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Laser spectroscopy of light muonic atoms
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Laser excitation

 We measured 10
 2S-2P transitions in 
 μp, μd, μ3He+, μ4He+

µ

Theoretical predictions:
QED + Nuclear structure+ p, d, 3He, 4He 

charge radii
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Extracting the proton radius from 𝛍p

�Eth
2P�2S = 206.0336(15)� 5.2275(10) r2p + 0.0332(20) [meV]

mµ ⇡ 200me�Esize = 2⇡(Z↵)
3 r2p | nl(0)|2

= 2(Z↵)4

3n3 m3
r r2p �l0

2S1/2

2P1/2

2P3/2

 F=0

 F=0

 F=1

 F=2
 F=1
 F=1

23 meV

8.4 meV

3.8 meV
fin. size:

206 meV
50 THz
6 µm

Measure 2S-2P splitting (20 ppm)
and compare with theory

→ proton radius

The most interesting

r2p = �6
dGE(Q2)

dQ2

���
Q2=0
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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

1 S

2 S
 2 P

2 keV γ

99 %
n~14

1 %

Fire laser to induce the 2S-2P transition

laser frequency [THz]
49.75 49.8 49.85 49.9 49.95
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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)

laser frequency [THz]
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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

8

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
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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 
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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 (Pascalusa)
0.0020    meV:   TPE uncertainty (McGovern, our choice)

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

W
1

(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



Aldo Antognini Isolde Workshop, CERN      06.12.2018 16

The proton radius puzzle

• 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 only when averaging
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering

Large sensitivity to rp
 requires low-precision meas.

Large insensitivity to systematics
But difficult to see the signal

H
µp

Low sensitivity to rp
 requires high-precision
 fight with systematics

But “easy” to see the signal

Explain the discrepancy by shifting the
µp (2S-2P) 100� 75 GHz 4�
H (1S-2S) 4’000� 40 kHz 40�
H (2S-4P) < 1.5� 9 kHz 7 · 10�4 �
H (2S-2P) < 1.5� 5 kHz 7 · 10�4 �

� : exp accuracy

� : line width
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The proton radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering ✓✓✓
✗ ✗ ✗ ✗ ✗

3

• Besides µ

H, 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 µ

H con-

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

the radii extracted from the muonic Lamb shift

measurement, r

µ
4He

= 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

µ4He+

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 µ

4He

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

⌦
= ✏

2
e

↵

⇡

4m�

s
1�

4m2
e

m

2
�

.

(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 = mH± = 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,

i

f 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.

4
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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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µ

µ
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µ
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FIG. 4. Z ! µ�µ+�

This decay amplitude is

iM =
i

2
gW

cos✓W
Cµ

V ✏↵(k)✏⇤�(p3)ū(p1)

⇥
(
��(/p1

+ /p3
)

(p1 + p3)2
�↵

⇣
� 1

2
+ 2sin2✓W � 1

2
�5

⌘

� �↵
⇣

� 1

2
+ 2sin2✓W � 1

2
�5

⌘(/p2
+ /p3

)��

(p2 + p3)2

)

⌫(p2)

(6)
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)),

�Z =
GF m3

Z

⇥
(Cµ

V )2 + (Cµ
A)2

⇤ ⇥
1
2 � 2sin2(✓W )cos(2✓W )

⇤
48

p
2⇡3

⇥
(

log2 m2
Z

m2
�

� 4 log
m2

Z

m2
�

+ 5 � ⇡2

3

)

(7)

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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⇥
(
��(/p1

+ /p3
)

(p1 + p3)2
�↵

⇣
� 1

2
+ 2sin2✓W � 1

2
�5

⌘

� �↵
⇣

� 1

2
+ 2sin2✓W � 1

2
�5

⌘(/p2
+ /p3

)��

(p2 + p3)2

)

⌫(p2)

(6)
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.

