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PRISMA+

“Weinberg” German for vineyard
Around Mainz Vinyard angle 0, = 29,2°




Search for physics beyond the standard model @ PRiISMA+

JG|U

Direct: High Energy (LHC)

Indirect: High Precision

Indirect: High Intensity * atlow energy



Search for physics beyond the standard model @ PRiISMA+

JG|u

Direct: High Energy (LHC)

Indirect: High Precision
Anom. Mag. Moment
(g_z)u,el EDM, Sinz GW,

Indirect: High Intensity

Rare B-decays * atlow energy

e accurate theory needed



Direct observation versus precision measurements: @ PRiISMA+

top-quark, Higgs

Erler '18
1000 r‘z' onm’ RI, Rq (10) I 1 L I L] L] L L I L] L L L I :
...... Z pole asymmetries (10) 11 |
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= = - = direct m, (10) i i 9 .
300 direct M, S Direct measurements:
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m, [GeV] The last two particles of the standard model have been

seen in indirect searches before their direct production
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The role of the weak mixing angle @ PRiISMA+

JG|U

« Key parameter in Electroweak sector of the Standard Model.

(’y)_(COSOW sinOw)(BO)
7))  \ —sinfy cosbyw / \ W°
2

sin®(0y,) = (1 — mZ myz =

g
cos By = sin By —

\/gz +gl2

e = g sin Oy = g’ cos Oy




Access to the weak mixing angle at high energy @ PRISMA-

* 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

W neutral current process

= * Cross section dominated by the Z-resonance
p/A q s
* Parity Violating Observables are large at Z-pole
p remnant

* Imaginary part is large at the Z-pole, sensitivity to
new physics suppressed



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

Summary: Measurements of sin?0y ective)

LEP and SLD Average
Proposed: Precision = 0.23153 = 0.00016
of MOLLER EXP O " I
- roposed: Precision
Proposed: Precision of Mainz/Mesa P2 LEP/SLD average

of PVDIS/SoLID

Anticipated Final Precision 0.b
Xt LEP - Agp o —O—  0.23221+0.00029
PVDIS (JLab 6 GeV) ee
= 0.2299 = 0.0043 SLD - A
3 ! —O— 0.23098+0.00026
A —— 0.23099 = 0.00053
A(P) g 0.23159 = 0.00041 CDF — Dp —O—  0.23221+0.00046
A, (SLD) . 0.23098 = 0.00026 DO _ —0O— 0.23095+0.00040
g e 0.23221 = 0.00029
" ATLAS : o = 0.23080+0.00120
A — 0.23220 =+ 0.00081 __ pp
7 gy @t 0.2324 = 0.0012 Cms —Oj 0.23101+0.00053
A (CDF), 9 fb™ — 0.2315 = 0.0010 T T T T I
A% (00), 9.7 fb” r——e 0.23106 = 0.00053 0227 0.228 0.229 0.23 0.231 0.232 0.233
preliminary
1 1 I I I ] - 2neff.
0228 0.23 0232 0234 0236 0238 SIn"0) |

in2 Ol
sin® 0,



NC extractions

Eur. Phys. J. A, 53 3 (2017) 55
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PDF uncertainties are fairly small compared to the
statistical precision of the data
We are working to understand if we can use the proton
data to extract the weak mixing angle on top of the

deuteron result published by Yuxiang
This data should allow us to get larger statistical
precision and have a larger reach in Q



Access to the weak mixing angle at low energy @ PRISMA+

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

SOLID (Jlab)

MOLLER (Jlab)
oller Scatterin

Interference between
electromagnetic and
weak neutral current
amplitude: Parity
violating asymmetries

* Purely Leptonic +(2C41,-C14)+Y(2C,,-Cyy)

) e e e ¢
* Coherent quarks in p  , Tooscaler quark scattering I Z\./
Y Co
N
p p P P

Yb,Dy,Sm (HIM/Mainz)

This session Atomic Parity Violation

Neutrino Scattering CEVNS (Jlab)
v

Vv

Z\,/ Cross section

’% & measurements

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

* Coherent quarks in entire nucleus

* Nuclear structure uncertainties
e -376 C,,—422C,,
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@ PRISMA+

Parity Violating in elastic electron proton scattering

V-A coupling:

parity-violating LETTERS TO * [ :
cross section asymmetry ALr PARITY NONCONSER D ¥
. . FIRST ORDER IN TH
longitudinally pol. electrons . VMNicam o
unpolarised protons N SRR RS ey
c o el ML
ubmitted to editor December 25
p—Ta rg et J. Exptl. Theoret. Phys. (U.S.S.R.) 36, 9
(March, 1959)




