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Extracting the proton radius from 𝛍p

mµ ⇡ 200me
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Principle of the µp 2S-2P experiment

Produce many µ− at keV energy

Form µp by stopping µ− in 1 mbar H2 gas

Measure the 2 keV X-rays from 2P-1S decay

 2 P

1 S

2 S
2 keV γ

Laser
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Fire laser to induce the 2S-2P transition
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µp formation Laser excitation Plot number of X-rays vs laser frequency
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The setup at the Paul Scherrer Institute
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The first 𝛍p resonance (2010)
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e-p scattering

CODATA-06 our value

O2H
calib.

Systematics: 300 MHz
Statistics: 700 MHz

Discrepancy:

5.0� $ 75 GHz $ �⌫/⌫ = 1.5⇥ 10
�3

Pohl et al., Nature 466, 213 (2010)
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Three ways to the proton radius

Proton charge radius [fm]
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

CODATA-2010

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ

σ6.7 

e-

µp spectroscopy

p

µ-

H spectroscopy

p

e--p scattering

 H 2 
e-

Pohl et al., Nature 466, 213 (2010)
Antognini et al., Science 339, 417 (2013)
Pohl et al., Science 353, 669 (2016)
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The rp puzzle has triggered many activities

7

New experiments
-scattering
-spectroscopy 

Bound-state QED

Few-nucleon

Proton structure

New physics?

Effective field th.
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• e-p scattering

• BSM physics

• sensitive to the radius

• insensitive to systematical effects             

✓

⇠ 1/m ✓

Rarely criticised since:

⇠ m3R2
p

mµ ⇡ 200me



Aldo Antognini PSI2019,    22.10.2019 9

The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering

QED

+ + many 
more

Two-photon exchange ✓✓✓✓ ✗

+

Can be computed with 
dispersion th. + data 

But subtraction term is needed
⇒ modelling of proton

✓✓✓✓

Pachucki, Carlson, Birse, McGovern, Pineda, Gorchtein, Pascalutsa, 
Vanderhaeghen, Alarcon, Miller, Paz, Hill… 

Pachucki, Borie, Eides, Karschenboim, 
Jentschura, Martynenko, Indelicato
Pineda, Peset, Faustov…
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering

Chiral EFT

Phenomenological
- dispersion relations
- data
- subtraction term

AGREEMENT 



Aldo Antognini PSI2019,    22.10.2019 11

Technicalities on TPE in 𝛍p

Slide stolen from Gorchtein
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Technicalities on TPE in 𝛍p

Slide stolen from Gorchtein
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering
Pachucki, Carlson, Birse, 
McGovern, Pineda,  Peset, 
Gorchtein, Pascalutsa, 
Vanderhaeghen, Tomalak,  
Martynenko, Alarcon, Miller, 
Paz, Hill… 

Uncertainties and discrepancy
0.3          meV    Discrepancy

0.01        meV:   TPE uncertainty (conservatively, Hill and Paz)
0.0025    meV:   Polarisability-contr. uncertainty (Pascalutsa)
0.0020    meV:   TPE uncertainty (McGovern)

0.0015    meV:   QED uncertainties

0.0023    meV:    Measurement uncertainty

Two Photon Exchange: Modeling

“Aggressive” modeling: use OPE for Q2
� 1 GeV2

- Model unknown Q4: add �L(Q2) = ±Q2/⇤2
L
with ⇤L ⇡ 500 MeV

- Model unknown 1/Q4: add �H(Q2) = ±⇤2
H
/Q2 with ⇤H ⇡ 500 MeV

Interpolating:

)2 (GeV2Q
0 0.5 1 1.5 2

)2
(0

, Q
1

W
20−

10−

0

10

Energy contribution: �E (2S)W1(0,Q2)
2 [�0.046meV, �0.021meV]

To explain the puzzle need this to be ⇠ �0.3 meV
Caveats: OPE might be only valid for larger Q2

W1(0,Q2) might be di↵erent than the interpolated lines
Gil Paz (Wayne State University) The Proton Radius Puzzle 30
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering 1S

2S 2P

3S 3D
4S
8S

1S-2S

2S-4P 2S-8D

• Two unknown:         ,R1 Rp

• Two groups of measurements: 

- 1S-2S:  10-15 rel. accuracy 

- others:  <10-13 rel. accuracy 

✓ ✓
  ?

EnS ' R1
n2

+
QED+ kR2

p

n3

1S-3S: 1801.08816
2S-4P: Science 358, 79–85 (2017)

 and more prone to systematics
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The proton radius puzzle (2010)

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering

0.8 0.85 0.9 0.95 1

2S1/2 -  2P1/2

2S1/2 -  2P1/2

2S1/2 -  2P3/2

1S-2S + 2S- 4S1/2

1S-2S + 2S- 4D5/2

1S-2S + 2S- 4P1/2

1S-2S + 2S- 4P3/2

1S-2S + 2S- 6S1/2

1S-2S + 2S- 6D5/2

1S-2S + 2S- 8S1/2

1S-2S + 2S- 8D3/2

1S-2S + 2S- 8D5/2

1S-2S + 2S-12D3/2

1S-2S + 2S-12D5/2

1S-2S + 1S - 3S1/2

Havg = 0.8779 +- 0.0094 fm
µp : 0.84087 +- 0.00039 fm

proton charge radius (fm)   

4𝜎 discrepancy
only after averaging

Proton radius discrepancy
is 10-3       of 2S-nS transitionsΓ

E. Hessels

F. Merkt
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering ✓✓✓
✗ ✗ ✗ ✗ ✗

3

• Besides µH, we make use of the preliminary re-

sults on the Lamb shifts in muonic deuterium and

muonic 4He. In the case of µD a discrepancy similar

to that of µH between the charge radius extracted

via the Lamb shift of µD, r
µ
D
= 2.1272(12) fm [28]

and the CODATA average from electronic mea-

surements, rD = 2.1213(25) fm [3], exists. This

could be also be explained by a scalar coupled to

muons that results in a change to the Lamb shift

of �E
µD
L

= �0.368(78) meV [14, 29]. The simi-

larity of this shift to the one required in µH con-

strains the coupling of � to the neutron. For µ
4He,

the radii extracted from the muonic Lamb shift

measurement, rµ4He
= 1.677(1) fm [30], and elas-

tic electron scattering, r4He = 1.681(4) fm [31], re-

quire the change in the Lamb shift due to � ex-

change to be compatible with zero, �E
µ4

He
+

L
=

�1.4(1.5) meV [14]. Since these results are pre-

liminary, we draw constraints at the 3� level. Note

that using the ratio of nuclear to hydrogen Lamb

shifts for D and He via Eq. (2) allows us to obtain

the ratio ✏n/✏p independently of the value of ✏µ and

✏p.

Using these observables (with the constraints imposed

by Eqs. (1-3)) we limit the ratio of the coupling of � to

neutrons and protons, ✏n/✏p, as shown in Fig. 2. If the

couplings to neutron and proton are of the same sign,

these constraints are qui
te strong, driven by the neutron-

208Pb scattering limits for m� . 10 MeV and the µ4He

measurement for larger masses. If the couplings are of

opposite sign, they interfere destructively, masking the

e↵ects of the � and substantially weakening the limits on

the magnitudes of ✏n, ✏p.

For a given value of ✏n/✏p, we can use the shift of the

binding energy in N = Z nuclear matter and the dif-

ference in binding energies of 3H and 3He to constrain

✏p. We show these bounds in Fig. 1, varying ✏n/✏p over

its allowed range as a function of m�. These measure-

ments limit the mass of the scalar that simultaneously

explains the proton radius and (g � 2)µ discrepancies to

100 keV . m� . 100 MeV. These upper and lower limits

on the allowed value of m� are also indicated on the plot

of the required values of ✏µ in Fig. 3.

We now explore the coupling of the scalar to electrons,

which is of particular experimental importance because

electrons are readily produced and comparatively sim-

ple to understand. The limits on the coupling ✏e are

similar to many that have been placed on the dark pho-

ton in recent years (see, e.g. [33]). Below, we describe

the experimental quantities used to derive limits on the

electron-scalar coupling
.

Scalar exchange shifts the anomalous magnetic mo-

ment of the electron; see Eq. (1) with l = e. As empha-

sized in Ref. [34], the measurement of (g�2)e is currently

used to extract the fine structure constant. A constraint

on ✏e can therefore be derived by comparing the inferred

value of ↵ with a value obtained from a measurement that

FIG. 4. (Color online) Exclusion (shaded regions) plot for

✏e. The thick red, thin blue, thin dashed yellow, and thick

dashed green lines correspond to the constraints from electron

anomalous magnetic moment (g � 2)e, beam dump experi-

ments, Bhabha scattering, and the Lamb shift of hydrogen.

The region between the two vertical gray regions are allowed

using the scalar mass range from Fig. 1. The regions A and

B (dotted) could be covered by proposed experiments in [32],

[10], and the study [33].

isn’t sensitive to the contribution of the scalar boson. We

use the precision study of 87Rb [35]. Requiring that these

two measurements agree implies that �ae < 1.5⇥ 10�12

(2 S.D.).
Bhabha scattering, e+e� ! e+e�, can be used to

search for the scalar boson by looking for a resonance

due to � exchange. Motivated by earlier results from

heavy-ion collisions near the Coulomb barrier, a group

working at GSI [36] used a clean time-stable monoener-

getic positron beam incident on a metallic Be foil. No

resonances were observed at the 97% C.L. within the

experimental sensitivity of 0.5 b eV/sr (c.m.) for the

energy-integrated di↵erential cross section. Given the

small value of ✏e the only relevant process is the s-
channel

exchange of a � boson. Using a narrow width approxi-

mation, the energy-integr
ated di↵erential cross section

in

the c.m. frame is given by

Z
d
p
s
d�

d⌦
= ✏2e

↵⇡

4m�

s
1�

4m2
e

m2

�

. (8)

Beam dump experiments have long been used to search

for light, weakly coupled particles that decay to leptons

or photons [32, 33, 37].
If coupled to electrons, � bosons

could be produced in such experiments and decay to

e+e� or �� pairs depending on its mass. The produc-

tion cross section for the scalar boson, not in the cur-

rent literature, is discussed in a longer paper [38] to be

presented at a later time. Previous work simplified the

evaluation of the integral over phase space by using the

Weizacker-Williams (WW) approximation. However, the

approximation relies on an assumption that the mass of

the new particle is much greater than electron mass. Our
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FIG. 1. Left panel: Constraints on the coupling to leptons (in terms of both ⇠S
`

= g`(v/m`) and ✏e↵ = ge/e) as a function of the scalar

mass, based purely on the e↵ective theory in Eq. (3). The region where (g � 2)µ is discrepant at 5� is shaded in red, while the green

shaded band shows where the current discrepancy is brought below 2�. We show constraints from the beam dumps E137, Orsay, and E141.

