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Proton Charge Radius

One of the most fundamental quantities in physics:

= atomic physics: @

v precision atomic spectroscopy (QED, Lamb shifts,
Rydberg constant R..);

v I, is strongly correlated to R.,

= nuclear physics: Pl el
v QCD, test of nuclear/particle models -
= connects atomic and subatomic physics.

- LA
n=4 Br‘ackeﬂ

series
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Methods to measure the proton rms charge radius (rp):

E(n) to E(n=2)

d

= Hydrogen spectroscopy (lepton-proton bound state, o=
Atomic Physics):

ordinary hydrogen
muonic hydrogen

=  Lepton-proton elastic scattering (nuclear physics):
ep- elastic scattering (Mainz-A1, PRad, ...)
up- elastic scattering (MUSE, AMBER ...

A. Gasparian SPIN2021



Proton Radius from ep—ep Scattering Experiments

In the limit of first Born approximation the elastic ep scattering

(one photon exchange):

Bernauer data for
lowest spectrometer
setting

do do E' 1 N AT P
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0 = sin ) T—W e=|1+2(1+7)tan 5
Structureless proton: 1.00
(dG) B o [1—p2sin* & 031
dQ ) Mo 4k2 sin* & 0 098
”81 0.97
Ge and Gy, can be extracted using Rosenbluth separation S 096}
for extremely low Q2, the cross section is dominated by Gg 095}
Taylor expansion of Gg at low Q2 0.94
. 5 Q2 ) Q4 o 0.000
Gp(07) =1 —F@' >+m\" )+ ... derivative at Q2 = 0:
i : > dG(0%)
definition of the proton rms charge radius =) | (r*) = —6 402 ;
02=0
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Proton Radius from Hydrogen Spectroscopy Experiments

.
>
o
Q n=3
w 2P,
— 3/2
2812
2812, 2P 2 2P )y
Shift:
— -43.5 GHz 8.2 GHz
N
Bohr Dirac Lamb
E =R../n? e~ spin QED
V~1/r relativity

F=1 0.15 MHz
F=0
1.4 GHz 1.2 MHz
F=1
F=0
hfs-splitting p
proton-spin proton size
H™ ~ [, - de Voullr

Difference between energy levels has been measured
v with accuracy of 1.4 part in 104
v using atomic cesium as a frequency standard
v also yields the Rydberg constant, R,

electron in S states is sometimes inside the proton.
v S-states are shifted by the size of proton
v shiftis proportional to the size of the proton

in P states electron is not inside the proton.

P-S transitions better for proton radius measurement
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The First Proton Charge Radius Measurements

Robert Hofstadter, experiments in 1955-1956 1029 — Elsciise Scatisdng
v ep-elastic scattering - g 160 Nev (LAR)
v E¢ =188 MeV electron beam s - -
v at Stanford University ¢ 10739 Anomalous
2 . Moment
Nobel prize in 1961: g N
*for his pioneering studies of electron scattering in atomic g 107" Mott / 7
nuclei and for his consequent discoveries concerning the S ¥ ST Y
structure of nucleons’ N F
A= T 1 T T T
“proton has a diameter of 0.74 F 0.24 x 10-"3 cm’ e L T
50

Hofstadter, McAllister, Phys. Rev. 98, 217 (1955).
Hofstadter, McAllister, Phys. Rev. 102, 851 (1956)

Over 50 years of experimentation!

v

v

v

r,=0.74fm  with a 32% uncertainty

started from 0.74 fm
ended to 0.895 fm by 2010.

where we are now 777
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Proton Charge Radius vs. Time (before 2010)

0.920
0.900 - I [
0.880 L I l I I
_ RS
«E/ 0.860 - Y } ?
2 ! T
*50.840 - [4 i
< T
= 1
§0.820
o A v Orsa ¢ Sick, 2003
aB 0.800 - m Stanford n drogen
‘ 4 Saskatoon * CODATA 2006
e Mainz Bonn VMD
0.780 - 1 Mergell VMD
\ \ I I \ \ [ \ \
year—=> 3 8 & 8 & X § &8 8 3 8 8 & &
S 22 2 2 2 S ST SRS S & S

e-p scattering:

Hydrogen spectroscopy:
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0.895(18) fm (o, = 2%)
0.8760(78) fm (o, = 0.9%)
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e electron scattering
slope of G at 0?> =0

® hydrogen spectr.
Lamb shift (S-states)

from R. Pohl



Proton Radius before the Puzzle

r ——i CODATA-2014 (ep scatt.)

