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Overview

- ‘The future of electron scattering in Mainz:
The MESA accelerator

+ Parity violation, the weak mixing angle and more:
The P2 Experiment

+ Form factors, few-body systems and nuclear astrophysics
The MAGIX Spectrometer

+ Home-made dark matter
The DarkMESA beam-dump experiment
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ne Mainz Energy-Recovery Supercodcuing Accelerator

(MESA)
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Institute of Nuclear Physics
in Mainz

Existing halls

lew construction
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Polarized source
Helicity flips at T KHz
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Beam preparation and
acceleration to 5 MeV

Niklaus Berger — PSI, October 2022 - Slide 6



R wo superconducting

' cryomodules

Accelerate beam by
25 MeV per pass
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Re-circulation arcs
155 MeV energy for
extracted beam
150 pA of electron beam
current
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Re-circulation arcs
155 MeV energy for
extracted beam
150 pA of electron beam
current

Parity-violation experiments
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Search for dark matter that
might be produced in the
beam dump
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Internal gas target
Two-arm spectrometer
setup

105 MeV beam energy

> 1 mA beam current

Energy recovery in cavities
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Studying parity violation with the P2 experiment
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The weak mixing angle sin“0

. One of the fundamental
parameters of the standard
model

(the two best measurements
disagree, should be resolved)

- Value is a free parameter, scale
dependence is predicted by

theory with exquisite precision
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The weak mixing angle sin“0

. One of the fundamental
parameters of the standard
model

(the two best measurements
disagree, should be resolved)

- Value is a free parameter, scale
dependence is predicted by

theory with exquisite precision

. Aim for a low energy
measurement with precision

comparable to the LEP/SLD
/-pole measurements
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Scale dependence (running) of sin“0
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New Physics in the running of sin’0,,
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0242/ Marciano et al. ey = 100MeV ]

—DIS
Y Maare 7 = 200 MeV

Qweak (first)
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Bhupal Dev, Rodejohann, Xu, Zhang,
arXiv:2103.09067
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Contact Interactions

Contact interactions up to

49 TeV

(comparable to LHC at 300 fb™)
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How to measure the weak mixing angle?
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Weak mixing angle and charges

e o e e
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Proton electric charge Proton weak charge
+e 1-4sin’0,,
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Weak mixing angle and charges

\/ LA

Violates! parltyl
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+e 1-4 sin29w
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Parity violating electron scattering

Detector

Electron beam

Proton Target
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Parity violating electron scattering

_ Nr—Np,
Apy = Nr+NpL

Detector

Electron beam

Proton Target
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Parity violating electron scattering

Apv = JERE = 155, (Qw — F(Q%)

Detector />

Electron beam

Proton Target
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Parity violating electron scattering

Momentum transfer
sets scale

B A2 /
Apy = NEERE = hea (Qw — F(Q?))

Weak charge -
what we want

Proton structure -
small nuisance if Q? small

Detector

Electron beam

Proton Target
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Parity violating electron scattering

Momentum transfer
sets scale

B A2 /
Apy = NEERE = hea (Qw — F(Q?))

Weak charge -
what we want

Proton structure -
small nuisance if Q? small

Detector

SiIl2 QW — 1_4?”/

Electron beam

-
=

Proton Target
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Why is this difhicult?

- sin”0,, ~ 0.25: Weak charge is tiny QW — 1 — 4 SiIl2 QW

. At low Q% Asymmetry is tiny (40 parts per billion):
need very large statistics

r—Np _ GrQ’
Apy = Frk = 1 (Qw — F(Q%)

. We are subtracting two huge numbers from each other
(Not really - subtract many small numbers pair-wise from each other)
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Why is this difhicult?

- sin’0,, = 0.25: Weak charge is tiny QW — 1 — 4 Sln2 OW

. At low Q% Asymmetry is tiny (40 parts per billion):
need very large statistics

r—Np _ GrQZ?
Ay = Yt = 580, — F(QP)

. We are subtracting two huge numbers from each other
(Not really - subtract many small numbers pairwise from each other)

. Want to measure 51'r129W t0 0.13% - Need Q,, at 1.5%

- N afew 10" - Measure 11'000 hours with close to 10" electrons/s - 100 GHz
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Can we get that rate?

