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The “Proton Radius Puzzle”
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Workshop: The “Proton Radius Puzzle”
ECT* Trento, Italy, Oct. 2012

47 participants
  Theory + Experiment
  Atomic physics
  Nuclear physics
  Particle physics
  Electron scattering
  “Beyond Standard Model”

38 Talks
3 “Fighting Sessions”

Finally: Vote (!)

→ Measurement problem

We need more data.
Follow-up conferences
* Mainz  2014
* Trento 2016
* Mainz  2018



  

Nuclear radii

 

 

 

Essential input for:
* Nucleon structure (proton)
* Nuclear structure and models
* Precision tests of QED and 
   the Standard Model
* Fundamental constants (CODATA)



  

Electronic and muonic atoms
Regular hydrogen:

Proton + 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

Bohr radius

Vastly not to scale!!



  

Lamb shift in Muonic Hydrogen

2S-2P Lamb shift

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

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

ΔE [meV]  = 209.998 – 5.226 Rp
2 [fm]

2% effect!



  

The situation in 2021

Proton charge radius puzzle “solved”?

CODATA

Colorado: Brandt et al., 2111.08554

same transition (1S-3S)!



  

Why was the proton radius so 
interesting?

Rp

hydrogen electron scattering

muon scatteringmuonic hydrogen

Lattice

QED

nucl. polarizabilities

Standard Model



  

Hyperfine structure in muonic H
CREMA-3 / HyperMu at PSI
(R16.02)

talk by Aldo



  

Muonic Deuterium



  

2.5 transitions in muonic D

 Pohl et al. (CREMA Coll.), Science 353, 669 (2016)



  

Theory: Lamb shift in muonic D
ΔELamb = 228.7854 (13) meVQED + 1.7653 (130) meVTPE – 6.1103 (3) meV/fm2 * Rd

2 μD

Nuclear structure two (and three!)-photon contributions to the Lamb shift in muonic deuterium.

Krauth, RP et al. (2016) using calculations from

  * Pachucki (2011)
  * Friar (2013)
  * Carlson, Gorchtein, Vanderhaeghen (2014)
  * Hernandez et al. (2014)
  * Pachucki + Wienczek (2015)

plus new refinements

  + Pachucki et al., PRA 97, 062511 (2018)
Sizeable three-photon contribution!

  + Hernandez et al., PLB 778, 377 (2018)
χEFT

  + Kalinowski (2019)
eVP to nucl. struct.

  + Acharya et al., PRC 103, 024001 (2021)
χEFT + Disperson relations



  

Muonic Deuterium

μD: 2.12776   (13)exp (50)theo fm    
nucl. polarizability = 2- and 3-photon exchange: Bacca, Pachucki, Vanderhaeghen, 
Carlson, Hernandez, Acharya, Kalinowski, … 

μH + H/D(1S-2S): 2.12785   (17) fm
CODATA-2014: 2.14130 (250) fm

H/D 1S-2S isotope shift:
rd

2 – rp
2 = 3.82070(31) fm2

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

muonic old electronic



  

Muonic Deuterium

rd
2 – rp

2 =  3.82070(  31) fm2  H / D     1S-2S isotope shift
  3.82028(232) fm2  μH / μD 2S-2P isotope shift  (0.18 σ)

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

muonic old electronic

perfect agreement
between eH / eD

and μH / μD

      



  

TPE in muonic D
ΔELamb = 228.7854 (13) meVQED + 1.7653 (130) meVTPE – 6.1103 (3) meV/fm2 * Rd

2 μD

Krauth et al. (2016) + Pachucki et al. (2018) + Hernandez et al. (2018) + Kalinowski (2019) + Acharya (2021)

ΔETPE (theo)  =  1.7653 +- 0.0130   meV   
 

vs.                                 +- 0.0034   meV    experimental uncertainty

(1) charge radius, using calculated TPE
rd (μD)                 =  2.12776 (13) exp   (51) theo   fm   vs.

rd (μH + H/D iso) =  2.12785 (17)  fm

(2) polarizability, using charge radius from isotope shift 
 ΔETPE (theo)      =  1.7653 ( 130)  meV  vs.

ΔETPE (exp)       =  1.7591 (   59)  meV        2x more accurate



  

HFS in muonic D

 Pohl et al. (CREMA Coll.), Science 353, 669 (2016)

HFS



  

HFS in muonic D

2S-HFS

nucl. TPE scaled from electronic D

(50) meV Krauth et al., Ann. Phys. (N.Y.) 366, 168 (2016)

 Pohl et al. (CREMA Coll.), Science 353, 669 (2016)

perfect agreement between theory and experiment !!???