The projected sensitivities from µ ! 3e, NA48/2, NA62, HPS, analyses of existing data from COMPASS and B-factories, as well as a

projected sensitivity at BELLE II are also shown. (See Section 3 for details.) Right panel: Constraints on the L2HDM+' UV completion

of the e↵ective theory in Eq. (3), as described in Sec. 2. Model independent results are as in the left panel. In addition, for this particular

UV completion, there are constraints on the model from searches for h ! SS ! 2µ2⌧ , B ! K(⇤)`+`�, and Bs ! µ+µ�. We have set

tan� = 200, mH = m
H± = 500 GeV, and m12 = 1 TeV. (See Section 4 for details.)

particle couples to leptons with a coupling strength onthe order of the SM lepton Yukawa couplings, which inthe case of the muon is mµ/v ' 4⇥10�4, the muon g�2
problem can be solved. Thus we are motivated to study
the e↵ective Lagrangian of an elementary scalar S,

Le↵ =
1

2
(@µS)2 �

1

2
m2

SS
2 +

X

l=e,µ,⌧

g`S``, (3)

with gl ⇠ ml/v as a promising phenomenological model.
Given that S is not the SM Higgs boson, the interac-
tion terms in (3) may appear to contradict SM gauge
invariance. Thus, at minimum, Eq. (3) requires an ap-
propriate UV completion, generically in the form of newparticles at the electroweak (EW) scale charged under the
SM gauge group. On the other hand, if a UV-complete
model is found that represents a consistent generalizationof (3), the light scalar solution to the muon g � 2 prob-
lem deserves additional attention. Another impetus for
studying very light beyond-the-SM (BSM) scalars comes
from the existing discrepancy of the muon- and electron-
extracted charge radius of the proton [13].This paper presents a detailed study of light scalars
with enhanced coupling to leptons, and provides a vi-
able UV-completion of Eq. (3) through what we dubthe ‘leptonic Higgs portal’. We also analyze a variety of
phenomenological consequences of the model. The phe-
nomenology of a light scalar coupled to leptons resembles
in many ways the phenomenology of the dark photon, but
with the distinct feature that the couplings to individual

flavors are non-universal and proportional to the mass.
As a result, at any given energy the production of sucha scalar is most e�cient using the heaviest kinematically
accessible lepton. We identify the most important searchmodes for the scalar that could decisively explore its lowmass regime. Our main conclusion is that an elementary
scalar with coupling to leptons ` scaling as m` can be
very e�ciently probed, and in particular the whole mass
range consistent with a solution of the muon g � 2 dis-
crepancy can be accessed through an analysis of existing
data and in upcoming experiments.
Our full UV-complete model is based on the lepton-

specific two Higgs doublet model with an additional light
scalar singlet. The mixing of the singlet with compo-
nents of the electroweak doublets results in the e↵ective
Lagrangian of Eq. (3). The model also induces addi-
tional observables, and thus constraints, due to the fact
that S receives small but nonvanishing couplings to the
SM quarks and gauge bosons. We note that the UVcompletion presented in this work is not unique. For
an alternative UV completion of the same model utiliz-
ing vector-like fermions at the weak scale, see Ref. [14].
While many aspects of the low-energy phenomenology
based on the e↵ective Lagrangian (3) are similar in bothapproaches, the UV-dependent e↵ects are markedly dif-
ferent (especially for flavor-changing observables).This paper is organized as follows. In the next sectionwe discuss light scalars coupled to leptons and a possi-
ble UV completion of such models via the leptonic Higgs
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FIG. 3: The parameter space necessary to satisfy experimen-tal constraints. Solid lines refer to constraints on Cµ
V . Dashedlines refer to constraints on Cµ

A. The green band, outlined bysolid lines, is the constraint on Cµ
V necessary to solve theproton radius problem (±2�). The shaded red region is therestricted region of Cµ

V due to the constraint that the branch-ing ratio for W goes to µ⌫�V + µ⌫�A must be less than 4%under the assumption that Cµ
A solves the muonic g � 2 prob-lem. The shaded orange region is the restricted region on Cµ

V
due to energy splittings in muonic Mg and Si at 2�. Thegreen band, outlined by dashed lines, is the constraint on Cµ

A
necessary to solve the muonic g � 2 problem (±2�) under theassumption Cµ

V solves the proton radius problem (±2�).

significantly opening up the allowed parameter space for(CA, m�).

In Fig. 3 we see that there are broad regions of param-eter space for which we can find values of Cµ
V , Cµ

A, andm� that simultaneously solve the proton radius puzzleand the muonic g � 2 discrepancy while satisfying theconsidered experimental constraints.
For completeness, we also comment on radiative cor-rections to Z ! µ+µ� decay, namely Z ! µ�µ+�V andµ�µ+�A decay as represented in Fig. 4.
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FIG. 3. The parameter space necessary to satisfy experimen-tal constraints. Solid lines refer to constraints on Cµ
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A. The green band, outlined bysolid lines, is the constraint on Cµ
V necessary to solve theproton radius problem (±2�). The shaded red region is therestricted region of Cµ

V due to the constraint that the branch-ing ratio for W goes to µ⌫�V + µ⌫�A must be less than 4%under the assumption that Cµ
A solves the muonic g � 2 prob-lem. The shaded orange region is the restricted region on Cµ

V
due to energy splittings in muonic Mg and Si at 2�. Thegreen band, outlined by dashed lines, is the constraint on Cµ

A
necessary to solve the muonic g � 2 problem (±2�) under theassumption Cµ

V solves the proton radius problem (±2�).

significantly opening up the allowed parameter space for(CA, m�).

In Fig. 3 we see that there are broad regions of param-eter space for which we can find values of Cµ
V , Cµ

A, andm� that simultaneously solve the proton radius puzzleand the muonic g � 2 discrepancy while satisfying theconsidered experimental constraints.
For completeness, we also comment on radiative cor-rections to Z ! µ+µ� decay, namely Z ! µ�µ+�V andµ�µ+�A decay as represented in Fig. 4.
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where k is the Z 4-momentum, p1 is the muon 4-momentum, p2 is the anti-muon 4-momentum, and p3is the �V 4-momentum. As with the W decay, here weonly focus on the vector contribution to the Z decay, butone can easily show that the axial vector contribution isequivalent up to an overall minus sign (which is irrelevantto the decay amplitude squared).In this case, cancellations between the two diagramsensure the Ward identity is satisfied. Therefore, there isno poor behavior at high energies when the � is longi-tudinally polarized. This is seen in the logarithmic de-pendence of the decay width (7) on m� (which resemblesthat of the W decay (5)),
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As in the calculation of the W ! µ⌫� decay, we haveneglected the muon mass, and we have expanded the Z’sdecay width in (7) to leading order in m�/mZ . Thesesteps are motivated by the arguments given in the para-graph following (5).

III. SCALAR THEORY

We also consider a scalar theory which is well behavedwithout the addition of any shadow particles. The inter-action Lagrangian is

Lint,S = �S

h
Cµ

S  ̄µ µ + Cp
S  ̄p p

i
(8)

+ �P

h
Cµ

P  ̄µ�5 µ + Cp
P  ̄p�5 p

i

where �S is the scalar field, �P is the pseudo-scalar fieldwhere m�S ⌘ m�P , and the C’s (with corresponding su-perscripts and subscripts) are the corresponding couplingstrengths. In this section it is understood that � refersto either �S or �P .
As with the vector theory, we again consider the con-straint due to the branching ratio of W ! µ⌫�S plusW ! µ⌫�P . The decay amplitude for both scalar andpsuedoscalar cases is given by the Feynman diagram inFig. 5.
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III. SCALAR THEORY

We also consider a scalar theory which is well behavedwithout the addition of any shadow particles. The inter-action Lagrangian is

Lint,S = �S

h
Cµ

S  ̄µ µ + Cp
S  ̄p p

i
(8)

+ �P

h
Cµ

P  ̄µ�5 µ + Cp
P  ̄p�5 p

i

where �S is the scalar field, �P is the pseudo-scalar fieldwhere m�S ⌘ m�P , and the C’s (with corresponding su-perscripts and subscripts) are the corresponding couplingstrengths. In this section it is understood that � refersto either �S or �P .
As with the vector theory, we again consider the con-straint due to the branching ratio of W ! µ⌫�S plusW ! µ⌫�P . The decay amplitude for both scalar andpsuedoscalar cases is given by the Feynman diagram inFig. 5.

2

4. Finally, it is also possible that some “intermedi-
ate range” force is responsible for the discrepancy.
Should such a new force carrier exist in the MeV-
100 MeV mass range, it could potentially a↵ect the
µH Lamb shift directly. Constructing a model that
would be not immediately ruled out by the existing
constraints on dark forces in this range is a di�cult
challenge [12–14].

Further background information and discussion can be
found in the recent review [15].

