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Elastic ep -scattering

probe e.m. proton
structure with
electron scattering

T =Q%/AM?
0
e ! =142(1+ 7)tan? >

cross section for elastic ep scattering:

do\ [ do 1 2012\ L L2 (A2
<dQe> - (dQe>Mott (1+7) [GE(Q )+ GGM(Q )}
G2(Q?) <+ charge distribution

GZ(Q?%) <> magnetization distribution
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Elastic ep -scattering

- bl <— pointlike
probe e.m. proton static limit o proton

structure with Gg=Gy= 1
electron scattering

0 rrrrrrrrqrr’rrr’rr‘—rrrrr;—rrrrni—rrrm — pOlnthk
. LN I neutron

Povh, Rith, Scholz, Zetsche;

Teilchen und Kerne (2009) GE: GM: 0

0 0.2 0.4

T =Q%/AM?
0
e ! =142(1+ 7)tan? >

cross section for elastic ep scattering:

. 4 1 2012\ 1 L2 (N2
(i) = () e (@) + @)
G2(Q?) <+ charge distribution
GZ4(Q?) < magnetization distribution
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Elastic ep -scattering

probe e.m. proton ~[static limit
structure with
electron scattering

Povh, Rith, Scholz, Zetsche;
Teilchen und Kerne (2009)

< pointlike
proton

GE: GM: 1

0 r-—-—r-—-—rw—-—:—-—-—,.W — pOlnthk

neutron
GE: GM: 0

0 0.2 0.4

T =Q%/AM?
0.
e ! =142(1+7)tan? o)

cross section for elastic ep scattering:

. 4 1 2012\ 1 L2 (N2
(i) = () e (@) + @)
G2(Q?) <+ charge distribution
GZ4(Q?) < magnetization distribution

radius from slope: <
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The proton radius puzzle

Combined spectr. data .
Melnikov e? (2000) eH atomic data

Udem et al (1997)

Ron et al. (2011)
B0r15¥uk 88%8;
Belushkin et al. (2007) Reanalyses
Sick et al. (2005)
Blunden et al. (2005)
Rosenfelder et al. (2000)
Mergell et al. (1996)
W§ng et al. (1994)

Zhan et al. (2011)
Bernauer et al. (2010)
e o =
cCord et al. :
Simon ot al. (1980) Nuclear scattering data
Borkowski et al. §1975;
Akimov et al. (1972
Frerejacque et al. (1966)
Hand et al. (1963)

CODATA 2014
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The proton radius puzzle

Pohl et al. (2010) uH atomic data

(0 x 20)
Combined spectr. data .
Melnikov e? (2000) eH atomic data
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Ron et al. (2011)
B0r15¥uk 88%8;
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Sick et al. (2005)
Blunden et al. (2005)
Rosenfelder et al. (2000)
Mergell et al. (1996)
W§ng et al. (1994)

Zhan et al. (2011)
Bernauer et al. (2010)
e o =
cCord et al. :
Simon ot al. (1980) Nuclear scattering data
Borkowski et al. §1975;
Akimov et al. (1972
Frerejacque et al. (1966)
Hand et al. (1963)

CODATA 2014
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The proton radius puzzle

Antognini et al. (2013 '—I—'
ohl et al. 52010; # H(atorﬁldc data c
Combined S}{)ectr data
1. (2000)

Melnikov et al. eH atomic data
Udem et al. (1997)

Griffioen et al. (2015)
Lee et al. (2015)
Arrington et al. (2015)
Lorenz et al. (2015)
Lorenz et al. (2012)
Adamuscin et al. (2012)
Sick et al. (2012)
Ron et al. (2011)
B0r15¥uk 88%8;
Belushkin et al. (2007) Reanalyses
Sick et al. (2005)
Blunden et al. (2005)
Rosenfelder et al. (2000)
M&l}gell et al. (1996)
ong et al. (1994)

Zhan et al. (2011)
Bernauer et al. (2010)
e o =
cCord et al. :
Simon ot al. (1980) Nuclear scattering data
Borkowski et al. §1975;
Akimov et al. (1972
Frerejacque et al. (1966)
Hand et al. (1963)

CODATA 2014
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Proton's charge form factor

o Bernauer
® Simon et
A Price et af

" Data available only for @? > 0.004 (GeV /c)>.

