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Standard Model: Open questions

« Consistent description of all
four fundamental interactions?

« Dark matter, dark energy?

Search for New Physics:

Option 2: Precise determination of
Option 1: Direct search for new Standard Model predictions at moderate

particles at high energies energies
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The weak mixing angle

sin?0,,: a central parameter in the Standard Model

Tree level relations:

e

» Electric charge ¢ = \/4moL = ¢, cosOy = g, sin Oy

* Masses of W and Z Boson  cosOy = My /My,

« Myon decay constant G,=—=—>2%
f V 2sin” Oy My,



Standard model relations for the weak mixing angle

Tree level relations:
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 Electric charge e = \VAno = g1 COS Oy = g2 811 Ow
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« Masses of W and Z Boson  ¢O5 Ow = My _..-"""'M 7
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I
Including radiative corrections: VMQAM
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Absorb universal quantum corrections in an effective, running
weak mixing angle:

SIN“ Oy =2 sin“Og¢ or  sin~ Oy (1) mit p as energy scale



Scale dependency of sin?@,,
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Measurements of sin?@®,,

LEP and SLD Average
Proposed: Precision =  0.23153 = 0.00016
of MOLLER EXP .
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

A%

- —e— 0.23099 = 0.00053
A(P) e 0.23159 = 0.00041
A, (SLD) o 0.23098 = 0.00026
Ap® o 0.23221 = 0.00029
Ap© —— 0.23220 = 0.00081
Qg s 0.2324 + 0.0012
A (CDF), 2.0 fb™ . o « 0.2328 = 0.0011
A (CDF), 9 fb™ —— 0.2315 + 0.0010
;‘%ﬁﬁ}; rg;.r fb* —e— 0.23106 + 0.00053
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Physics beyond the Standard Model

Weak charges of proton and electron (tree level):

Proton Qu(p) = 1-4sin?0,,

Electron Q(e) -1+4sin20,,
Qly Qy
| |
Standard Model
O +0.0029 Eixperiment —O— =+0.0040 . ]
| | extensions:
| I
SUSY Loops o
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-1 5 Ee 7' S B shifts in
: : Qw(p) und Qy(p)
I RPV SUSY -
! |  Measurements of
: = Leptoquarks : QW(p) and QW(p)
4 A are complentary
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Super Symmetric Models

Example: Super symmetric Standard Model extension (SuSy)

with and without R-Parity violation
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Running of sin? GW and Dark Parity Violation

Miark 7 = 100 MeV
Miark 7 = 200 MeV

v—DIS

Qweak (first)
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Parity violating electron scattering

A
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Parity violating electron scattering

Asymmetry in the cross section of elastic electron-proton scattering
for left- and right-nanded polarized electrons

Ap — J(E¢) — U(ET) _ GFQz
o(ey) +o(er) 4/ 2o

(@w(.,.-\.-’) - F(c:f))

The weak charge of the proton (tree level):

Qw(p) =1 — 4sin® Oy

Asin®0y 1 —4sin®0w AQw(p)

sinf@w  4sin®dy  Qw(p)

1.5% precision in Q,,(p) results in a precision of 0.13% Iin sin%@,,



Precision Studies

The parity violating asymmetry can be written as

APV o _GFQjz

- AT eV 2 [QW (p) — F(E}, Qg)}

with the form factor contribution
F(Eit Qz) — FENI(EitQQ)—i_FA(Eit Qz)—i_Fq (Ei: Qz)

with
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Precision Studies

The parity violating asymmetry can be written as

—GrQ?

APV —
AT eV 2

[Qw(p) — F(E., Q%]

Asymmetry contributions for the MESA beam energy of 155 MeV
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Precision Studies

The parity violating asymmetry can be written as

—GrpQ?
477‘@&1‘1‘1\/5

APV _ [QW(P) — F(E;, Qz)}

Prediction of the achievable precision:
 The measured asymmetry can be written as

<Araw>sig — P. <APV>Sig 4 Afalse

« Solve this equation for sin?®,,, denoted here as s?,

S%ﬂ-’ = S%;_,r ({Amw>sig: P: Ebean‘l f (‘}‘6'1: {hk} C? )

« Perform error propagation calculation based on a Monte Carlo algorithm



Precision Studies

Input parameters for error propagation: Proton form factors of the proton from
Bernauer et al.:
}‘I <}‘I> ﬂ/\l (*P-."r' (QE) — std (Qz) (“-PUI}’ (Qz)
Ebeamn  variable  0.13MeV 2 Gipole B
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) N 8
a0 variable 0.1 G{:{UI}F(QQ) 14 Z (h? F QQ,,;)
(Sl?.ﬂ'f 360:} U:} P )
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Thenm 150 pA 0.001 pA (3 ( )
e - o (ilpole (Q ) 0 71 GE‘V‘E
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Strangeness and Isobreaking form factors...



