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Internal Gas Target
Experiment MAGIX

in MESA ERL Mode




Internal Target Experiment (@ ERL

Operation of a high-intensity (polarized) ERL beam
in conjunction with light internal target
— a novel techniquein nuclear and particle physics
- measurement of low momenta tracks with high accuracy
- competitive luminosities
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Magnetic spectrometer
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MAinz Gas Internal EXperiment
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Magnetic spectrometer

TPC-based focal plane detector

 10*% momentumresolution

* Requiresspatial resolution
of 50 um

 Open field cage

e GEMreadout
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MAinz Gas Internal EXperiment

<

Magnetic spectrometer

Cryogenic
gas jet target

Laval-Nozzle
|
\I 'r‘ /

-

Beam

TPC-based focal plane detector

e 10% momentumresolution

.‘ — Catcher
)'/ \\
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1

* Requiresspatial resolution
of 50 um

 Open field cage

* GEMreadout
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Supersonic Gas-Jet-1arget

WILHELMS-UNIVERSITAT

MUNSTER

baratron
y

’rcold head
v

> dl <
- 4 /4" = . nozzle
10 cm-[ (f ")

transfer part

accelerator beam

vacuum gauge 3/1s

Windowless !
Supersonicgasjet

Higher gas density (10°/cm?)
Cryogenic

H,, 3He, *He, O,, ....., Xe
0(103° cm? s1) @ 10*°/cm?
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The Proton Radius Puzzle

Atomic Spectroscopy
(PSI: Lamb Shift in muonic hydrogen)

r Muonic hydrogen s

25

[\\ Re = 0.8409 + 0.0004 fm Re=0.879 £ 0.008 fm
PRL (2010)
-
HMD + iso H spect.
—o— —_——
uH CODATA 2016
Beyer et al. Fleurbaey et al. Ehe New York Bimes
@ 1 I —
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EM Form Factors of the Proton

Al D)

MAINZER MIKROTRON

Elastic form factors in ep scattering:

do do
5~ (08) . 77y 7B (@) 7GR (@)

<1+2 1—|—T tan® —

Q2

T =
4mp
Ge: spatial

electric charge distribution

G, distribution of
magnetic moments
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EM Form Factors of the Proton Al

MAINZER MIKROTRON

Elastic form factors in ep scattering: Rosenbluth measurement

1.03 — ; —
= (52 - 1.02 | |
ds2 d<2 Mott € (1 +T)

0\ " 1.01 |- .
€= <1+2(1+T)tan2—e)
2 E L
; :
T 4Q2 S 099 -
mp g
Ge: spatial & ]
electric charge distribution © 0.98
0.97
G, distribution of 0.96 |
magnetic moments '
|

0.001 0.01 0.1

Achim Denig 23 Precision Physics at MESA



EM Form Factors of the Proton Al

MAINZER MIKROTRON

Elastic form factors in ep scattering:

Rosenbluth measurement

1.03 —— . S
= (52 - 1.02 | |
ds2 d<2 Mott 8(1 +T)

0\ " 1.01 |- .
€= <1+2(1+T)tan2—e)
2 E L L
T 4Q2 S 099 -
mp g
Ge: spatial & ]
electric charge distribution © 0.98
0.97
G, distribution of 0.96 |
magnetic moments '
| ! , L ) . |
0.001 0.01 0.1
Proton charge radius: Q? / (GeV?/c?)

PRL10 (A1): <r>= 0,879(8) fm

PRL"0, 242001:Bernaueret al.
PRC ‘14 015206:Bernaueretal.
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Proton Radius Puzzle - What is going on? &

A worldwide effort in atomic physics,
hadron/particle physics and theory

* New Physics explanation ?

Lepton — Non-Universality !
Different coupling of electron-proton vs. muon-proton
> light or heavy new particles (Dark Photon)?

* Electron scattering expts.

not at sufficiently low Q2
or — radiative corrections not understood

or — normalization errors
or...?
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ISR Measurement of EM Form Factors

Yisr Yrsr

MAINZER MIKROTRON

6 6 Q? measured in spectrometer [GeV?/c?]
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MAINZER MIKROTRON

6 6 Q? measured in spectrometer [GeV?/c?]
e e' e e' 4 3 2
o1 10 10 10 109
108
~
N U
/ \ / \ > 107
p p' p P %,
g 102 108
Initial State Radiati Final State Radiation <
£ 0,
) E
> >
c 10¢ “
o
4
(@]
5 103 103
° L
Strategy: ?c; -
- Very low values of Q2 by using ISR events
1
- Measure momentum spectrum of scattered 10
electron 10+ L8 L | . . 100
- Needs Very good understa nding Of QED 50 100 150 200 250 300 350 400 450 500
radiative corrections and FSR Energy of scattered electron [GeV]

- Access low Q? values down to 2x10%4, limited by systematic effects @ target walls

M. Mihovilovic, A.B. Weberet al. (PLB2017)
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The Quest for Low-Q? Scattering Data

1.03 ! ! ! ! ! ! ! | 1 1 1 |

oo L BEEOBEIIIIIRRE LI LIRSS |

1.01 - —

| PRAD @ JLAB

0.99 -

098 £ L \rawmt s (Proposal 2017)

097 L © Data until 1980 (#_%

' o Bernauer (MAMI 2010)

006 L Belushkin (Dispersion Analysis 2007) ]

| . L . L . L . L

le-05 0.0001 0.001 0.01 0.1
Q? / (GeV?/c?)