+ 150 pA of electron beam current

Detector
. 60 cm long liquid hydrogen target

« Luminosity 2.4 10°” s'cm™

+ Integrate 8.6 ab™
Electron beam

— >

Proton Target
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P2:

How to detect 100 GHz of (the right) electrons...
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Solenoid spectrometer

B=100B_,
Target center @ 2 = -700 mm
E,,., = 155.0 MeV
el. e-p-scattering: 0 = [25.00 deg, 45.00 deg]
el. e-p-scattering: 0 = [0.00 deg, 90.00 deg]
el. e-e-scattering: 0 = [0.00 deg, 90.00 deg]

1000 [k N Detector

N Shield

-1000 -500 0 500 1000 1500 2000 2500 3000 3500
z/mm
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Integrating detectors

ctrosil 2000

Highly UV-reflectivi
aluminium

Light tight vinyl foil

Electron beam

Detect Cherenkov-light created by electrons

Integrate photomultiplier current

Detector

Proton Target
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Tracking detector (measuring QQ?)

. Low momentum electrons, very high rates:
Thin, fast, granular detectors
High-Voltage Monolithic Active Pixel
Sensors (see Mu3e)

Solenoid I
Tracking detector

Integrating
Detectors

Beam axis Target
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Can we do more?
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Carbon - Complementary New Physics Search

d .
[2g™-g%1,, - Same with a "*C target
0.5 I | T T T T | T T T T M h ]
— P2 (1.7% Hasymmetry) - : uc arger asymmetry
— ——— P2 (0.3% C asymmetry) _
mmmmmm 2018 (all data) ] .« No 1-45sin%6._ bonus -
2018 + P2 (H target) ) _\X/ .9
_ mssss 2018 + P2 (H + C targets) - not Competltlve for SN GW
0495k ~~ - ® Standard Model prediction . nd
_ - > (potentially 2 best
S~ L measurement on a nucleus)
o~
_ | - But: New direction in isospin
o
0.40}- 4 space
! ] - Experimentally: Limited by
- J. Erler, 2018 polarimetry, hope to ulti-
0_485 [ ] [l [ ] [l I [ ] [l [ ] [l [ ] [l [ ] [l [ ] [l [ ] [l o
-0.72 -0.715 -0.71 -0.705 m ately reach 0.3%

- Best measurement to date:
MIT-Bates, ~25%
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Lead (*°°Pb) - Neutron Skin

+ Parity violating electron scattering gives

Where are the neutrons in the nucleus? e
access to the neutron distribution

- Neutron skin related to the symmetry
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ne MAGIX Spectrometers

MAG X OVYIN
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ERL mode: 30-1C . 000 pA, energy recovered in cavities
MX-EB mode: 20-105 MeV, 10 pA, small beam dump — solid state targets
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» High resolution of spectrometers easily spoiled by
scattering in the target chamber

Gas Jet Target

- Get rid of the target chamber
. Supersonic gas stream shooting into the beam

. Catch most gas below, add differential pumping

%o . ..
oe  convergent . Group of A. Khoukaz, Uni Munster

© inlet zone

o Laval nozzle )

& givergent . Tested in the A1 setup at MAMI
Y outlet zone

@

@

©-

electrons

“target nuclei”
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Spectrometers

Jet Target
Scattering Chamber \

\

e

Quadrupole
Dipoles

-.ﬂ-... (
y

A
GEM P
based “i _E
TPC T
1l » -
. o
Scintillation o <
Detectors 3
[ ]
v
rotatable
15°-165°

y
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Physics at MAGIX

Hadron Structure

Topic Reaction Jet
p Formfactor H(e,e')p H
d Formfactor D(e,e')d D
3He Formfactor ~ *He(e,e’)’He *He
“He Formfactor ~ “He(e,e’)*He “He

Few-Body Systems

d Breakup D(e.e'p) D
3He inclusive 3He(e,e') *He
“He inclusive ‘He(e,¢') “He
“He monopole ~ “He(e,¢’)*He" “He
10 inclusive 10 (e, e") 160
Y Ar inclusive WAr(e,e) WOAr
3He exclusive SHe(e,e'p/d)d/p *He
“He exclusive He(e,e'p/d) “He
Dark Sector

Leptonic Decay  Ar(e, A’ — ete) % Ar, Xe
Invisible Decay  p(e,e'p)A’ H

Astrophysical Reactions
S-Factor Phase 1 '°O(e,e'a)'?’C 10
S-Factor Phase 2 '°O(e,e'a)'?’C 'O

Observables

G.&:(Qz)a GM(QQ)’ FES F'm
A(Q%), B(Q?), 14

Ve

Ve

do/dQ, polarizabilities

Structure functions, Ry

Structure functions, Ry,

Transition Formfactors E (*He*), ['(*He")
Structure functions, R;,

Structure functions, Ry

do/dQ

do/dQ

Lepton pair mass m, peak search
Missing mass my peak search

Se1(E), Spa(E)
Se1(E), Sga(E)
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Example: Form factors of the proton

elastic e-p cross section (Rosenbluth formula)