The search for a resolution to the rp discrepancy is
important because it carries strong implications for the
precision of theoretical evaluation of the muon g � 2.
Suppose, for example, that either “unexpected” e↵ects
of strong interactions (solution 2 above), or some new
physics (solution 4) is responsible for inducing, e.g., a
large proton-muon interaction term,

�L ' C( ̄µ µ)( ̄p p), (1)

where coe�cient the C needs to be ⇠ (4⇡↵) ⇥ 0.01 fm2

in order to explain the discrepancy in rp measurements.
This e↵ective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g�2
that this interaction would imply by integrating out the
proton, leading to the two-loop e↵ect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g � 2 found in, e.g., [16]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g � 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
⇤had, where neither the coe�cient C nor the proton-
photon vertex can be considered local. Taking a wide
range for ⇤had, from a proton mass scale mp to a very
light dynamical scale ⇠ m⇡, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

�(aµ) ⇠ �C ⇥ ↵mµmp

8⇡3
⇥
⇢

1.7; ⇤had ⇠ mp

0.08; ⇤had ⇠ m⇡
, (2)

which, after inputing the value of C implied by the rp

discrepancy results in

5 ⇥ 10�9 <⇠ |�(aµ)| <⇠ 10�7
. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g � 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g�2 are under control. Thus, a resolution of the rp

µ

µµ

µ

p

p

p

�

�

FIG. 1. Left:the e↵ective proton-muon interaction resulting
from unexpectedly large QCD e↵ects or new physics that is
responsible for the rp discrepancy. Right: the two-loop con-
tribution to the muon g � 2 that results from the interaction
on the left after integrating out the proton.

problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g � 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g � 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. As we will show, the
presence of a parity-violating coupling to the muon is a
very likely consequence of such models, and in light of
that we calculate the two-loop constraint on the parity
violating muon-nucleon forces imposed by ultra-precise
tests of parity in the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new e↵orts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very di�cult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], su↵ers
from a gauge anomaly and thus must be regarded as an
e↵ective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are a↵ected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ⇠ (E/mµ)2 enhancement of all charged cur-
rent e↵ects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-

• Tuning (e.g. vector vs axial-vector)
• Preferential  coupling to µ and p
• No UV completion and no full SM gauge inv.

Martens & Ralston (2016),  
Liu, McKeen & Miller (2016),  
Batell et. al (2016)
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering
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The proton charge radii (2010)

Proton charge radius [fm]
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

CODATA-2010

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ

σ6.7 
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Proton charge radius [fm]
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94

CODATA-2010

H/D
e-p, Mainz, 2010

e-p, JLab, 2011

dispersion 2007 

dispersion 2012

p 2010µ

p 2013µ
Lee, 2015

Sick, 2015
Griffionen, 2015

Hessels, 2015
Higinbotham, 2015

Horbatsch, 2016
d, 2016µ

H(2S-4P) 2017 H(1S-3S) 2018
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The proton charge radii (2018)
Bernauer, Distler, arXiv:1606.02159
Sick, Trautmann, arXiv:1701.01809
Sick, arXiv:1801.01746
Lee, Arrington, Hill, arXiv:1505.01489
Hoferichter et al., EPJA 52, 331 (2016) 
Alarcon et al.,  arXiv:1809.06373

Higinbotham et al.,, arXiv: 1510.01293
Griffioen et al., arXiv:1509.06676
Lorenz et al., PRD 91, 014023 (2015)
Horbatsch, Hessels, Pineda, arXiv:1610.09760
Alarcon, Weiss, PRC 97, 055203 (2018)

The traditional scattering experts 
confirm large values.
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2S-2P energy splitting Rd = 2.1256(8) fm
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The proton charge radius from muonic deuterium

Proton charge radius [fm]
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

CODATA-2010

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ

d + iso 2016µ σ6.7 

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

talk
Sonia Bacca

H/D shift: R2
d �R2

p = 3.820 07(65) fm2

µd : Rd = 2.1256(8) fm

)
) Rp = 0.8356(20) fm

Kalinowski, Phys. Rev. A 99 030501 (2019)
Hernandez et al., Phys. Lett. B 778, 377 (2018)
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extracted line center w0 will not be shifted with
respect to its unperturbed value. In contrast to the
OBE simulation, the influence of the experimental
geometry can be precisely extracted from the
spectroscopy data, rather than required as an
external input.
To also take into accountGaussian broadening

mechanisms, such as the atomic beam diver-
gence in our experiment detailed below, the ex-
panded line shape (Eq. 3) is convolved with a
Gaussian of width GG (full width at half max-
imum). Again omitting the small linear term
proportional to a, this yields what we in the
following will refer to as Fano-Voigt line shape
(17, 31, 32)

F ðwÞ ¼ AfRe½wðzÞ% þ 2hIm½wðzÞ%g ð5Þ

where w(z) denotes the Faddeeva function of
the argument z ¼ 2

ffiffiffiffiffiffiffi
ln2

p
½ðw ' w0Þ þ iG=2%=GG.

Analogous to Eq. 3, the Fano-Voigt line shape
consists of a Voigt profile, corresponding to the
convolution of the Gaussian and the Lorentzian
profile, and a dispersive-shaped perturbation.
The asymmetry parameter h = bG/4C measures
the amplitude of this perturbation relative to the
observed line strength A and directly gives the
line shift, in units of the observed linewidth, that
is canceled by including the perturbation.
Additional line shifts caused by the interplay

of quantum interference with both the back de-
cay of the 4P state to the initial 2S state and the

depletion of this initial state are not fully ac-
counted for by the Fano-Voigt line shape but
could in principle be removed by using an even
more sophisticated line shape. However, those
additional shifts are considerably smaller and
less geometry-dependent than the shift removed
by the Fano-Voigt line shape. Thus, we apply
small model corrections to the data [1.3(2) kHz
for the most affected 2S-4P1/2 transition] deter-
mined by fitting the Fano-Voigt line shape to the
OBE simulations (17). Note that these additional
shifts also have opposite signs for the twomutually
perturbing resonances. Although the bulk of the
broadening caused by the atomic beam diver-
gence and saturation effects is well described
by the Fano-Voigt line shape, small deviations
symmetric about the line center remain. In com-
bination with an imperfectly symmetric experi-
mental sampling of the resonance about its center,
this can lead to a sampling bias in the deter-
mined line centers.We reduce this sampling bias
by selectively removing a small amount of exper-
imental points to enforce fair sampling (17). The
remaining sampling bias is estimated with a
Monte Carlo simulation using the experimen-
tal sampling and signal-to-noise ratio, leading
to a maximum correction of 0.8(0.7) kHz.

Experimental setup

To measure the 2S-4P transition frequency and
study the effect of quantum interference, we use

the dedicated setup depicted in Fig. 3 (33–35). A
cryogenic beam of H in the metastable 2S state
obtained from Doppler-free two-photon excitation
of the 1S-2S transition is crossed at right angles
with radiation from the spectroscopy laser at
486 nm, driving the 2S-4P transition. The hyper-
fine splitting in the 2S state is resolved in the 1S-2S
excitation, so that the atoms are almost exclusively
prepared in the 2SF¼ 0

1=2 sublevel. From this state,
only two dipole-allowed transitionsmay be driven
as depicted in Fig. 2, either to the 4PF¼ 1

1=2 state (2S-
4P1/2 transition) or to the 4PF¼ 1

3=2 state (2S-4P3/2
transition). The linear polarization of the spec-
troscopy laser is oriented at angle qL to the hori-
zontal and defined by a polarization-maintaining
(PM) fiber (intensity polarization extinction ratio
200:1). The polarization can be rotated about the
laser beam axis by either making use of the two
orthogonal PM axes of the fiber or rotating the
fiber itself.
To observe the effects of quantum interference

more clearly, we have split our large solid angle
detector by a vertical wall along the spectroscopy
laser beam, creating two detectors that observe
the fluorescence of the 4P state from different
directions, but with the same solid angle. The
Lyman-g extremeultraviolet photons emitted upon
this rapid decay of the short-lived 4P state to the
1S ground state release photoelectrons from the
graphite-coated innerwalls of the detectors, which
are counted by two channel electron multipliers,
CEM1 and CEM2; the output of these multipliers
is our signal.

Doppler shift

The mean thermal velocity of atoms in our cryo-
genic beam is about 300 m/s, 10 times smaller
than in previous experiments. In addition, a high
level of compensation of the first-order Doppler
shift is achieved by using an active fiber-based
retroreflector specifically developed for this ex-
periment (36). The transition is driven by two
phase-retracing antiparallel laser beams, leading
to Doppler shifts of opposite sign and equal am-
plitude for atoms being excited by the respective
beams. To verify this scheme, we probe atomic
samples with mean velocities ranging from 295
down to 85m/s. These low velocities are achieved
by quickly switching off the 1S-2S excitation light
at 243 nm and letting the fastest 2S atoms escape
before acquiring data (time-of-flight resolved de-
tection scheme). Any residual first-order Doppler
shift can be constrained by extracting the rate of
change of the observed transition frequency with
the mean velocity of the atoms interrogated for
each delay time. We extract this Doppler slope
from the same data used to determine the tran-
sition frequencies presented here and find it to
be compatible with zero for each transition after
averaging all our data. The corresponding fre-
quency uncertainty is found by multiplying the
Doppler slopewith themean velocity of all atoms
interrogated, 240 m/s, giving an uncertainty of
2.9 and 2.8 kHz for the 2S-4P1/2 and the 2S-4P3/2
transitions, respectively. The two antiparallel laser
beams weakly couple different momentum eigen-
states of the 2S atoms and can drive Raman