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 radius puzzle

• μp experiment

• μp theory

• H experiments

• BSM physics

• e-p scattering

Extrapolation:
- which functionality
- analyticity
- z-expansion vs Q2-expansion
-  coefficients with perturbative 

scaling
- how many degrees of freedom    

(under-fitting, over-fitting)
- which Q2 range
- normalisations
- physics-motivated model              

(VMD, chPT, dispersion, large tails, 
higher-moments 

- statistical tests, χ2, regressions, bias
- TPE corrections
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The proton charge radii

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

22

The proton charge radii
Bernauer, Distler, arXiv:1606.02159
Sick, Trautmann, arXiv:1701.01809
Lee, Arrington, Hill, arXiv:1505.01489
Hoferichter et al., EPJA 52, 331 (2016) 
Alarcon, Weiss, arXiv:1710.06430

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

The traditional scattering experts 
confirm large values.

Sick, arXiv:1801.01746
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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, UniBasel)
• μ-p,  COMPASS (CERN)
• e-p, ProRad (Orsay)
• Tohoku, (Sendai)

New physics searches
K+ ! µ+⌫e+e�
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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., Nature 466, 213 (2010)
Antognini et al., Science 339, 417 (2013)
Pohl et al., Science 353, 669 (2016)

Small value of the proton 
radius is confirmed from µd

H/D shift: r2d � r2p =3.820 07(65) fm2

µd : rd = 2.1256(8) fm

�
) rp = 0.8356(20) fm
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New 2S-4P measurement in H  (MPQ, 2017)
• Produce atomic H beam at cryogenic  temperature
• Populate the 2S state using two-photons excitation
• Excite the 2S-4P transition
• Detect the 4P-1S decay (velocity resolved)
• Plot number of 4P-1S decays vs. laser frequency

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 2SF¼0

1=2 sublevel. From this state,
only two dipole-allowed transitionsmay be driven
as depicted in Fig. 2, either to the 4PF¼1

1=2 state (2S-
4P1/2 transition) or to the 4PF¼1

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, Munich, 2017)

•  rp discrepancy:                       9   kHz
•  Line width:                    20’000    kHz
•  Measurement uncertainty:    3.0 kHz

   
 split an asymmetric line to 10-4

Beyer et al., 
Science 358, 79 (2017)
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Quantum interference: an old-new systematics

30

Quantum interference shifts

P(ω) ∝
∣

∣

∣

(d⃗1·E⃗0)d⃗1
ω1−ωL+iγ1/2

+ (d⃗2·E⃗0)d⃗2ei∆φ

ω2−ωL+iγ2/2

∣

∣

∣

2

= Lorentzian(1) + Lorentzian(2) +

cross-term (QI)

Sansonetti et al., PRL 107, 023001 (2011); Brown et al., PRA 87, 032504 (2013)

Horbatsch & Hessels, PRA 82, 052519 (2010); PRA 84, 032508 (2011), etc.

Amaro, RP et al., PRA 92, 022514 (2015); PRA 92, 062506 (2015)

Randolf Pohl PSI, 16 Mar 2017 41

Quantum interference shifts
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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-nl measurements
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

2SF¼0
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

4PF¼1
1=2 (je〉) and

4PF¼1
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 2SF¼0

1=2 state.
Excitations from the 2SF¼0

1=2 to the 4PF¼0
1=2 and 4PF¼2

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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Quantum interference: an old-new systematics
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Quantum interference is complex. Its computation requires several thousands 
of coupled differential  equations, depends on geometry, laser polarisation, 
detection scheme, initial state population, efficiencies etc.
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SPECTROSCOPY OF THE 1S � 3S TRANSITION IN HYDROGEN 031201-3

Fig. 2. Experimental setup for the 1S–3S two-photon spectroscopy at 205 nm. Emphasis is placed on the frequency stabilization and measurements. FP:
Fabry-Perot, AOM: acousto-optic modulator, and PM: photomultiplier.

fluorescence from the 3S level to the 2P level at 656 nm with a
photomultiplier (Hamamatsu, R943-02 model). It detects the
fluorescence photons emitted along an axial distance of about
5 mm on both sides of the UV cavity center.