() = (08, 0 (0800 @)

G2(Q?%) <+ charge distribution

G4 (Q?) +» magnetization distribution

2\ o dGE
(rg) = —6h
dQ?|g2—0
2\ 6 ,dGy
<TM> - h 2
Hp dQ Q2=0
CODATA'06 (2008) ' f —e——
Bernauer (2010) i —t—e—i—
Pohl (2010) e
Zhan (2011) H—e—H
CODATA'10 (2012) : —e—i
Antognini (2013) i
Beyer (2017) e
Fleurbaey (2018) e
Sick (2018) !  ——
Mihovilovié (2019) i = .
Alaréon (2019) —ie—o
Bezignov (2019) E—O—“—i
Xiong (2019) H—+—e i | |
0.8 0.82 0.84 0.86 0.88
rp [fm]

Elastic e-p scattering gives access to
proton form factors

Starting 2010: Proton radius puzzle
e-p scattering and muonic
hydrogen give different results

Now mostly resolved
(the proton is small)

But...
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std. dipole
GE/G?

Example: Form factors of the proton

1.005

1.000

0.995 4

0.990 4

0.985

0.980

ol ]

PRad 2019 data
Mainz 2010 data

This work fitted to PRad yZ4yceq=0.97
This work fitted to Mainz 2010 x2,,..,=1.75

0.975
0.00

G”e / Gpipole

0.03 0.04
Q3(GeV?/c?)

0.01 0.02

Ge(Q%)

0.05

0.06 0.07

103 T I 1 1 1 I T I 1 I I T T I 1 1 I
102 projected errors
' R I I TR I T
Pt b4 bR
101 = 4 4 b 44 EEEPEE I P —

* MAGIX E = 20 MeV

0.99 |- - MAGIX E = 45 MeV
= MAGIX E =105 MeV
0.98 Data until 1980
) e Bernauer (Mainz 2010)
«+ Xiong (JLab 2019)
0.97
0.96
1 I 1 1 1 I 1 1 1 I 1
1e-05 0.0001 0.001 0.01 0.1

Relative precision

Mainz A1 and JLab PRAD data are still
not consistent

Form factor puzzle?

MAGIX:
Q? coverage from 10~ to 0.03 GeV?

r T L —
1000% 4
i —— MAMI-AL Gy ]
oo | ——— MESA-MAGIX Gy ]
0 F =
10% E .
1% £ E
01% E .
: 1 I\II\IIl 1 IV\II Il III\II\W 3

0.0001 0.001 0.01 0.1

Q? [Gev?]



Example: Dark Photons

10° * i ’ Visible decay to e*e’

. Xenon or Argon target, high currents

£ - e

~ -
A e h
Iy s s E

T ‘<
visible é Y
s _| decay
10 MESA | ;(T;gg:; TO?:sMree;IocI:tiorl: E ////\\\\‘\\
10" zZ ~z
m,. [GeV/c’] )
e+2Z —e+ 2+
Let +e
Invisible decays - N

. Hydrogen target
/ & & invisible
. Recoil detector decay

- Limit projection on D

the wa
! etp—et+p+y

1 lIIII|,|] 1 IIIIIII| 1 IIIIlII| 1 111 IIIPI IR

107

1
m,. [GeV
wl ] Niklaus Berger — PSI, October 2022 - Slide 46



Example: Nuclear astrophysics
3o —12C + 24 !

. __ iBe

’ R{ ibl @ * 120y
ﬁ eversible - )
@A,,‘-'i reaction 7’ ~a E i 12 C 4+ — 160 _|_ v

4
sHe

@

Cross-section (S-factor) of *C(a,y)'°O @;He
very relevant for stellar burning, oxygen
abundance and synthesis of heavy

elements

C.S. as function of E_

]_ _ 2mZqyZgac

O'(E) — —¢€ v . S(E) —___ “S-factor”
E unknown nuclear physics
Compton tunneling probability
wave length in fusion process
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Example: Nuclear astrophysics

Maxwell-Boltzmann
Distribution
ox exp(—E/kT)

Probability

Coulomb Penetration
Factor

ox exp(—b/\/E)

kT Eg

Energy

Needed: S-factor at ECM of 300 keV

(Gamov-Peak)

S-Factor S(E) [keV b]

102

104

available data
>

1 MeV — 0.3 MeV:
drop by 6 orders of magnitude

Total Cross Section 2C(a, 7)°0
el v v w o b snv s e by v e v v vl v v w s by ow s naaa o