1 1 1 1 1 1 | 1 1 1 | 1 1 | | 1 1 1 1 1 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius r [fm]

CODATA average: 0.8751 +£0.0061 fm
ep-scattering average (CODATA): 0.879 £0.011 fm
Regular H-spectroscopy average (CODATA):  0.859 +0.0077 fm

Very good agreement between ep-scattering and H-spectroscopy results !
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New method: Muonic Hydrogen Precision Spectroscopy

muon is ~200 times heavier than electron,

electron
then muon is ~ 200 closer to the proton.

Transition energy difference, AE:

AE ~ (probability of the lepton to be inside of proton)
~ (ar,*m?, with m; - the reduced mass:
m, = 186 m,

v uis ~ 8x10° more sensitive to the Proton Radius !!!
Lamb Shlft |n “H 2P fine structure

AE =206.0668(25) — 5.2275(10) R,? meV _ Py |
proton size is ~2% correction to uH Lamb shift.

s iiesieshies]
&II 1l
—_—— N

—i
—~7

Two experiments performed at PSI (CREMA collaboration) o
for proton radius in 2010 and 2013 with ~10 times higher

precision (< 0.1%) compered to all previous

experiments.

2S1/24 |
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Muonic Hydrogen Experiments

most of yH atoms are formed with n~ 14

99% of them de-excite to 1S state

1% ends in metastable 2S state

6 um laser pulse induces a 2S — 2P transition

2P state decay to 1S ground state (1.9 KeV X-
rays, used in coincidence with the laser)

the proton radius, r, is extracted from the laser
frequency spectrum.

CODATA-0 I Our value

{]

|

H,0 calibration

Delayed / prompt events (10~4)

N
1 * 1T +

l L ' L 1 l 1 1 1 1 I 1 L 1 L l L 1 1 1 1
‘ 49.75 49.8 49.85 49.9 49.95

Laser frequency (THz)

TTTT

R. Pohl, et al., Nature 466, 213 (2010):
A. Antognini, et al., Science 339, 417 (2013):

A. Gasparian

PM, ) H, target

— e ‘J ] S
- 2 |Multipass cavity
81 ' —_—

Cyclotron Trap

T — u+v,

Muon
Extraction
Channel
(MEC)
Ned B,
|&I Solenoid + hydrogen target
laser cavity + detectors
0.8409 + 0.0004 fm from R. Poh
0.84184 +0.00067 fm
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The Proton Radius Puzzle

Pohl 2010 (uH spect.) et

Antognini 2013 (uH spect.) [ ® 1 CODATA-2014 (ep scatt.)

—e— CODATA-2014 (H spect.)

The New York Times —_

1 1 1 | 1 1 1 | 1 1 | | 1 1 1 1 1 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius r [fm]

Regular hydrogen average (CODATA): 0.8751 +£0.0061 fm
Muonic hydrogen (CREMA coll. 2013): 0.8409 = 0.0004 fm
Muonic hydrogen (CREMA coll. 2010): 0.84184 +0.00067 fm
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Possible Resolutions to the Proton Radius Puzzle

= Some initial open questions about QED calculations:

=~ additional corrections to muonic-hydrogen. Not found
=~ missing contributions to electronic-hydrogen. Not found
= higher moments in electric form factor; Not significant

= |s the ep-interaction the same as up-interaction (the lepton universality principle)?

= New Physics (forces) beyond the Standard Model? Not found yet
v many models, discussions, suggestions ...