= Extrapolations to zero are needed! (r;) = —6h°
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Initial State Radiation
#/\

Elastic
peak ‘elastic’

Radiative
tail

>

v
E (energy of the scattered electron)
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Initial State Radiation

Elastic
peak ‘elastic’

#/\

Radiative
tail

-H‘“"éff’f T radiative tail
EI(SS et = ISR
r‘h photon radiation takes energy out

of electron — access to lower ()¢
at given scattering angle

= Sophisticated simulation needed
(FSR, ...)

= Allows investigating Gg at Q?

down to 10-4 GeV?2
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Kinematic settings

10° |

10° |
+ SIMULATION

Counts

104 |

| vl
10° | | :
102 | | .- - - 1,
100 150 200

50

w Simulation for 495MeV |
= S imulation for 330 M eV
= S jmulation for 195 M eV

Overlap for 2 of
the acceptance

T

250 300 350 400 450 500
Energy of scattered Electron E’ [MeV]

Multiple beam energies: elastic results vs. ISR results
Limited momentum acceptance: multiple settings
Overlapping settings to control systematic uncertainty

Performed at MAMI in 2013
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Mainz Microtron (MAMI) - Electron Accelerator
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Mainz Microtron (MAMI) - Electron Accelerator

]
) 3

MAINZER MIKROTRON

I — ) —
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e polarized + unpolarized electron source
e Injector LinAC

* 3 Race Track Microtrons
: : : -
 Harmonic Double Sided Microtron B
<
<

MAMI
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— tow—beam—etality
€, € medinmbremmamatits —»T@ 80% Pol 160 MeV - 1.6 GeV 0 - 100 pA

high beam quality




The Al setup

pectrometer A
spectrometer B

High resolution e Liquid hydrogen
magnetic spectrometers AT S N
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The ISR experiment

Electron Beam:
- Energy: 195, 330, 495 MeV

- Current: 10 nA -1 pA
- Rastered beam

Spectrometer B:

- Data taking

- Angle: 15.3°
- Momentum:
48 - 194 MeV/c (35 setups)
156 - 326 MeV/c (12 setups)
289 - 486 MeV/c (9 setups)
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The ISR experiment

Spectrometer A:

- Luminosity monitor (const. setting)

- Momentum: 180, 305, 386 MeV/c
- Angles: 50°, 60°

Electron Beam:
- Energy: 195, 330, 495 MeV

- Current: 10 nA -1 pA
- Rastered beam

. Forster probe

PA Spectrometer B:
- Data taking
Luminosity monitors: _ Angle: 15.3°
- pA-meter - Momentum:
- Forster probe : 48 - 194 MeV/c (35 setups)
SEM Spectrometer C 156 - 326 MeV/c (12 setups)
! - Not used 289 - 486 MeV/c (9 setups)

- Spectrometer A
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i - — Simulati H(e €)n 77" and
Comparison data vs. wl By e
. . [ = Data at 330MeV Background
simulation X Data at 195MeV
= Simulation performed with < 10
Bernauer parametrization of = sl
| 2
form factors 2
S 10}
= A percent agreement g |
. . =] 5
demonstrates that radiative S 1|
corrections are well understood, | STt - 1
even 200 MeV away from 0 : .
elastic peak! ol
= Existing apparatus limited - PF
reach of ISR experiment to Btk §
' o LR PR T
E'"~ 130 MeV E 7 it
g 1% ¢
= Assuming flawless description S ol RSl ey
of radiative corrections, form 30 b , : : : : : :
100 150 200 250 300 350 400 450 500
factors can be extracted from Electron energy £ [MeV]
the data

M. Mihovilovic et al., Phys. Lett. B 771 (2017) 194
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Results: ISR form factor, radius

M. Mihovilovic et al., Phys. Lett. B 771 (2017) 194

1.02 -
L | This experiment — e —
101 } e I ISR fit ——
| Bernauer —<—
1 E + + +| Simon —<—
| + | Borkowski —e—
0.99 | ° o3 Murphy —&—
+ + ¥ Y PN :: P oy, 0 R ¢
0.98 I T ¢ i
I v v 4|>0 v{} %
22 0.97 I T ogT T
U 5 I 4;« ’!ﬁ’ & (A
0.96 I
I
0.95 I I
I
0.94 I I
Systematic ungertainty
0.93 k- I
092 [ | [ | l [ | [ | [ | [ | [ | [ | [ |
0.001 0.002 0.004 0.010 0.016
Q* [GeV?/cY

First measurement of Gg down to Q2 = 0.001 GeV?2
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Results: ISR form factor, radius

M. Mihovilovic et al., Phys. Lett. B 771 (2017) 194

1.02 -
I This experiment — e —
L ] ISR fit ————
1.01
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First measurement of Gg down to Q2 = 0.001 GeV?2
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The ISR proton radius

ISR (2013)

Pohl et al. (2016) (Driso
Antognini et al. }2013} 1H atomic data
(o x20)

ohl et al. (2010
Combined s ec.tr. data eH atomic data

Melnikov et a
Udem et al.

