coherent quarks in p

* in operation now
* 2(2c1u+c1d)

* Purely Leptonic

Atomic Parity Violation

€

* Coherent quarks in entire nucleus

* Nuclear structure uncertainties
e -376 C,,—422C,,

S.Su

 Isoscaler quark scattering
¢ (2C4,-C4g)+Y(2C2,-Cyq)

Neutrino Scattering

vV u Vv A%

W + Z\:/W

=< =<

* Quark scattering (from nucleus)
* Weak charged and neutral
current difference

7
Courtesy of P. Reimer and R. Arnold



,running” sin? Befr or sin? Bw(u)



Precision measurements and quantum corrections:

e e/ e e/
Y Y
7z o+ + +
7y L/
p p P p/O\p’

running o running sinZ 6,,(p)
Universal quantum corrections: can be absorbed into a
. (11 . .
scale dependent, ,,running” sin? 0 or sin? 0, (k)

Ve
V4 zZ Z W W
f f W W W R
v Y Y !
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0.235 | ‘|r
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' [ I 3%
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Sensitivity to new physics beyond the Standard Model



Sensitivity to new physics beyond the Standard Model

Mixing with
Extra Z Dark photon or Contact interaction
Dark Z

New
Fermions



Dark Photon, Z-Boson



0.242

0.240

Maarkz = 100 MeV

Myak 7 = 200 MeV
Qweak (first)

sin®Oy (%)
(@)
[\
(O]
(@)

O

[\

)

(\®)
T

Possible P2 Q2-Range

"Anticipated sensitivities"

Z = cosOw W3 —sinbw B

w 1

Log,, Q [GeV]

Bill Marciano

A = sinBw W3 + cosOw B



v=DIS
Maark 7 = 15 GeV

0.240 _
-0.0010 < &d' < -0.0003 -
o 0238 |e6'| > 0.0008 (light color)
Q i
q? 0.2361 APV(Cs)
5
« (0.234+
- 1] } ]
0.232} APV(Ra") Moller
- SOLID
Qweak 1 I
0.230} "Anticipated sensitivities" SLAC i
-3 -2 -1 0 1 2 3

H. Davoudiasl, W. Marciano LOgIO Q [GeV]



Extra Z-Boson



- SOLID (0.55%) Il
 MOLLER (2.3%) Il

90% exclusion limits

MZ’ =1.2 TeV

Qweak (2.1%)+MOLLER (2.3%) Bl

E158

Qweak (4%)
SOLID (0.57%)
SOLID (0.6%)

Qweak (2.1%) Il -

-1

0
o Cos f

1



Supersymmetry



X. Su

Example: Supersymmetric standard model extensions
Kurylov, Ramsey-Musolf, Su (2003), updated

0.08—— — . — .
| |
|

0.06} ! ! 1
RPV 85% C :
0.04 No_SUSY DM l

0.02

ep ep
3 (Iav)susy/9avism

-0.02= ]
PRlTur'e 2.3%

. oller
0= m e adecaaa- e ————-
1

2004 —002 6 0 9802 004 006
6(9 Vsusy 9av)sm

After LHC
Run 1
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/(QW)SM
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. Complementary access by weak charges of proton and electron

Weak charge of the proton: Weak charge of the electron:
2 —0.0716 Q7 =—0.0449
= ~0.0029 Experiment |—T—| +0.0051
|
| |
I > SUSY-Loops --—
| |
| |
— 1> E.Z -+
| |
| |
—|—> RPV SUSY ——>

» Leptoquarks

SM (Jens Erler, Ramsey-Musolf, 2003) SM



Weak
Charge
of
Proton:
Qweak (JIab),
P2 (MESA)

Weak Weak

Charge Charge
of of
Electron: Quarks:
MOELLER SOLID (PVDIS)

(JLAB) (JLAB)



The role of the weak mixing angle

The relative strength between the weak and electromagnetic interaction is
determined by the weak mixing angle: sin?(6,,)

< > : ZO
| |
P 4P PaA P
Q.(p) = +e Q,,(p) =1-4sin20,,
electric charge of the proton weak charge of the proton

sin? ©,,: a central parameter of the standard model



Proton: special case

Proton Weak charge: Qy,(p)