= Potential solutions:
need new high precision, high accuracy experiments:
v' ep-scattering experiments:
>  reaching extremely low Q?range (10-* Gev/c?)
~  possibly with new independent methods PRad at JLab
~  measure absolute cross sections in ONE experimental setting!

~  MUSE at PSI, ISR at Mainz, ULQ?in Japan, AMBER at CERN ...

v ordinary hydrogen spectroscopy experiments:
»  York University in Canada, LKB in Paris, France, CREMA in Germany ...

A. Gasparian SPIN2021
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Two New Regular Hydrogen Spectroscopy Experiments

- Garching, Germany, regular hydrogen (2017): 22705 e

from 243

lL\‘( 3;,'\'0,;“\ ‘-\l/\ nm

v cryogenic beam of H atoms (at 5.8 K)
v 28 — 4P transition (also 1S - 2S used)

U3 gy e~ Y
r, = 0.8335(95) fm Nk ™ 5 e )
R, =10973 731.568 076(96) m™! SXcitatioy 43 nm

Beyer et al., Science 358, 79 (2017)

= Paris, France, regular hydrogen (2018):

’%S |Nd:YVO4 IaserI A0 | SHG]| . :
v room temperature H atomic beam g [ \656 nm % 205 nm
v 1S - 3S two photon transition frequency 1 / 2P Ti:sa laser_| i Sttt >~ |
v with 1S - 2S transition from Garching (2011) gro—
~second order Dopler effect 777 1S sabilzation |
N =114
a A=
rp = 0877(13) fm 1 106 m i | |
R, =10973 731.568 53(14) m v [
Frequency comb 1

Fleurbaey ef al. PRL 120, 183001 (2018)

frequency measurement
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The Proton Radius Puzzle (in 2018)

Pohl 2010 (uH spect.)
Antognini 2013 (uH spect.)

Beyer 2017 (H spect.)

1 CODATA-2014 (ep scatt.)

CODATA-2014 (H spect.)

1+ Fleurbaey 2018 (H spect.)

0.78

1 | 1 1 | 1 | | 1
0.84 0.86 0.88
Proton charge radius r [fm]
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One More from Regular Hydrogen Spectroscopy
(York University, Canada)

York University, Canada, regular hydrogen (2019): F =i
2512 A
v room temperature H atomic beam N I[N p_g
v 2S84 (F=0) — 2P+, (F=1) transition frequency El N AN “NER
v Rydberg constant from other experiments o= o1 |S |8
v fast beam of hydrogen atoms (from proton beam) - § 3 e |+ |2
v two different radio frequencies 3~ Y"Y¥Y5 Y
2P, /5 Y Gt
r, = 0.833(10) fm mp = —1 mp — 0 szlF:

Bezginov et al., Science 365, 1007 (2019)

A. Gasparian

Ho gas
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to FOSOF regions
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The Proton Radius Puzzle (in 2019)

Pohl 2010 (uH spect.) et
Antognini 2013 (uH spect.) [ ® 1 CODATA-2014 (ep scatt.)
Beyer 2017 (H spect.) —e——i —e— CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) ® | [ ® 1+ Fleurbaey 2018 (H spect.)
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | | 1 1 1 | 1 1 1 | 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r [fm]

Regular hydrogen average (CODATA): 0.8751 +£0.0061 fm
Muonic hydrogen (CREMA coll. 2013, PSI): 0.8409 +0.0004 fm
Regular H-spectr. (2S » 4P, Garching, PSI): 0.8335 +0.0095 fm
Regular H-spectr. (1S » 3S, LKB, Paris): 0.877 £0.013 fm
Regular H-spectr. (2515, » 2P4;», York Un. Canada) 0.833 £0.010 fm
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The Recent Regular Hydrogen Spectroscopy Experiment

Garching, Munich, Germany, regular hydrogen (2020)

v cold H atomic beam

v 18 - 3S transition frequency (the same as Paris-2018)

v two-photon direct frequency comb technique

v 1§ - 2S transition was also used from the same group

r, = 0.8482(38) fm —

i

Grinin et al., Science 370, 1061 (2020) qu
.20
)
S
=
i
@)
-
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The Proton Radius Puzzle (in 2020, before PRad)