The locking system for the TiSa laser is described in detail
in Ref. 10 and it is similar for the Verdi laser. Briefly, each
laser is first stabilized using the Pound–Drever–Hall method.
By the use of Fabry-Perot (FP) cavities with a finesse of about
300, this locking scheme ensures the short term stabilization of
the lasers. To further filter out the frequency fluctuations of the
two lasers, both FP cavities are servo-locked to a high stable
FP cavity. The latter is locked to our etalon laser: a laser diode
stabilized on a two-photon transition in rubidium.12 Therefore,
the high stability of the etalon laser, 1.4 ⇥ 10�12 in one second,
is fairly transferred to the two source lasers. Eventually, the
relative standard deviation at one second of the TiSa and
the Verdi laser frequencies are, respectively, 3.4 ⇥ 10�12 and
4.6 ⇥ 10�12.

The absolute frequencies of the two lasers are measured
with an optical frequency comb referenced to the Cs clock
of the LNE-SYRTE laboratory. This tool, which has become
indispensable in our present-day high-resolution spectroscopy
experiments, is fully described, for instance, in Ref. 13. We
own a commercial self-referenced fiber femtosecond laser
frequency comb (MenloSystems). Its spectrum is broadened
by self-phase modulation in a photonic crystal fiber (PCF).
After the PCF, the spectrum shall cover the visible range to
enable simultaneous frequency measurements of the Verdi and
the TiSa lasers. We have chosen two di↵erent strategies to
optimize the beat note between the frequency comb and the
two source lasers. The infra-red beat note is obtained in a
free-space configuration.14 The signal-to-noise ratio (SNR) of
this beat-note reaches a comfortable value of 40 dB (1 MHz
bandwidth). The more critical green beat-note is optimized
using a 50/50 fiber coupler and shows a 30 dB SNR.

The frequency of the TiSa laser can be monitored with
an acousto-optic modulator (AOM) so that the UV radiation
frequency ⌫UV can be written as follows:

⌫UV = 2
⇥
2 ⇥ ⌫Verdi + (⌫TiSa,fix � 2 ⇥ ⌫AOM)

⇤
. (1)

The first factor 2 refers to the two-photon excitation, the second
to the doubling of the Verdi laser, and the last one to the fact
that the AOM is mounted in a double-pass configuration. The
⌫TiSa,fix frequency represents the frequency of the TiSa laser
without the RF frequency shift from the AOM. It is this fixed
frequency which is measured by our frequency comb. We scan
the 1S–3S resonance signal by scanning the AOM frequency
over a range of 1.2 MHz (4.8 MHz corresponding span for the
UV excitation light frequency) in a back and forth sequence,
shifted at every round trip to avoid stray drifts’ e↵ects.

Eventually, for each value of the RF frequency ⌫AOM,
we record the absolute optical frequencies ⌫Verdi and ⌫TiSa,
the UV intensity level, and the photomultiplier (PM) counts
number, averaged over 1 s. An example of the fluorescence
signal obtained with an integration time of 3.5 h, at a zero
magnetic field, is represented in Fig. 3. The width of the
signal is approximately 1.5 MHz. Its deviation from the natural
linewidth of the 3S level (1 MHz) can be explained as a transit
time broadening e↵ect: the atoms which are not collinear with
the 205 nm excitation laser beam experience a finite interaction
time. The SNR of the signal reaches a value of 170. This

Fig. 3. Normalized 3S–2P fluorescence signal. Normalized number of counts
of the PM is represented as a function of the AOM frequency, linked to
the atomic transition frequency via Eq. (1). The signal is here fitted with a
Lorentzian line shape.

