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The “Proton Radius Puzzle”

Measuring R using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)

0.84 fm 0.88 fm
nd 2016
—e— ® CODATA-2014
up 2013 ¢
® e-p scatt.
up 2010 |-~
® H spectroscopy
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1

0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius R h[fm]

pud 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Mp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)



Electronic and muonic atoms

Regular hydrogen:

Proton + Electron

electron

Muonic hydrogen:

Proton + Muon
Muon mass = 200 * electron mass

Bohr radius = 1/200 of H

2003 = a few million times
larger wave function overlap

more sensitive to proton size

muon

O,

Vastly not to scale!!



Lamb shift in Muonic Hydrogen

n=14

2P

45
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AE [meV] = 209.998 — 5.226 R 2 [fm]

312

2P1/2

2% effect!

\

206 meV
50 THz
6 um

\

2S-2P Lamb shift

2P state: u not
inside proton.
State insensitive.

fin. size:
3.8 meV

2S state: u spends some time inside the proton!
State is sensitive to the proton size.



The situation in 2021

e-p scatt., pre—2006._

- hydrogen, pre-2006
CODATA-2006

P Mainz 2010

CODATA-2010
WH 2013 CODATA-2014

UD 2016 —et- <A
Garching 2017 CODA ,
® . Paris 2018

CODATA-2018 +—@—
Toronto 2019 .

PRad 2019

dispersion 2007
. =
MH 2010 |-

Garching 2020 —e——
Colorado 2021 ®

0.82 083 0.84 0.85 086 0.87 0.88 0.89

Colorado: Brandt et al., 2111.08554 proton Charge radius [fm]
Proton charge radius puzzle “solved”?




Muonic Deuterium




Muonic Deuterium

muonic electronic
CODATlA-zom

uD ——
uD 2018 —e—|
pD 2016 —@—

wH + H/D iso »

- D spectr.
=
e-d scatt.
@
B T R - R I T T R ¥ 5135
Deuteron charge radius [fm]
uD: 2.12717 (lB)exIO (82), ., fm  (theo = nucl. polarizability)
) : H/D 1S-2S isotope shift:
uH + H/D(1S-2S): 2.12785 (17) fm (212 = 3.82070(31) fm’

CODATA-2014:  2.14130 (250) fm

Pachucki et al., PRA 97, 062511 (2018)

uD: RP et al. (CREMA) Science 353, 669 (2016)
H/D 1S-2S. Parthey, RP et al.,, PRL 104, 233001 (2010), PRL 107, 203001 (2011)



Theory In muonic D

uD _ 2
AEMY =228.7854 (13) meV,, + 1.7500 (210) meV,,. — 6.1103 (3) meV/m? * R,

;

AE___ (theo) = 1.7500 +- 0.0210 meV (Kalinowski, 2018)

VS. +- 0.0034 meV experimental uncertainty

(1) charge radius, using calculated TPE
r, (WD) = 212717 ( 13) ,, ( 82) ., fm vs.

r (CODATA-14) = 2.14130 (250) fm

(2) polarizability, using charge radius from isotope shift
AE_._ (theo) = 1.7500 ( 210) meV vs.

AE_._ (exp) = 1.7591 ( 59) meV 3.5X more accurate

Krauth et al. (2016) + Pachucki et al. (2018) + Hernandez et al. (2018) + Kalinowski (2018)



Muonic Helium

Krauth et al. (CREMA), Nature (2021)

Measured



Theory iIn muonic He-3

AEFHe= 1644.4820(149),, + 15.3000(5200).,_ — 103.5184(10) * R ? /fim? [meV]

QED TPE
IJD _ * 2

AEN- = 2287854 (13),,+ 1.7500(210),. — 6.1103( 3)*R?/fm? [meV]
HH — * 2

AE[,,= 206.0336 (15) o, + 0.0332( 20),, — 52275(10) *R ?/fim* [meV]

Annals of Physics 331 (2013) 127-145
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Three-photon contribution still missing (Pachucki et al., PRA 97, 052511 (2018))



muonic 3He ions

(@)

signal [arb. units]

N

transition #1

+

| | | | | | | | | | | | | | | | |
346.5 347 347.5 348

signal [arb. units]

transitmion #3 transition #2

R(°*He) = 1.96866 (12),, (128),,,fm

BT TURE I e+ D E VR Theory: Franke et al., EPJD (2017),
frequency [THz]  but 3-ph0t0n (PaChUCkl et aI) 2171