1-4sin20,,

Error: AQ,,(p)
Rel. error: AQ,,(p)/Qy(p)

4 Asin? 0,

a/( (1/sin?0,,)—4) (Asin?6,,/sin?20,,)

Rel. error Asin? 0,,/sin%2 6, = ( (1/sin20,,)-4)/4 AQ,(p)/Qy/lP)
Example: sin2 6, (50 MeV) = 0.238

4/( (1/sin20,,)—-4) ~ 20

AQ,,(p)/Qy(P) = 2% from Experiment

Asin2 ©,,/sin2 0,

0.1% same precision as LEP, SLAC

Neutron Weak charge:

AQ,,(p)/Qy(n)

Asin? 0,,/sin2 6,




HE In;t' ut far Kernphy3|k

Physics sensitivity from contact interaction
(LEP2 convention, g2= 4pi)

precision A sin20w(0) Anew (expected)
APV Cs 0.58 % 0.0019 32.3TeV
E158 14 % 0.0013 17.0 TeV

Qweak | 19 % 0.0030 7.0 TeV
Aenrmnl, £ 0.0008
0.005

0.00057

0.00026
0.00036
0.0007

ens Erler
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Experimental Method:
Parity Violating Electron Scattering



V-A coupling:

parity-violating

cross section asymmetry ALr
longitudinally pol. electrons
unpolarised protons

AV +V A

(V_A)e(V_A) p

&N

p Target



Parity violating cross section asymmetry

tracking system

weak charge

ool Gt L
Al = O'(e T)-l—o(e ~L) 4 211:(X,(QW 7(Q ))
QW _ 1 B 4 sin2 eW (p) polarisation measuremerr:at1dr0n .

F(Qz) — FEM(QZ) +FAxial(Q2) +FStrange(Q2)



Conceptually very simple experiments

o & v

il

p—Target

= (N*-N")/(N*+N") AA = (N*+N°) /2 = N1/2
A=20x107° 2% Measurement N =6.25 x 1018 events

Highest rate, measure Q?: Large Solid Angle Spectrometers



Apparative (false) asymmetries:

Extreme good control of beam and target
Flip Helicity fast
Extra spin flip
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® Pioneering O
- @ Strange Form Factor (1998-2009) M
10'4 - o S.M. Study (2003-2005)
F e JLab 2010-2012
C ® Future
10° =
-6 |
~ 10 E
> =
R _
<« _
-’
© 107
10% =
10° &
E L Kent Paschke
10-10 LI | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|

108 107 10°® 10° 10™ 10°°
PV



Counting Technique

i

i

Count scattered electrons:

- pile-up (double count losses)
- Background Asymmeftry

- Very Fast Counting (MHz)

- Measure TOF or Energy
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Analogue Technique

. 4@/@

S— * p-Target

Measure Flux of Scattered electrons:
- no pile-up (double count losses)

- sensitive to small electr. fields.

- no separation of phys. process



« Collaboration was enlarged during the past years
» Integreating detectors, magnetic spectrometer, theory, elektronics,

target, polarimetry

Hubert Spiesberger Matthias Molitor Institut fur Kernphysik, Universitat Mainz
Razvan Bucoveanu Niklaus Berger Institut fur Physik, Universitat Mainz
Stephan Wezorke  lurii Sorokin Department of Physics and Astronomy,
Frank Maas Alexey Tyukin Stony Brook, NY

Sebastian Baunack Marco Zimmermann Jefferson Lab, Newport News, VA
Dominik Becker Silviu Covrig University of Manitoba, Winnipeg

Kathrin Gerz Sandesh Gopinath Syracuse University, Syracuse, NY

Thomas Jennewein Krishna Kumar
Kurt Aulenbacher Paul Souder
Dr. Valery Tioukine Michael Gericke

1044

{4 3

) . Jjonannes GUTENBERG
= THE LOW-ENERGY FRONTIER
C PRISMA UNIVERSITAT MAINZ OF THE STANDARD MODEL



Superconducting Solenoid

Magnetic field
06T

/ ’Integratmg d

Tracklng
Hetector

‘ \
> L)

" '<“ ‘y
‘ \ | 100 Detectors,
k - v Fused silica (“quartz”)
b 150 pA : >
e beam, M L 4 PMT readout
3.7m

13 t lead
collimator

i (D. Rodriguez)

60 cm liquid H target




P PefE 1044

-  Institut fir Kernphysik

MESA accelerator
new, Mainz Energy Recovering Acc.