Beyer et al., Science 358, 79–85 (2017) 6 October 2017 4 of 7

Fig. 3. Experimental apparatus (not to scale). A preparation laser at 243 nm is used to excite
hydrogen atoms that emerge from the cold copper nozzle (5.8 K) from the ground state to the 2S state.
The 2S-4P transition is driven with the spectroscopy laser at 486 nm. This laser is coupled to an
active fiber-based retroreflector [consisting of polarization-maintaining (PM) fiber, collimator, and high-
reflectivity (HR) mirror] oriented perpendicular to the atomic beam; this setup provides a large
suppression of the first-order Doppler effect (36). In the dark phases of the chopper wheel, Lyman-g
fluorescence photons (g) emitted upon the rapid 4P→1S decay are detected via photoelectrons (e−)
by channel electron multipliers CEM1 and CEM2. The two detectors are separated by a vertical wall
along the direction of the 486-nm light propagation. The 2S-4P excitation region is shielded from
stray electric fields (with dedicated meshes) and magnetic fields (with magnetic shielding, not
shown), resulting in stray fields below 0.6 V/m and 1 mG, respectively (17). The blue double-sided
arrow labeled

→
E indicates the electric field of the 486-nm spectroscopy laser with orientation qL

against the horizontal.
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Rydberg constant from hydrogen

2S – 4P resonance at
88±0.5 ◦ and 90±0.08 ◦

A. Beyer, L. Maisenbacher, K. Khabarova, C.G. Parthey,
A. Matveev, J. Alnis, R. Pohl, N. Kolachevsky, Th. Udem and
T.W. Hänsch

Apparatus used for H/D(1S-2S)
C.G. Parthey, RP et al., PRL 104, 233001 (2010)

C.G. Parthey, RP et al., PRL 107, 203001 (2011)

486 nm at 90◦ + Retroreflector⇒ Doppler-free 2S-4P excitation

1st oder Doppler vs. ac-Stark shift

∼ 2.5 kHz accuracy (vs. 15 kHz Yale, 1995)

cryogenic H beam, optical excitation to 2S A. Beyer, RP et al., Ann. d. Phys. 525, 671 (2013)

Randolf Pohl PhiPsi17 , 28 June 2017 25
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New 2S-4P measurement in H  (MPQ, 2017)
Produce atomic H beam at cryogenic temp.
Populate the 2S1/2 using two-photons excitation
Excite the 2S1/2 -4P1/2  and 2S1/2 -4P3/2 transitions 
Detect the 4P-1S decay (velocity resolved)
Plot number of 4P-1S decays vs. laser freq.
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New 2S-4P measurement in H  (MPQ, Munich, 2017)

 Line width:                    20’000    kHz
 Measurement uncert.:           2.3 kHz

    ⇨ Centroid of an asymmetric line to 10-4 of line-width

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

linear in w and of amplitude a, accounts for the
resonance of interest sitting on the far-reaching
Lorentzian tail of the perturbing resonance. The
dispersive-shaped third term stems from the non-
Lorentzian cross term and accounts for the quan-
tum interference between the resonances, with
the dependence of the cross term on the detec-
tion geometry now absorbed in the amplitude b.
For a typical fluorescence-detection geometry,
the line shifts caused by the coherent third
termmay be much larger than the ones caused
by the incoherent second term.
The emergence of asymmetric line shapes be-

cause of interference between a resonant and a
nonresonant process is perhaps best known
from Fano resonances (30), where a background
and a resonant scattering process interfere. It
should not then be surprising that Eq. 3 is very
similar to the line shape of Fano resonances.
Neglecting the influence of the perturbing

resonance and thus the quantum interference
between the resonances, e.g., by a fit of the spec-
trum Pðw; r→Þ with a single Lorentzian, leads to
apparent shifts of the determined line center of
approximately (28)

Dw ¼ bG2

4C
þ aG4

8C
≈ % D

→

0 & D
→

1

2D2
0

G2

D

þ O G4

D3

! "
ð4Þ

Typical values of G2/D are on the order of 10–2 G
for the transitions listed for H in Fig. 1. This is
one order of magnitude larger than the proton
radius discrepancy, which amounts to about 10–3

G or less for all individual 2S-nlmeasurements
in Fig. 1. However, these measurements do not
detect the emitted radiation (but rather the
surviving 2S population), which diminishes the
effect of quantum interference drastically at
the cost of a reduced signal-to-noise ratio. The
second term in Eq. 4, which stems from the term
proportional to a in Eq. 3, is much smaller (on
the order of 10–6 G) and may be safely ignored at
this point. Importantly, the shift changes sign
when exchanging D

→

0 and D
→

1 and replacing D
with –D, i.e., the two resonances always shift in
opposite directions. Thus, by combining mea-
surements of both resonances with appropriate
weights, the shift may be drastically reduced or
even canceled, a fact we will make use of below.

Atomic line shape model

For the 2S-4P transition in H, the role of the
mutually perturbing resonances is played by the
two dipole-allowed transitions to the fine struc-
ture components of the excited state, 2S-4P1/2
and 2S-4P3/2 (Fig. 2). Somewhat analogous to
Young’s double-slit experiment, the atom can
coherently evolve from the initial 2S state, through
any of the two 4P fine structure components, be-
fore finally reaching the 1S ground state. Given
the separation between the two components, D =
106 × G, and the natural line width, G = 2p ×
12.9 MHz, Eq. 4 predicts apparent, geometry-
dependent line shifts of up to ~120 kHz. With
our large solid angle detectors, the maximum

shift is reduced to 45 kHz, corresponding to five
times the proton radius discrepancy.
One way to model this shift is to perform elab-

orate simulations of the entire experiment by
numerical integration of the optical Bloch equa-
tions (OBE), including all relevant intermediate
states and, importantly, the often-neglected cross-
damping terms between them leading to quan-
tum interference (18, 20, 22–26). The results of
this simulation then have to be evaluated for the
experimental geometry, a requirement that may
be difficult to meet with sufficient accuracy. For
the 2S→{4P1/2, 4P3/2}→1S excitation spectrum
considered here, this simulation consists of a
total number of 2707 coupled, complex-valued
ordinary differential equations. We have per-
formed such anOBE simulation of the experiment
using high-performance computation resources
provided by the Max Planck Computing and

Data Facility. By taking into account our exper-
imental geometry with a sophisticated model,
including particle tracing of the detected photo-
electrons, the simulation is able to explain the
measured data very well (see dashed line in Fig. 4,
A and B). However, it is challenging to reliably
estimate the uncertainty of the modeling of the
detection geometry that dominates the simula-
tion uncertainty.
Realizing that the natural line shape of the

2S→{4P1/2, 4P3/2}→1S excitation spectrum can
also be parametrized according to Eq. 3, a much
simpler data analysis is possible. This only re-
quires one additional free parameter, b/C, which
encodes the experimental geometry (we have
dropped the negligible term proportional to a).
For sufficiently low excitation rates such as in
this experiment, the influence of quantum inter-
ference will then lead to a nonzero b/C, but the

Beyer et al., Science 358, 79–85 (2017) 6 October 2017 3 of 7

Fig. 2. Hydro-
gen 2S-4P
spectroscopy.
(A) Relevant
energy levels
for hydrogen
2S-4P spec-
troscopy are
shown (not to
scale). The
atoms are
prepared in the

2SF¼ 0
1=2 meta-

stable state (ji〉)
by two-photon
excitation with
a preparation
laser at 243 nm.
The spectros-
copy laser at
486 nm drives
the one-photon
2S-4P1/2 and
2S-4P3/2 transi-
tions to the

4PF¼ 1
1=2 (je〉) and

4PF¼ 1
3=2 (je′〉)

states to deter-
mine the
transition fre-
quencies n1/2
and n3/2,
respectively.
These states
decay rapidly, predominantly to the 1S ground state (jf〉) either directly through Lyman-g fluorescence
at 97 nm (Ly-g, branching ratio 84%) or indirectly through the 3S, 3D, and 2P levels, yielding one
Lyman-a photon at 121 nm (Ly-a, branching ratio 4%). The remaining 12% of the decays lead back to
the 2S state through Balmer-b decay (Ba-b), with 4% decaying back to the initial 2SF¼ 0

1=2 state.
Excitations from the 2SF¼ 0

1=2 to the 4PF¼ 0
1=2 and 4PF¼ 2

3=2 levels are forbidden by angular momentum

conservation. (B) Typical experimental fluorescence signal from a single line scan over the 2S-4P1/2

(left) and 2S-4P3/2 (right) resonance (black diamonds). The observed line width (full width at half
maximum) of ~2p × 20 MHz is larger than the natural line width G = 2p × 12.9 MHz because of
Doppler and power broadening. The accuracy of our measurement corresponds to almost 1 part in
10,000 of the observed line width. The constant background counts are caused by the decay of 2S
atoms inside the detector (17). kcts, kilocounts.
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Line width:                   1500    kHz
Total uncertainty:               2.7 kHz

New 1S-3S measurement in H (LKB, Paris, 2017)