Muonic Helium-3

PRELIMINARY  L’He -+
Sick 2001 O
(e scattering world average)
Amroun 1994 o
Ottermann 1985 o
| ] ] ] | ] ] | ] ] ] | ] | ] | ] ] ] |
1.9 1.92 1.94 1.96 1.98 2

prel. accuracy: exp +-0.00012 fm,

helion charge radius [fm]
theo +- 0.00128 fm (nucl. polarizability)

Theory: see Franke etal. EPJ D 71, 341 (2017) [1705.00352]



Theory iIn muonic He-4

AEMHe= 1668.5670(178),., + 9.9000(2800).,_— 106.3540(80) * R 2 /im? [meV]

QED TPE

AEHHe= 1644.4820(149)  + 15.3000(5200), . — 103.5184(10) * R ? /fm? [meV]

QED TPE

IJD _ * 2
AEMD = 2287854 (13)  + 1.7500(210),,  — 6.1103( 3)*R2/m’ [meV]

QED TPE
AEMT = 206.0336 (15) _ + 0.0332( 20)._. - 5.2275(10) *R 2/im’ [meV]
Lamb Annals of [.’hysms 331(2013) 127-145 QED . TPE . p
Annals of Physics 396 (2018) 220-244
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Three-photon contribution estimation included (Pachucki et al., PRA 97, 052511 (2018))




normalized signal [arb. units]

muonic “He ions

8_— uHe+(2S ? 2P3 /2) u'He
- e-He scatt zl[L:[kL 552)2
Sick 2008 °

[ WHe'(2S > 2P, )

1.68 1.682 1.684 1.686
alpha particle charge radius [fm]

1.676  1.678

claim by
~*_Carboni et al. 1977

excluded by !
Hauser et al. 1992

: l .
R

claim by

—e—

Carboni
e

tal. 1978

|
372
frequency [THz]

2P, : +17 GHz

R(‘He) = 1.67824 (13), , (82),,, fm

(82),..=(70),.. (42)

theo 3PE

| |
333 334
frequency [THz]

2P, : +15 GHz

Krauth, RP et al. (CREMA Coll.)

Theory: Diepold et al., Ann. Phys. (2018)
incl. 3-photon nuclear polarizability (Pachucki, 2018)

Nature 589, 527 (2021)



normalized signal [arb. units]

muonic “He ions

nHe (28 = 2P,,)

e-He scatt
Sick 2008

claim

by

~*~_Carboni et al. 1977

excluded by
Hauser et al. 1992

u*He

e-He scatt
Sick 2008

1.676 1.678 1.68 1.682 1.684 1.686
alpha particle charge radius [fm]

T T

R(‘He) = 1.67824 (13),__ (82),,,fm

Theory: Diepold et al., Ann. Phys. (2018)
incl. 3-photon nuclear polarizability (Pachucki, 2018)

371 372
frequency [THz]

Krauth, RP et al. (CREMA Coll.)
Nature 589, 527 (2021)



Impact of p*He* measurements

_ BSM physics
Few-nucleon theories > Agreement constrains BSM
> r_ represents a benchmark for few- models suggested to explain
nucleon theories. the R, puzzle

S —

> r_can be used also to fix a low-energy

constant of nuclear potential.
> r_ improves °He and ®He radii

Udem, MPQ
Eikema, LaserLab

Combined with upcoming He* (He) exp.

> bound-state QED test He*(1S-2S):

Mdiller, Lu 60 kHz, u,= 6x10'2

> Rydberg constant: 24 kHz
SN > 2PE+3PE in uHe with 0.1 meV

: uncertainty

from A. Antognini



Conclusions

Muonic atoms / ions provide:

 ~10x more accurate charge radii, when combined with
calculated polarizability



Conclusions

Muonic atoms / ions provide:

 ~10x more accurate charge radii, when combined with

Ehe New ﬁo.rk Times

calculated polarizability

*He | “He
1.9687 ( 13) | 1.6782 ( 8)
1.9730-(160) | 1-6810-(40)
0.8409 ( 4)|| 2.1277 ( 2)
0:8754-(671) | | 2:4443+25) | | 1.7550 (860)

* = preliminary




Intermediate conclusions

Muonic atoms / ions provide:

 ~10x more accurate charge radii, when combined with
calculated polarizability

 few times more accurate nuclear polarizability,
when combined with charge radius from regular atoms

Muonic atoms are a novel tool for proton and new-nucleon properties!



Intermediate conclusions

Proton radius situation:
* smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant

new H(2S-4P), H(2S-2P), H(1S-3S) give a smaller proton radius
new H(1S-3S) however confirms large proton radius

More data coming in!