Beam Dump



Other Measurements:
Carbon, Lead



Introduction :
Achievable Precision ~ SosIC SEtup

« Geant4 RayTracing Plots
« Separation of Excited States

Experimental Realization
Conclusion

EXPERIMENTAL REALIZATION

» 150pA
MESA: « 150MeV-200MeV
» Polarimetry e-Bremsstrahlung

Collimators

=
/x
/

e from el. e-1?C-scattering

Extended 5-finger ?C-target
Enhanced sensitivity \ /
To new physics ( ( ( (fl/

Polarized electron beam

o — . W Detectors

G0 . F,(Q%)
-N= 21;1—\5 sin’ OW - m Solenoid magnetic field /

-~

Y

~ 0 JG|u @

Kathrin Gerz




Neutron Skin for beginner

> : -
Where do the neutrons go? )

Stable Nuciens neatrcn oton

& 12213

(b)

Neutron Rich
Nucleus

Densty

6He, 8He, 32Na

)

Nucleus near the
Neufron Dripline

1L, 11Be

Pressure forces neutrons
out against surface tension

-
‘h—‘
~

Density

-
| b CONCETTINASFIENTI



Measurement of neutron distribution in nuclei WHY?
deceisive for Neutron star properties 5 - e

E (p,6) = E(p,0) + Exym (p) 62+ O (6)*

1

symmetry energy

_ Lip=—m\  Ksgm(p—pm\’
Esyfn(p)—lsv+3(—p0 )+_18 (_PO )]+

v T ¥ v v v

s inear Fit, r = 0.979
O  Nonrelativistic models
¢ Relativistic models

OF _—
L = 3p0 sgm (p) g 02
P £0 5 02
curvature parameter 0.5
002 Egym (p)
KSW = 9p0 azﬂ; "o VL meny Y
P P0

X. Roca-Maza et al., PRL 106 (2011) 252501 ; 11.ici



2 F (O* E:
Apy = GFQ’_ 1-4sin’ 6, — "(—Lz) a0e
a2 | T E@)

-0

Fop@) = [ Jan) £, 0

...........................................

=

. Sensitivity

dn(A_PV)/ dhiR_n)
N = O = N W oW oo~

1 1

10 20 30 40 S50 © 70 80 90 100

ange [degree]

ISL"(‘,"-;C' TTINASFIENTI

E+M charge \
—— Weak charge \
Proton \ N\
Neutron ‘n.\
.
‘ r(’m) ¥ ' 1w
F T
= Uncertainty 1
o ]
= 0. .
0 M v P T—
S ]
A e — A
. . p
0.4 -
At = 2500h
0.2r At = 1440h 7]
AL = T20h :
P [ 444 l AA LA A A A d b b b d b b s
26 28 30 ¥ 4 3B 38

6 [degree]

Full azimuthal coverage&4xstat

Assuming same PREX luminosity:
AB=4° : Rate=8.25 GHz, Apy=0.66 ppm

1440h =» 6Rn/Rn=0.5%
(assuming 1% syst. 6Apy/Apy)



7~

sin 8, (Q°

World data of sin?6_, including EIC projections

0.244

0.242

0.24

0.238

S 0.236

0.234
0.232
0.23

0.228

Yuxiang Zhao (SBU)

— Qweak(first)

~ v-DIS

_— E158

B — EIC 10 GeV x 100 GeV

= EIC 10 GeV x 250 GeV

[ T w EIC 15 GeV x 100 GeV

C | apvic) \ s EIC 15 GoV x 250 GeV/

[ s EIC 20 GeV x 250 GeV

— PVDIS

~ i LEP

C !