The role of the weak mixing angle @ PRiISMA+

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

< 3> : ZO
| )\ |
P 4P P a P
Q.(p) = +e Qu(p) =1 -4 sinZ By
electric charge of the proton weak charge of the proton
Qu(n) =-1

sin? Oyy: a central parameter of the standard model accessible through the weak charge
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@ PRISMA+

Precision measurements and quantum corrections:

/

e € e\/ e/ e e € €
! Y §i
Y -+  Z + + +
1 ,.)/ i Z
p P p/o\ Pop P p/O\\p’
running o running sinZ O,,(p)

(P2)

Universal quantum corrections: can be absorbed into a
scale dependent, ,running” sinZ B or sinZ 0,,(K)
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Measurements of the weak mixing angle @ PRISMA+

0-245 1 llllll 1 LI llllll 1 LI llllll 1 LI llllll 1 LI llllll 1 LI ) IIIIE
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Running of the weak mixing angle @ SETETAA

0.245 RGE Running
Particle Threshold
Measurements
Proposed
SLAC-E158
0.24
|
N
—_ QweakI \
= APV DIS \\
eDIS |
<<J>a 0.235
(@]
A=
wn
0
LEP 1 3 %
Tevatron SLC { LHC
0.23 : MOLLER
: —_——
' P2 I SoLID
i I
0.225 - 3 4
107 107 1072 107" 1 10 107 10 10
LL [GeV]
2 2 Anew 2 . )
Az +A wl — AZ 1+ A On the Z-resonance A; imaginary and very large, -
Z largely reduced sensitivity to new physics



@ PRISMA+

JG §l Sensitivity to new physics beyond the Standard Model

+ Z - - Eh
Mixing with New
Extra Z Dark photon or Contact interaction .
Fermions

Dark Z

16



s@ PRISMA+

J[€3l¥] Example: Supersymmetric standard model extension

Kurylov, Ramsey-Musolf, Su (2003), updated ) .
Example: supersymmetric Standard Model extensions

0.08 . — ; — . |
! ' MOLLER (ee)
[ 0.15+ JLab, 11 GeV
0.06r I : -
RPV 85% C :
> I = 0.1
5 004k ---NeJUSYDMAN ______ SER— 3
= e
) < 005 _
> 0.02 > QWeak (ep) JLab, 1,165 Ge
%) 8 P2 (ep) Mainz, 137 MeV
n } ot
S > 0 a
0} U?: -
= “ _0.05}
~0.02 _
Future 2.3% |
b\oller : -01F
_004 ______________ |- -------- | 1 ] | | |
] ! -02 -015 -01 e—0.05 e0 0.05 01
' ' ' ' 3 (QF))gsy/(Q)
-0.04 -0.0 0 Qe02 0.04 0.06 W/SuUsS W/SM

® (Gav)susy/9avisu
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S@ PRISMA+

J[€3l¥] Example: Supersymmetric standard model extension

Ramsey-Musolf and Su, Phys. Rep. 456 (2008)

-
-
f 1

°| SOLID

— 1.5 - -
MOLLER (a) e & (b)

%0 115 o 16 e‘i 0 5 10 %5 16 5 Fp 5
Q) sy Qg (%) Q) s/ Q) gy (%)

10 15
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Proton: special case @ PRiISMA+

Proton Weak charge: Qw(p) = 1 -4 sin? 0y
Error: AQuw(p) = 4 Asin2 0,
Rel. error: AQuw(p)/Qw(p) = 4/( (1/sin20\)—-4) (AsinZ8,,/sinZ2 6y)
Rel. error AsinZ 8,,/sin2 0, = ( (1/sin26y)—-4)/4 AQw(p)/Quwip)
Example: sin2 O, (50 MeV) = 0.238

4/( (1/sin20y)—-4) ~ 20

AQuw(p)/Qw(p) = 2% from Experiment

AsinZ 6,,/sin2 6,

0.1% same precision as LEP, SLAC

Neutron Weak charge:

AQu(p)/Qw(n) Asin? By /sin? By

19



Physics sensitivity from contact interaction @ PRiISMA+

J G‘U (LEP2 convention, g%= 4pi)

precision A sin2Bw(0) Anew (expected)
Effective field theory
approach (EFT)

Qweak final 0.0008

PVDIS 0.005

0.00057
0.00026
0.00036
0.0007 20

Jens Erler




Running sin?20,, and Dark Parity Violating Z @ PRiISMA-+

0.242 | :
Miark Z = 100 MeV .