Achim Denig 29 Precision Physics at MESA



p
B / C7YDipole

The Quest for Low-Q? Scattering Data  SIE
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098 L ™ MAGIX at MESA  Ey = 105 MeV

' e MAMI ISR (Proposal 2017)
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Magnetic Form Factor (@ MAGIX

do _ (do 1 2 (A2 2 /2 Q>
26 = (80) . 71177y 1262 (@) +16H (@) =

-1
£ = (1+2(1+r)tan2%e

Low QZ accessible with low Ebeam long. polarization of virtual photon
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Magnetic Form Factor (@ MAGIX

do ( do ) 1 > /2 5 , > Q2
@ (L G2 (Q) +76% (@%)] ,- @
dQ dQ - £ (1 + T) [ ( ) ( )] T 4m%
-1
£ = (1+2(1+T)tan2%e
Low QZ accessible with low Ebeam long. polarization of virtual photon

Suppressed at low Q?>duetot

- Double polarization measurement
Beam Target Asymmetry !
.. Target Spin

7yy
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Magnetic Form Factor (@ MAGIX

<
=

d d 1 2
% B (£> Mote € (1 +7) [Ge (@) +76m (Q°)] 7= Q

4m3
~1
Oe
£ = (1—}—2(1—}-7’)1:3[‘12?
Low QZ accessible with low Ebeam long. polarization of virtual photon
1.1
Suppressed at low Q?>duetot
- Double polarization measurement 1 |
Beam Target Asymmetry ! : h
'y Target Spin 0o ¥ Zhen Lo 20ty N %
- NS " Vet oo (026 2008 I
= . 2 o Jones (JLab 2006)
3 0.8 |- ® Punjabi (JLab 2005)

¢ Pospischil (MAMI 2001)
~ Dietrich (MAMI 2001)
v Gayou (JLab 2001) "
x Jones (JLab 2000)

0.7 |- e MESA projected error
— Belushkin (Disp. Analysis 2007)
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0.01 0.1 1 10
Q? / (GeV?/c?)
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Proton Radius Puzzle - What is going on? &

A worldwide effort in atomic physics,
hadron/particle physics and theory

* Unknown QED / hadronic correction
in uH data ?

1-loop eVP

proton size

2-loop eVP

uSE and uwVP
discrepancy

L-loop eVP in 2 Coul.
recoil

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light

Il \\\\\H‘ Il \\\\\H‘ Il \\\\\H‘ Il \\\\\H‘ Il \\\\\H‘ Il
10 10 10 1 10 10’meV
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Proton Radius Puzzle - What is going on? &

A worldwide effort in atomic physics,
hadron/particle physics and theory

* Unknown QED / hadronic correction
in uH data ?

1-loop eVP

proton size

2-loop eVP

uSE and uwVP
discrepancy

L-loop eVP in 2 Coul.

recoil

largest hadronic
correction/uncertainty:
AE,, = (33 £2) peV

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light

Il | \\\\\H‘ Il \\\\\H‘ Il \\\\\H‘ Il \\\\\H‘ Il
10 10 10 1 10 10’meV
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Polarisability Corrections in Light Nuclei Systems

Y
r
>~

uH: AETPE(2P - 2S)=(33 +2) peV K—s
dispersive analysis
Carlson, Vanderdhaeghen (2011)

accuracy comparable with present p p

experimental precision
- Related to proton polarizability
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Polarisability Corrections in Light Nuclei Systems

A 4
A 4
>~

uH: AETPE(2P - 2S)=(33 +2) peV K —s
dispersive analysis
Carlson, Vanderdhaeghen (2011)
accuracy comparable with present
experimental precision
- Related to proton polarizability

uD: AETPE= (1727 T 20) eV nucleon potentials form chiral EFT

Hernandez et al. (2014)
daccuracy factor 5 worse than present experimental precision

w3He*: AE™E=(15.46 + 0.39) meV nucleon potentials form chiral EFT

Nevo Dinur, Ji, Bacca, Barnea (2016)

(15.14 £ 0.49) meV dispersiveanalysis

Carlson, Gorchtein, Vanderhaeghen (2016)
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Polarisability Corrections in Light Nuclei Systems

uH: AETPE(2P - 2S)=(33 +2) peV K § = — K
|

dispersive analysis

Carlson, Vanderdhaeghen (2011) SP‘

accuracy comparable with present \IN\ ] -{\65 p
experimental precision p\\\l\ . b\\\

- Related to proton polariz-’ .
(\\
TPE o(‘“ (
- \O 025 e«\ ‘\e\6 went experlmental precision
o) o “6 \(\
p3He+: | Co 15.46 £ 0.39) meV nucleon potentials form chiral EFT

Nevo Dinur, Ji, Bacca, Barnea (2016)

(15.14 £ 0.49) meV dispersiveanalysis

Carlson, Gorchtein, Vanderhaeghen (2016)

\
o'\ (eics
\\)
()6\I .aals form chiral EFT
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Dark Sector

Searches




Dark Sector Searches
keW MeV GeV TeV

DM Mass

7/
N
/ N
/ S
N
4 WIMPs
N
10_39 i 1'\',‘ tweshold (2011} e s e : ————rrv 10_3
1040 e 104
CDMS Si -
Lo -41 P
» 10 z
= 10 =
5 1043 “eCy 31
g 107 g
4 —44 &%
g 10 ;‘Be g
»
§ 10_45 eutrinos §
= 9
Q104 z
a'c. 1074 gl
> =
; 10—48 3
10~4°
-50 - R 2 R -14
10 1 10 100 1000 1050

WIMP Mass [GeV/c?]
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Dark Sector Searches
keW MeV GeV TeV