Pohl 2010 (uH 2S - 2P) bel
Antognini 2013 (uH 2S - 2P)
Beyer 2017 (H 2S - 4P) ———i
——i CODATA-2014 (H spect.)
-® Fleurbaey 2018 (H 1S - 3S)
Bezginov 2019 (H2S -2P) +——0—1
Grinin 2020 (H 1S - 3S) —0—i
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
2
\¢r2,) tem1

“ Experiment |[Type| Transition(s) \/< rg, > (fm) roe (m™1)

{ Pohl 2010 | pH |2S75" — 2P5%|  0.84184(67)

|Antognini 2013| pH [25F51 — 2PF52|  0.81087(39)

| 25170 - 2Pl !

Beyer 2017 H 25 — 4P 0.8335(95) 10 973 731.568 076 (96)
with (15 — 25)
‘Fl(rl.lrbacy 2018 H 1§ - 38 0.877(13) 10 973 731.568 53(14)
with (15 — 25)
Bezginov 2019 | H 25172 — 2P ;5 0.833(10)
Grinin 2020 H 1S - 38 0.8482(38) 10 973 731.568 226(38)

A. Gasparian
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Planning a New ep—ep Scattering Experiment

= Practically all ep-scattering experiments were performed with Three spectrometer facility of the AL collaboration:

magnetic spectrometers and LH, targets!
= high resolutions but, very small angular and momentum acceptances,
need many different settings of angle (0,) , energies (E,, E/s) to cover a
reasonable Q2 fitting interval
limitation on minimum Q2. 103 GeV/C?
limits on accuracy of cross sections (do/dQ): ~ 2 + 3%
> statistics is not a problem (<0.2%)
» control of systematic uncertainties???

= PRad experimental approach:
v use large acceptance, high resolution el.-magnetic calorimeter (HyCal)
all measurements with one experimental setting: 9, = 0.69 — 7.0°

reach to smaller Q2 range: (Q? = 2x10-+ - 6x102 ) GeV/c? o
Hydrogen/

HyCal + GEM

windowless H2 gas flow target (minimize experimental background)
simultaneous detection of ee — ee Moller scattering process (best

known control of systematics). e'l’//am:«.ﬁ -
/’o/

AN N NN

Molle»¥
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PRad Experimental Setup in Hall B at JLab (schematic view)

® Main detector elements: = Beam line equipment:
> windowless H, gas flow target » standard beam line elements (0.1 — 50 nA)
>  PrimEx HyCal calorimeter > photon tagger for HyCal calibration
> vacuum box with one thin window at HyCal end > collimator box (6.4 mm collimator for photon beam,
> XY - GEM detectors on front of HyCal 12.7 mm for e beam halo “cleanup”)
> Harp 2H00 |

I
gy

Cryo-cooler; ﬁ

Beam halo Harp
blocker

Thin Al. window .

e beam o et
> g L. T Cl Vacuum chamber

N3
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PRad Experimental Apparatus

Cryo- coolera ﬂ‘ I Thin Al. window = \ ‘ 58
e :'@: Eﬂ o i

Vacuum chamber

I
.

Gas|IN, 25K

Gas OUT == Gas OUT

40 mm
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Extracted ep—ep Elastic Differential Cross Sections

» Extracted differential cross sections vs. Q2, with 1.1 and 2 GeV data.
 Statistical uncertainty: ~0.2% for 1.1 GeV and ~0.15% for 2.2 GeV per point.
» Systematic uncertainties: 0.3% - 0.5% for 1.1 GeV and 0.3 — 1.1% for 2.2 GeV per point.
ep elastic scattering cross section (1.1 GeV) ep elastic scattering cross section (2.2 GeV)
7\‘5\ - oy 33 data points from 1.1 GeV data set g - 38 data points from 2.2 GeV data set
E10° e, E10°E
i E . " E E \...°o
o 10° " . o 10° “eee,
S E - S  E °e
o} - ™ o} - °
© B n © B ° °
10 =? | | - 10 _? ® °
1';_ " L 1';_ ) * ° °
10" 1071 * .
= 2 = -
C Stat. Uncertainty (right axis) 1€ C Stat. Uncertainty (right axis) _ -
10_2 e A g 10_2 = i 1
= Syst. Uncertainty (right axis) 1 g = Syst. Uncertainty (right axis) : _
s ; 0 109 —
5x10% 107  2x107° 102 2x1072
0’ (GeV?)
A. Gasparian SPIN2021