Achievable precision in sin?@®,,

Find the optimal kinematics for the experiment:
Variation of the scattering angle and the beam energy

00, = 20 deg
20
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Achievable precision in sin?@,,
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Achievable precision in sin?@,,
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Achievable precision in sin?@,,
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Achievable precision in sin?@,,
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Achievable precision in sin?@,,
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Achievable precision in sin?@,,
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Achievable precision in sin?®,,
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Spectrometer design

Principle:
« Detect elastically scattered electrons
* Reject background events

Solenoid 1m

Beam electrons

Energy: 200 MeV .
Polarization: 85 %

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



Monte Carlo Studies

Full GEANT4 simulation with CAD Interface

First step: Generate ensemble of initial states in the target

Beam electron

@ Endpoint of a propagation step

@ Scan initial state of elastic e-p scattering

. Scan particle state and stop further propagation



Monte Carlo Studies

Full GEANT4 simulation with CAD Interface

First step: Generate ensemble of initial states in the target

Spatial distribution of sampled vertices for ep scattering in the target
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Monte Carlo Studies

r/cm

Second step: Particle tracking
through the magnetic field

Electrons from elastic e-p scattering

Line of sight

%00 L I T 300 © 1000
Hon - Si0 -bars

-1000
Solenoid

-2000

Electrons from elastic e-e scattering

-3000

llllllllllllllllllllllllllllllllll
4000—3000 -2000 -1000 O 1000 2000 3000
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Detector development

Cover the whole azimuth with a radiation hard, fast detector

Ring detector consisting
of 82 fused silica bars Single detector element

PMT

Highly UV-reflective
aluminium

Light tight vinyl foll




Monte Carlo Studies

« MC Simulations for generation of Girts, Wik wranitng il
Cherenkov light within the fused |
silica bars and the propagation of =L L .

the photons in the material

" Cherenkov-
k’ \ \ photons

Fused Silica  Trigger scintillator ~ Light guide

e Beamtests at MAMI
- electrons
- photons

e bl o translation
ind rotation



Benchmark Simulations with Measurments

Cherenkov detectors: Comparison experiment with MC simulation

140 Photo-electron yield vs. —— MonteCarlo
incident angle from experiment
and from MC simulation *  Measurement 1

—r
%]
=

=
g_l||||||||||||||||||||||||||||

Measurement 2

number of Photoelectrons per cm
o oo o
- = (-

B
=)

%)
-]

-40 -20 0 20 40 60
Angle of electron incidence on quartz [deq]




Result of Monte Carlo Studies

Predicted photo currents at the photocathodes from
particles hitting the detector

Particle type Photo current/uA

Elastic ep scattering:
Primary electrons, ff € [25°,45°] 8.20 x 10" (56.55%)
Primary electrons, 0 ¢ [25°,45°]  4.98 x 107" (34.34%)

Secondary electrons 4.92 x 1072 (3.39%)
Secondary photons 2.61 x 1072 (1.80 %)
Secondary positrons 9.88 x 107? (0.68 %)
Background processes:
Electrons 4.07 x 10 ‘:‘} (2.81%)
Photons 5.57 x 10 ‘? (0.38 %)
Positrons 1.28 x 107* (0.09 %)
Total 1.45