Higinbotham et al.
Griffioen et al.

. Leeetal.
Arringron et al.
Lorenz et al.
Lorenz et al.
Adamuscin et al.
Sick et al.

Ron et al.
Borisyu

Hill et al.

Reanalyses

CODATA 2014

Nuclear scat. data

S6ren Schlimme (Mainz University) Proton Charge Radius: The ISR Experiment 2017-11-07 20/40



The bitter truth

ISR - MVP

ISR - Mastermind

NOT acewvpgg PESIRED
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Limitations ISR (2013)

 Entrance flange contributions

Target

Collimator
Spectr. B

Bad track

" Spec. B encompasses a long entrance flange.
" Events rescattered from the snout cover the whole vertex acceptance.

" gspoils low E' data — low @? - data killer
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Limitations ISR (2013)

 Entrance flange contributions

Collimator
Spectr. B

Replace by Helium-"balloon"
(X 1=570km) + foils
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Limitations ISR (2013)

 Entrance flange contributions

Good track

Z
7
-----------

Target

------------->

Collimator
> | Spectr. B

A LUUNME IS

Bad trck

" Spec. B encompasses a long entrance flange.
|

Events rescattered from the snout cover the whole vertex acceptance.

" gspoils low E' data — low @? - data killer

« Target cell contributions

Background from target foils
* empty cell measurements
" spectra distorted by (thin) ice layer
" rescattering on thick frame

" hard analysis cuts
— introduces systematic errors
— limits statistics

, cally. 7§
§ scattered electrons
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MESA - planned ERL next to MAMI

Mainz Energy-Recovering Superconducting Accelerator P2: 0.13% measurement of Sin29w

ERL mode: 105 MeV, 1mA (later 10) unpolarized beam — MAGIX MREX: neutron skin studies
EB mode: 155 MeV, 0.15mA polarized external beam — P2

[D. Simon]

MesA Gas Internal target eXperiment:
Search for dark photons
Nucleon form factors x
Nucleon polarizabilities Beam Dump eXperiment
Few body physics Search for particles of
Nuclear reactions with astrophysical the dark sector
relevance
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MESA - planned ERL next to MAMI

Mainz Energy-Recovering Superconducting Accelerator P2: 0.13% measurement of Sin29W

ERL mode: 105 MeV, 1mA (later 10) unpolarizggd beam — MAGIX MREX: neutron skin studies
EB mode: 155 MeV, 0.15mA polarized extern

C?ld stag/e turbomolecula

_—_ jet beam

\

accelerator beam

point-like
no walls

Mes! Xperiment:
Sea . peTONS
Nucleon form factors
Nucleon polarizabilities
Few body physics
Nuclear reactions with astrophysical

relevance

Beam Dump eXperiment
Search for particles of
the dark sector
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ISR with a Cluster-Jet Target?

Kaos

ansfer pa
cold hea
N = arm stage
. . pd \
al s iy i -
E C N o
C o P e " \
. > v
—~ PN Y T / ~ 7
| — S ol 0 ',“ \ @l —_—
QY N ‘ - a
» N &
spectrometer B

" Target developed for MAGIX, but

could be used also in Al.

" No metal frame near the vertex.

" No target walls.

" Width of the jet: 2mm (point-like
target)

" Density of 10* g/cm? at 15 bar.

" Luminosity of 10%*/(cm?3s) can be
achieved at MAMI.

S6ren Schlimme (Mainz University) Proton Charge Radius: The ISR Experiment 2017-11-07



ISR with a Cluster-Jet Target?

= Borkm-\-'lski (1975-]

-~ ISR-2013
— ISR fit = Murphy (1974)

-e- Bernauer (2010) -»- Proposed kinematic points
- Simon (1980)

LA N RN N ENNENRERNENRNNENERNENNI L L 11 XN LN

SIMULATION

0.98

0.96
130 days beam time to measure GE

with O._2‘7_o statistical uncertainty

0.94

0.92
0.0001 0.001 0.01

baratron

transfer part

/«r cold head

£ 'warm stage

turbomolecular pump

nozzle

accelerator beam
“<</
vacuum gauge
Total systematic uncertainty of cross-section < 0.5 %
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ISR with a Cluster-Jet Target!