(%)

(%)

O = NO =N

-1
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Extracted Proton Electric Form Factor, Gg vs. Q?

: -~ 2
n, and n, obtained by fitting PRad G, to [nlf(Q ), for 1GeV data Using rational (L.1)

n,f(Q?), for 2GeV data

2
F@¥) =il
G’, as normalized electric Form factor: ) Ge/M1, for 1GeV data P20
Gg/n,, for 2GeV data
Proton Electric Form Factor G'. Proton Electric Form Factor G
EDm1.05 - _wl.05
~ 33 data points from 1.1 GeV data set " 11GeVdata © -
B 38 data points from 2.2 GeV data . 22GeV data B
1 [ set ' 1 Ty "y ”‘"*‘h‘.o o o3 ox
F\‘lin - Ty
B LI B 5,
0.95— EI 0.95— i,
E 3 3 : 3 s
0.9~ f s 0.9 :,
L 3 B = 1.1 GeV data (]
0.85— 3 085—| ° 22GeVdata 3
0.8_I 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0.8_ 1 1 |||||| 1 1 1 1 ||||| 1 1 1 1
0.01 0.02 0.03 0.04 0.05Q2 o \;)2.)01 104 10°  2¢10° 102 2X10_2Q2 Gev?
n,=1.0002 +/- 0.0002(stat.) +/- 0.0020 (syst.), n,=0.9983 +/- 0.0002(stat.) +/- 0.0013 (syst.)
A. Gasparian SPIN2021
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_wl.05

G

0.95

0.9

0.85

0.8

Proton Electric Form Factor (PRad Results)

2
n, and n, obtained by fitting PRad G, to n,f(Q*), for 1GeV data . .
1 E {nzf(Qz), for 2GeV data Using ratu;n:lgl,qlz)
(@) =—F"7
G’ as normalized electric Form factor:  J Ge/™1, for 1GeV data 1+p20Q°
Gg/n,, for 2GeV data
PRad fit shown as f(Q?) r,= 0.831+/-0.007 (stat.) +/- 0.012 (syst.) fm

Proton Electric Form Factor G Proton Electric Form Factor G

[ . 1.1 GeV data _w1.05 [
S
- . 2.2 GeV data -
~ PRad (Current), R = 0.831+ 0.007 (stat.) + 0.012 (syst.) fm —
B Gg, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.887 fm __ _
[ _— GE, S. Venkat et al. PRC 83(2011)015203, R = 0.878 fm 1 _' T egteen Lag
L —— —— — Gg, Z Yeetal. PLB 777 (2018) 8, R = 0.879 fm L
- 0.95—
B - u 1.1 GeV data
— 0.9+ ° 2.2 GeV data
: : PRad (Current), R = 0.831+ 0.007 (stat.) + 0.012 (syst.) fm
- I Gg, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.887 fm \\
- | —— —— — Gg S. Venkat et al. PRC 83(2011)015203, R = 0.878 fm
N 0.85 || — —— — G Z Yeetal PLB777(2018) 8, R =0.879 fm
_ 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 08 _ 1 1 1 | I | I 1 1 1 1 | I I - I 1 1 1 1
001 002 003 004 005 , 020‘ 2)(104 10*3 2)(1073 1072 2)(1072 , )
0’ (GeV?) 0’ (GeV?)
PRad final result: R, =0.831 = 0.007 (stat.) &= 0.012 (syst.) fm
A. Gasparian SPIN2021
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Proton Radius at the Time of PRad Publication (2019)