(Q2)exp = 4.82 x 1073 (GeV /c)?
(A™) exp = —24.03 ppb
Atot (A™ ) exp = 0.58 ppb



P2 experiment: Installation at a hew accelerator facility

Mainz Energy recovering Superconducting Accelerator

P2 return-arc followed P2 beam Kryomodules Source & spin

by straight line for extraction »MEEK 1,2 manipulation system
beam-diagnostics »MELBA"

and -stabilization

PR

=~ T il — i

T Ry

.
E——1 P2-detector

T

5 MeV Mott Preaccelerator 100 keV Mott
polarimeter »,MAMBO" polarimeter

Hydro-Magller
polarimeter

MAGIX-
Experiment

10 m




Spectrometer design

Current CAD design of the P2 apparatus

Superconducting
solenoid

Scattering
chamber




Further physics program: Measurement with 12C

* 150pA
MESA: -+ 150MeV-200MeV
« Polarimetry

e-Bremsstrahlung

Collimators

e from el. e-'?C-scattering

Extended 5-finger 2C-target

" Polarized electron beam

« 5 graphite “fingers” Solenoid magnetic field /
Target: + 5 g/cm?total

» 36mm spacing

= UINS

Detectors




Further physics program: Measurement with 12C

Raytracing study for the P2 solenoid:

Projection of electron trajectories Projection of electron trajectories
750 £ P2-Solenoid
Solenoid field: B = 0.4T £ 1= 50 %
ha-. Target center @ z = -1000 mm

Target center: @z=-750mm 700
Target finger spacing: Az=36mm
é Beam energy: E=150MeV

/1 ——e-C-scattering [17.5°, 32.5°] 650 ==
"/l —— e-C-scattering other angles ~——
Y| ——Moeller-scattering

Finger spacing: &z =36 mm
e-C-scattering in [27.0 deg, 37.0 deg], E = 200 MeV
e-C-scattering in [27.0 deg, 37.0 deg], E= 196 MeV

500

450

Detector /2~ 400

—
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Further physics program: Measurement with 12C

Weak charge of the 12C nucleus: QW(12C) = —24 sin” Oy

Precision in the Weak Mixing Angle is dominated by Polarization uncertainty

2 Achievable precision, E=150 MeV, T=2500h

10
Total
ﬂ;
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Further physics program: Measurement with 12C

« Complimentary sensitivity to certain classes of new physics
models

« Weak charged of different targets expressed with the
Peskin-Takeuchi parameters:

Qw(1?C) = —=5.510[1 — 0.003T + 0.016S — 0.033X — x],
Qw(p) = +0.0707[1 + 0.15T — 0.21S5 + 0.43X + 4.3y],

Qw(e) = —0.0435[1 + 0.25T — 0.34S + 0.7X + 7],
Qw (17°Cs) = —73.24[1 + 0.011S — 0.023X — 0.9y]



Further physics program: Neutron skin

WX MREX

T | T YT YrrfJrr?s

- uncertainty

5R, /R, [%]

o
™

1 I 1
=

0.6}
0.4
; At =2500h -
0.2- At =1440h |
At =T720h N

o N P T T P I e Y e I T T RS 2 I | !

26 28 30 32 34 36 38
0 [degree]

AB=4° : expected rate = 8.25 GHz, A, = 0.66 ppm, P = 85%, Q = 86 MeV
1440h — SR /R, = 0.52% (2%Pb @ 155 MeV)



Further physics program: Neutron skin

ray trace simulation WX MREX
e vary magnetic field strength
o gz_i."f,.";% (01Tt 0.6T)
sdi resolve elastic?
'ﬁ"*ﬁaf . ?j" -
o pw"-ﬁj‘ AE (2%Pb) = 2.7 MeV

scan of target position
(2500 mm to 0 mm)
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target @ -2500 mm o = target @ -700 mm
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Further physics program

: Neutron skin

H\

ray trace simulation
B=1.0B,,,
target @ -700 mm E1 000
: £ 980F
500_ -
o 960 ;
-500 Zf
e 940 ==
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-1500}- "
E tion Il e
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880
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Further physics program: Neutron skin

Projected precision compared to PREX:

1 ] ] I 1 I I 1 1 I ] ] 1 ] ] 1 l 1] 1 1 1 [ 1 I 1] 1]
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Summary and outlook

P2: A new experiment to measure the weak mixing angle at
low energy

Makes use of the polarized high current electron beam from
the new MESA accelerator

Extensive simulations and beam tests at MAMI

Asin20,,=3.7x10* (0.16%) expected: Sensitive for BSM
physics

Construction is scheduled to begin end of year 2020