J. Phys. Chem. Ref. Data, Vol. 44, No. 3, 2015

266 nm

205 nm

532 nm
266 nm

894 nm

Linewidth of TiSa laser and V6 laser : < 40 kHz

3S

1S

2P
205 nm

205 nm
656 nm

*
300K

TheThe experimentalexperimental setupsetup

• Produce atomic H beam (room temperature)
• Excite the two-photons 1S-3S transition
• Detect the 3S-2P decay 
• Plot number of 3S-2P decay vs laser frequency
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• Line width:                   1500    kHz
• Statistical uncertainty:       2.1 kHz
• Total uncertainty:               2.7 kHz

• rp discrepancy:                  9    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.

PHYSICAL REVIEW LETTERS 120, 183001 (2018)

183001-4

Fleurbaey et al.,
PRL120, 183001 (2018)
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Sources of frequency shift:
• second order Doppler effect (120 kHz)
• light shift
• pressure shift

▪ Relativistic effect   

▪ v = 3km/s Æ

▪ Principle: motional Stark effect for opposite parity levels (ex. S and P)
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F. Biraben, L. Julien, J. Plon and F. Nez, Europhys. Lett., 15 (1991) p.831 :
"Compensation of the second Doppler effect in two photon spectroscopy of atomic hydrogen".
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Biraben, Julien, Plon and Nez, Europhys. Lett. 15, 831 (1991) 
Galtier et al., J. Phys. and Chem. Ref. Data 44, 031201 (2015) 

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

Preliminary
Garching
H(1S-3S)

Preliminary D(1S-3S)A. Matveev 
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Preliminary 2S-2P measurement in H (Torornto, 2018)

E. Hessels
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Preliminary results from new e-p scattering (PRad, 2018)

• windowless target
• non-magnetic calorimeter
• large GEM + scintillators
• Minimal angle
• Q2min reduced by 20 to 2x10-4 GeV2

• Normalise with MØller scatt.

Extraction of Cross-section

I Normalization of ep cross-section by Møller cross-section:
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I Several event generators have been developped for ep and
Møller scattering taking into account complete calculations of
radiative corrections beyond ultra relativistic approximations

I A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys.
41(2014)115001
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Preliminary results from e-p scattering (JLAB, 2018)

 (fm)pProton charge radius R
0.8 0.82 0.84 0.86 0.88 0.9 0.92

CODATA-2014

e-p scattering

H spectroscopy

p 2013µ

p 2010µ

H spectroscopy 2017

H spectroscopy 2018

PRad (Preliminary)

σ5.6 

A. Gasparian
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Preliminary results from e-p scattering (JLAB, 2018)

)2 (GeV2Q
0.01 0.02 0.03 0.04 0.05 0.06

E
G

0.85

0.9

0.95

1

1.05

Preliminary

1.1 GeV data
2.2 GeV data

 0.018 (syst.) fm± 0.008 (stat.) ±PRad (Preliminary), R = 0.830 
, dipole form factor, R = 0.811 fmEG
, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.887 fmEG
, J. J. Kelly. PRC 70 (2004) 068202), R = 0.863 fmEG
, S. Venkat et al. PRC 83(2011)015203), R = 0.878 fmEG

EProton Electric Form Factor G

PRad at JLAB
A. Gasparian
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Present status
Alarcon, Weiss, arXiv:1710.06430
Sick, arXiv:1801.01746

H/D (1S-3S)
MPQ 2018

H(2S-2P)
Toronto 2018

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
Alarcon, 2018

The traditional 
scattering experts 

confirm large values.

e-p scattering
PRad 2018
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µ-

4He++

3He++

µ-
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Spectroscopy of muonic Helium (𝛍4He+)
Muonic helium ions

F=1
F=2
F=0
F=1

F=0

F=1

2P3/2

2P1/2
2P

2P3/2
2P1/2

2P

2S1/22S1/2

µ4He+ µ3He+

Randolf Pohl PhiPsi17 , 28 June 2017 16

µ4He+(2S1/2→ 2P3/2)
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∆E(2S−2P) = 1668.487( 14)meV(QED)