H(2S — 6P, 8P, 9P, ...) and D(2S-nl) underway in Garching and Colorado
H(1S — 3S, 4S, ..) and D(1S-3S) underway in Paris and Garching

Muonium at PSI, J-PARC Compare Rydberg values

Positronium (Cassidy @ UCL, Crivelli @ ETH) {0 test QED and SM
He*(1S-2S) underway in Garching (Udem) and Amsterdam (Eikema)

HD*, H,, etc. in Amsterdam (Ubachs), Paris (Hilico, Karr), Zurich (Merkt)

He ( Amsterdam), Li* (Udem @ Garching)

HCI, e.g. H-like Ne (Tan @ NIST)

Rydberg-atoms, e.g. Rb (Raithel @ Ann Arbor)

new low-Q? electron scattering at MAMI, JLab, MESA

muon scattering: MUSE @ PSI, COMPASS / AMBER @ CERN



The Present



Hyperfine structure in muonic H

CREMA-3 / HyperMu at PSI
(R16.02)




The sky in hydrogen




Hyperfine structure in H / pup

The 21 cm line in hydrogen (1S hyperfine splitting)

(V)




Hyperfine structure in H / pup

The 21 cm line in hydrogen (1S hyperfine splitting) has been measured to
12 digits (0.001 Hz) in 1971

V.., = 1420 405. 7 + 0.000 001 kHz

e

Essen et al., Nature 229, 110 (1971)

QED test is limited to 6 digits (800 Hz) because of proton structure effects:

v, =1420403.1 £0.6 + 0.4 kHz

theo proton size polarizability

Eides et al., Springer Tracts 222, 217 (2007)



Proton Zemach radius

HFS depends on “Zemach” radius:

AE==2(Za)m(r),E,

<r>(2)=fd3rd3r'pE(r)pM(r')|r—r'|

Zemach, Phys. Rev. 104, 1771 (1956)

Form factors and momentum space

“ G.(—k’)G, (—k°
np=lZam . ak| Gy (K)Gy (k)
aTn ()k 1+x




From charge to magnetic properties

A
% 2p
21 _Aosop
| 25

iI 1S-HFS

2S-2P = Lamb shift

IS sensitive to CHARGE radius

1S-HFS = Hyperfine splitting

IS sensitive to ZEMACH radius



Proton Zemach radius from pp

lp 2013 ®
¢-p. Mamz ——
H. Volotka - o
- e-p, Friar
H. Dupays &
S ¥ T S ¥ ¥ T o R W T

Proton Zemach radius R, [fm]

Mp 2013: Antognini et al. (CREMA Coll.), Science 339, 417 (2013)



Proton Zemach radius from pp

CODATA
—

same data as Nature
2010, reanalyzed

signal [arb. units]

tms value

PR TN R N S

PR S T
v L

SH)

v - 490 THz (GHz)

CODATA
il

this :'d]:.IJL‘

Lamb shift measurement
suffers from
short 2P lifetime (8 ps)

-> go to 1S ground state

i - I. - - - 4
650
v - 54.0 THz (GHz)

charge
radius

magnetization
distribution

(Zemach radius)

Antognini et al. (CREMA Coll.), Science 339, 417 (2013)




Proton Zemach radius from pp

goal R-16-02 (CREMA-3) -
wp 2013 . ®
e-p. Mamz ——
H. Volotka o
. e-p. Friar
H, Dupays - L
T ¥ N T S ¥ ¥ T o S W T

Proton Zemach radius R, [fm]
PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)
see e.g. Schmidt, RP et al., J. Phys. Conf. Ser 1138, 012010 (2018); arXiv 1808.07240

also: FAMU @ RIKEN/RAL, and a Collaboration at J-PARC



HFS In pp

AEffg = 182.819(10) — 1.301 2, 4 0.064(21) + - - -

N————
TPE

meV

goal: measure HFS with 1 ppm relative accuracy

obtain TPE with 3x10* rel. accuracy




HFS In pp

ABfrg = 182.819(10) — L3017 + 0.064(21) +---  meV z "

4

TPE

[Measure the 1S—HFS in pp and pHe j

with 1 ppm accuracy

v

TPE contributions with \
1%10 EE relative accuracy J i

Polarizability Zemach radii h
<10% relative accuracy 1 x 10 =3 relative accuracy ) i
®. >

e TR ( Magnetic radii )
Polarizability ] Zemach radii
from theory from scattering or H/He

related propsals: FAMU at RIKEN/RAL, muonic H at J-PARC




Predicting the resonance position

—=—— R, Hspectroscopy a—-—r A, Hagelstein (2018)
e~ R, Bernauer et al. (2014) - n”, Hagelstein & Pascalutsa (2015)

——e—— f1, a1, n°, Dorokhov et al. (2018)

