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@ MESA accelerator

© Experiments at MESA
e P2
e DarkMESA
e MAGIX

© Summary

Malte Wilfert (JGU Mainz) MESA SSP 2022 2/29



@ Standard model very successful

— Prediction of charm-, top-quark, higgs boson,...

@ Known: Still something missing
e Cosmic microwave background / galaxy rotation curve
— Dark matter
o Anomalous magnetic moment (g — 2),, .

— Maybe something new

@ Search for extension of the standard model

= High precision = High intensity = High energy
o Deviations from SM @ Small cross sections o Direct production
prediction

Malte Wilfert (JGU Mainz) MESA SSP 2022 3/29



MESA — Mainz Energy-recovering Superconducting Accelerator

@ Future accelerator in Mainz

Super-conducting, recirculating LINAC

Two cryo modules with AE = 25 MeV

External beam mode

o Beam energy up to 155MeV (3
circulations)

e Beam current up to 1mA
e Polarised beam

Energy recovering mode o

o Beam energy up to 105MeV (2
circulations)

e Beam current up to 10 mA
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MESA — Principle of an energy recovery linac

RF-Cavity (Niobium)

Injection External Beam

Wave length
A= 23cm Radio Frequency
1.3 GHz

Recirculation: I=n-A

@ Recirculating linear accelerator — increase beam energy
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MESA — Principle of an energy recovery linac

RF-Cavity (Niobium)

Injection Beam Dump

Wave length
A= 23cm Radio Frequency
1.3 GHz

Recirculation: I=n-A

Target

Last Recirculation: I=(m+1/2):A

@ Recirculating linear accelerator — increase beam energy
o Last return path: (m + %))\ — Phase shift
@ Energy feed back to cavities — increase beam current
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Experiments @ MESA

Ph Glass

darkMESA
MAG IX Multipliers : ;

Quadrupole ~ JetTarget
Y Scattering Chamber

AT\
R\

Tracking .
Detectors Integrating

" Cherenkov
Solencid Magnet | SOFERE

Liquid Hydrogen Target| PZ

= MAGIX = DarkMESA = P2

@ High resolution Spectrometer @ Search for dark sector particles

@ Internal gas target
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@ Parity-violating e-p-scattering
@ External beam meode
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P2 - The weak mixing angle
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o Electro-weak unification
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@ Electric charge e Weak charge
Qem(P) = +e QW(p) =1- 4sin2 GW
Qem(n) =0 Qw(n) = -1

e sin® 0, central parameter of the standard model
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P2 - Running of the weak mixing angle

@ sin® 0, central parameter of the standard

model ;

o Scale dependence of sin6,, sk ;

Quantum corrections are absorbed into an - :

effective running g E ;
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e Low Q: large uncertainties
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P2 - Physics beyond the standard model
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@ Sensitivity towards hypothetical new particles/interactions
e Dark Z-boson
o New light vector boson
e Kinematic and mass mixing with ~/Z
e Combination of Quw (p) and Qw (e)
o Complementary access to new physics
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P2 - Parity-violating electron scattering

o Longitudinally polarised electron beam

Detector

@ Detect scattered electrons Longitudinally
i polarised Scattered electrons
@ Cross section: 0';—?_7 = |M7 + /\/I%_|2 electron beam
E——
@ Weak interaction: Parity violating =

Beam dump
. 0:;3 -~ a; Proton target

+ _
PV Oep — O
A — P P

* O':,—g + Ue_P ;é 10°
—Gr @Q? 2 2
= ———[Qw —F(E,Q7)+ A-(E,Q "
aan QW) —FEQ)+AEQ)] -
EM //
@ Qu(p): Weak charge (dominant at low Q?) Ny ha .
e F(E,Q?): Hadron structure / // o E, = 155.00 MeV
o A.(E, Qz): Corrections from box diagrams w70 ‘ oot
Malte Wilfert (JGU Mainz) MESA

SSP 2022 10/29



The P2 detector

Electrons from elastic e-p scattering

Superconducting &

Line of sight

Scattering
chamber 4

—1000;
E Solenoid
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@ Detect elastic e-p-scattering @ Control of systematic uncertainties
@ Expected asymmetry: (A™" )y, = —24.03 ppb = Fast helicity reversal