~ APV(Ra'

- (Ra’) Moller P2 Qweak SoLID i

— 3 % l * SLAC

[~ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1

3 -2 0 2 3
Log i Q [GeV]

* 200 days of dedicated run

* Can reach similar precision
to SoLID measurement

* Interesting Q? region never
been measured or planned



Parity violating electron scattering: “Low energy frontier”
comprises a sensitive test of the standard model complementary
to LHC

Determination of sin?(0,,) with high precision (same as Z-pole)

P2-Experiment (proton weak charge) in Mainz under preparation
New MESA energy recovering accelerator at 155 MeV, target
precision is 1.7% in Qweak i.e. 0.13% in sin?(0,,), Sensitivity to
new physics up to a scale of 49 TeV

Much more physics from PV electron scattering

Together with Moeller@Jlab (electron weak charge) and
SOLID@IJIab (quark weak charge) very sensitive test of standard
model and possibility to narrow in on Standard Model Extension



 Contributions to Asin’®,, for 35° central scattering angle, E=150

MeV, 10000 h of data taking

<A™V>/ppb

10

|

[ Illllll

43.36 ppb

-._&0‘_3.\

Beam energy: 150 MeV

2 Target length: 60 cm

’ Detector acceptance: 20 deg
1"> l 1 1 I 1 | 1 1 I 1 | I
20 40 50 60

B/deg



10*

Form factor parametrizations: P. Larin and S, Baunack

y-Z-box according to: Gorchtein, Horowitz, Ramsey-Musolf 1102.3910 [nuc|-th]

Asin®(8,) = 3.1 - 10%(0.13 %)

Beam energy: 155 MeV
Beam current: 150 pA

Polarization: (85+x0.5)%

-"\.\_\_‘\\ \ Target: 60 cm 1H2
Statistics o Acceptance: 2n:(35°%10°)
PoRwason Rate: 0.5 THz
Runtime: 10000 h
AR ; 0.1 ppb
3.1e-4 2.6e-4 9.7e-5 7.0e-5 1l.4e-4 6e-5
(0.13%) | (0.11 %) (0.04 %) (0.03 %) (0.04 %) | (0.03 %)
0.44 0.38 0.14 0.10 0.11 0.09
(1.5%) | (1.34 %) (0.49 %) (0.35 %) (0.38 %) | (0.32 %)




rémeter

Institut fir r Kernphysik

Beam Energy ERL/EB [MeV] 105/155 (105/205)
Operation mode 1300 MHz, c.w.
Elektron-sources 1.) Polarised : NEA GaAsP/GaAs

superlattice , 200keV (?)
2.) unpolarised KCsSb, 200keV

Bunch Charge EB/ERL [pC] 0.15/0.77 (0.15/7.7)
7.7pC=10mA@1300MHz

Norm. Emittance EB/ERL [um] 0.1/<0.5 (0.1/<1)
Spin Polarisation ( EB-mode only) > 0.85
Recirculations 2 (3)

Beampower at Exp. ERL/EB [kW] 100/22.5 (1050/30)

R.f.-Power installed [kW] 140 (180)




Qweak (1GeV) @ Jlab
Proton weak charge (4%)
Toroid spectrometer

L = U.UZ0 TOTV
<0>=7.9°%3"
¢ coverage = 50% of 2n
Ibeam =180 LlA
Integrated rate = 6.4 GHz

[ Quartz Cerenkov Bars ]

"//II‘- 3

Beam Polarization = 88%
Target =35 cm LH,
Cryopower =3 kW

Electron beam

LH, Target

O/

Trigger Scmtlllator

[Vertlcal Drift Chambers ]

Toroidal Magnet
Spectrometer
9

Collimators

Red = low-current tracking mode only

Moeller (11GeV) @ Jlab
Electron weak charge

= | Toroid Spectrometer

Chamber First _
Toroid \ b
Hybria

Toroid \ e

) Detector
“Pots” for msertable/~ ' Assembly

tracking detectors

IEFE 1044

Institut flir KernphyS|k

P2@MESA (0.150 GeV) @ Mainz
Proton weak charge (1.7%)
Solenoid spectrometer

Left End Cap

SOLID (PVDIS 11GeV) @ Jlab
Quark weak charge
Solenoid spectrometer

Left Baffle
Assembly

Fixed Supports / Coil / Cryostat
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A portal to relate the dark sector to the SM world (coupling ~ €2)

Standard

Dark
Model ; Sector
Sector ‘ v u(1)
u(1) r\ i
Heavy Charged Leptons L Dark Photon
(carry U(1), charge) (aka A", U, Z, ...)