To take into account the light shift, we apply to each signal
a frequency correction based on a parameter indicating the
intracavity power (see the SupplementalMaterial at Ref. [20]
for more details). Two such parameters have been used: the
voltage of the photodiode recording the transmitted UV
power (for the 2013 recordings) and the square root of the
two-photon absorption signal height (for 2016–2017).As the
signal height depends on pressure, the correction coefficient
was determined separately for each pressure value. The ΔLS
correction is obtained by a linear extrapolation of the
frequency with respect to the chosen parameter. The light-
shift-corrected frequencies νLS are given in Table I.
Collisions between atoms can also induce frequency

shifts, depending linearly on the pressure. To determine this
pressure shift for the 2013 data set, measurements were
carried out several times during that recording session, for
two or three pressure values in the same day, with no applied
magnetic field. At that time, the velocity distribution was
measured for only one pressure value, and our velocity
distribution model could allow for pressure dependence of
the parameter v0, so we did not know which parameters
should be used to analyze the other pressure points [15]. The
analysis of the 2016 data gave us insight on this question. In
fact, the velocity distribution does not seem to depend
significantly on pressure, at least within experimental uncer-
tainties (seeTable I). To check this assumption,wehave fitted
a number of signals using the various best-fitting distribu-
tions. The resulting change in the center frequency was at

most about 3 kHz. Hence, when analyzing the 2013 record-
ings, we use the same velocity distribution for all pressure
values, and we add in quadrature an uncertainty of 3 kHz
for the points measured at a pressure different from
7.5 × 10−5 mbar. We thus get a pressure correction of
þ3.6ð2.0Þ kHz (see Table I). For the 2016–2017 session,
since the velocity distribution was determined for each
pressure value, we simply extrapolate the light-shift-
corrected frequencies of the three data sets to zero pressure.
At this point, we add a correction of þ0.6ð0.2Þ kHz to

take into account the frequency shift resulting from the
cross-damping effect [22,23], following our theoretical
estimation of this shift [24].
All the frequency measurements were done with respect

to the 100 MHz reference signal from LNE-SYRTE. This
reference was obtained from a hydrogen maser, whose
frequency was continuously measured by the LNE-SYRTE
atomic fountains realizing the frequency of the SI second to
a few 10−16 [25,26]. Using a simple linear frequency drift
of the order of 10−16 per day to model the H-maser behavior
over each period, we estimate the average fractional shift of
the reference signal with respect to the SI to be −205ð2Þ ×
10−15 in 2013, and −357ð2Þ × 10−15 in 2016–2017. This
yields an absolute correction to the 1S − 3S transition
frequency of −599ð6Þ Hz for the 2013 measurement and
−1043ð6Þ Hz for the 2016–2017 measurement.
The centroid value of the transition is calculated by

adding a hyperfine correction of þ341 949.077ð3Þ kHz
derived from experimental values of the 1S and 2S hyper-
fine splittings [27]. Eventually, we obtain for the two
recording sessions

TABLE I. Optimal velocity distribution parameters σ and v0
and determination of the 1S − 3SðF ¼ 1Þ frequency. νA is the
apparent position of the line for B ¼ 0.03 mT, and Δ is the
difference between the result of the fit procedure νfit and νA. It
corresponds essentially to the SOD [for B ¼ 0.03 mT, the
Zeeman shift of the 1S − 3SðF ¼ 1Þ frequency is 1.0 kHz].
ΔLS is the light-shift correction, νLS the light-shift-corrected
frequency, Δp the pressure correction, νLS;p the frequency
corrected from the light and pressure shifts, and Δcd the cross-
damping effect. Δmaser comes from the absolute calibration of the
100 MHz signal used as frequency reference. Only the last four
digits of the 1S − 3SðF ¼ 1Þ frequency are given in the table:
ν ¼ 2 922 742 936xxx:x kHz.

Data set 2013 LP1 LP2 HP

σ (km/s) 1.526(27) 1.515(52) 1.495(32) 1.521(85)
v0 (km/s) 0.75(28) 1.23(55) 1.33(31) 0.87(78)
νA (kHz) 592.2(0.7) 596.8(0.9) 594.4(1.1) 581.6(2.2)
Δ (kHz) 132.6(1.3) 137.4(3.8) 135.9(2.1) 131.6(6.8)
νfit (kHz) 724.8(1.5) 734.2(3.9) 730.3(2.4) 713.2(7.1)
ΔLS (kHz) −5.9ð1.2Þ −10.4ð3.0Þ −12.1ð3.6Þ −6.3ð10.2Þ
νLS (kHz) 718.9(1.9) 723.8(4.9) 718.2(4.3) 706.9(12.4)
Δp (kHz) 3.6(2.0) Pressure extrapolation
νLS;p (kHz) 722.5(2.8) 722.3(4.9)
Δcd (kHz) 0.6(0.2) 0.6(0.2)
Δmaser (kHz) −0.599ð6Þ −1.043ð6Þ
νðF¼1Þ
1S−3S

722.5(2.8) 721.9(4.9)

FIG. 4. Proton charge radius values from H spectroscopy, with
1σ error bars. The pink bar is the value from muonic hydrogen
spectroscopy [6]. The CODATA-2014 H-spectroscopy average
[3] (light blue bar and hexagon) includes RF measurements (blue
triangles) as well as combinations of optical transitions with the
1S − 2S frequency (blue circles). Green squares are obtained
from optical transitions measured in Garching since 2014 [8,10],
and the red diamond is the present work.
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Preliminary 1S-3S measurement in H/D (MPQ, 2018)
The idea of the experiment

A. Matveev 
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Preliminary 1S-3S measurement in H/D (MPQ, 2018)
Preliminary results
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Garching
H(1S-3S)
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transfer more than 99.9% of the F = 1 atoms to
the 2P1/2 state. The 2P1/2 state has a lifetime of
1.6 ns and decays to the 1S1/2 ground state over a
distance scale of 0.5 cm.
The 2S1/2 (F = 0)→2P1/2 (F = 1) transition mea-

sured in this work is driven (green in Figs.
1 and 2) as the atoms pass through a pair of
waveguides. The waveguides are electrically
shorted at the top end so that the rf fields are
reflected back on themselves to form a standing
wave and the atoms pass through at the anti-
node of this standing wave. The 2S1/2 (F = 0)
atoms that survive these fields (after passing
through twomore cavities to once again remove
any unwanted F = 1 population) are detected by
applying an electric field that mixes the 2S1/2
and 2P1/2 states. The mixture quickly decays to
the 1S1/2 ground state by emitting a 121.6-nm
Lyman-a photon, and the photon is efficiently
detected after passing out of our vacuum system
through a MgF2 window and photoionizing an
acetone molecule.

FOSOF

The measurement is performed using the re-
cently developed FOSOF technique (8, 13), which
is a modification of the Ramsey technique (14)

of separated oscillatory fields. For FOSOF, the
frequencies of the two separated fields are off-
set from each other (f − df and f + df, with a
frequency difference 2df set to 625 Hz for this
work), so that the relative phase of the two fields
varies continuously in time. The combined ef-
fect of the two FOSOF regions (green in Fig. 2) for
driving the 2S1/2 (F = 0)→2P1/2 (F = 1) transition
depends on this phase, and the number of
Lyman-a photons observed varies in time, as
shown (in red) in Fig. 3A. This signal consists of
a large constant component stemming from
2S1/2 atoms that survive all of the rf fields and a
small sinusoidal component caused by a pro-
gression between constructive and destructive
interference from the two FOSOF regions as their
relative phase varies. The sinusoidal signal is
small because of the short lifetime of the 2P1/2
state (1.6 ns), but it still shows a signal-to-noise
ratio of 30:1, despite only 6 ms of averaging time
represented by each of the data points in Fig. 3A.
Also shown in Fig. 3A is a 625-Hz reference

signal obtained by beating the two rf frequen-
cies. The key to the FOSOF technique is that the
Lyman-a signal and the reference signal will be
in phase when f is set to the atomic resonant fre-
quency f0, and the phase difference Dq between

the two is proportional to f − f0. The phase
difference occurs because the rf and the atoms
accumulate phase at rates determined by f and f0,
respectively, during the time it takes the atoms to
traverse the distance between the two FOSOF
regions.
To obtain a precision measurement, the phase

difference Dq has to be measured to an accuracy
of better than 1 mrad. Given that filtering and
time delays can also cause phase shifts, we em-
ploy three techniques to ensure that unintended
phase shifts do not affect our measurement.
First, we take data with the two FOSOF regions
set to f − df and f + df (Fig. 3A) and change the
frequencies to f + df and f − df (Fig. 3B). As seen
in the figure, Dq has opposite signs in these two
cases, so that an average [Dq(AB)] of Dq(A) and
−Dq(B) cancels any unintended phase shifts re-
lated to the limited bandwidth of the detection
system. This frequency change is performed
every few seconds. Second, we physically rotate
by 180° the entire FOSOF system [both the out-
of-vacuumparts (the generator, amplifiers, cables,
and rf monitoring system) and the in-vacuum
parts (the greenwaveguides in Fig. 2)]. The whole
system is rotated as a single unit by using a
32-cm–diameter rotational feedthrough for the

Bezginov et al., Science 365, 1007–1012 (2019) 6 September 2019 2 of 6

Lyman-α  detectorLyman-LL α  detector

3dB

10-dB uni-
directional
coupler

20dB

Power
sensor

40dB

40dB

10-dB bi-
directional 
coupler

rf dual
generator

C1

C2

30-W amplifiers

to FOSOF regions

11
47

 M
H

z
91

0 
M

H
z

10
88

 M
H

z

10
88

 M
H

z
91

0 
M

H
z

11
47

 M
H

z

s
n

oi
g

erFO
S

O
F

rf components

H2 gas

70-cm deflector
 plates

atom s

Acetone
molecule

MgF2 window

Lyman-α  photon

0 V

-400 V

0 V +2 kV

Anode

electron

Metastable
hydrogen beam 

55-keV protons

Fig. 2. The measurement apparatus. Metastable 2S1/2 atoms
are created by colliding a beam of protons with H2 molecules.
Deflector plates remove the protons, and rf cavities (red and blue)
remove 2S1/2 (F = 1) atoms. The 2S1/2 (F = 0) atoms are driven
to the 2P1/2 (F = 1) state in a pair of FOSOF regions (green),
which have rf frequencies that are offset from each other. The
number of surviving 2S1/2 (F = 0) atoms is measured by mixing
them in an electric field and observing the resulting Lyman-a photons

via an efficient gas-ionization detector. Key to the success of
the measurement is the fact that the entire FOSOF system
(generator, amplifiers, monitors, and in-vacuum FOSOF waveguides)
can be rotated by 180°, so that the atoms can encounter the two
fields in the reverse order. The additional 910-MHz cavities shown
(brown) are used to test for systematic effects. The relative phase
of the rf going to and reflecting back from the FOSOF regions is
measured by rf combiners C1 and C2.
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the 18 measurements are shown in Table 1 and
minimize the final uncertainty (combined statis-
tical and systematic), subject to the condition that
the total weight for each separation is 25%. The
last row of Table 1 shows our finalmeasured result

f avg0 ¼ 909:8717ð32Þ MHz

Here, the uncertainty of 3.2 kHz comes from a
combination of a 1.4-kHz statistical uncertainty,
a 2.3-kHz uncertainty in the ac Stark shift, a
1.0-kHzuncertainty in the time-dilation correction,
and a 1.5-kHz phase measurement uncertainty.
The contribution from hyperfine structure to
this interval is 147.9581MHz (17), and correcting
for this contribution leads to a Lamb shift of
1057.8298(32) MHz.