Miark Z = 200 MeV

0.240 Qweak (first)

sin’6y (0?)
g
(\©)
)
N

0.234
0.252
_ Qweak Bill Marciang |
0.230 i "Anticipated sensitivities" SLAC -
—Z e | 0 1 2 3

e Coseva3 = Slnew B Loglo Q [GGV]
A = sinBw W3 + cosOw B 21




107

107"°

PVeS Experiment Summary

Pioneering

Strange Form Factor (1998-2009)
S.M. Study (2003-2005)

JLab 2010-2012

Future

10°® 107 10° 107 10
PV

10°

@ PRISMA+
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@ PRISMA+

j[€3[9} Parity Violation experiments need very high luminosity

lepton-proton scatiernng facilities

10'1(] ]
(10,000 h) LTFC [CERN Courier, June 2014]
data taking = 10° = = HERA and CERN
MESA Jlab 6+12 = FIC projects
108 bt = fixad target
[Ldt~86ab~1 = .. SLAC
‘}:D
5 10°
S o8
; 10 CEICQhMHCZ - FCC-ep
g 100 MEIC] 4~ U fi
= =
= 10° cuc1-l COMPASS
BCDMS
107 HERMES Lo “‘i“
10 NMC
1 I I 1 lllllll 1 llllllll | llllllll | llllllll I P rnan
10! 1 10 102 103

cms energy (GeV)
P. Newman 23



P2 parity violation experiment in Mainz: program @ PRiSMA-+

Qweak@IJlab P2@MESA P2@MESA P2@MESA

hydrogen carbon lead
Acp=-226.5 ppb Aep=-28 ppb Aep=416.3 ppb Neutron skin
measurement
AA,=9.3 ppb AA.,= 0.5 ppb AA.'= 2.7 ppb
ppb=1/VN after 300 h
Factor 19 AA.,°7'= 0.9 ppb
After 11,000 h after 2500 h

AAep/Aepz 4.2 % AAep/Aep= 1.8 % AAep/AepStat=
0.6 % (0.2 %)

Polarimetry!
4sin? 6,,/sin2 8,,= Asin? 8,,/sin* B,= Asin? 6,,/sin?
0.46 % 0.15 % O,=0.6 %

Aux. measurem. Aux. measurem.
backward angle backward angle

Improvement by high luminosity, long measurement time, small systematics, lower Q? o



0.5

0.495

0.49

0.485

Constraints from PVES at MESA

[2 geu - ged]Av

|
— P2 (1.7% H asymmetry)
——-— - P2 (0.3% C asymmetry)
mmmmmn 2018 (all data)
2018 + P2 (H target)
=]
&)

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

-0.72 -0.715 -0.71

-0.705

@ PRISMA+

Quark-vector-
electron-axial vector
couplings
Sensitivity down to
masses of 70 MeV
and up to masses of
50 TeV

25



Future wEFT constraints from APV and PVES

JG U Adam Falkowski at Mainz MITP workshop: Impact on low energy measurements
Current QWEAK, PVDIS, and APV cesium experiments:

095 0.74 +2.2
e = |"2214 25805 107>
2098%, — 6454, —39 + 54

09% v 0 =X 0.76
8g5 =4 04+0.97") %10
20g¢% — 0ge, 074

1 € — i
LwEFT D — =3 Z gayv(€ape — e0pe®)(qaPq + ¢°0’q")

g=u.d

1 = DR o
2 Z gy 4(ETpe + e°0,E°)(G57q — ¢°0P ")
ity g=u.d



P2 parity violation experiment in Mainz: forward and @ —r
backward angle measurements

E=155 MeV: Asymmetry contributions

-
=

—
=
w

Asymmetry (ppb)

2

10

1 I 1 1 1 | 1 l I 1 | L I | Il | 1 1 | l I 1 | L I 1 1 I 1 |

20 40 60 80 100 120 140 160
Lab scattering angle (deg.) 27




Auxiliary measurements at backward angles @ PRiISMA-+

Strange FF and axial FF from present data Strange FF from lattice, axial FF with uncertainty/3

b

|

X
"y
(]

X

0.7 0.7

Asin?(8,,)
Asin®(6,,)