−106.358( 7)meV/fm2 · ⟨r2⟩
+6.761( 77)meV(Friar)

+3.296(189)meV(polarizability)

+146.197( 12)meV(fine structure)
Diepold et al., 1606.05231

Thanks to the theorists!

expt’l accuracy: 17 GHz ≡ 0.066 meV

r(4He) = 1.68xxx ( 19)exp ( 58)theo fm PRELIMINARY

vs. 1.68100 (400) fm from e-He scattering

(plus the other transition µ4He+(2S1/2→ 2P1/2))

1st µ4He-ion resonance at ∼ 812 nm wavelength

Randolf Pohl PhiPsi17 , 28 June 2017 17

�E(2S�2P3/2) = 1668.487(14)| {z }
QED

� 106.358(7)R2
E| {z }

finite size

+6.761(77) + 3.296(189)| {z }
TPE

+146.197(12)| {z }
fine splitting

[meV]

 Experimental accuracy:                  17 GHz (0.066 meV)
 Statistics / Laser freq. / systematics unc.:     17 GHz / 100 MHz / 10 MHz 

 Theory uncertainty:                         0.205 meV
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Alpha-particle and hellion radii from 𝛍He+ spectroscopy
4He charge radii

alpha charge radius [fm]
1.66 1.665 1.67 1.675 1.68 1.685

Carboni 1977

Ottermann 1985

Sick 2008

This workPRELIMINARY

wrong µ4He

Randolf Pohl PhiPsi17 , 28 June 2017 18

helion charge radius [fm]
1.82 1.84 1.86 1.88 1.9 1.92 1.94 1.96 1.98 2

Collard 1965 Dunn 1983
Retzlaff 1984

Ottermann 1985

Amroun 1994

Sick 2014

+He 3µ
Extraction of these charge 
radii from muonic helium is 
limited by the polarisability 
contributions.
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TPE: the key to extract precise charge radii

45

chiral EFT
few-necleoun th.

Phenomenological:
- dispersion relations
- data
- sum rules

Dinur, Ji, Barnea, 
Bacca, Hernandez

For µ3He
Dispersion:           15.14 (49) meV 
Few-nucleon th.:   15.46 (39) meV

Carlson, Gorchtein, 
Vanderhaeghen

Impressive 
improvement in last 

years
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Impact of muonic helium (𝛍He) measurements
Constraints proton radius puzzle
Expose existence/absence of muonic force

Benchmark for few-nucleon theories

Improve absolute radii of 6He and 8He

Enhanced bound-state QED test when combined
with He and He+ spectroscopy

Antognini et al., Can. J. Phys. 89, 47 (2011) 
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Pachucki, Indelicato, Jentschura, Yerokhin, Eides, Karshenboim…

Lu et al., RMP 85 1383 (2013) 
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Challenging spectroscopy of He and He+

Targets	for	rp	and	rα	by	Ramsey-comb	spec.		

H2	

X 

EF 
2x 202 nm 

He+	

1S 

2S 

2x 60 nm 
(Munich) 

Aim:	<1	kHz	=	1:1013	
never	measured	

200	ns	

1.9	ms	

32 + 790 nm 
(Amsterdam) 

Accuracy	from	5	MHz	to	73	kHz	

Direct	comb	excitation	for	H2	and	He+	

FComb	
	laser	

Experiment	
Single-mode	
laser	at	f	

beat	note	measurement;	
f	=		f0	+	n	frep	+	fbeat	

Amplification	
&	upconversion	 Experiment	

q  High power from amplified pulses 
q  Precision from the frequency combs laser 

T. Udem
T.W. Hänsch

K. Eikema

LaserLaB

MPQ
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The muX project (PSI, ongoing)