Polarisation measurement
Tracking detectors
Beam parameter control

=
= High statistics needed -
= Large solid angle .
= High luminosity £ = 1.2- 103 cm 257! _
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P2 - Achievable precision

x10~
% 05F
<
0.4
- Total
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Re(g, ;)
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B,/deg
@ Beam current: 150 pA o Raw asymmetry (A™"), , = —24.03ppb
@ Measuring time: 10000 h 0 Agoi (A ey, = 0.58 ppb (2.41%)
e Beam polarisation: = Relative uncertainty on
P = 0.85.AP/P = 0.5% sin?6,,: 0.16%
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Physics program of P2

@ Measure the Proton weak charge

o Very high precision 2520w — (.16%

sin? 0,

e Sensitivity towards new physics on mass scales up to 50 TeV

o Measurement of the 12C weak charge

e Additional complementary measurement
4] Qw(12C) =24 sin2 0W

e 208Ph neutron skin, AR'j" = 0.5% possible

o APV » _G@ Fw (Q%)

47roze,,,\/§ FCh(Qz)
o Neutron skin of heavy nuclei < neutron-rich matter

o Parity violating asymmetry under backward angle
e Hadronic structure, e.g., strangeness content
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DarkMESA - Idea behind beam dump experiments

f—— 10m ———10m —

Beam Dump Detector

Production in a beam dump, e.g. via pair production

e

Knowledge of production mechanism is NOT crucial for experiment
Produces a "beam of dark matter”
Dark matter particles now with enough recoil energy

= Simple detector
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DarkMESA
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DarkMESA

Yoroa= 5 Y e
prod~ 3 detect ~Op—
mMa ma

Concrete walls
and air

P2 target Beam dump DarkMESA

e —i

155 MeV

~12m ~2m ~23 m ~2m
E4
Yiotal ~QDH§

P2: O(10*h) of high intensity beam on beam dump
Below 7 production threshold = no pu, v produced

Beam with direction, time structure possible

Neutrons can be shielded, still active veto needed
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The DarkMESA detector

Prototype Phase A Phase B

J'S

n
@ 0.004m3 PbF-Crystals e 0.12m3 PbF-Crystals e 0.12m3 PbF-Crystals
e Mounted in 5 x 5 matrix @ 0.58m3 SF5 (Lead glass
blocks)

@ 2000 crystals from former
A4 /WAA48 experiments
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DarkMESA - Detector upgrades

DarkMESA - Drift

T T

e Time projection chamber
o CS» at 90 mbar
@ ~ 1m?3 active volume

@ Nuclear recoil threshold: 20 keV
= Extended parameter space
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Phase C

e Material: Radiation protection glass, e.g.,
SCHOTT-RD30

e Moderate costs: 137 k€/m3
e High density: 3.13g/cm3

MESA SSP 2022 18 /29



DarkMesa - Expected sensitivity

2 4
€ aD(mX/my.)

exclusion limit for y

| | Ly
107 102 107 1
dark matter mass m, (GeV/c?)

o Phase A: 2200h
@ Phase B: 6600 h
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MAGIX - MAinz Gas Injection target eXperiment
F Gas Jet Target

Quadrupole & "

&

2x Dipol
90° Bending

op —4
b < 10

GEM based TPC

Scintillator Detector

Muon Veto ISt

PORT —Im STAR
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MAGIX - The supersonic gas-jet target

H-g.
-‘!’_: x ™ .
S5l waryren

gas-/cluster-jet beam

H s inlet

# Laval nozzle

convergentinlet zone  divergent outlet zone
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MAGIX - Form factor of the nucleon

e Elastic Cross Section (Rosenbluth-Formula):

do do 1 20m2y L T 2 02
Q. (dQ )Mm 7 (GR(@) + Z6in(@)

with 7 = 25 e = (14 2(1 + 7) tan? 96)

2
2mp

Ge(Q@?): Electric Form Factor — related to charge distribution

o G (Q?): Magnetic Form Factor — related to distribution of magnetic moments
e Normalization:

GR(Q*=0)=1 GE(@*=0)=0

GL(Q? =0) =279 Gl(Q*=0)=-1.01
@ Root-Mean-Square Radius:

d 6 d
(rE) = =673 GE(Q) [g2—o (rin) = =3 Gu(Q%) |20
E sz Q M 1hp sz Q
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MAGIX - Proton radius puzzle

e Starting 2010: Electron scattering (Bernauer) inconsistent with spectroscopic results from
muonic hydrogen (Pohl)