—

DM Mass
N

B 7
- 7
- N
--~ IDM__ -7’ >
— - / N
N
/

Dark Photon - Messanger WIMPs N
New massive force carrier of T

1072 AR R 107
extra U(1), gauge group oo BN, o

|

1041

"

= Could explain large number of
astrophysicalanomalies

Arkani-Hamed et al. (2009)
Andreas, Ringwald (2010);

10742

&,
1043 ey
b :

1074
'Be BN\
10_45 Neutrinos g B, N

Neutrinos .'_\.\:\ .
RN o
L
10746 ‘ =
10-47 \
10—48 ‘

= Could explain deviation of
3.70 between (g-2), SM pre-

WIMP-nucleon cross section [pb]

WIMP—nucleon cross section [cm

diction and direct (g-2), 1049
measurement 1070 e T e o0
Pospelov(2008) WIMP Mass [GeV/c?]
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Dark Photon e

Model 1: 11,/ << MDM

Holdom [1986]

Dark Photon decaying into SM particles — coupling €

Dark Photon

Dark Y. Standard
Sector :l?:el
U(1)4 3(1;”

—— Heavy Charged Leptons L
(carry U(1)s charge)
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Dark Photon I | <

Model 1: 11,/ << MDM

Holdom [1986]

Dark Photon decaying into SM particles — coupling €

Dark Photon

'

Y.

Achim Denig 43 Precision Physics at MESA



Dark Photon I | 2

Model 1: 11,/ << MDM

Holdom [1986]

Dark Photon decaying into SM particles — coupling €

Dark Photon

'

4 4

e+

Model 2: M./ > 2MpM

Dark Photon decaying into Dark Matter
—> invisible decay experiments
— LDM detection
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Results from A1 / MAMI JG|v

Model 1: T~ < MpDM

Low-Energy Electron Accelerators with high Intensity ideally suited for Dark
Photon search (Bjorken et al.)

3000

Hypothetical Dark

Photon signal:

bumpinone
single bin

2500

Signal process 2000

> 1500

™
|
L%;\
[T
+ |
Events / 0.5 MeV

1000

500

0
VA 200 250 300

g Mg, [MeV/c?]
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Results from Al

Merkel et al. [A1] 102 g
PRL ‘11
PRL ‘14

KLOE 2013

- Epeam 180 - 855 MeV 103
100 pA beam current
Stack of Ta targets

(2)21kinemtitic :ebttingsf 005 01 015 0.2 025 0.3
(1 month) of beam tin m,. [GeV/c?]

—> at time of publication most stringent
limit ruling out major part of the parameter range motivated by (g-2),
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=

Dark Sector Searches at MAGIX

<

=

Features: 102 SUBEES
* Xe gastarget C
w =
* Luminosity 103> cms? T ol
* 6 month of data taking |
10°
MAGIX / MESA
10™ =
1 1 1 L1 1 I 1 ¥

10 )
m,, [GeV/c9]
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Beam Dump Experiment (BDX) (@ MESA

Model 2: 170~/ > 2MpPM

MESA
3.10%% EOT

Electron Scattering (MESA) on Beam Dump
= Collimated pair of Dark Matter particles !
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Beam Dump Experiment (BDX) (@ MESA

Model 2: 170~/ > 2MDPM

Concrete walls

P2-Target Beam dump . BDX detector
and air
_— ELER —— —g
ool X X
e e

9

Electron Scattering (MESA) on Beam Dump
= Collimated pair of Dark Matter particles !

Achim Denig 49 Precision Physics at MESA



Simulation BDX (@ MESA

Full GEANT4 simulation:
P2 target, beam dump, BDX detector volume, walls etc.

= LDM interaction with
BDX material (electron recoil)

= - i |l proton recoil

%J 0.2 - -electron recoil

S 018

w 0.16 F Ebeam =140 MeV

§ 0.14 £l x elastic scattering kinematics
= C

0O 20 40 60 80 100 120 140
Kinetic recoil energy (MeV)
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5

| Detector Concept for BDX (@ MESA 16U

1
2.
3.
4
5

Ideal Requirements:

Electron Detection > few MeV
Large Surface (Acceptance)
Large thickness (Int. Prob.)
Reliability (long runningtime)
Background rejection

Cosmics

Natural Backgrounds

Beam Backgrounds (Neutrons)

) 4

Baseline Concept
Inorganiccrystal calorimeter

- Cherenkov (fast, no neutrons)
- Scintillator (higher light yield)

Achim Denig
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5

| Detector Concept for BDX (@ MESA 16U

Ideal Requirements:
1. Electron Detection > few MeV
2. large Surface (Acceptance)
3. Large thickness (Int. Prob.)
4. Reliability (long runningtime)
5. Backgroundrejection

Cosmics

Natural Backgrounds

Beam Backgrounds (Neutrons)

) 4

Baseline Concept
Inorganiccrystal calorimeter

- Cherenkov (fast, no neutrons)
- Scintillator (higher light yield)

Normalized counts

Achim Denig
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Beam Dump Experiment (BDX) (@ MESA JG|U

op=0.5;m =3m,;3x10% EOT

Detector layouts:

I
>~ Direct

gx v peoeieel Phase A
E wieiB08

50 1 0‘8 BABAR 2017

QY]

i

- -10

S 10

E

= 107"

0

v

=

§10_14 1 1 lIllllI 1 1 IlIIIII 1 1 L1 11 11

L -3 2 1

10 10 10 1
Dark matter mass m, (GeV/c?)
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Conclusions JG\U

New MESA electron accelerator (increase in intensity x 10 )
under construction at Mainz, commissioningin 2022

The intensity frontier at low-energies :
- Proton Radius - Dark Sector - Few Body Physics
- EW Mixing Angle - Nuclear Astrophysics - ....