Comparison to other work

Ourmeasurement is lower than the measurement
of Lundeen and Pipkin (6)— f L&P0 ½original% ¼
909:887ð9Þ MHz—by 1.5 standard deviations.
However, our recent reanalysis (16) of their work
(using the modeling developed for this work)
led to a small shift and larger uncertainties:
f L&P0 ½reanalyzed% ¼ 909:894ð20Þ MHz, which
agrees with the present work.
A value of the proton radius can be deduced

from the current measurement (8, 17)

rp[this work] = 0.833(10) fm

which is in excellent agreement (Fig. 5) with
the muonic hydrogen Lamb shift value but dis-
agrees with the CODATA 2014 value (7).
Two additional measurements in hydrogen

that have been published within the past year
can also be used to determine the proton radius:
ameasurement of the 2S→4P interval (18) and a
measurement of the 1S→3S interval (19). Both
of these measurements require a precise value
of the Rydberg constant to determine rp. When
combined with an existing very precise mea-
surement of the 1S→2S interval (20), they pre-
dict the values of rp shown in Fig. 5. The values
from (18) and (19) disagree.
A combination of our work and the measure-

ment of the muonic hydrogen Lamb shift (9, 10)
allows for a direct comparison ofmeasurements
of the proton charge radius using the analogous
measurements for the muon-based and electron-
based determinations. Consistent charge radii
are found from the two measurements.
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Fig. 5. Summary of proton radius data.
Shown are values for the proton RMS charge
radius from our measurement, muonic hydro-
gen, CODATA 2014, and the measurements of
Beyer et al. (18) and Fleurbaey et al. (19)
combined with that of Parthey et al. (20). Also
shown in gray is the value from Lundeen and
Pipkin (6, 16).
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The PRad experiment  at JLAB

Extraction of Cross-section
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The two approaches: Mainz  vs  JLAB

An idealized experiment might look like this: 

Electron 
Beam T 

%Ai5 Proton 

In such an experiment the electron loses energy to the proton in the collision, 
so the final electron energy is less than the initial energy: 

E’ = E 

1 + 9 sin2 ef2 
(2) 

The momentum transfer (squared) is 

Q2 = 4 Eo E’ sin2012 . 

The cross section can be written 

(3) 

do 
-= 
dR 

+ 2rG2,, tan2012 1 (4) 

where 

T = Q2/4 M2 

The form factors GE and GM describe the st.ructure of t.he proton charge 
and magnetic moment. Roth are functions of only the momentum transfer, Q2, 
and at Q2 = 0, 

GE Ip2=o = 1 , GM lQz=o = “P 

The cross section[4] is the most grneral form for the scattering of (unpolnr- 
iced) high energy electrons from protons in t,he one-photon approximation. The 
simplicity of this expression is matched by the simplicity of the experiments, as 
shown in the figure above. The experiments measure the fraction of the electrons 
in a beam that are deflected through an angle 6 in their passage through the 
hydrogen target. 

The first electron-proton scatt,ering experiments of this kind were carried out 
at the lligh Energy Physics Laborat.ory on the Stanford campus in 1953. In that 
laboratory a travelling-wave linear accelerator powered by klyst,ron amplifiers 
produced beams with an average current of about 1 microampere at energies of 
several hundred MeV. The early experiments were performed using a portion of 
the machine and a CII;, target.L4] A SC h ematic view of the scattering apparatus is 
shown in Fig. I. In t.he data from those cxprrimcnts. the elast.ic scattering from 
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Figure 1. A schematic view of electron scattering experiment with a 180” 
magnetic spectrometer to measure the energy of the scattered electrons. 
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The two approaches: Mainz  vs  JLAB

Large magnetic spectrometer
high resolution but small acceptances
many experimental settings
normalisation, efficiencies, systematic

minimal scattering angle: 5°
minimal Q2:  10-3 GeV2

Hydrogen target with metallic window
background subtraction using simulation

Non-magnetic calorimeter
one experimental setting
normalisation via well know QED process

minimal scattering angle: 0.6° 
minimal Q2:  10-4 GeV2 

        (warning: see backup slides)

Window-less hydrogen target
residual background measured

Multi-purpose machine
Dedicated setup
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Experimental cuts

§ Experiment performed in May/June, 2016 
with two beam energy settings: 
ü 1.1 GeV (604 M events) 
ü 2.2 GeV (756 M events)

§ For all events, require hit matching between 
GEMs and HyCal

§ For ep and ee events, apply angle dependent 
energy cut based on kinematics:
Ø Cut size depend on local detector resolution 

§ For ee, if requiring double-arm events, apply 
additional cuts:
ü elasticity
ü co-planarity
ü vertex z (kinematics)

For all events:
hit matching between 
calorimeter and GEM

For e-p:
angle-dependent energy cut
based on kinematic

For e-e scattering:
angle-dependent energy cut
elasticity
co-planarity
vertex z

e-p background:
10% (< 2% for angles <1.3°)

A. Gasparian
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Inelastic contribution
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§ Using Christy 2018 empirical fit to study inelastic ep contribution
§ Good agreement between data and simulation
§ Negligible for the PbWO4 region (<3.5o), less than 0.2%(2.0%) for 1.1GeV(2.2GeV) in the Lead glass region
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A. Gasparian

Inelastic contributions included using Christy 2018 empirical fit
Good agreement between data and simulation
Inelastic contribution to elastic peak

Negligible for the PbWO4 region (< 3.5°)
< 0.2% (2.0%) for 1.1(2.2) GeV in lead glass region
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Measured form factor (reduced cross section)
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 0.012 (syst.) fm± 0.007 (stat.) ±PRad (Current), R = 0.831 
, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.887 fmEG
, S. Venkat et al. PRC 83(2011)015203, R = 0.878 fmEG
, Z. Ye et al. PLB 777 (2018) 8, R = 0.879 fmEG

EProton Electric Form Factor G'

PRad current result:       Rp = 0.831  � 0.007 (stat.) � 0.012 (syst.) fm
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Normalization:
n=1.0002 ±0.0002(stat) ±0.0020(sys)
n=0.9983 ±0.0002(stat) ±0.0013(sys)

Statistical uncertainty (per point):
0.2% for 1.1 GeV and 0.15% for 2.2 GeV

Systematic uncertainty (per point):
0.3—0.5 % for 1.1 GeV, 0.3—1.1% for 2.2 GeV

A. Gasparian
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Measured form factor  (reduced cross section)
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0.3—0.5 % for 1.1 GeV, 0.3—1.1% for 2.2 GeV
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A. Gasparian

Tension between the PRad data 
and all previous fits based on 
world-data:
  - Q2-dependent background?
  - angle-dependent systematic?
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Systematic measurements of the background

Pressure:
~470 mTorr

~3 mTorr

< 0.1 mTorr

Pressure:
~470 mTorr

~3 mTorr

< 0.1 mTorr

A. Gasparian
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Extrapolation exercise of the PRad collaboration

X. Yan, et al. PRC 98, 2, 025204, 2018

ROBUST EXTRACTION OF THE PROTON CHARGE RADIUS … PHYSICAL REVIEW C 98, 025204 (2018)
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FIG. 3. Dipole, monopole, and Gaussian fits of pseudodata tables generated with nine models.

B. Fits with polynomial expansions of Q2

Polynomial expansions have been widely used to fit GE

vs Q2 data, though concerns have been raised about extrap-
olating with polynomial functions [14– 16,24,27]. Figure 4
summarizes the fitting results using the polynomial expansion
fitter with N = 1, 2, 3, and 4, using again the nine generators
covering various types of GE models.

For the full range of the PRad data, the first-order poly-
nomial fitter is clearly not robust since |δR| > σ for all the
input GE models. The second-order polynomial is marginally
robust, since |δR| ≈ σ is found for models Bernauer-2014 and
Ye-2018, while |δR| < σ is found for the others. The third- and
fourth-order polynomial fits seem to be robust with |δR| < σ
for all the input GE models, but with a significantly larger σ .

We observe that when the order of expansion is too low
(N = 1), R(mean) is systematically and significantly smaller
than R(input) for all the generators used in the tests. The
polynomial (1) fit shows high bias and a low variance. When
higher orders are included (N = 2, 3, and 4), R(mean) gets
closer to R(input), regardless of the type of generator. At the

same time, as the number of parameters increases, the fitting
uncertainties increase, showing low bias with high variance.
The optimal choice of N depends on the Q2 range, the distance
between bin centers, and the uncertainty level in the data
table. This clearly illustrates the tradeoff between bias and
variance and the need to balance them when fitting. Some
efforts have been taken to build algorithms that automatically
and systematically determine the proper order N when fitting
certain data [15,46].

C. Fits with rational functions of Q2

Rational functions are also widely used to fit GE vs Q2 data,
such as in Refs. [35,36,38,47]. Figure 5 summarizes the fitting
results using the rational-function fitter with (N,M ) = (1, 1),
(1, 2), (2, 1), and (2, 2), using the same nine generators.
In these tests, the rational-function fitter (N,M ) = (1, 1)
extracts R robustly (δR < 0.42σ ) regardless of the model
parametrization in the generator. It also has the lowest fitting
uncertainty among these four rational-function parametriza-
tions. The higher-order rational-function fitters are also robust
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FIG. 4. Polynomial-expansion fits of pseudodata tables generated with nine models.
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Systematic study using pseudo data mimicking real data Generate form factors assuming 
models for GE and a Rp value
Fit form factors to extract Rp

= difference between 
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vs Q2 data, though concerns have been raised about extrap-
olating with polynomial functions [14– 16,24,27]. Figure 4
summarizes the fitting results using the polynomial expansion
fitter with N = 1, 2, 3, and 4, using again the nine generators
covering various types of GE models.