—  — wWwu

MUONSTER

" ISR 2017/8
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Jet Target
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15* commissioning beam time, Sept. 2017
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15* commissioning beam time, Sept. 2017

Jet beam profile measurement Achievements
Gauss + offset [ 1

- liaamm = successful target installation
P - jet profile measured with
rastered electron beam
\ e ® jet density as expected
cude m measurement of several elastic
settings

7\

missing mass spectrum = pressure in scattering chamber
= too high for turbo pump

= foil at chamber entrance

= beam straggling

= distance nozzle-catcher too
small
= significant background

= system not perfectly tight
= nozzle freezing
= gas recirculation not applicable

target area density [at/cm?]

-5.0 =25 0.0 2.5 5.0 7.5 10.0 12.5
Mpiss —Mp [MeV/CZ]
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ISR with a Cluster-Jet Target

Optimistic! Beam time in two weeks..
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MAMI

A pilot experiment has been performed at MAMI to measure
G at very low Q2

A new technique for FF determination based on ISR has been
successfully validated.

Elastic
peak

#

Radiative

Reach of the first ISR experiment limited by unforeseen tail

backgrounds.

El

The available jet target opens possibility for reaching the
ultimate goal of measuring form factors down to 10 GeV?2,
thus improving proton charge radius determination.
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ISR Experiment at A1y MAMI
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Proton form factors

. . - Polynomial ———
Form factor determination f Py, 4 dip. ~--—-
+15% - oly. X dip. =
L Inv. poly.
(1) measure elastic spectrum S
: Friedrich-Walcher ———
(2) subtract background ci [ Double Dipole ——
(3) compare to simulation -
(4) fit cross sections using v [
. 1.1 070 B
appropriate form factor model(s) _—
. . 3 106
(5) (determine radius from slope) © Lo ,
2 1.02 ¥ o
2 1 (o BT L o 2 2 (b) 720 Me
Extend Q? range s 098 ST : 3 4
0.96 .
0.94 : 7 c) 585 M
. 1arge QQI : 0.4 0.6 . ; e ' ()ﬁ
sl Q*[GeV?] Jx
similar measurements, [4] no TPE  t# Price [67]  tf Borkowski [64 : o &
hicher b i o Cheis [56] ot Horon [?gz}s] ot Maesk [8%2] CS
lg €L Sar energles SiIIl(;I;y[60} H JansAsens 57 Bostledv [68]

= smaller Q2:
novel technique: ISR

elastic
peak
\ .
! | background radiative
€ _ A H L target walls tail
= D I b |
' 40 -30 -20 -10
' 80 100 120 140

Scattering angle 0 [deg

w AFE': measured - expected(elastic)

electron energ [J. C. Bernauer et al., Phys. Rev. C 90, 015206 (2014)]
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Initial State Radiation

Elastic
peak

Radiative
tail

o = Ha::;'"h.:_? - e - o, . .
"ﬁz NLO virtual and real corrections
included via effective corrections

Exact calculation of LO diagrams to cross-section
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Kinematic settings

* Overlapping settings to control systematic uncertainty.

10° | — e Simullation for 495 M eV
= Simulation for 330MeV
== S jmulation for 195 M eV
10° | Overlap for 2 of
o | the acceptance
2 L
>
10° |
1 [
105
N
>
O 102
=
! -
S 10~
E
)
x
£ o
9 10 :
©
s o
1075 L—

S6ren Schlimme (Mainz University)

200 250 300 350 400 450
Energy of scattered Electron E’ [MeV]

Proton Charge Radius: The ISR Experiment

500

10°

{10/

Events
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Uncertainties

Walls & C
A, ryogens (0.5 %, o\o)
/\QO (0.5 %) ’,L\

nir anc

()
& gon®
Q}
&
&

Total systematic uncertainty of cross-section < 1.0 %
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ISR 2013 — ISR 2017

Benefits Jet-Target

= no background
= Havar foil
= cryogenic depositions
= target frame (!7)
= small effects
= external radiation
= multiple scattering
= jonization loss
= no extended target issues e

Y 4

baratron

transfer part

iy warm stage
- 4 “of | coldstage  turbomolecular pump
Challenges > , =]
. e1. d - 7, . BT nozzle
mmmmen " fail-safe beam pos. stability 10cm \‘ « ™ P \
o o o o ) j
* luminosity determination / 2 !
s AR, = .
monltorlng {< N A jet beam
= drastically reduced target thickness o
3 accelerator beam
70 mg/cm . 50 1 — 17500 vacuum gauge

0.lmg/cm3? 2mm
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