Projection for MESA based on experiences achieved at MAMI

Go beyond state of the art in many technological aspects:
ultralight detectors, beam polarization, low energy detection, ...

Competitive programme in nuclear, hadron, and particle physics
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Conclusions JG\U

New MESA electron accelerator (increase in intensity x 10 )
under construction at Mainz, commissioningin 2022

The intensity frontier at low-energies - \
- Proton Radius - Dark S~ \)\. 0\\1\?' _w Body Physics
.y . NOV et
- EW Mixing Angle - |>‘“\k QV&\N oS - ...
A

b

Projectic 0\_\}&0.,.1 experiences achieved at MAMI
e ©

Go beyonc " .ate of the art in many technological aspects:
ultralight detectors, beam polarization, low energy detection, ...

Competitive programme in nuclear, hadron, and particle physics
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BACKUP
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Dark Photon

New massive force carrier of extra U(1), gauge group;
predicted in almost all string compactifications

Dark photon
[ | [ | [ | [ | )
10!6 10!2 10! 10° 10I11 1013 Mass [eV]
r__
a'=¢e?- a,,

Search for the O(GeV/c?) mass scale in a world-wide effort

» Could explain large number of astrophysical anomalies
Arkani-Hamed et al. (2009)

Andreas, Ringwald (2010); Andreas, Niebuhr, Ringwald (2012)

» Could explain presently seen deviation of 3.60 between (g-2),

Standard Model prediction and direct (g-2),, measurement
Pospelov(2008)

Achim Denig 57

Precision Physics at MESA



Dark Photon Status in 2010

Year 2010 Y

10-2 L) L) I L) L) L) L) I
W
: u*

Coupling
A
allowed parameter range
1073 for (g-2), explanation |
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I\I 1 1 |

0.05 0.1 0.15 0.2 0.25 0.3 0.35
m,. [GeV/c?] terra incognita
k white region

> Mass motivated by
dark matter !
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Results from Al

JG|U

Low-Energy Electron Accelerators with high Intensity ideally suited for Dark Photon search

Bjorken et al. (2009)

Signal process

i Y’ e
e .......... )<
ot
Target Detector
y e
VA

Background QED
processes
,
e (\,\v\ﬁ<f‘
VA
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Dark Photon Search @ Al

Features 2010 pilot run (4 days)

* Beam energy 855 MeV

* Target: 0.05 mm Tantalum

* Beam current ~100pA -2 Luminosity ~103° cm2st

* Kinematic configuration: - complete energy transfer toy’ boson
- symmetric e and e* momenta

* Cerenkov detector for electron/positron identification

30 3000

- Time difference - ~
] 3 SM, .~ 0.5 MeV
25F between spectro- 2500 QED bkg.
= 203— meters A, B E 20003_ Hypothetical Dark
2 : 0 C Photon signal:
s 15F S 15001 bump in one
g T St single bin
5 10 AT, g<1 ns 2 1000f- &
1] C :
5 500
ok .
3 -20 -10 0 10 20 30 40 250
Tag [ns] Moo [MeV/c?]
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Invisible Decay of the Dark Photon

Model 2: Dark Photon coupling to light Dark Matter
(invisible decay!)

M~y > 2MpM e

[

1072

 Dark Matter particle not seen
* Few constraints
* Couldagainexplain(g-2),

1073 L
w

- Missing energy / mass

— Search for Dark Matter particle

- . ‘1 . directly using dedicated low-
ma GeV background detectors

10—4 L
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Invisible Dark Photon Decays -

Model 2:
Dark Photon coupling to light Dark Matter (invisible!)
Focus of now-days interest, proposals for SLAC, LNF, CERN, ....

Pseudo—Dirac Thermal Relic DM

107> R from P. Schuster
10—4_

10-5| LEP
dimensionless . 107 ~~_ |
tt 10-7L BaBar S~ E787 | | E949

quantity m

~ ( mx/my' )2

predicted range
from thermal
origin ( i.e. from
observed
Dark Matter
density )

1078+

10—9 L
10—10
10-11
10—12
10—13 L

107 <o Need additional 2-4 orders
M P e AT
1 10 10° 103

m, (MeV) «——— Dark Matter mass

/

y = €ap (my/my)
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=D,

Results from A1/MAMI

Year 2017 i

10-2_ IIII I L] IIIIIII L]
w r KLOE 2013 "
- KLOE 2015
BESIII
10°
Merkel et al. [A1]

PRL ‘11

PRL ‘14 -
10-4 1 IIIIIII 1 1 IIIIIII 1 1 1 1 1111

107 10"

,. 10
m.. [GeV/c?]

—> at time of publication most stringent
limit ruling out major part of the parameter range motivated by (g-2),

Achim Denig 63 Precision Physics at MESA



MAGIX Invisible Dark Photon Decay
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The Proton Radius Puzzle

Muonic atoms

puD 2016 + H/D iso COPATA-2014

—e—i I @

e-p scatterin
uH 2013 | il '9
(MAMI, JLab, etc.)