For the full range of the PRad data, the first-order poly-
nomial fitter is clearly not robust since |δR| > σ for all the
input GE models. The second-order polynomial is marginally
robust, since |δR| ≈ σ is found for models Bernauer-2014 and
Ye-2018, while |δR| < σ is found for the others. The third- and
fourth-order polynomial fits seem to be robust with |δR| < σ
for all the input GE models, but with a significantly larger σ .

We observe that when the order of expansion is too low
(N = 1), R(mean) is systematically and significantly smaller
than R(input) for all the generators used in the tests. The
polynomial (1) fit shows high bias and a low variance. When
higher orders are included (N = 2, 3, and 4), R(mean) gets
closer to R(input), regardless of the type of generator. At the

same time, as the number of parameters increases, the fitting
uncertainties increase, showing low bias with high variance.
The optimal choice of N depends on the Q2 range, the distance
between bin centers, and the uncertainty level in the data
table. This clearly illustrates the tradeoff between bias and
variance and the need to balance them when fitting. Some
efforts have been taken to build algorithms that automatically
and systematically determine the proper order N when fitting
certain data [15,46].

C. Fits with rational functions of Q2

Rational functions are also widely used to fit GE vs Q2 data,
such as in Refs. [35,36,38,47]. Figure 5 summarizes the fitting
results using the rational-function fitter with (N,M ) = (1, 1),
(1, 2), (2, 1), and (2, 2), using the same nine generators.
In these tests, the rational-function fitter (N,M ) = (1, 1)
extracts R robustly (δR < 0.42σ ) regardless of the model
parametrization in the generator. It also has the lowest fitting
uncertainty among these four rational-function parametriza-
tions. The higher-order rational-function fitters are also robust
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We tend to judge regressions only from 

Functions with good  do not necessarily extrapolate 
well beyond the data

⇨   Find the most suited functional form
optimising on variance (𝝈) and bias ( )

χ2

δR

Systematic study using pseudo data mimicking real data

Bias-Variance Trade-Off
Under-fitting Over-fitting

Monte Carlo and Root Mean Square Error is a standard tool 
for picking appropriate model(s).

From the Monte Carlo studies like this one, it has been 
shown F-Tests, AIC, BIC are all reasonable ways of picking 

the appropriate function from a single set of data.

9

= difference between 
   mean extracted value
   and true value
= bias

δR

χ2

D.W. Higinbotham

Generate form factors assuming 
models for GE and a Rp value
Fit form factors to extract Rp
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Extrapolation exercise of the PRad collaboration
Model Selection For PRad BEFORE Seeing The Data

11

Shown are a subset of the result of fitting the full range. Linear and Quadratic fits for different ranges.

Z. Yan et al., Phys. Rev. C 98 (2018) 025204; https://doi.org/10.1103/PhysRevC.98.025204

Established the best 
functional forms

BEFORE 
seeing the PRad data

PRC 98, 2, 025204, 2018

RMSE2= variance2+bias2
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I. Akushevich et al., Eur. Phys. J. A 51(2015)1 

without ultra-relativistic approximation 
include electron Bremstrahlung
NLO calculation

Eur. Phys. J. A (2015) 51: 1 Page 3 of 10

Fig. 1. Feynman diagrams contributing to the Born and ra-
diative correction cross sections for ep elastic scattering.

The phase space can be expressed in terms of the inelas-
ticity v = Λ2 − M2, (Λ = k1 + p1 − k2), τ = k · q/k · p1

and the angle φ between the planes (q, k) and (k1, k2)
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where λY = (v+Q2)2+4M2Q2. The limits of integrations
are given by
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Usually an experimental cut is applied to inelasticity v.
In this case the value of this cut should be used for vmax

instead of (12). The matrix element squared M2
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bremsstrahlung process is given by the product of the ra-
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τv/(1 + τ). The contractions of the two tensors can be
expanded in powers of R = 2p1 · k = v/(1 + τ):
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with λz = (τ−τmin)(τmax−τ)(SXQ2−M2Q4−m2λY ). To
extract the infrared divergence we use the transformation

σR = σR − σIR + σIR = σF + σIR, (24)

where σF is infrared divergence free (finite when k → 0).
We used the notation σa ≡dσa/dQ2 (a = R, IR, F , etc.).

The infrared part of the cross section σIR, can be writ-
ten as a sum of a soft σS and hard part σH by splitting
the domain of integration over the inelaticity,

σIR =
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radiative corrections to Møller scattering 
background subtraction for the 1.1 GeV data
event selection

Result insensitive to GM
Extrapolation uncertainty ≪ statistical uncertainty

Accepted in Nature (2019)

Rp = 0.831± 0.007(stat)± 0.012(sys) fm
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Fig. 1. Feynman diagrams contributing to the Born and ra-
diative correction cross sections for ep elastic scattering.
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Rp = 0.831± 0.007(stat)± 0.012(sys)

Main systematic
radiative corrections to Møller scattering
background subtraction for the 1.1 GeV data
event selection

Result very insensitive to GM
Extrapolation uncertainty ≪ statistical uncertainty

See talk of 
Yannick Ulrich
for similar topic

PRad  results  Accepted in Nature (2019)

without ultra-relativistic approximation 
include electron Bremstrahlung
NLO calculation
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Theory guidance?

Is there some ways to “avoid” the extrapolation?

⇨ Using theory guidance

The idea is not completely new:

Dispersion relation, spectral function based on VMD                    (Meissner)
Constraining tails of the charge distribution                                   (Sick)
Chiral perturbation theory to get higher moments                          (Pineda & Hessels)
Dispersively improved chiral perturbation theory                            (Alarcon)
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Douglas W. Higinbotham (Jefferson Lab) 17

48

Most recent Rp from e-p reanalysis (my biased choice)

Fit of measured cross 
section and extrapolation  
with fixed Rp-value

Dispersively improved chiral ChPT
with fixed Rp-value 
ChPT:  gives spectral functions
Dispersion: correlates various Q2 regions 

Alarcon, Higinbotham, Weiss and Ye
PRC 99, 044303 (2019)
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J. M. Alarcón, DWH, C. Weiss, and Zhihong Ye, Phys. Rev. C 99 (2019) 044303 
an open access paper thanks to SCOAP

Douglas W. Higinbotham (Jefferson Lab) 1849

Most recent Rp from e-p reanalysis (my biased choice)

Alarcon et al.
PRC 99, 044303 (2019)

Agreement at  the muonic value

Rp = 0.844(7) fm        (e-p scatt.)
Rp = 0.84087(39) fm  (μp)

Dispersively improved chiral ChPT
with fixed Rp-value 
ChPT:  gives spectral functions
Dispersion: correlates various Q2 regions 

Fit of measured cross 
section and extrapolation  
with fixed Rp-value
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New radii from experiments (excluding re-analysis of scattering data)

pre
lim
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ry
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The race to the proton radius solution
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The race to the proton radius solution

Atomic spectroscopy
• H(2S-2P)  (Toronto)
• H(1S-3S)  (LKB, MPQ)
• H(2S-4P)  (MPQ)
• H2, H2+, HD, HD+,HT (LKB, LaserLaB, ETH)
• He+  (LaserLaB, MPQ)
• He   (LaserLab, MPQ)
• Li+     (Mainz)
• Muonium      (ETH, PSI)
• Positronium  (ETH, UC London) 
• Rydberg states in H-like ions     (NIST)
• Rydberg states in optical lattice (Ann Arbor)

 Muonic spectroscopy
• μd                      
• μ3He, μ4He  
• μp HFS
• μLi ?       

 Scattering
• e-p, PRad (JLAB)
• e-p, ISR & MAGIX (Mainz)
• μ-p, e-p,  MUSE (PSI)
• μ-p,  COMPASS (CERN)
• e-p, ProRad (Orsay)
• Tohoku, (Sendai)

New physics searches
K+ ! µ+⌫e+e� A. Golossanov

F. Merkt

E. Hessels

S. Bacca

M. Kohl



Investiagations prompted by the muonic measurements

CONTENTS 13

issue further, and simply keep in mind that calculations with chiral operators depend on an
additional parameter, i.e., the momentum cutoff L defined above. For comprehensive reviews
on cEFT nuclear forces we refer to the review articles by Epelbaum et al. and by Machleidt
and Entem given in Refs. [31, 32], and Ref. [33], respectively.

Chiral many-body electromagnetic current operator

One of the great advantages of the cEFT formulation is that e.m. currents are naturally
constructed with nuclear forces in a consistent way. Gauge invariance is one among the
fundamental symmetries the theory is required to satisfy. Hence, e.m. fields are coupled to
nuclear currents which satisfy the continuity equation, order by order, with chiral potentials.
Chiral two-body currents j were first investigated within cEFT by Park, Min, and Rho in
Ref. [45] and constructed up to include one-loop corrections by using covariant perturbation
theory. In recent years, the two-body operators for both r and j have been derived within two
different implementation of time-ordered perturbation theory up to include TPE corrections.
The JLab-Pisa group [37, 46–48] used standard time-ordered perturbation theory, while the
Bochum-Bonn group [49, 50] used the method of the unitary transformation, which was
also utilized to construct the N3LO (n = 4) two-body potential developed in Refs. [94–96].
Differences between these e.m. operators have been discussed at length in Refs. [37, 46–
48, 50]. Here, we will qualitatively describe the hierarchy of the e.m. currents and charge
operators that emerges from the chiral expansion, and refer to the aforementioned references
for details and formal expressions of the operators. We point out that a proper renormalization
of the e.m. OPE operators has been carried out only within the unitary transformation
formalism (see Ref. [50]).