  

HFS in muonic D

HFS

nucl. TPE scaled from electronic D

(50) meV Krauth et al., Ann. Phys. (N.Y.) 366, 168 (2016)

 Pohl et al. (CREMA Coll.), Science 353, 669 (2016)

Another 5σ disagreement between theory and experiment !!



  

HFS in muonic D

2S-HFS

Exp – QED(point nucleus) =

Kalinowski, Pachucki, Yerokhin, PRA 98, 062513 (2018)

nucl. 3-photon

5σ



  

Muonic Helium

Measured

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



  

Theory in muonic He-4

μD

μH

μ4He

ΔELamb =    228.7854 (13)QED +    1.7653 (130)TPE  –    6.1103 (  3) * Rd
2 /fm2    [meV]

ΔELamb =     206.0336 (15) QED +  0.0332(   20)TPE   –    5.2275(10)  * Rp
2 /fm2   [meV]

Three-photon contribution estimation included (a la Pachucki et al., PRA  97, 052511 (2018))

ΔELamb = 1668.5002(140)QED +   9.1900(2900)TPE – 106.2200(80) * Rα
2 /fm2    [meV]



  

Theory in muonic He-4
μ4HeΔE           = 1668.5002(140)QED +   9.1900(2900)TPE – 106.2200(80) * Rα

2 /fm2    [meV]

Three-photon contribution estimation included (a la Pachucki et al., PRA  97)

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

9.1900(2900)TPE     =  9.340(250)2PE

  -0.150(150)3PE

nucl. 2-photon exchange
nucl. 3-photon guesstimate

Pachucki, Patkos, Yerokhin, PRA  97, 052511 (2018)

Reasoning: inelastic 3PE = 0 …. (minus elastic 3PE)
= 0 in “hard” proton,    
cancels elastic 3PE in “soft” deuteron



  

muonic 4He ions

R(4He) = 1.67824 (13)exp (82)theo fm
                  

                   (82)theo = (70)2PE  (42)3PE

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

2-photon exchange: Bacca group
3-photon exchange: our educated(?) guess based on

Pachucki et al.

2P3/2 : ±17 GHz 2P1/2 : ±15 GHz



  

muonic 4He ions

R(4He) = 1.67824 (13)exp (82)theo fm
                  

                   (82)theo = (70)2PE  (42)3PE

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

2-photon exchange: Bacca group
3-photon exchange: our educated(?) guess based on

Pachucki et al.



  

Muonic Helium-3

Preliminary results



  

Theory in muonic He-3

ΔE           = 1644.3466(149)QED + 15.1000(5600)TPE – 103.5180(100) * Rh
2 /fm2    [meV]μ3He

ΔE           = 1668.5002(140)QED +   9.1900(2900)TPE – 106.2200 ( 80) * Rα
2 /fm2    [meV]μ4He

15.10(56)TPE     =  15.30(52)2PE

   - 0.20(20)3PE

nucl. 2-photon exchange
nucl. 3-photon guesstimate

Pachucki, Patkos, Yerokhin, PRA  97, 052511 (2018)

Reasoning: inelastic 3PE = 0 …. (minus elastic 3PE)
= 0 in “hard” proton,    
cancels elastic 3PE in “soft” deuteron

Following the same recipe as for μ4He:



  
PRELIMINARY

muonic 3He ions

R(3He) = 1.96792 (12)exp (137)theo fm

also:



  
PRELIMINARY

muonic 3He ions

R(3He) = 1.96782 (12)exp (137)theo fm  preliminary!

theo = +- 0.00128 meV  2PE
     +- 0.00049 meV  3PE

           +- 0.00010 meV  R^2 coeff.
           +- 0.00004 meV QED

exp: each line has +-20 GHz(stat) +- 0.2 GHz (syst)



  

1.9 1.92 1.94 1.96 1.98 2
helion charge radius [fm]

  

Retzlaff 1984
Ottermann 1985

Amroun 1994

Sick 2001

Sick 2014

He3μ  

Muonic Helium-3

PRELIMINARY

(e scattering world average)

Sick, PRC 90, 064002 (2014)



  

Helium-3 – Helium-4 Isotope Shift

PRELIMINARY
3PE ??

assumption: the (uncalculated) inelastic 3PE terms are correlated

Shiner PRL 74, corrected by Marsmann et al., (Hessels group)
Zheng PRL 119
Rengelink Nature Physics

Cancio Pastor not shown, too large Quantum Interference (per Hessels)



  

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!