Features a la Arkani-Hamed: A theory of Dark Matter
* More than one Dark Matter particle = Dark Sector
*dm + dm — e+e- explains positron excess

* Astrophysical anomalies (PAMELA, FERMI, DAMA/LIBRA, INTEGRAL, ...)
suggest dark photon mass on GeV mass scala (and lighter than 2M))



New massive force carrier of extra U(1), gauge group; predicted in
almost all string compactifications

Dark photon
: : e s >
10° 1072 106 10° 1011 108 Mass [eV]
!
a'=g?-a,,

Search for the O(GeV/c?) mass scale in a world-wide effort

» Could explain large number of astrophysical anomalies
Arkani-Hamed et al. (2009)
Andreas, Ringwald (2010); Andreas, Niebuhr, Ringwald (2012)

» Could explain presently seen deviation of >30 between (g-2),

Standard Model prediction and direct (g-2), measurement
Pospelov(2008)



Coupling
A

Mixing Parameter ¢

Status 2011

allowed parameter
range for Dark Photon
explanation of (g-2),

PR |

100
Dark Photon Mass m, (MeV/cz)

—> Mass

1000

Dark Photon



NA48/2 Updated Bounds on Dark Photon
g,-2 discrepancy solution ruled out

Assumes BR(Z;2 e+e-) ~1

+2
- WASA

o
e

o

10™°

1 0-7 E|141 l

10 ! OFnA (MeV/c”) 6

H. Davoudiasl, W. Marciano



ECT*-Workshop: Physics
Measurements, 01 Aug 0 6to 05 Aug 2016, VlllaTamb05| Trento, ganlsers
F. Maas, K. Kumar, P. Souder, M. Vanderhaghen http //www ectstar. eu/node/1682



Direct observation versus precision measurements

80.5
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Summary: Measurements of sinZBW(effective)

LEP and SLD Average
Proposed: Precision - 0.23153 + 0.00016
of MOLLER EXP st
Proposed: Precision

Proposed: Precision of Mainz/Mesa P2

of PVDIS/SoLID Anticipated Final Precision

* O ' JLab Qweak Result

PVDIS (JLab 6 GeV) 0.2299 + 0.0043

AY! —e— 0.23099 = 0.00053
A(P) —e— 0.23159 = 0.00041
A, (SLD) o 0.23098 = 0.00026
ApP o 0.23221 = 0.00029
Ap° —— 0.23220 = 0.00081
Qe e 0.2324 = 0.0012
A7 (CDF), 2.0 fb™ b———— 0.2328 + 0.0011
Aj (CDF), 9 fb"! s 0.2315 = 0.0010
A%, (D), 9.7 fb" —e— 0.23106 = 0.00053

preliminary
1

| 1 1 1 ]
0.228 0.23 0.232 0.234  0.236 0.238

=2 nl
sin Heﬁ



Myiggs (GEV)

SLD (A) —
LEP (A" ——
fb
A Olpag * 0.44%
Myopi = 0.6%
200 -
100 —
70
1 1 1 1 l 1 1 1 1 l 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0.23 0.2305 0.231 0.2315 0.232 0.2325 0.233

H
sin® 0



SLD (A) e
LEP (Af:’) ——
P2 ®

A pogs 0.22%

200

S
3 m
3

o

= =
£

Myp: = 0.6%

Higgs® * = 1%

100—

I

70

1 1 1 1 I 1 1 L 1 I 1 I 1 1 L 1 l 1 1 1 L I 1 1 1 1
0.23 0.2305 0.231 0.2315 0.232 0.2325 0.233

= 2 neff
sin ew
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Ju ~ €Yyue Vector Current
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Parity violating cross section asymmetry e e e

er  |lanav2 E(Gg)z +T(G1)\/4)2 ' .
( 2 eGLGY + 1GL GY,

Ay = —apl, |(1 —4sin® Oy ) — —£= ; L

vl T R

Arr, = Av + Ax +As < 4, (1 —4sin® O )V1—e2/7(1 +7)Gh,GY, @

= a
—?1 e(Gp)? + (G )?
- A« = ap' CGPGE+TG G]\[
.‘ L S = /)eq (GP ) + T(G )2

a = —Gpg?/dmaV2, T = —¢*/AM?, €=[1+2(1+7)tan?6/2]"!