. H spectroscopy
pre-2016

uH 2010

0.83 0.84 0.85 0.86 0.87 0.88 0.89
Proton charge radius R [fm]
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EM Form Factors of the Proton %

MAINZER MIKROTRON

Elastic form factors in ep scattering: Super-Rosenbluth measurement
dU dU 1 2 2 105 | I l T ! * !
= - G
i~ (&) s T @) ! }
1
-1 T
5:(1+2(1+T)tan2%e) 20.95—
) O]
Q ~u 09
"= O 1
my 0.85 |- i Christy etal. +o4 Hanson et al.
Gg: spatial = l§i|_'non ?t IaI. Hd ?orkowski aII.
electric charge distribution 0.8 | e Bg?gee?e?él. e Mal?rsbﬁnzt%?' |
0 0.2 0.4 0.6 0.8 1
G, distribution of Q2/GeV/?2

magnetic moments

Mainz measurement

average of all fit models
Proton charge radius: with uncertainties

Al
PRL10 (A1): <r>= 0,879(8) fm

PRL"0, 242001:Bernaueret al.
PRC ‘14 015206:Bernaueretal.
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EM Form Factors of the Proton (ISR)

MAINZER MIKROTRON

1e+06

100000

10000

1000 e

Counts/ (0.1 mC -5 MeV)

=+ Data MAMI (2013)
— Simulation

100
460 465 470 475 480 485 490

Electron energy E' [MeV]
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EM Form Factors of the Proton (ISR)

&)

MAINZER MIKROTRON

6% — . . —s
[ o
1o | 5 s 3 R=1.05m |
~ " ]
I [ 5 " & d
c 2% 3 & 3 v ‘R=0.95fm 1
'% @ F )
E 0% -—i + . 2 a &
E [ =0.85fm
2 [ ) ‘
§ -2% o) P . .
! v ©
-4% :.. 495 MeV R=076fm J
6% L p 3 ;
300 350 400 450 501
6% —
10/ : ; E I I i g @
1% E Is
_ : % ¥ ; 8  R-1.05Mm
é 2% | i i : ; 2 B,
= X % * i é i " R=0.95fm
E 0% : i * Fﬁ ; i =
e i {: ' b R=0.85fm
§ -20/0 .' ﬁ * ﬁ
-4% :- io Mev ¥ * 0 ¢ ©
[ R=076fm
-6% [ i s N
150 200 250 300 350
Electron energy E' [MeV]

I

T T T T T T T T
This work f= —
Zhanetal. = [—e—i]
Bernaueretal. = —e—i
Eschrichetal. = A
McCord etal. = ——
Simonetal. = —e—
Borkowski et al. [m= -
Murphy etal. = o
Akimov etal. [= i
Frerejacque etal. = ————
Hand etal. |= —e—
—1 Il L ! N I Il J1

074 076 078 08 0.82 0.84 086 088 0.9 092 094

rp [fm]
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&)

MAINZER MIKROTRON

6 6 Q? measured in spectrometer [GeV?/c?]
e e e e'
10~* 103

102
101 P 109

108

107

"\‘_|
O
S~
N
>
()
O 102 108
Initial State Radiati Final State Radiation <
413 108
v 5
> >
c 10¢ &
o
4
8 10-3 108
o
Strategy: © .
‘E‘j 10
- Very low values of Q? by using ISR event
- Measure momentum spectrum of scattered 10
electron j0-¢ L8 e | | | 100
- Needs Very good understa nding Of QED 50 100 150 200 250 300 350 400 450 500
radiative corrections and FSR Energy of scattered electron [GeV]

- Access low Q? values down to 2x10*

M. Mihovilovic, A.B. Weber et al. [Al collaboration]
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* Proton FF (repeat Bernauer) measurement with

5} gas jet target (2019), ISR measurement as well e New orkBines

nNmy TPC detector (PNPI St. Petersburg) measuring proton recoil (2020)
 Deuteron FF measurement (result expected 2018)

A2 programmeon proton polarizabilities (result expected 2019)
to reduce two-photon correction / uncertainty of pH results/ PSI

8EIectric FF measurementattoew Q% _—
v

 Magnetic FF measu{ehﬁnft‘a't low Q2 using doupb! larization
. EIastlwe%lena ur rrr?éﬁts for Few-Body-Systems (2@, “He, ...)

as weII as H]realg up measurements
. Polarlzablllty measurements ofproton and of Few- §bc5y -Systems
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Vertical Test CAV007 Vertical Test CAV008
1x10!1

1x1011

S 1x1010 k-

1x10° i i i i i L i 1510° i i i i i i i
25 30 35 40

Eacc in MV/m Eacc in MV/m

1x10t! [ 1x101!

S 1x1010 S 1x1010

1x10° i i i i I i 1 1x10° i I i i i i I
Epcc in MV/m Eacc in MV/m

- all resonators meet specs

Achim Denig 71 Precision Physics at MESA



GEM Focal Plane Detectors

2 Sensitive layers (30x120 cm?)

- Thefirst centered on the focal plane
- The second with a sizable lever arm
to measurethe angle

Trigger

Second Referenc

Focal Plane

< Y

‘\
e (E ~O(10 MeV) )\\

Magnet

GEM Detectors (2 or 3 layers)

- 2D Strip readout

- High rate capabilities

- Aim for 50 um resolution
- 1 MHz readout rate

Achim Denig 72

Precision Physics at MESA



GEM Focal Plane Detectors

* GEM readout on a Kapton foil

Foll
Readout

— New pads and strips readout e Kapton

GEM Kapton

0.38% X

— First design to be tested in October

Default triple GEM detector
0.96% X

* GEM copper reduction °

— Replacing copper with an atomic layer of Chromium

— First batch of Chromium GEMs successfully tested

— Data analysis ongoing

* High-rate capability
— Expected single count rate in the MAGIX spectrometers O(MHz/cm?)
— Successfully tested at MAMI with similar rates (standard and chromium GEMS alike)

— New electronic system under development to achieve readout rates of O(10-100
kHz) (in collaboration with the CERN RD51 group)
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Small Drift TPC as a Focal Plane Detector ?