2 3 4 5 6
Ecms [MeV]

Total S-Factor
1
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Example: Nuclear astrophysics

study *C(a, 7)*®0O . Phase I: Spectrometers plus recoil detector
by "O(y,a)?C
quasi-real photon, v* ~
extract astrophysical S-factor

compare |. Fri8¢i¢, T. W. Donnelly, R. G. Milner,
Phys. Rev. C100, 025804 (2019)

« Phase |I: Zero-degree detector plus
multiple recoil detectors

103

- 1974 Dyer
1 1987 Redder
1988 Kremer
11996 Quellet
1999 Roters
4~ 2001 Gialanella
2001 Kunz

102
2004 Fey
e S 2006 Assuncao
3 E e 2009 Makii
F—+—1 2012 Plag

AZURE2 Fit
\ —*—1 MAGIX Phase 1
v —* ' MAGIX Phase 2

&%
Pk
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Dark matter in the beam dump

DarkMESA
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DarkMESA

+ P2: Several 10°* electrons on target

+ Dark matter y, mediator y'

* 2 2
Yprod ~ 62/m?4 Yper ~ € ap/mi
P2 target Beam dump = high energy Concrete walls Detector
and high intensity dark and air

matter source

v——v

~12m ~2m ~23m 2.4 m

4 4
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DarkMESA

P2 target Beam dump Concrete walls

and air

i

DarkMESA

e -

155 MeV
~12 m ~2m ~ 23 m ~2m
= Detection DM patrticles goi

= enough recoil energy / another DM — SM interaction 11 0.16 | Eoeun = 140 MeV

E 014 X elastic scattering kinematics

D012

= Background I

= Detector well shielded from SM ggi

= Below Tt-production threshold 0.02 ¢
— no Y, v produced % 20 40 60 8 100 120 140

Kinetic recoil energy (MeV)

= Cosmogenic background
= Beam directionality, RF coincidence, beam on / off
* |ow neutron sensitivity of detector, active veto detector shield



DarkMESA

Phase A (prototype) Phase B

0.004 m? PbF, - PbF,
Lead shield * SF5 Ph-glass

Scintillator bars as veto detector * Lead shield
= Veto layers

Pb-glass
calorimeter

Pb-Back

OV-Mount \1
A

: -

: / _ ’ .Nl ~— ov.eack | [Outer veto

V-Mount & ST v-Back
T 4
\ ’ -
0
FlsFiant ¥ OV-Main 60
A0
! F— V-Main 20 A

. " 0 H
Carrier Board PbF, calorimeter

IV-Front IV = Inner Veto *'-7
- OV = Quter Veto *Sf
OW-Front b

Inner veto

Pb layer

n
5x5 PbF,
Prototype

Phase C (range extensio n) D. P. Snowden-Ifit, et al., PRD 99 (2019) DG]‘E&]&EEJ

options ncs, =
Radiation protection glas  DRIFT -Time Projection Chamber [? S sesol
e.g., SCHOTT-RD30 CS, at 50 mbar T—*} T
Moderate cost: 137 k€ / m3 ~1 m?3 active volume '
High density: 3.13g/cm®  Nuclear recoil threshold: 20 keV /45— - \
= Extended parameter space ) Cents] cathode Paeld g
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Sensitivity

Natural
dimensionless
interaction
strength

4
'ir"')

 f

exclusion limit for y=e?o;(m_/m

107°

e
!
—_
na

.

S
—
(%]
I

Phase A: 2200 h, 7.4 - 1021 EOT
JPhaSB B: 6600 hl’ 2.2 - 102 EOT

107°

107 10"
dark matter mass m, (GeV/c?)

1

' Relic density limits
for a thermal origin
of DM, giving a
clear experimental
target for possible
vector mediators
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Outlook

Civil construction finally coming to a close

2023: Setting up the accelerator and experiments
(components mostly ready and tested in existing buildings)

2024: Accelerator and experiment commissioning, extracted beam,
starting at 55 MeV

DarkMESA

2025++: Full energy, extracted beam data
taking, commissioning of energy recovery
mode




Backup
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P2 Error budget

Fheam 155 MeV (s%v) 0.231 16

O 35° (Asiy ) Total 3.3 x 107% (0.14 %)
00s 20° (As%y)Statistics 2.7 x 107* (0.12%)
<QQ>L=GDO mm, 60;=20° 6 x 1072 ((:'1‘3\"?/‘3)2 (As%,;)polarization 1.0 x 104 (0.04 %)
(A™F) —39.94 ppb (Asy) Apparative 0.5 % 107 (0.02%)
(AAZP) 1o ca ).56 ppb (1.40 %) (ﬂﬁ‘%v)ll,g 0.4 x 10~ (0.02%)
(AATP)statistics 0.51 ppb (1.28 %) (Asy )nucl. FF 1.2 x 107 (0.05 %)
(AAP) b Lavisation 0.21 ppb (0.53 %) <Q2>Chemnkw 457 x 103 (_GCV/-‘:.)Q

(AA™P) A pparative 0.10 ppb (0.25 %) (APY o —928.77 ppb
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More to come...

