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Outline @ PRISMA+

e Search for new physics beyond the standard model: Weak mixing angle
 Experimental Method (partity violating electron scattering)
 MESA accelerator

 P2-Experiment (proton weak charge measurement) at MESA
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@ PRISMA+

e Search for new physics beyond the standard model: Weak mixing angle


http://www.prisma.uni-mainz.de/

« Key parameter in Electroweak sector of the Standard Model
« Parametrizes the mixing between electromagnetic force and

weak force
(’y)_(cosﬂw sinQW)(BO)
7%)  \ —sinfw cosfw / \ W?
2 mw
2 _ 1 _ My —
sin“(6y,) = (1 2 ——
g
cos bw = - > sin Oy = g
Vg +d N
= = | e\g
HIM e = g sin Oy = g’ cos Oy w
B = 0.,

« Relates electromagnetic charge to weak charge g |

]G‘U The role of the weak mixing angle @ PRISMA+
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! =0
p remnant

N
HIM
E =

e*e” collider: final state fermions

pp,pp collider: Drell-Yan process, PDFs needed
EIC: deep inelastic scattering, PDFs needed
Interference between photon exchange and
neutral current process

Cross section dominated by the Z-resonance
Parity Violating Observables are large at Z-pole
Imaginary part is large at the Z-pole

BSM physics in the real part, sensitivity
suppressed :
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HI

LEP and SLD Average

. 0.23153 = 0.00016

Proposed: Precision
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 —— 0.23099 = 0.00053
A(P) —— 0.23159 =+ 0.00041
A, (SLD) o 0.23098 =+ 0.00026
Ap" . 0.23221 =+ 0.00029
Ap° —— 0.23220 = 0.00081
(e e s 0.2324 = 0.0012
AZ (CDF), 2.0 fb ——e—— 0.2328 = 0.0011
Arg (CDF),9fb" s 0.2315 = 0.0010
AZ;, (DO), 9.7 b e 0.23106 =+ 0.00053
preliminary

| 1 1 1 1 ]
0.228 0.23 0.232 0.234 0.236 0.238
ra2 nl
sin® 0,

Summary: Measurements of sin0yyective)

Access to the weak mixing angle at high energy (Z-pole)

@ PRISMA+

LEP/SLD average

LEP - Ajs
SLD - A,
CDF

DO _
ATLAS
CMS

LHCb |

ote- —O—  0.23221+0.00029
O 0.23098+0.00026

— pp —O—'  0.23221+0.00046
—O— 0.23095+0.00040

O 0.23080+0.00120

— P o 0.23101+0.00053
O 0.23142+0.00106

I T N T N S NN TN SN NN TN TN SN U AN TN T T TN AN T T NI T [ MY T Y M |
0.227 0.228 0.229 0.23 0.231 0.232 0.233

eff.

.2
sin Blept‘
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Access to the weak mixing angle at low energy @ PRISMA +

P2 (MESA/Mainz)

MOLLER (Jlab) Q-Weak (JLab) SOLID (Jlab)
e-DIS Interference between

electromagnetic and
weak neutral current
amplitude: Parity
violating asymmetries

Mealler Scattering

e

* Purely Leptonic 2C,,-C4)+Y(2C,,-C,q)

. ¢ @ g ¢
* Coherent quarks in p | 1opccaler quark scattering I z\‘/
Y g,
N
Yb,Dy,Sm,Cs,Fr P p P P

Atomic Parity Violation Neutrino Scattering ., ...t Neutrino Scattering

Cross section
measurements

* Quark scattering (from nucleus)
*» Weak charged and neutral

* Coherent quarks in entire nucleus
current difference

* Nuclear structure uncertainties
o =376 C,,-422C,4
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The role of the weak mixing angle

@ PRISMA+

The relative strength between the weak and electromagnetic interaction is determined by the weak mixing angle: sin?(0,,)

< > : ZD
| A |
P 4P P 4 P
Q.(p) = +e Qu(p) = 1-4sin? By,
electric charge of the proton weak charge of the proton
Qu(n)=-1

sinZ 0,,: a central parameter of the standard model accessible through the weak charge
Measurement at low momentum transfer
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@ PRISMA+