GEM readout Pro's:

A Anode 1 : Focal Plane ... .
R = - minimize material budget

- improved spatial and angular
Drift length 15 cm ! resolution
................................................................................................. IssueS:
/ - rate capabilities
- space charge effects w/o
B field (dipolefield ?)
----------------------- » - readoutelectronics

Primary Particle

...................

.........

GEM readout

<y

Achim Denig 74 Precision Physics at MESA



Internal Gas Targets for MAGIX JG|v

Thin T-shaped foil ST Gas-let-Target
! Laval-Nozzle
v Beam
Y
/, \ — Catcher

\

 Length (~¥30cm) e Windowless!

* First prototype with mylar foil * Supersonicgasjet
* Canuse polarized gases * Higher gas density (10'°/cm?)
* Estimatedluminosity with polarized * O(mm) targetlength

beam O(>> 1032 cm>? s1) * H,, 3He, *He, O,, ....., Xe

s 0(103°cm? s1) @ 10*°/cm?
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Supersonic Gas-Jet-1arget

Commissioning of jet target at A1/MAMI in 2017/18

* Installationofjet target and of pumpingsystem
« Measurem. of jet propertiesvia elasticscattering
e Target density> 2 x 10*® /cm? achieved

* Clusterbeamwidth 1.72 mm

Jet beam profile measurement

Target area density [1018/cm?]

-4 -2 0 2 4

XVertex [m m]
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ISR Measurement of EM Form Factors

1.02
1.01

0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92

0.

M. Mihovilovic, A.B. Weber et al. [A1l collaboration] Phys. Lett. B771 (2017) 194

Feasibility of method proven
Access to unexplored Q? ranges
below4 x 103 GeV?
Significant systematicuncertainties
This experiment —e—
- st i
S R : Bt
Murphy —a—
[ Systematic uncertainty —
i I D R
001 04(302 I 04(304 I l — l0.0I10 04(;16

Q* [GeV?/&

Counts / (0.1mC - 5MeV)

Data/Simulation — 1

1% E

107

106 k

10° b

10* b

103 |

102 b

3%

— Simulation » Data at 195 MeV

--- Elastic Setti&gs M H(e,¢')nmt and
« Data at 495 MeV H(e, ¢')p w® Contributions
= Data at 330 MeV N Background

2% F
1% F
0%

2%k
-3%

B Systematic uncertainty

100

200 250 300 350 400 450
Electron energy E’' [MeV]

500
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ISR Measurement with Gas-Jet-Target JG|u

Existing ISR measurement:
Systematicuncertainties ~1%

Walls &

Cryogenics

NNLO
Rad. Corr.

NNLO
Rad. Corr.

&

Production Remaining contributions
after measurement with

gntrance
flang®

Pion

gas jet target and slight
additional modifications:




Deuteron Radius from Muonic Deuterium i

D spectr.

r

New result for muonic deuterium pD Electronicspectroscopy

CODATA-2010
H/D (1S-25) Isotope Shift r 2-r,2=3.82007(65) '~ &

e-d scatt. o
Electron — Deuteron scattering

1 l L 1 | 1 1 1 1 l ] l ] 1 1 ) 1 1 1 1

1 L A 1 l 1 1

! |
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145
Decuteron charge radms [fm

Consequences: - Puzzle also seen in deuteron systems
- In case of new physics explanation: no coupling to neutron
- Isotope Shift in electronic and muonic systems identical

Problem: - Uncertainty in uD dominated by hadronic corrections
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Proton Radius Programme at MAMI

-— . W

High-pressure TPC MESA gas jet target @ A1/MAMI

3T e

Determine Q?
from proton recoil

Repeat Bernauer measurement Repeat ISR measurement
(Rosenbluth separation) - Access to low Q?
- Reduce main systematic effects
(windowless target)
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* Proton FF (repeat Bernauer) measurement with
é:) gas jet target (2019), ISR measurement as well e New orkBines

 TPC detector (PNPI St. Petersburg) measuring proton recoil (2020)

 Deuteron FF measurement (result expected 2018)

A2 programmeon proton polarizabilities (result expected 2019)
to reduce two-photon correction / uncertainty of pH results/ PSI

e Electric FF measurementatlow Q?
 Magnetic FF measurement atlow Q? usingdouble polarization

* ElasticFF measurements for Few-Body-Systems (d, 3He, %He, ...)
as well as break-up measurements

* Polarizability measurements of proton and of Few-Body-Systems
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EM Form Factors (@ MESA

Magnetic Radius from limit 9> — 0

@ Suppressed by T = ;g";p in cross section

do do 1 ) ; i i
dQ, ~ (dQe)Mon =) [e GE(Q%) + 7 G, (07)]

@ Beam-Recoil polarization is limited by proton recoil momentum |p,| > 300@

@ Beam-Target polarization:

A(6%,0") = A;sinB"cos¢”+Ag cosB”

0 G G
A = -2 \/T(1+T) tani G E M 8

0 0
As = -2 1 \/H—‘H— 14+7)%tan? = tan—
> (1+9 2 2 G+ (t+2t(1+7)tan?3) G,
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Proton FF (repeat Bernauer) measurement with
new gas jet target (2019), ISR measurement as well (2019+)

TPC detector (PNPI St. Petersburg) measuring proton recoil (2020)

Elye New Pork Times

Deuteron FF measurement (result expected 2018)

A2 programme on proton polarizabilities (result expected 2019)
to reduce uncertainty of muonic hydrogen result