CODATA'06 (2008) P
Bernauer (2010) —H—e—
Pohl (2010)
Zhan (2011) H—e—H
CODATA'10 (2012) ——
Antognini (2013) i
Beyer (2017) I—0—~—|
Fleurbaey (2018) # ————
Sick (2018) it ——e—
Mihovilovi¢ (2019) i : . : |
Alaréon (2019) I—0—|
Bezignov (2019) I—O—“—|
Xiong (2019) ——e——t—— | | |
0.8 0.82 0.84 0.86 0.88 0.9
rp [fm]

o New data now consistent?
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MAGIX - Proton radius puzzle

1.015
PRad data +—e— ‘ X ‘ Mainz fit === Alarcon 19, 1, = 0/841 fm ——n
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@ Data still not consistent!
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MAGIX - Intended form factor measurements

103 T T T T T T T | T T T | T T T
1.02 —
R LIt
. 2 Bt bbb bR
e Wide coverage of low @ 101 = 4 4 4 44 0ebietettiit b otets —
@ Dominated by systematic ] Al
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error 8 I
& 0.99 |- « MAGIX E = 20 MeV
o Wi . Z 0 + MAGIX E = 45 MeV
Windowless target %;u X EZ ey,

. . | Data until 1980
o High resolution 0.98 o Bernauer (Mainz 2010)

o High efficiency + Xiong (JLab 2019)

097
e Negligible background

0.96 — —

1e-05 0.0001 0.001 0.01 0.1
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MAGIX - Dark Photon Search

o Idea: not looking for the dark matter particle itself, but for the force carrier

DM produced in Big Bang = there must be an interaction

DM particles — probably a dark sector?

Force carrier: scalar/vector bosons?

No reason for force carrier to be heavy!

Simplest model: Dark photon as U(1) boson

Kinetic mixing with SM photon: mixing parameter €
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MAGIX - Dark Photon Search

10-2 | T L LR

@ Coupling to electron — production w e

with mixing ~ € KLOE 2015
e Radiative decay into e /e~ pairs : -

BESIII

et+Z—e+Z++

3
v — et + e~ detected 10

o Total rate ~ €2

@ Experimental challenge:

e Background by radiative pair

production 10
o Resolution always beats statistics!

= MAGIX spectrometer 102 107

1 5 10
m, [GeVIc?]
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MAGIX - What else...
~Topic  Reaction  Jet  Observables

Hadron Structure

p Formfactor H(e, e')p H Ge(@?), Gm(Q?), re, rm

d Formfactor D(e, €')d D A(Q?), B(Q%), ra

3He Formfactor ~ 3He(e, e’)3He 3He re

*He Formfactor 4He(e, e')4He “He re

Few-Body Systems

d Breakup D(e, €'p) D do/dQ, polarizabilities

3He inclusive 3He(e, €') 3He Structure functions, R,

*He inclusive *He(e, €') *He Structure functions, R,

“He monopole “He(e, €’)*He* “He Transition Formfactors E(*He*), I'(*He*)
180 inclusive 150 (e, ) 150 Structure functions, R,

“OAr inclusive “OAr(e, ') “OAr Structure functions, R,

3He exclusive 3He(e, e'p/d)d/p  *He do/dQ

“He exclusive “He(e, €'p/d) “He do/dQ

Dark Sector

Leptonic Decay Ar(e, A’ - ete™) “*%Ar, Xe Lepton pair mass ma, peak search
Invisible Decay p(e, e'p)A H Missing mass ma, peak search
Astrophysical Reactions

S-Factor Phase 1  '®0(e, €'a)2C 160 Se1(E), Se2(E)

S-Factor Phase 2 1°0(e, 'a)'2C 150 Se1(E), Se2(E)
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@ MESA a new accelerator for precision physics

o Extracted beam: tuned for dedicated parity violating experiments
e Energy recovery linac: High current for internal targets

o P2 - Parity violating electron scattering

o Precision measurement of the weak mixing angle

o Running of sin? fy, sensitive to physics beyond the SM

o DarkMESA — Beam dump experiment

e Using the run time demands and intensity of a PV experiment
e Search for dark matter particles

e MAGIX — High resolution spectrometers

o Energy recovery for high intensity/low multiple scattering

= precision experiments
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