H D T1 2 3

He He3 4

 
0.8751 (61) 2.1413 (25)

1.9730 (160) 1.6810 ( 40)

1.7550 (860)
0.8409 (  4) 2.1277 (  2)

1.6782 (   8)1.9687 (  13)*

* = preliminary
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Impact of 𝛍4He+ measurements  
Few-nucleon theories

r⍺ represents a benchmark for few-
nucleon theories. 
r⍺ can be used also to fix a low-energy 
constant of nuclear potential. 
r⍺ improves  6He and 8He radii (slightly)

BSM physics
Agreement constrains BSM 
models suggested to explain 
the Rp puzzle

Combined with upcoming He+  (He) exp.
bound-state QED test He+(1S-2S): 
 60 kHz, ur = 6x10-12

Rydberg constant: 24 kHz
2PE+3PE in He with 0.1 meV 𝜇
uncertainty

 Udem, MPQ
Eikema, LaserLab

Müller, Lu

from A. Antognini



  

Rp

hydrogen electron scattering

muon scatteringmuonic hydrogen

Lattice

QED

nucl. polarizabilities

Standard Model

Why was the proton radius so 
interesting?



  

The Rydberg constant

R∞

H He+

D

Rp

Rd

RHe

2-body QED calculations

 → Test QED and SM



  

R∞

H He+

D

Rp

Rd

RHe

2-body QED calculations Exp:  Amsterdam, Garching, Zürich
   Paris, Colorado, Mainz ...

The Rydberg constant



  

R∞

H He+

D

Rp

Rd

RHe

H2
+

D2
+

HD+
He

Li+ RLi

2-body QED calculations
3-body QED calculations

Exp:  Amsterdam, Düsseldorf,
  Zurich, Garching, Paris,
  Wuhan, ...

The Rydberg constant



  

R∞

H He+

D

Rp

Rd

RHe

H2
+  H2

D2
+  D2

HD+  HD
He

Li+ RLi

2-body QED calculations
3-body QED calculations
4-body QED calculations

Li

Be+
RBe

Exp:  Amsterdam, Zurich, 
  Paris, Darmstadt, ...

The Rydberg constant



  

R∞

H He+

D

Rp

Rd

RHe

H2
+  H2

D2
+  D2

HD+  HD
He

Li+ RLi

Li

Be+
RBe

Mu Ps

HCI Rydberg 
atoms

Exp:  PSI, ETH, UCL, Japan,
  NIST, Ann Arbor, … 

The Rydberg constant



  

Rcharge

atoms, ions, molecules
electron scattering

muonic ions
nuclear/on 
polarizability

nuclear theory

Determine Rydberg constant with various means → Test QED and SM

absolutely requires nuclear charge radii + polarizabilities

The Rydberg constant



  

What’s next?



  

Triton charge radius from Tritium 1S-2S 

Neutron number  N

 
 

Pr
ot

on
 N

um
be

r  
Z

H D T1 2 3

He He3 4

 
0.8751 (61) 2.1413 (25)

1.9730 (160) 1.6810 ( 40)

1.7550 (860)
0.8409 (  4) 2.1277 (  2)

1.6778 (   7)1.9687 (  13)* *

* = preliminary

1.7xxx (   2)

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

400x better radius
with 1 kHz measurement
       (vs. 0.01 kHz for H, D)



  

Li density (atoms / cm^3)
910 1010 1110 1210 1310 1410

tra
pp

in
g 

effi
ci

en
cy

6−10

5−10

4−10

3−10

2−10

1−10

H + 7Li

mass=3 + 7Li

Simulated trapping efficiency

simple simulation:
4.2K atomic H beam
60 m/s trap depth

10-4 trapping efficiency (better for T)

1010 Li in 
1cm dia

Li density (atoms / cm^3)
910 1010 1110 1210 1310 1410

tra
pp

in
g 

effi
ci

en
cy

6−10

5−10

4−10

3−10

2−10

1−10

H + 7Li

mass=3 + 7Li

J. Phys. Conf. Ser. 1138, 012010 (2018)



  

Triton charge radius from Tritium 1S-2S 

Neutron number  N
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ot

on
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um
be

r  
Z

H D T1 2 3

He He3 4

 
0.8751 (61) 2.1413 (25)

1.9730 (160) 1.6810 ( 40)

1.7550 (860)
0.8409 (  4) 2.1277 (  2)

1.6778 (   7)1.9687 (  13)* *

* = preliminary

1.7xxx (200)

● Optogalvanic spectroscopy 
in a cell

● Syst. extrapolation w/ H,D
● Tritium confined.

4x better radius
with 100 kHz measurement
       (vs. 0.01 kHz for H, D)

staged approach



  

Triton charge radius from Tritium 1S-2S 

● Optogalvanic spectroscopy 
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● Tritium confined.