Pohl 2010 (uH spect.) b —— Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) . —,— ——— Zhan et al. (ep exp.)
Beyer 2017 (H spect.) —_—— e CODATA-2014 (ep scatt.)
CODATA-2018 - e CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) —e——i —— —— CODATA-2014
o Fleurbaey 2018 (H spect.)
PRad exp. (ep scatt.) b
L3 i Mihovilovic 2021
/ : (ep scatt.)
1 ] 1 l 1 1 1 I 1 I 1 1 I 1 1 I 1 1 1 l L 1
0.78 0.8 0.8 0.84 0.86 0.88 0.9 0.92
<r§p> [fm]
PRad final result: R, =0.831 = 0.007 (stat.) == 0.012 (syst.) fm

published in: Nature 575, 145-150 (2019)

A. Gasparian
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New Experiments in Progress: PRad-I| at JLab

PRad-Il is planning to improve the PRad accuracy by a factor of 3.8 (to + 0.43% onr,) by:
o Significantly improved statistics (4 times less uncertainties);
o Hardware upgrades:
» adding tracking capability (second plane of GEM/uRwell detectors).
» small-size scintillator detectors just downstream the target to veto Moller electrons to reach the
10-° GeV2 Q2 range.
» adding new ‘beam halo blacker” just before the Photon Tagger.
> upgrade DAQ/electronics to fADC based electronics:
> HyCal upgrade to all PbWQ, crystals, essential for ep-inelastic background suppression at
relatively higher Q2 range (10-2 GeV2) and uniformity over full acceptance.

PRad-1l Experimental Setup (Side View)

Hydrogen GEM-yRWELL GEM-uRWELL

gas plane 1 plane 2

2H00 Cryocooler l

Harp /| :::

Halo blockers bellows bellows £ | Helium §

bellows g | bag |
& beam PRad cylindrical ~ £| .|| E
_p D : ad cylinarica. ~ N

vacuum box

Tagger

MR

1.7m 50m 20m
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PRad-Il Expected Accuracy

Approved by Jlab’s PAC-48 in August, 2020
Expected total uncertainty: 0.43% (0.0036 fm)

A. Gasparian et al. arXiv:2009.10510

Antognini 2013 (1H spect.) —e—

Pohl 2010 (uH spect.) ol ® 1 CODATA-2014 (ep scatt.)

Beyer 2017 (H spect.) —e—- —e——i CODATA-2014 (H spect.)
® 1 Fleurbaey 2018 (H spect.)

Bezginov 2019 (H spect.) ® —— Bernauer 2010 (ep scatt.)

PRad exp. (ep scatt.) ]

PRad-Il proj. =

078 08 082 084 086 088 09 092

A. Gasparian

Proton charge radius r [fm]
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New Experiments in Progress: MUSE Experiment at PSI

1o1 f f T T T T T +—e— PRad data

——— PRad fit

+—— Mainz data

- == Mainz fit

mmsmm  Mainz fit uncertainty

----- Mainz fit, forced r, = 0.841 fm
seseseeeee Arrington 07

-+ Alarcén 19, r, = 0.841 fm
+—e— MUSE data uncertainty on G
| mwssm Projected MUSE uncertainty

GE/Gyq. dipole

\ . 'rif
b
B W, \\\‘
i

) 001 002 003 004 005 006 007 0.8
Q* [(GeV/c)?]

= Simultaneous u*p and e*p elastic scattering cross sections:
0 Ppeam =115, 153, 210 MeV/c
o scattering angle: 200 - 1000
determine r,

test lepton universality
measure two photon exchange (TPE)

delayed ~ 1.5 years due to COVID
Currently at PSI re-establishing all systems in preparation for production data taking,

starting this fall, through 2023.
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New Experiments in Progress: ULQ? Experiment at Tohoku University

ep-elastic scattering experiment with a magnetic
spectrometer:
o Ppeam =20-60 MeV/c
scattering angle: 30% - 1509
target: CH,
Q2 range: 3x10* — 8x10- GeV/c?
Current status:
v 1st spectrometer fully commissioned
v 2" spectrometer installed, commissioning in
progress
v Scattering chamber under construction,
installation in December
v Physics run from next April.