(a)

(b) (c)

(d)

(e) (f) (g) (h) (i)

(j) (n) (o)(m)(l)(k)

eQ(�2)

eQ(�1)

eQ(0)

eQ(1)

Figure 3. Diagrams illustrating one- and two-body chiral e.m. current operators entering at
LO (n = �2) [panel (a)], NLO (n = �1) [panels (b) and (c)], N2LO (n = 0) [panel (d)],
and N3LO (n = 1) [panels (e)–(o)]. The LO operator corresponds to the non-relativistic
IA operator of Eq. (8). The NLO seagull and pion-in-flight contributions lead to the current
operator of Eq. (10). The square in panel (d) represents the (Q/mN)2, or (v/c)2, relativistic
correction to the LO one-body current operator [or IA(RC)], whereas the solid circle in the
tree-level diagram illustrated in panel ( j) is associated with a gpN coupling of order eQ2 (see
text for explanation). The solid circle in panel (k) represent a vertex of order eQ. Notation is
as in Figure 2.

We start off with the e.m. current operator j, whose contributions are diagrammatically

e-
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Few-Nucleon EFTChiral PT

Lattice

Bound-state QED test and fundamental 
constant: spectroscopy in hydrogen, 
molecules, other exotic atoms and 
Rydberg atoms     

The same issues are critical for the  
accelerator neutrino program.

Dispersion- and
chiral-based  approaches 

to form factors

Polarizabilities, form factors and 
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• Besides µH, we make use of the preliminary re-

sults on the Lamb shifts in muonic deuterium and

muonic 4He. In the case of µD a discrepancy similar

to that of µH between the charge radius extracted

via the Lamb shift of µD, r
µ
D
= 2.1272(12) fm [28]

and the CODATA average from electronic mea-

surements, rD = 2.1213(25) fm [3], exists. This

could be also be explained by a scalar coupled to

muons that results in a change to the Lamb shift

of �E
µD
L

= �0.368(78) meV [14, 29]. The simi-

larity of this shift to the one required in µH con-

strains the coupling of � to the neutron. For µ
4He,

the radii extracted from the muonic Lamb shift

measurement, rµ4He
= 1.677(1) fm [30], and elas-

tic electron scattering, r4He = 1.681(4) fm [31], re-

quire the change in the Lamb shift due to � ex-

change to be compatible with zero, �E
µ4

He
+

L
=

�1.4(1.5) meV [14]. Since these results are pre-

liminary, we draw constraints at the 3� level. Note

that using the ratio of nuclear to hydrogen Lamb

shifts for D and He via Eq. (2) allows us to obtain

the ratio ✏n/✏p independently of the value of ✏µ and

✏p.

Using these observables (with the constraints imposed

by Eqs. (1-3)) we limit the ratio of the coupling of � to

neutrons and protons, ✏n/✏p, as shown in Fig. 2. If the

couplings to neutron and proton are of the same sign,

these constraints are qui
te strong, driven by the neutron-

208Pb scattering limits for m� . 10 MeV and the µ4He

measurement for larger masses. If the couplings are of

opposite sign, they interfere destructively, masking the

e↵ects of the � and substantially weakening the limits on

the magnitudes of ✏n, ✏p.

For a given value of ✏n/✏p, we can use the shift of the

binding energy in N = Z nuclear matter and the dif-

ference in binding energies of 3H and 3He to constrain

✏p. We show these bounds in Fig. 1, varying ✏n/✏p over

its allowed range as a function of m�. These measure-

ments limit the mass of the scalar that simultaneously

explains the proton radius and (g � 2)µ discrepancies to

100 keV . m� . 100 MeV. These upper and lower limits

on the allowed value of m� are also indicated on the plot

of the required values of ✏µ in Fig. 3.

We now explore the coupling of the scalar to electrons,

which is of particular experimental importance because

electrons are readily produced and comparatively sim-

ple to understand. The limits on the coupling ✏e are

similar to many that have been placed on the dark pho-

ton in recent years (see, e.g. [33]). Below, we describe

the experimental quantities used to derive limits on the

electron-scalar coupling
.

Scalar exchange shifts the anomalous magnetic mo-

ment of the electron; see Eq. (1) with l = e. As empha-

sized in Ref. [34], the measurement of (g�2)e is currently

used to extract the fine structure constant. A constraint

on ✏e can therefore be derived by comparing the inferred

value of ↵ with a value obtained from a measurement that

FIG. 4. (Color online) Exclusion (shaded regions) plot for

✏e. The thick red, thin blue, thin dashed yellow, and thick

dashed green lines correspond to the constraints from electron

anomalous magnetic moment (g � 2)e, beam dump experi-

ments, Bhabha scattering, and the Lamb shift of hydrogen.

The region between the two vertical gray regions are allowed

using the scalar mass range from Fig. 1. The regions A and

B (dotted) could be covered by proposed experiments in [32],

[10], and the study [33].

isn’t sensitive to the contribution of the scalar boson. We

use the precision study of 87Rb [35]. Requiring that these

two measurements agree implies that �ae < 1.5⇥ 10�12

(2 S.D.).
Bhabha scattering, e+e� ! e+e�, can be used to

search for the scalar boson by looking for a resonance

due to � exchange. Motivated by earlier results from

heavy-ion collisions near the Coulomb barrier, a group

working at GSI [36] used a clean time-stable monoener-

getic positron beam incident on a metallic Be foil. No

resonances were observed at the 97% C.L. within the

experimental sensitivity of 0.5 b eV/sr (c.m.) for the

energy-integrated di↵erential cross section. Given the

small value of ✏e the only relevant process is the s-
channel

exchange of a � boson. Using a narrow width approxi-

mation, the energy-integr
ated di↵erential cross section

in

the c.m. frame is given by

Z
d
p
s
d�

d⌦
= ✏2e

↵⇡

4m�

s
1�

4m2
e

m2

�

. (8)

Beam dump experiments have long been used to search

for light, weakly coupled particles that decay to leptons

or photons [32, 33, 37].
If coupled to electrons, � bosons

could be produced in such experiments and decay to

e+e� or �� pairs depending on its mass. The produc-

tion cross section for the scalar boson, not in the cur-

rent literature, is discussed in a longer paper [38] to be

presented at a later time. Previous work simplified the

evaluation of the integral over phase space by using the

Weizacker-Williams (WW) approximation. However, the

approximation relies on an assumption that the mass of

the new particle is much greater than electron mass. Our

? 2

4. Finally, it is also possible that some “intermedi-
ate range” force is responsible for the discrepancy.
Should such a new force carrier exist in the MeV-
100 MeV mass range, it could potentially a↵ect the
µH Lamb shift directly. Constructing a model that
would be not immediately ruled out by the existing
constraints on dark forces in this range is a di�cult
challenge [12–14].

Further background information and discussion can be
found in the recent review [15].

The search for a resolution to the rp discrepancy is
important because it carries strong implications for the
precision of theoretical evaluation of the muon g � 2.
Suppose, for example, that either “unexpected” e↵ects
of strong interactions (solution 2 above), or some new
physics (solution 4) is responsible for inducing, e.g., a
large proton-muon interaction term,

�L ' C( ̄µ µ)( ̄p p), (1)

where coe�cient the C needs to be ⇠ (4⇡↵) ⇥ 0.01 fm2

in order to explain the discrepancy in rp measurements.
This e↵ective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g�2
that this interaction would imply by integrating out the
proton, leading to the two-loop e↵ect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g � 2 found in, e.g., [16]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g � 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
⇤had, where neither the coe�cient C nor the proton-
photon vertex can be considered local. Taking a wide
range for ⇤had, from a proton mass scale mp to a very
light dynamical scale ⇠ m⇡, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

�(aµ) ⇠ �C ⇥ ↵mµmp

8⇡3
⇥
⇢

1.7; ⇤had ⇠ mp

0.08; ⇤had ⇠ m⇡
, (2)

which, after inputing the value of C implied by the rp

discrepancy results in

5 ⇥ 10�9 <⇠ |�(aµ)| <⇠ 10�7
. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g � 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g�2 are under control. Thus, a resolution of the rp

µ

µµ

µ

p

p

p

�

�

FIG. 1. Left:the e↵ective proton-muon interaction resulting
from unexpectedly large QCD e↵ects or new physics that is
responsible for the rp discrepancy. Right: the two-loop con-
tribution to the muon g � 2 that results from the interaction
on the left after integrating out the proton.

problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g � 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g � 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. As we will show, the
presence of a parity-violating coupling to the muon is a
very likely consequence of such models, and in light of
that we calculate the two-loop constraint on the parity
violating muon-nucleon forces imposed by ultra-precise
tests of parity in the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new e↵orts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very di�cult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], su↵ers
from a gauge anomaly and thus must be regarded as an
e↵ective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are a↵ected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ⇠ (E/mµ)2 enhancement of all charged cur-
rent e↵ects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-

New hadronic effects?

Poorly know axial vector form factor
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Sensitivity at low Q2

Can a linear fit work?

d�

d⌦
/ 1 � A|{z}

O(6)

·Q2 + B|{z}
O(30)

·Q4 + ...

(Q in units of GeV/c)
We want to measure the radius (~

p
A) to within 0.5%,

without knowing B. So:

B/A · Q
2 ⌧ 0.01 �! Q

2 ⌧ 0.002 (GeV/c)2

But: Need to measure A to 1%, so measure d�
d⌦ to

6 · 0.002 · 0.01 = 0.012%. Good luck.

56

GE(Q2) = 1� Q2

6 hr2pi+
Q4

120 hr
4
pi+ . . .

Slide from J. Bernauer
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Sensitivity to quadratic (proton radius) term
To scare you

10�5%

10�4%

10�3%

10�2%

10�1%

100%

101%

102%

10�5 10�4 10�3 10�2 10�1

Q2 [GeV2]

Form factor
Difference from 1

Radius puzzle
1 % of radius

60

Slide from J. Bernauer
GE(Q2) = 1� Q2

6 hr2pi+
Q4

120 hr
4
pi+ . . .