µ-

Z

7

with the entrance muon counter. In addition Ge detector
events not in coincidence with the entrance muon counter
were selected to produce room background γ-ray spectra,
as shown in Fig. 4. In Fig. 3 the transitions belonging
to muonic 208Pb, 185Re, 16O, 14N, 12C and 35Cl are indi-
cated. The assignment of γ lines is based on previously
known transitions [30, 31]. Other strong lines in Fig. 3
and Fig. 4 come from the decay of nuclei produced in the
muon capture reaction or from room background. One of
the strongest line in the spectrum is the 511 keV γ ray,
originating mainly from the annihilation of the positron
emitted in the muon decay.
Data for around 60h were collected with muons on the
208Pb target, 38h on the 185Re target and 59h on the
187Re target.

Figure 3. The γ-ray energy spectra obtained with the 185Re
target (top) and the 208Pb target (bottom) in GeR in prompt
coincidence (0-700 ns) with the muon entrance counter.

A. Line shape

Since the hfs is the result of the convolution of many
transitions, particular care has to be taken in describing
the line shape of each transition. The mathematical form
of the line shape should represent the response of the Ge
detector plus a background term.
In this respect, the model used consists of a Gaussian
peak g(x), a step-like shelf s(x), and a Hypermet function
t(x) [33, 34]. The latter is added to account for a pos-

Figure 4. Background γ-ray energy spectrum obtained in
GeR.

sible tail, which decays exponentially below the peak’s
centroid and is produced by incomplete charge collec-
tion and ballistic deficits. The model function was fitted
to the shape of the peak by using RooFit [32]. RooFit
implements its data models in terms of probability den-
sity functions (PDFs), which are by definition unit nor-
malised. The complete PDF describing the number of
counts in the peak at channel x0 may be written as

PDF (E) = Nsignal×
[fgauss · g(E) + ftail · t(E) + s(E)]+

B (17)

where

g(E) =
1√
2πσ

· e−
(E−x0)2

2σ2

t(E) =
1

2β
· e(

E−x0
β + σ2

2β2 ) · erfc(
E − x0√

2σ
+

σ√
2β

)

s(E) =
A

2
· erfc(

E − x0√
2σ

) (18)

In these formulae x0 is the central channel of the gaus-
sian, σ the gaussian width and β the slope of the expo-
nential tail. fgauss denote the fraction of the line shape
having the gaussian form and ftail = (1- fgauss) the frac-
tion having the exponential tail. The parameter A de-
notes the amplitude of the step which is proportional to
the number of events in the signal. The parameter B is
introduced to describe a constant background. This de-
scription was valid for most of the transitions except few
cases where the background was better described with a
linear function.
The variables σ, x0, β, the number of events in the
signal Nsignal, fgauss, and the two amplitudes A,B are
free parameters of the model. Because the normalisation
of probability density functions, traditionally one of the
most difficult aspects to implement, is handled internally
by RooFit, the observed intensity of the transition is sim-
ply given by Nsignal.

• H-like atoms
• MeV transition energies
• ∆Esize: MeV finite-size effects
• ∆EQED: easy QED corrections
• ∆Eel: small atomic electron corrections
• ∆Epol: difficult nuclear polarisability correc.

• charge radii 
• quadrupole moments
for radioactive nuclei
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The hyperfine splitting in 𝛍p (PSI, ongoing) 

49

1S

2P

2S

2S-2P

1S-HFS

E
n
e
rg
y

• 2S-2P μp
• 2S-2P μd
• 2S-2P  μ3He, μ4He
• 1S-HFS μp

• From 2S-2P
   → charge radii

• From HFS
   → magnetic (Zemach) radii  
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MUSE at PSI
• µ± -p,   e± -p scattering                      

down to Q2min =2x10-3 GeV2                               
• Common uncertainties             

  precise ∆r = rpµ - rpe  

• test µ-e universality
• measure TPE 

MUSE: Muon scattering (PSI, ongoing)

arXiv:1709.09753
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Test of H energy levels
Bound-state QED

μp, μd, μHe (2S-2P)
high-Z muonic atoms
hyper-fine splitting

BSM physics

nuclear charge radii
form factors,
EFT, chiral th., lattice,
 few-nucleon th.