+—e— TPE, Tomalak (2018)

——e——  TPE, Peset & Pineda (2017)

’ . 1 TPE, Hagelateir@ et al. (2015)
. ' TPE, Carlson et al. (2008)

OE ot

+3@ scan range

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 E (meV)

~1000 —500 0 500 1000 E (ppm)




The resonance position

—=—— R, Hspectroscopy -—-—r A, Hagelstein (2018)
e~ R, Bernauer et al. (2014) !- n”, Hagelstein & Pascalutsa (2015)

——e—— f1, a1, n°, Dorokhov et al. (2018)

+—e— TPE, Tomalak (2018)

'—-—i TPE, Peset & Pineda (2017)

| - 1+ TPE, Hagef&teir@ et al. (2015)
> '\ TPE, Carlson et al. (2008)

OE ot

+3@ scan range

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 E (meV)

—1000 =500 0 500 1000 E (ppm)




The Future



Proton Number Z

Charge radii: The future

* = preliminary

7 1 11
Be °Be | "%Be Be
TR
26460 (150) 2.5190 (120)))| 2.3600 (140)| |2.4650 (150)| | 2.502¢
: : . : 1M,y -
6 Lj 8L Ui L
@0) 2.M> 2.3390 (440)| |2.2450 (460) 2.4820 (430)
3 4 6 8
He He He He
1.9686°( 13) | 1.6783( 5)
1.9730-160) | 1-6810-(40) 2.0680 (110) 1.9290 (260)
H D | 3T
|| o409 ( )|} 21277 (2)|| — |
0.8764-(67) | | 2-1443+25) [(1.7550 (860)
n

Schmidt, RP et al., arXiv 1808.07240

>

Neutron number N



Proton Number Z

H

 0.8409 ( 4)

0.8754-(61)

Charge radii: The future

Laser system for 6.8 um for hyperfine measurement

atomic lee cw seed
reference 1550 nm

1550 nm

atomic
reference
(]
(]

cw seed
1030 nm

TDL osc.
70 mdJ

Pump diodes
3 kW, 940 nm

TDL amp. 1030 nm
300 mJ

cw seed
lambda-metep = = 2000 nm

can be used to improve Lamb shift in muonic hydrogen
-> 5x better proton charge radius (if TPE improves)

1550 nm

2000 nm

|

>

Neutron number N



Proton Number Z

Charge radii: The future

* = preliminary

7 1 11
Be °Be | "%Be Be
TR
26460 (150) 2.5190 (120)))| 2.3600 (140)| |2.4650 (150)| | 2.502¢
: : . : 1M,y -
6 Lj 8L Ui L
@0) 2.M> 2.3390 (440)| |2.2450 (460) 2.4820 (430)
3 4 6 8
He He He He
1.9686°( 13) | 1.6783( 5)
1.9730-160) | 1-6810-(40) 2.0680 (110) 1.9290 (260)
H D | 3T
|| o409 ( | 21277(2)||_— |
0.8764-(67) | | 2-1443+25) [(1.7550 (860)
n

Schmidt, RP et al., arXiv 1808.07240

>

Neutron number N



Proton Number Z

Charge radii: The future

* = prelimina:\

7
Be Be || 'Be | "Be
TR
2.6460 (150) 2.5190 (120)))|2.3600 (140)| [2.4650 (150)| | 2.502¢
°Li || L || 48 || °Li "L
@0) 2.@)23390 (440)| |2.2450 (460) 2.4820 (430)
*He | “He °He SHe
1.9686°( 13)| | 1.6783 ( 5)
1.9730-(160)| | 1-6810-(40) 2.0680 (110) 1.9290 (260)
1 2 3
|| 08400 ( )| 21277 (2| — uBe in Be+ ion trap target: 5x better
0-8751(67) | | 2-4443+25) |(1.7550 (860)
N uLi in Li vapour (heatpipe target): 10x better

T(1S-2S) using trapped T atoms: 400x better

>

Neutron number N



*He
1.9687 ( 13)
1.97:30-(160)

4
He
1.6778 ( 7)

1-6810-(40)

1
H
0.8409 ( 4)
0.8751-(61)

D

2.1277 ( é{’
’ N

ST

1.7xxx ( 2)

1.7550 (860)
\

Lyman-a detector

hydrogen
dissociation

e

cryogenic
nozzle

spectroscopy laser

N

magnetic quadrupole guide

] magnetic coil

region

2D-magneto-
optical-trap

magnetic trap

Tritium 1S-2S In a trap

\/

Triton-Radius EXperiment
Mainz

400x better radius

with 1 kHz measurement
. (vs. 0.01 kHz for H, D)