0.6 0.6

0.5 0.5

0.4 0.4

Gp

0.3 0.3

Statistics Statistics

0.2 0.2

Polarization

01— Fr A Polarization

0.1

L1 | I I Ll I L1 I Ll
1 15 20 25 30 35 40 45 50 55 60 L1 15 I | 20 I | 25 I | 30 | B - 35 I | 40 | | 45 50 55 60
6/deg 8/deg

Accuracy of electric and magnetic
strangeness form factor from recent
lattice QCD calculations and
axial form factor from backward angle
measurement

Present status (accuracy) of electric
and magnetic strangeness form factor

and
axial form factor



Mainz Energy recovering Superconducting @ PRISMA+

Accelerator: MESA Qwark MESA

Electron accelerator

Mode: energy recovering extracted
Energy: 105 MeV 155 MeV
Current: 1mA (10 mA) 150uA

et Target
Jet Target Quadrupole
Scattering Chamber ﬂ Dipoles
Scattering Chamber =

‘. naifl

[

Tracking
Detectors Integrating
Solenoid Magnet Cherenkov
Detectors

Liquid Hydrogen Target 29 P2

See talk in session new facilities



at MESA/Mainz

ep)—a(é G
AT = ZEED) — _p S (Qu(p) — F(QD)) + A

a(ép)+o(ep) 42t
\ J

exp

Cross section asymmetry A4;

Beam
polarisation Momentum transfer < Q2>
P Tracking system
Polarimetry

Magnetic spectrometer
Cherenkov detector
Read-out electronics

Data acquisition

P2: Parity violating electron proton scattering

@ PRISMA+

False asymmetries: control of
target and accelerator

R RARARRRRRRERaRRER
T 7.10,3:""777.,7 E =155MeV |
| [ e, E! o = 45 MeV
| [Apv|E TNl 0,:35°+ A0, ]

| 6.5-1078

[ --=-=leading order
8
6-107° st
o oraer

Theory: S e
QED corrections

EW corrections (two loop)

Hadron structure F(Q?),

Strangeness form factors

Merasure:

Axial form factor 30



@ PRISMA+

Systematic effects: detector related (false) asymmetries:

Extreme good control of beam and target
Flip Helicity fast
Extra spin flip

31



@ PRISMA+

Analogue Technique
o b

* p Target ey A 2 g
- . — *

Counting Technique . :\— 9 p-Target
Count scattered electrons: Measure Flux of Scattered electrons:
- pile-up (double count losses) - no pile-up (double count losses)
- Background Asymmetry - sensitive to small electr. fields.
- Very Fast Counting (MHz) - no separation of phys. process

- Measure TOF or Energy .



P2-Spectrometer: 0.6 T Superconducting Solenoig

@ PRISMA+

Superconducting

solenoid >

" Cherenkov
in detector

Kevlar
window

Scattering

BTN — Tracking

detectors

Beamline

First time use of a / violating electron scattering experiment 33



]G‘U Parity violating electron scattering @ rrisma

« 20 years of experience with previous parity violating electron scattering
experiment (A4)

« 10000 h of beam and detector data

« 36 beam stabilisation systems

« Polarimetry, fast electronics, target

 MAMI accelerator in operation
« Large synergy with MOLLER experiment at JLab

« Prototypes of all components tested in MAMI-beam
Integrating detectors and PMTs (new concept)
Electronics and data acquisition (collaboration with Manitoba) —
Luminosity monitors

Accelerator components, new concept position monitors
Polarimetry

34



Quartz glas detector concept

Cherenkov detector ring consisting of 72 fused silica ba
_ Covering full azimuth 25° - 45° polar angle §140
. (O]
- Integrating detector e
C
£120
Q9
(]
S
5100
o
5
ctrosil 2000 g 80
£
2
| | 60
Highly UV-reflective
aluminium
Light tight vinyl foil 40
20
0

@ PRISMA+

rs

"_ — MonteCarlo

E Measurement 1

[ Measurement 2
.o o e b b
-60 -40 -20 0 20 40 60

Angle of electron incidence on quartz [deg]

Extended experimental study
Quartz glas, PMTs, reflector
Radiation hardness
500 h with MAMI beam

35



@ PRISMA+

Test of analogue integrating detector and readout

Run: 14353, Channel: 0
Run: 14351, Channel: 0

E 10° ::;ev G‘Z-;z;; ! l:neasurement -_% k B veasurement
i 3 10 === Fi
10* ::::a 0.0220?;216 0;.:3212 10¢
10° 10°
10? 102
1 1
0.6 0.7 0.8 -0.05 —-0.045
Channel 0 (V) Channel 0 (V)
. Analogue signal from electrons in quartz Cherenkov, 274pA=1.7 GHz electrons on
detector