Electric FF measurement atlow Q?
Magnetic FF measurement at low Q? usingdouble polarization

Elastic FF measurements for Few-Body-Systems (d, 3He, “He, ...)
as well as break-up measurements

Polarizability measurements of proton and of Few-Body-Systems

Achim Denig

83 Precision Physics at MESA



Proton Polarizabilities

Reaction of nucleon underinfluence of an EM field ) Feel
<--> Compton scattering f)/p f)/ p

provides fundamental information of the nucleon;

very sensitive test of theories (H/BxPT, Disp. Rel.). o =11.2+£0.4
p _

= Electric Polarizability: o, o Lo 1 o Brn=25+04

= Magnetic Polarizability: By, et — 47 |3°61F +§‘%M1H} ° N ' ¢ '

= Spin (Vector) Polarizabilities: Veie1, Ymimy Ymiezs Veimz ol % v |

Bu1® [10°4 fm?]

Attempts at MAMI to reduce magnetic
polarizability B by a factor of 2 6
using spin observables (difficult)

ag® [10* fm3]
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Experiment Status

Polarisierbarkeiten T, February 2011y
23 December 2012 /
QE], BMI June 2013 \/
25, May 2014 Vv

@ Beam: circular
Target: longitudinal

R L R R
a — g ag — g
+z +z +Zz —Zz
222

R L R R
0’+z—|—0+z 0+Z+0_Z

|

Q@ Beam: circular
Target: transverse

R L R R
g — 0
y X +X

R L R R
0+X—|—0+X 0’+x+0'_x

© Beam: linear, || and L to scattering plane

Target: unpolarized

ol — ot

23 = —
’ ol + o
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Few-Body Physics at MAGIX

K. Hebeler et al., An

Linking low energy QCD to many-body systems

E. Epelbaum (2015)
Two-nucleon force

Four-nucleon f

Three-nucleon fi

LO (Q9)

- —
(b) Energies calculated

Energy (MeV)

| & Exp.
\

- T T

(c) Energies calculated
from Vigwx NN 1F

+3N (A,NZLO) forces

A\
\

=== NN+3N (NLO) ===~

T e Exp.

] ﬁNN+3N(A)
NN
1 1 |

from G-matrix NN
+ 3N (A) forces

1
20

8
Neutron Number (N)

| = NN+3N (A)
---NN 1 1 1 1 1
14 16 20 8 14 16

Neutron Number (N)

Achim Denig

S G HQ -
o | X ot - | 11 H w xm

worked out and applied

Jacek Golak / LEPP16

Work out framework based on ChPT
to deal with EW processes



Conclusions and outlook

* Very robust momentum space framework to deal many electroweak
processes has been constructed and tested (limitations)
* New input: improved chiral 2N and 3N potentials (even 4N potentials)
from E. Epelbaum et al. are available
« Substantial improvement in description of many observables
« LENPIC (Low Energy Nuclear Physics International Collaboration) to
coordinate few-nucleon and many-nucleon Calculations

— See Kai Hebeler’s talk today !
« Consistent electroweak current operators are needed and are being
prepared

« MESA results will be of great importance !

2290
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Conclusions and ontlook (cont.)

What should be measured?

Various observables in deuteron electrodisintegration (polarization might be
crucial !)

Two-body break-up of 3He

1. unpolarized proton angulardistributions (for a wide range of angles)
2. 3He analyzing power

3. Spin-dependent helicity asymmetries

Three-body break-up of 3He

1. Semi-exclusive cross sections (proton and neutron) at various emission
angles with respect to the momentum transfer

2. 3He analyzing power

3. Spin-dependent helicity asymmetries

“Y“ JAGIELLONIAN UNIVERSITY
R N KrRAKOW
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Introduction (cont.) g, .. cted MESA

cxpected WicoA
180::\ | \::\ | \::\::\::\ [
160 - + e e s s
140
120 s L E:
100;: + T+ I+
80 -
60 - S EEEEE:
40 - S TEXEE _
20+ = FFEEFF ideal to study few-

parameters
60 80 100 120 140 nucleon dynamics within
E' [MeV] the nonrelativistic
300 ‘ framework with the input
250 - = from ChEFT !

28—

E= 150 MeV
E’>20 MeV
O, > 10 deg

O, [deg]

N
o
B
o

Q [MeV/c]

momentum transfer vs.

ol energy transfer
0 20 40 60 80 100 120 140
w [MeV]

0 DehiEow 89



Introduction (cont.)

JAGIELLONTAN UNIVERSITY

0.08 : AW N KRAKOW

0.07 -

0.06 - S. Golek@LEPP 2017
0.05 -
0.04 -
0.03 -
0.02

0.01 | i‘
O T T T

i
-
|

a2 [(GeV/c)?]

four-momentum transfer
squared vs. energy transfer

1 A I I A WA
frrrrrrrrrrrr T T T T T T T T T T
1 A A B I A A 11
T T T T T T T
1 A A A A 1
T T T T T T T T T

AR AR AR AL

L
HHHHHHII\HIHHHIHH_

o
N
o
IS
o
(o))
o
(0]
o
=
o
o
=
N
o
=
B
o

300
250 -
200 -

150
100 1 magnitude of three-

50 momentum transfer vs.
0 ' J | * | internal energy of 3N system

T

-
-

HHHH

Q [MeV/c]

T

S
HHHT

o
N
o
I
o
(o))
o
00
o
=
o
o
=
N
o

E3n [MeV]
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Deuteron Radius from Muonic Deuterium i

D spectr.