Precision measurements and quantum corrections:

running a running sin? 6,,(p)
(P2)

Universal guantum corrections: can be absorbed into a
° 1 ° .
scale dependent, ,,running” sin? 0 or sin? 0,,(p)
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@ PRISMA +

]G §l Sensitivity to new physics beyond the Standard Model

=i A + +
Mixing with New
Extra Z Dark photon or Contact interaction Fermions
o o Dark Z EFTs
HIM SMEFT

10
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Measurements of the weak mixing angle @ PRISMA +

0.245

measurements ' ! ! ! ! e
+ completed data taking i
& proposed —;
NuTeV E
0.240 IS'—AC'E_I = =
Qweak J_ —i
= APV , .
~C 0.235 eDIS E
= E
L E
- Tevatron 1 ZLEP1 I LHC —%
0.230 MOLLER T SLe =
P2 1 | SoLID E
0.225 _i
1 | | IIIIII [ Ll IIIIII L Ll IIIIII 1 Ll IIIIII [ Ll IIIIII 1 | | IIIIII [ Ll IIIIII L Ll IIII;
| | 0.0001 0.001 0.01 0.1 1 10 100 1000 10000
HIM [GeV]

11
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Running of the weak mixing angle @ PRISMA +

0.245 RGE Running f
Particle Threshold f
Measurements f
Proposed
SLAC-E158
0.24 =
l E
> E
—_ Qweak] \ f
= APV DIS \\ :
e 5
<CDg 0.235 -
(g\| E
k=
7z E
LEP 1 3%
Tevatron SLC { LHC E
0.23 : MOLLER —
} —_— =
' P2 I SoLID E
| Belle Il upgrade -
0.225 - - :
" B 10 10° 1072 107 1 10 10° 10 10*
HIM L [GeV]
. 2 2 Anew‘.-,r- 4 . .
Az +A | — AZ 1+ A On the Z-resonance A, imaginary and very large, 5
Z largely reduced sensitivity to new physics
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Three PV experiments with three @ PRISMA +
different probes for new physics

. Complementary access by weak charges of proton and electron

Weak charge of the proton: Weak charge of the electron:
Weak 07,=0.0716 0F =—0.0449

Charge jo—i +0.0029 Experiment j—o—i +0.0051
Of | |
I |
Proton: —> SUSY-Loops -
Qweak (Jlab), [ I
P2 (MESA) ! | !

— E,Z -
Weak | |
Weak ch e ! !
Charge ;;ge —1 RPV SUSY —
of Quarks: : :
Electron: | i —»  Leptoquarks I
SOLID
MOLLER I I
ILAB (PVDIS) I I
™ ( ) (JLAB) SM (Jens Erler, Ramsey-Musolf, 2003) SM
HIM

13


http://www.prisma.uni-mainz.de/

JG|U

5gc, 0.74 +2.2
5gd, — [ —21+25 | x107°
209¢4 — 095 nat =

592“‘/ 04 0.70
5ged, = 0k 0,970~
S _eu s ed &
20974 — 09y A Ve
LwEFT D — ?)—1—2" Z gayv (Edpe — e°0,€°)(q67q + q°0Pq") AA . Grilli Di Cortona, Tabrizi
= g=ud
1 e X c —C\ [ = = c —
- ? Z gva(€0pe+ €°0pe%)(q0°q — q°0T")
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Physics sensitivity from contact interaction @ PRiISMA +
J G|U (LEP2 convention, g2= 4pi)

precision A sin20w(0) Anew (expected)
Effective field theory
approach (EFT)

Qweak final 0.0008

PVDIS 0.005

0.00057
0.00026
0.00036
0.0007 15

Jens Erler
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Running sin?0,, and Dark Parity Violating Z

Qweak (first)

Maark 7 = 100 MeV
Mark 7 = 200 MeV

Z = cosOw W3 —sinBw B

A = sinBw W3 + cosOw B

Log,, Q [GeV]

@ PRISMA+

Qweak Bill Marciani)
"Anticipated sensitivities" SLAC
I | I | I I | I | I I | I | | | I I
-2 —1 0 2 3