4x better radius
with 100 kHz measurement
       (vs. 0.01 kHz for H, D)



  

Triton charge radius from Tritium 1S-2S 

● Optogalvanic spectroscopy 
in a cell

● Syst. extrapolation w/ H,D
● Tritium confined.

4x better radius
with 100 kHz measurement
       (vs. 0.01 kHz for H, D)

staged approach

Status:
Hunting for the signal in H



  

further future:

5x better Lamb shift in muonic 
hydrogen



  

Resonance in muonic hydrogen

Pohl et al. (CREMA Coll.), Nature 466, 213 (2010)



  

Laser system: Raman cell
Yb:YAG Disk laser
  → fast response on μ

Frequency doubling (SHG)
  → green light to pump
      Ti:sapphire laser

Ti:sapphire cw laser
  → determines laser frequency

Ti:sapphire MOPA
  → high pulse energy (15 mJ)

Raman cell
  → 3 sequential stimulated
       Raman Stokes shifts
       Laser wave length → 6 μm

Target Cavity
  → Mirror system to fill the
      muon stop volume (H2)



  

The laser

TDL osc.
70 mJ

OPO I 

cw seed
1030 nm

OPAs 

1550 nm

3200 nm
DFG 
ZGP

2000 nm

TDL amp.
300 mJ

cw seed
1550 nm

OPO II 
OPAs 21

00
 nm

TDL amp.
300 mJ

cw seed
2000 nm

2000 nm

6800 nm

1030 nm

1030 nm

1550 nm

lambda-
meter

atomic
reference

atomic
reference

Pump diodes
3 kW, 940 nm

3200 nm

2100 nm



Thanks a lot
 for your attention



  

The CREMA Collaboration



  

Correlation between R∞ and Rp / Rd

ν(1S−2S)≈ 3
4

R∞ − 7
8

ENS

The source of the 98.91% correlation of R∞ and Rp

10-15 = 10 Hz 10-12 = 20 kHz



  

Hyperfine structure in muonic H
CREMA-3 / HyperMu at PSI
(R16.02)



  

The sky in hydrogen



  

Hyperfine structure in H / μp

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



  

Hyperfine structure in H / μp

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

νexp = 1 420 405. 751 766 7  ± 0.000 001 kHz

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

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

νtheo = 1 420 403. 1  ± 0.6proton size  ± 0.4polarizability kHz

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



  

Proton Zemach radius

HFS depends on “Zemach” radius:

Form factors and momentum space

ΔE=
8(Zα)m

πn3 EF∫
0

∞ dk
k2 [GE (−k2)GM (−k2)

1+κ ]

ΔE=−2(Zα)m ⟨r ⟩(2)EF

⟨r ⟩(2)=∫d3r d3r 'ρE(r)ρM (r ')|r−r '|

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



  

2S-2P =  Lamb shift

is sensitive to CHARGE radius

1S-HFS = Hyperfine splitting

is sensitive to ZEMACH radius

From charge to magnetic properties



  

Proton Zemach radius from μp

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



  

Proton Zemach radius from μp

Lamb shift measurement
suffers from

 short 2P lifetime (8 ps)

-> go to 1S ground state



  

Proton Zemach radius from μp

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 μp

�Eth
HFS = 182.819(10)� 1.301RZ + 0.064(21)| {z }

TPE

+ · · · meV

goal: measure HFS with 1 ppm relative accuracy

obtain TPE with 3x10-4 rel. accuracy



  

HFS in μp

�Eth
HFS = 182.819(10)� 1.301RZ + 0.064(21)| {z }

TPE

+ · · · meV

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



  

CREMA-3/HyperMu @ PSI

Laser pulse:    µp(F=0) + ɣ → µp(F=1)
De-excitation:  µp(F=1) + H2→µp(F=0) + H2 + Ekin

Diffusion:         X-rays produced at target walls
 Resonance:     Number of X-rays vs laser freq.



  

Detection



  

The laser

TDL osc.
70 mJ

OPO I 

cw seed
1030 nm

OPAs 

1550 nm

3200 nm
DFG 
ZGP

2000 nm

TDL amp.
300 mJ

cw seed
1550 nm

OPO II 
OPAs 21

00
 nm

TDL amp.
300 mJ

cw seed
2000 nm

2000 nm

6800 nm

1030 nm

1030 nm

1550 nm

lambda-
meter

atomic
reference

atomic
reference

Pump diodes
3 kW, 940 nm

3200 nm

2100 nm



  

Predicting the resonance position



  

The resonance position
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