* cryogenic H nozzle (4.2K)
* magnetic quadrupole guide
* Li MOT -> cold buffer gas
* magnetic trapping of H/D/T



muonic Li with heat pipe target

difficult
u(t)
h S1 M
Moy ] D t
- a Li cloud
ll |11 N
NV D, _© [T pulsed drift tube B ey deteciors
EXB laser pulse
10 cm

e —

existing beam line: to be built:
1000/s at ~1 keV

drift tube to 100 .. 10 eV
lasers

detectors (easy)



muonic Li with heat pipe target

H 6L| 2+
F=5/2
2P3/2 F:3/2
- F=1/2
T F=3/2
2'PI/Z
- F=1/2
2S-2P
AELamb
F=3/2
281/2
28
AEHFS
F=1/2




muonic Li with heat pipe target

H 6L| 2+ 2 70-
F=52 = ) i
P / - F=3/2 é [
" P12 2.65)
2P1/2 F=3/2 g I
F=12 & 2.60
2S-2P gﬁ
AELamb E 2.55
Q
F=3/2 é 2 50}
2S1/2 28 : L
AE s ' — : : bl __
I E- 11 550 600 650 700 750 800 850

wavelength (nm)



muonic Li with heat pipe target

ue=
. P22 2.55¢
2P, Ezz NS
_ 2 2.50F
2P, e ETTY S S
-1 S 245
2S-2P QO)D
AELamb E 240 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
&
< F=2 é 2.35|
1/2 AEPZILIS;S [ N 2, SN R _
I . 400 450 500 550 600 650 700

wavelength (nm)



muonic LI: theory and accuracy

[tem (uPLi)*t (1 "Lt

QED Lamb shift [meV] 4654.4(0.1) 4671.4(0.1)

finite size [meV)| -3712(112) -3335(117)

nucl. shape (Friar moment) [meV] 223( 9) 191( 9)

nucl. polarizability [meV] 15( 4) 21( 4)

total Lamb shift [meV] 1162(112)(10)  1532(117)(10)

experimental accuracy goal (I'/10) [meV] 0.7 0.7

wavelengths (£3# in charge radius) 575-800 nm 520-710 nm

line width I (nm,/meV) 2.3 nm = 6.8meV

K, energy 18.7 keV

28 lifetime 7(25) 830 ns

r(°Li) = 2.58000(3900) fm [31] — 2.58zxz( 40)°P(400)" fm (uOLi)%"
r(TLi) = 2.44400(4200) fm [31] — 2.44zzz( 40)*P(400)™ fm (p Li)*

exp: 100x better radius, but polarizability -> “only” 10x better



muonic LI and LI*

[tem (uPLi)*t (1 "Lt

QED Lamb shift [meV] 4654.4(0.1) 4671.4(0.1)
finite size [meV] -3712(112) -3335(117)
nucl. shape (Friar moment) [meV] 223( 9) 191( 9)
nucl. polarizability [meV] 15( 4) 21( 4)
total Lamb shift [meV] 1162(112)(10) 1532(117)(10)
experimental accuracy goal (I'/10) [meV] 0.7 0.7

r(°Li) = 2.58900(3900) fm [31] — 2.58zzz( 40)°P(400)™" fm
r("Li) = 2.44400(4200) fm [31] — 2.44zzz( 40)°P(400)™ fm

when combined with normal Li* (Th. Udem)

-> QED test. He/uHe vs. Li*/uLi and
H/uH vs. He*/pyHe
Rydberg constant H, He, L1, ...
100x better radius AND 10x better polarisability,



muonic Be with Penning trap target

25 1/2
AES

2P1/2

A 4

m
X
o

T T
I I |
D W—=O

my]
Il
—_

wo!
I
\®)

1

Be+ cooling
laser
laser pulse
A e 7 S +30
@ 2.55¢
Sosab \ L 4 +20
-;;‘ 2.538\ +1o
?:;o 2.52;— rop,
E 2.51:' 7777777 o
© 2.50¢
& ; 120
£ 2.49¢
600 800 1000 1200 1400 1600_

VERY difficult

ion Multipass cavity jon

trap |

wavelength (nm)

itrap

5



muonic LI and Be ions

VERY difficult
r(°Li) = 2.58900(3900) fm [31] — 2.58zxz( 40)°*P(400)"" fm (pOLi)**
r("Li) = 2.44400(4200) fm [31] — 2.44zzx( 40)"P(400)™ fm (g "Li)?
r(9Be) = 2.51900(1200) fm [31] — 2.5lzzz( 25)P(230)™ fm (11Be)?
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