16
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0.5

0.495

0.49

0.485

Constraints from PVES at MESA

P2 (1.7% H asymmetry)

P2 (0.3% C asymmetry)
2018 (all data)

2018 + P2 (H target)

2018 + P2 (H + C targets)
Standard Model prediction

ed

+2g ]er

g™

-0.72

-0.705

@ PRISMA+

Quark-vector-
electron-axial vector
couplings

Sensitivity down to
masses of 70 MeV
and up to a mass scale
of 50 TeV

17
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“Weinberg” German for vineyard
Around Mainz Vinyard angle q,, =29,2
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Outline @ PRISMA+

 Experimental Method (partity violating electron scattering)

19
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@ PRISMA +

JG|U

O~

Parity Violating in elastic electron proton scattering

e ¢ 2 e ¢ e ¢ 'r

v Y

' Z
'

+2Re 0 =+ ' 4,

LETTERS TO TH

PARITY NONCONSERYV. 4
FIRST ORDER IN THE e )
ACTION CONSTANT IN .4« &
SCATTERING AND O

Ya. B. ZEL’ DOVICH | i B
H I M Submitted to JETP edi : .\f. A i'

J. Exptl. Theoret. Phys. (U.S.S.R.) 36, 964-966
. . (March, 1959)

20
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|
V-A coupling: P
parity-violating
cross section asymmetry ALr
longitudinally pol. electrons

unpolarised protons

E =
HIM
E =

Parity Violating in elastic electron proton scattering

pl
(V_A)e(V_A)p

o

p Target

@ PRISMA+

LETTERS TO TH

PARITY NONCONSERV.
FIRST ORDER IN THE
ACTION CONSTANT IN _.j. ™
SCATTERING AND OTHE |\

Ya. B. ZEL’ DOVICHl

Submitted to JETP edi

J. Exptl. Theoret. Phys. (U.S.S.R.) 36, 964-966
(March, 1959)
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JG|U Parity Violating Electron Scattering (PVES)

Conceptually very simple experiments

.
.
of .
‘ - wl ]
‘ .
- -
4 .
P, .
. e
- -
- "
-

'. p-Target

A = (N*-N")/(N*+N") DA = (N*+N°)1/2 = N-1/2
A=24x107° 2% Measurement N =6.25 x 1018 events

E =
HIM
E =

Highest rate, measure Q?: Large Solid Angle Spectrometers

@ PRISMA+

Physics topics:

Electron spin longitudinal

(PVES)

* Weak vector charge of
the proton

* Weak axial form factor
of the proton

* Weak vector charge of
the neutron (Carbon)

* Neutron Skin of Ca and
Lead (MREX)

* Improving Vud

Electron Spin transverse

 Two photon exchange
amplitude in elastic
electron proton
scattering

* Two photon exchange
amplitude in electron
nucleus scattering
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@ PRiISMA+
JG‘U False (related to apparatus) asymmetries:

Change of beam parameters with helicity
Extreme good control of beam and target
Flip Helicity fast
Extra spin flip
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@ PRISMA+

JG‘U False (related to apparatus) asymmetries:

Beam parameter difference Ar=10% of A, ;=2.4 ppb 1% non-linearity
between helicity + and -

Energy difference AE 0.2 eV 10 eV
Position difference Ax 1.35 nm 0.8 mm
Position difference Ay 1.35nm 0.8 mm
Angle difference Ax' 0.76 nrad 6 mrad
Angle difference Ay’ 0.76 nrad 6 mrad \é{,\O‘
00
N N r
HIM - A
H N + Q-
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Counting Technique @ PRISMA +

S & -

p Target

Count scattered electrons:

E = - pile-up (double count losses)
HIM - Background Asymmeftry
- " - Very Fast Counting (MHz)

- Measure TOF or Energy
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@ PRISMA+

Analogue Technique

-
-+ .
p-Target
.
Measure Flux of Scattered electrons:
" N - no pile-up (double count losses)
HIM - sensitive to small electr. fields.