. Electronics from U Manitoba
. Response of detector and width as expected

. System is ready to be used in the experiment ,
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Full GEANT4 simulation

S,
>

=
=
E:

photo-electron rate/(s

10’

-mb a— anb anb
(@) (@) o (@)
w S (4] [e)}
'ﬂﬂq_ll |||n||| T ||||n|| 75 |

b
o |
[\*]

T |||nn|| T 11111

P2-Detector response

|

=
-

I

Total photo electron rate

Elastic e-p scattering:

primary electrons,6 € [25 deg, 45 deq]
primary electrons,8 ¢ [25 deg, 45 deqg]
secondary electrons

- secondary photons

secondary positrons
primary protons
secondary protons
secondary neutrons

Background:
electrons
photons
positrons
protons

neutrons

500 600 700 800 900

1000 1100

r/mm

@ PRISMA+
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@ PRISMA+

P2-Detector response

Number of PMT cathode electrons emitted per event

/)] . . .
000 incident particle
8 —— Electrons
—— Photons 10MeV
8000 —— Photons 20MeV
—— Photons 100MeV
160000 events each
6000
4000
2000
0 - | e 1 1 L | 1 1 1 1
150 200 250

Number of PMT cathode electrons emitted per event 38



PRISMA+
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Parity-Violating Fixed Target 11 GeV electron-electron (Moller) scattering { @ PRiISMA+

MOLLER at JLab

Unique opportunity leveraging the 12 GeV Upgrade investment

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

detector Evolutionary progression to extraordinary luminosity and |
stems  gjectron beam stability with high longitudinal beam polarization |
60 uA 90% polarized electrons

hybrid
toroid

upstream liquid
toroid hydrogen
: target

| Special purpose
installation in Hall A

Apy = 35 ppb
d(Apy) = 0.73 parts per billion
o(Qew) =+ 2.1 % (stat.) 1.1 % (syst.)
O(sin’Ow) = + 0.00028

B e e ety o e e « e e e e e e e e e
Jd and New Phvsics with Elecitron-Eleciron Scatierine “29Q Ktishna Kumar lanuar 1’12016

electron
beam | 40

g s s



PVDIS @ SoLID

@ PRISMA+

JLab 12 GeV: Extraordinary opportunity to do the ultimate PVDIS Measurement

Strateqy: sub-1% precision over broad
kinematic range: sensitive Standard Model
test and detailed study of hadronic
structure contributions

gedyA(Sinbyy

in Q2 x

statistical error bar 6,/A (%)
shown at center of bins

| standard model test

061 4063

charge
symmetry
violation

e ¥0.67

L 151
B
L ﬁ.s (A 50

sea 058

quarks @52
- ‘)ASP ;

R V'YL

2 months at 6.6 GeV
l 1 1 1

1

1

4 months at 11 Ge)

Only SoLID can
measure g4,

-~

v

L |

0.4

1
0.6

08
Xpj
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Three PV experiments with three @ ——
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 0%=0.0716 0, =—0.0449
Charge jo—{ +0.0029 Experiment j—o—ri +0.0051
of | !
_ | !
Proton: —> SUSY-Loops -«
Qweak (Jlab), I I
P2 (MESA) I , !
B E— E‘5 Z -
Weak | |
Weak ch ea I I
Charge g;ge T RPV SUSY R
of Quarks: : :
Electron: ' I — > Leptoquarks |
SOLID
MOLLER (PVDIS) | |
(JLAB) I I

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

(JLAB)
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Summary @ PRISMA+

* Parity violating electron scattering:
“Low energy frontier” comprises a sensitive test of the standard model
complementary to LHC with a sensitivity to new physics up to 50 TeV

* Determination of sin?(0,,) with highest precision 0.15% (similar to Z-pole)

 P2-Experiment (proton weak charge) at MESA

e Solenoid delivery in December 2023, all critical components delivered,
installation of magnet yoke started, start commissioning 2025

* New MESA energy recovering accelerator at 155 MeV, target precisionis 2 % in
weak proton charge i.e. 0.15% in sin?(0,,),

e Sensitivity to new physics at a scale from 70 MeV up to 50 TeV

* Strategic series of measurements from large asymmetries to ultimate precision

* Final accuracy corresponds to a factor 4 improvement over Qweak-experiment

* Much more physics from PV electron scattering: Neutron Skin in heavy nuclei,
weak charge in light nuclei

43