r

New result for muonic deuterium pD Electronicspectroscopy

CODATA-2010
H/D (1S-25) Isotope Shift r 2-r,2=3.82007(65) '~ &

e-d scatt. o
Electron — Deuteron scattering

1 l L 1 | 1 1 1 1 l ] l ] 1 1 ) 1 1 1 1

1 L A 1 l 1 1

! |
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145
Decuteron charge radms [fm

Consequences: - Puzzle also seen in deuteron systems
- In case of new physics explanation: no coupling to neutron
- Isotope Shift in electronic and muonic systems identical

Problem: - Uncertainty in uD dominated by hadronic corrections
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Hadronic Corrections in Light Nuclei Systems

Carlson, Gorchtein, Vanderhaeghen (2016)
sample of present 3He(e,e’) data

=3 190 < E = 1099 MV 0 = 54°

Q 100

g 80

W 60

G 40F3

3 2 i :

° 0 rd | L x X . g, b1y,
0005 0.0 0015 0.02 0025 003 0035

w (GeV)
Kinematics day A(AF"’ "‘") AE S EPE

I = 110 MeV
0 =54° | £0.014 | 0.40 meV @

5% measurement of 3He
electrodisintegration
cross section at MAGIX
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JG|U

Nuclear Astrophysics at MAGIX ?

12C (aL,y) 120 reaction

e Of fundamentalimportance forstarburning
 Determines2C /10 abundance
* Influencesthe nucleosynthesis of heavy elements

“He
Energy
Cross section as function of E_,, \ (J_S-S‘
1 —_— >
5 . 12C r-c_‘_CJEnergy
Comptor, Tunneling /
robabilit 16

wave length . Pr¢ Y “He \‘Q

in fusion process &

,,S factor”
un kn ownnu Cl ear p hyS|CS Precision Physics at MESA

Achim Denig



JG|U

Nuclear Astrophysics at MAGIX ?

Needed: S-factorat E_,,=300 MeV (,Gamow peak”)
= energy with highest tunneling probability !

o
\(\c’o (’(\e\\\ | | | Roters 1999 —+— ]
o 182 : 0(\ ) R Dyer 1974 +—>— 1
’&e( e*‘ o & % Assuncao 2006 ]
x0 € 3 Kunz 2001 |

RGP %'[% gett | g mEmo

-
i

1+ Theory: 1 ]{ .
= Kunz et al. (2001): 165 + 50keV-b 1

Hammer (2005): 162 + 39 keV'b

Schiirmann (2012): 161 4 19tat J_rtgsys keV-b

0.1 | | ! !
0.5 1 15 2 2.5 3 3.5

T Ecm[MeV]

S(E) [keV*barn]

Gamow peak
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150 (a,y ) °C Reaction at MAGIX

<
=

* Inversereaction: 0 (a,y) 12C

* Chosekinematics with quasi-real photon

* Factor of 100 improvementin cross section
wrt. original reaction

* Simulation of process carried out

Spectrometer

E o o WM’MMMWM
© 10 » me»'*"t’” '
10° ™ a
10° o
107 e
10° e
10 i Dedicated
107" e o detector
10" T 20 MeV !
107
- @ ~ fb cross section To-Do:
e | o | * Simulate acceptences
T 1 awmey  © Study background
Gamow peak * Conceptfor a detection
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S(E1) [keV-barn]

150 (a,y ) 1°C Reaction at MAGIX

<
=

* Inversereaction: 0 (a,y) 12C
* Chosekinematics with quasi-real photon
* Factor of 100 improvementin cross section
wrt. original reaction
* Simulation of process carried out
100 1072
104 -
106
10 |
_ 108 -
““‘ % 10-10 L
——+— 1974 Dyer
1 L P 1987 Redder 1012 |-
1996 Ouellet
1999 Roters
2001 Kunz 10714 |-
—e—i 2006 Assuncao
TS 1 - =]
ot 0.5 1 15 2 2.5 3 35 05 L 2 4 8
Ecm. [MeV] Ecm. [MeV]
96 Precision Physics at MESA

Achim Denig



A Low-0Q? Measurement of sin’0y,, @ P2 JGlv

Scattering of longitudinally polarized electrons on unpolarized protons

- Z boson exchange in electron-proton scatteringintroduces parity-violating effect
- Measure parity-violating Left-Right cross section asymmetry Az ( =40 x 10°)

155 MeV -
150 pA
Polarized ’

weak charge

_ olef)—ole})  Gr@* ¥
A = olet)+o(el) 4\/§noc(QW ?(Q )

Electron Beam

.2
QW = 1 —4sin 9W (,U) hadron structure
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Beam Polarimetry (@ MESA JG|U

Strategy: Redundant measurement of beam polarization with < 1% accuracy each

= Doublescatter Mott polarimeter @ 100 keV

= Single scatter Mott polarimeter @ 5 MeV

= Hydro Moeller Polarimeter @ 155 MeV (in situ)
exchange ferromagneticprobe by trapped polarized
hydrogen atoms (engineering challenge)
— expected accuracy <0.5%

H Carrier flange Heat exchangers Pre-cooler final 3He/4He mixing
(4He-based pre-  stage (1.25K) chamber (0.25K)
cooling system) with trapped Hydrogen

30K 40 cm /\ /

Solenoid 8T N

5 /]

3He/4He phase
separation (Still) 0.7K

Electron beam Solenoid Hydrogen

ot —ot) sin® @(7 + cos? )

= T oy T BT R o2 (9) 2

|> 7
~ Al
>

 —— Storage Cell

(on

(e}

2

=]
4cm

Am

The Low-Energy Frontier of the Standard Model