E N .
- no separation of phys. process


http://www.prisma.uni-mainz.de/

Outline @ PRISMA+

e MESA accelerator

27
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el MAMI Electron accelerator @ rrisma-

Electron Accelerator E,, ., =1.6 GeV (CW)
operated at JGU Mainz (Germany)
Hallmarks

AEnergy: 180 MeV up to 1.6 GeV
Alntensity max. 100 mA
AResolution S¢ < 0.100 MeV
APolarization 85%

AReliability: up to 7000 h / year

Workshop to Explore Physics Opportunities
with Intense, Polarized Electron Beams up to
300 MeV :

Cambridge, MA, USA, March 14-16, 2013
Richard Milner(ed.),

Roger Carlini(ed.),

Frank Maas(ed.)

2013, AIP Conf.Proc. 1563 (2013) 1

— = ) MESA facility tailored to the
MAMI experimental program
RTM2 ‘ Start Commissioning in 2026
e
= @
E = .
HIM

28
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MESA experiments

DarkMESA
] A Beam dump experiment
MAGIX exper.lment A Direct detection of light dark matter
A Operated in ERL mode of MESA b Glaes A PbF, and lead glass Cerenkov calorimeter
A Double-arm spectrometers %% A Staged approach
A Internal gas target experiment Mutiplers

A Gas jet target commissioned

/‘%tgtfin Chamber
at A1/MAMI already

=] 1

Main components of MAGIX
and P2 presently constructed
in industry and assembled

in house (funding via major
research instrumentation
program of federal
government)

Tracking -
Detectors Integrating
Cherenkov
nrs

P2

A Extracted beam mode

A Parity violation experiment
A 1022 Electrons / a

A sin?6yy , neutron skin, etc.

Shielding

Liquid Hydrogen Target

29



Mesa accelerator

Key parameters MESA:

A Two operation modes: extracted beam (EB)

or energy recovering (ERL)
A Max. beam energy 155 MeV (EB), 105 MeV (ERL)
A Beam current 150 pA (EB), 1 mA (ERL)

A Superconducting cavities

A Start commissioning 2024

A New research building (par. 91b GG)

A Can run in parallel to MAMI

Preparation of P2
Magnet )

Polarized Source Test Setup

_____ ound experimental hall (par. 91b GG)

oct’30 |

N
. . - 3 . . — ’
MESA cryo-module \ — » / 5 -
L | "
——— s e (P 1 - R
S—— ‘: SR | e = ARE— 7 ) = 4 ™ -
b v e 3BT / 7 - N ) o [
e — - o : ’ X oo g

Cryomodules successfully
Tested and now installed

30




Outline @ PRISMA+

* P2-Experiment (proton weak charge measurement) at MESA

31
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@ PRISMA+

P2: Result of careful simulation process

o
éﬁw energy to suppress hadron physics
0
[Pptimization of scattering angle and
éccepta nce for best accuracy
@

adical approach: new technology for PVES

dh all aspects.
-

—
(#&D-program of 10 years
c

ry large acceptance, very high beam
rrent, high count rates, 11.000 h beam

Qme

Small systematics

New concept of a solenoid for PVES


http://www.prisma.uni-mainz.de/

P2 parity violation experiment in Mainz: program @ PRISMA+

Qweak@Jlab

(2001-2018)

Ae,=-226.5 ppb

WA= 9.3 ppb

WA/ A= 4.2 %

usin? —/sin? —=
0.46 %

P2 @MESA
Hydrogen

Aep=-28 ppb

WA= 0.5 ppb
ppb=1/VN
Factor 19

After 11,000 h

WAep/Acp= 1.8 %

usin? —/sin? —=
0.15%

Aux. measurem.
backward angle

P2 @MESA
Carbon

A.=416.3 ppb

(*,)A‘epStatz 2.7 ppb
after 300 h
Qoo‘epstatz 0.9 ppb
after 2500 h

(*.)o‘ep /Aepstat=
0.6 % (0.2 %)
Polarimetry!

usin? —z/sin? —= 0.6
% (0.3%)

Aux. measurem.
backward angle

P2@MESA
Calcium,Lead

AePbN 700 ppb

MREX will improve
the neutron skin
thickness by a
factor of two.