0.245

=
[ ]

Atomic parity violation in

measurements _E
+ completed data taking _E 3 Single radium ion
proposed = .
: E (Groningen)
0.240 SLAC-E158 3
= 3 . Moller atJLAB e'e
= APV = :
0 E scattering
£ :
1 tevatron® ZLEP1 ILHC 3 - SolID: Deep inelastic e-p
sLC E .
0.230 _ E
MOLLER T ; scattering at JLab
P2 T 1 soLID 3
T E
Qweak = . .
0.225 1 3 Much improved LHC
1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 |||||;
0.0001  0.001 0.0 0.1 1 10 100 1000 10000 MEasurements at the
1 [GeV] /-pole

Niklaus Berger — PSI, October 2022 - Slide 58



Superconducting Cryomodules

LN,-PORT LN,-RESERVOIR

STAINLESS STEEL SUPPORT SYSTEM
VACUUM VESSEL TANKTANDEM  ——__ &

ALIGNMENT

PARTS
He GAS COLLECTOR

He GAS RETURN MAG SHIELDING TUNING SYSTEM

LHe FEED PIPE

COOL DOWN SUSPENSION CABLE
LOOP (SUPPORT SYSTEM)
TITANIUM TANK
ALIGNMENT BATH CRYOSTAT
PARTS 80K SHIELDING
MAIN COUPLER COLD PART
SUPPORT SYSTEM CENTER POINT FOLDER
NIOBIUM CAVITY SHIELDINGS & TANDEM
BEAM PIPE

LHe LEVELMETER TUNING SYSTEM
BEAM PIPE VALVE

Teichert et al. NIM A 557 (2006) 239
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Al/ppb

102

10

Choice of scattering angle

£ — e e e -[E; = 155.00 MeV |

10 20 30 40 50 60 70 80 90
0,/deg
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Choice of scattering angle

. X1 0>
NU_JQ, 0.5 —
a -
0.4
- Total
0.3
B Statistics
0.2 ==
- o G; =G,
0.1 . Polaﬂzatlon L =
B Re(ﬂy Z)
O_:——‘....|TTTT|.”.|....|....|....|....u...|....|
15 20 25 30 35 40 45 50 55 60

0./deg
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Target

+ 60 cm of liquid hydrogen
+ 3.1 KW beam power deposited

» Should not boil...
» Challenging design using CFD tools

(Silviu Covrig, JLab)

o ] 1 .-.'=':
’\Lz
0.00 20,00 (cm)
[ —

10.00
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PVeS Experiment Summary

Pioneering
Strange Form Factor (1998-2009) \
S.M. Study (2003-2005)
JLab 2010-2012

Future

10°® 107 10°® 10° 10
A PV
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Polarized Source and Helicity Flips

Insertable Source
half-wave GaAs
plate
Switch polarisation at
~ 1KHz
Laser Pockels Accelerator
cell / 100 KeV

o

Pseudo-random
helicity sequence
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Stability Requirements

The main worry are beam fluctuations correlated with the helicity:

. Energy fluctuations:
+ Position fluctuations
. Angle fluctuations

+ Intensity fluctuations

Achieved at MAMI sin“,,, uncertainty  requirement
0.04 eV < 0.1 ppb ok!
3nm 5 ppb 0.13 nm
0.5 nrad 3 ppb 0.06 nrad
14 ppb 4 ppb 0.36 ppb
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Polarimetry at MESA
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Polarimetry: Double Mott Polarimeter

Mott Polarimertry:

+ Measure left/right asymmetry to obtain
spin polarisation

. Analysing power of foils needs to be
extrapolated

Double Mott Polarimeter:

- Obtain analysing power from
measurement

+ Precise measurement of spin polarisation

- Invasive measurement at source

| Gellrich and Kessler, Phys.Rev.A. 43, 204 (1991)]
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Polarimetry: Hydro-Mgller Polarimeter

Mgller scattering from polarized (8 T field)
atomic hydrogen in a trap

Atomic Hydrogen
+ Online capability
+ High accuracy (< 0.5%)

. About 2 h to reach 0.5% statistical
accuracy
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