0o 0O 0O O
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New Experiments in Preparation

PRES at MAMI Mainz:
High pressure hydrogen gas TPC detector

>

vV V VY V

ep—-ep scattering at moderate energies;
detection of recoil proton only;

promising to reach Q2 10-° GeV/c? range;
extraction of the proton radius (< 0.6%);
first collaboration meeting in March, 2020.

AMBER at CERN:
The same high pressure hydrogen TPC detector

vV V VYV VY V

A. Gasparian

Up— up scattering at high energies;

Q% range: 10 -1 GeV?

detection of the recoil proton; : II
extract the proton radius;

in planning stage.
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Planning Experiments: MAGIX@MESA Experiment at Mainz

Quadrupole
Dipoles

Jet Target
ep-elastic scattering experiment with a Scattering Chamber \ g
magnetic spectrometer: 3%
Ppeam = 20 - 105 MeV/c
scattering angle: 30° - 150°
target: H, jet
Q2 range: ~10* - 8x102 GeV/c?
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a Current status:
v Inthe planning stage

Shielding

Scintillation
Detectors

Experiment Beam Laboratory Q* (GeV/c)? orp (fm) | Status
MUSE et pt PSI 0.0015 - 0.08 0.01 Ongoing
AMBER T CERN 0.001 - 0.04 0.01 Future
PRad-I1 e Jefferson Lab |4 x 107° -6 x 1072 0.0036 Future

PRES e Mainz 0.001 - 0.04 0.6% (rel.) | Future
ATQMAMI (jet target)| e~ Mainz 0.004 - 0.085 Ongoing
MAGIXQMESA e Mainz > 1071 - 0.085 Future
ULQ? e~ |Tohoku University|3 x 107* - 8 x 107 |~ 1% (rel.)| Future
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Summary and Outlook

= Inlast decade major progress made in resolving the proton charge radius puzzle.

= Most of the recent ordinary hydrogen spectroscopy measurements are consistent with muonic
results (smaller radius).

= The result from the recent PRad ep-scattering experiment also consistent with muonic results
(smaller radius).

v first ep-scattering experiment using a non-magnetic spectrometer;
v datain a large Q2 range have been recorded with the same experimental setting,
[2x10* =+ 6x10?] GeV/C2.
v lowest Q2 range (~10-* GeV/C?) has been reached for the first time in ep-scattering experiments.

PRad results disagree with all modern ep-scattering experiments.

Is the “Proton Radius Puzzle” solved???

» new and further improved measurements from lepton-scattering experiments are needed:
PRad-Il at JLab, MUSE at PSI, ULQ? at Tohoku University, AMBER at CERN, PRES at MAMI, MAGIX@MESA ...

my research work is supported in part by NSF award: PHY-2111233
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Thank you!
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(Re)analysis of e-p Scattering Data
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e-p Scattering: Magnetic Spectrometer vs. Calorimetric Method

Beam halo Harp
blocker
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»  PRad1.101 GeVdata » Mainz data -
e PRad2.143 GeV data ----Alarcon 2019
e PRad fit — Bernauer 2014
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The PRad Final Result on the Radius

Pohl 2010 (uH spect.) et
Antognini 2013 (uH spect.) [ ® 1 CODATA-2014 (ep scatt.)
Beyer 2017 (H spect.) —e——i —e— CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) ® | [ ® 1+ Fleurbaey 2018 (H spect.)
PRad exp. (ep scatt.) B o
1 1 1 | 1 1 1 | / 1 1 | 1 1 1 | 1 1 | | 1 1 1 | 1 1 1 | 1 1
0.78 0.8 0,82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r [fm]

PRad final result: R, =0.831 = 0.007 (stat.) == 0.012 (syst.) fm

published in: Nature 575, 145-150 (2019)
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