In addition
measurements of
transverse
asymmetries

Two-Photon
exchange
amplitude
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JG|U

E =
HIM
E =

@ PRISMA+

P2-experimental principle

==—: Tracking detector

Integrating
detectors
Meller shield

Beam axis Target

* Largest acceptance: solenoid

* Highest power: 150 pA on 60 cm
liquid hydrogen

* Low energy: hadron physics
small

* No pion production, only
background: Moller scattering
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@ PRiISMA+

iEell®l P2-experimental principle

S0l enoid |

Tracking detector

E.:—'_'_'_:ﬁ__'_'__:__'_—_==_=

Integrating
detectors
Maller shield
WEa]|&L 2pis|q
gefecioL2
_ Lredienua

LM —

FE= = —_——
. I __\—__

Beam axis Target

B&9LL) 3Xi2 19 LﬂE{

Jecgiud gefsciol

20|el0oIg —
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JG|U

at MESA/Mainz

GpQ?
4\/_na

_ o(eép)—a(ép)
o(ép)+a(ép)

Aexp

(QW(P) F(QZ)) + Ap
\ J

P2: Parity violating electron proton scattering

g
g s
i > =
2
a3 I
&

@ PRISMA+

False asymmetries: control of
target and accelerator

Cross section asymmetry A; "

Beam
polarisation Momentum transfer < 02>
p Tracking system
Polarimetry

Iyl.mtic spectrometer
O Cheienkov detector

Read-out electronics
Data acquisition

T
_gFrmme- E =155 McV ]
T 71078 | ]
[ Elyin = 45 MeV -

I [Apv] £

el ppa A0, ]
IZ 6.5-107°

7»-11

r- wder
6-107% - __

ng«

order

d (AQ)
INNENNEE] Ll

‘3 4 5 6 7 8 9 10

A(‘)e[lgl’ ]

L1l
012

Low Beam Energy, Low Q2
Theory:

QED corrections

EW corrections (two loop)
Hadron structure F(Q?),
Strangeness form factors
Measure:

Axial form factor 36
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P2 Experiment

Integrating Cherenkov-
detector ring

=

Scatteriiga=== ==, — - _ : | -
chamber & : ; e i , Luminosity

detectors

Beamline
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@ PRISMA+

iEell®l P2-experimental principle

S0l enoid |

Tracking detector

e —

Integrating
detectors
Maller shield
WEa]|&L 2pis|q
ge[6CIoL2
_ Lrsaisua

-\.%—\_\_
:l\-‘—\_\_ e
" : e

HIM = '

F—— ——
I =

Beam axis Target

B&9LL) 3Xi2 IE LﬂE{

JLeckiud gefscioL

20|el0oIg —
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@ PRISMA+

* Detector ring consists of 72 wedged
fused silica bars
* Cover angle range of 25° to 45°
* Hit rate 101! Hz
* |Integrating measurement
* Single event detection
* Q% measurement
 Special PMT base developed
 Collaboration with Manitoba
 All PMTs are delivered and
characterisation ongoing
e All fused silica bars delivered and
measured "
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@ PRISMA+

Super Conducting Magnet

e Superconducting Magnet
(NbTi)
 FOPI yoke

* QOperating Temperature < 6K
 B-field of 0.6T at 640 A
e Maximum field of 0.7 T

e (Quter Diameter 3.3m
* |nner Diameter 2.4 m
E = * Length:4m

41
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@ PRISMA+

43
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Summary @ PRISMA+

Parity violating electron scattering:
“Low energy frontier” comprises a sensitive test of the standard model
complementary to LHC
Determination of sin?(Q,,) with highest precision 0.15% (similar to Z-pole), test
of running of sin?(q,,), with a sensitivity to new physics up to 50 TeV

P2-Experiment (proton weak charge) at MESA: parity violating elastic electron
proton scattering

Solenoid delivery in November 2024, all critical components delivered,
installation of magnet in the yoke, start commissioning in 2026

New MESA energy recovering accelerator at 155 MeV

Strategic series of measurements from large asymmetries to ultimate precision
Final accuracy corresponds to a factor 3 improvement over Qweak-experiment

Much more physics from P2: Neutron Skin in heavy nuclei, weak charge in light
nuclei, Improvement of Vud, Two-photon exchange amplitude,

44
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