H, H2, H2+, He, He+

spectroscopy

electron scattering
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X-ray spectroscopy of high-Z muonic atoms

Z

µ-

X	ray
O(MeV)

e

e

µ-

X-

X-

X-

• Negative muons at rest 
quickly get captured by 
surrounding atoms

• Cascade down into 1s state 
emitting characteristic X-
rays

• Measure characteristic X-
rays to extract information 
about the nuclear structure
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Finite size effect is huge
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• H-like atoms
• MeV transition energies
• ∆Esize: MeV finite-size effects
• ∆EQED: easy QED corrections
• ∆Eel: small atomic electron corrections
• ∆Epol: difficult nuclear polarisability correc.

Complications
• nuclear polarisability
• nuclear excitation in final state

• Measure X-rays with Ge 
detectors (0.1 keV acc.)

• Extract charge radii and  
quadrupole moments

Knecht, 
Rapisarda
Wauters

2P � 1S

187Re

E ' mµ

me
R1Z2

⇣
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n2
f
� 1
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i
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QED

��E
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+�E
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Natalia Oreshkina & Niklas Michel,  
MPI Heidelberg
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muX principle: spectroscopy for radioactive nuclei

• Stop muons in 100 bar H2 target with 
0.25% D2  admixture

• Muonic hydrogen (μp) is formed

• In a collision (μp + D2 → μd + … ) the 
muon transfers to deuterium forming μd,  
with kinetic energy of 45 eV

• Hydrogen gas is quasi transparent for μd 
at ~5 eV (Ramsauer-Townsend effect)

• μd reaches the X target and transfers to it 
to form μX*

• μX* de-excite emitting x-rays

• Measure x-rays with Ge-detectors
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Figure 8: Total and transport cross section for the di↵erent gases employed in the measurement.
The transport cross section corresponds to the di↵erential cross section integrated
with an additional weight of (1� cos ✓), which allows for a simple calculation of the
average momentum transfer. (a) Scattering cross section of dµ atoms with hydrogen.
The minimum in the cross section at around 4 eV is due to the Ramsauer-Townsend
e↵ect. (b) Scattering cross section of dµ atoms with the HD molecule, into which
most of the D2 is converted. In this case there exists a weak dependence of the cross
section on the spin state of the dµ atom. For comparison only the F=1/2 case is
shown.

the 15 mm aperture of the entrance veto detector, the entrance detector and carbon fiber
window and determine the stopping distribution inside the gas cell. For our configuration the
stopping distribution is approximately Gaussian with a sigma of 4 mm in each transverse and
3 mm in longitudinal direction.

The transfer reaction simulation starts with the above quoted stopping distribution. The
code incorporates the formation of muonic atoms, transfer reactions, the di↵usion of dµ and
pµ atoms, and the relevant molecular dynamics. At a deuterium concentration of 0.25%, e.g.,
the characteristic transfer time from muonic hydrogen to deuterium amounts to about 240 ns.
In this process the dµ atom gains the corresponding binding energy of 45 eV. This dµ atom
quickly loses energy until the scattering cross section drops to its minimum at around 4 eV due
to the Ramsauer-Townsend e↵ect (Fig. 8)[10–13]. Once this minimum is reached, the hydrogen
gas becomes virtually transparent for the dµ atom, allowing it to travel over large distances
(except for the case of high deuterium concentrations in which case the scattering with the HD
molecule becomes dominant – see Fig. 8 (b)).

The simulation then tracks the dµ atoms that hit the 1 cm2 target material located at
the downstream end of the cylindrical gas cell. The result of these simulations are shown in
Fig. 9 as a function of deuterium concentration and location of the stopping distribution. The
location of the maximum is given in units of �z away from the target. A stopping location
of 1 thus corresponds to the maximum of the stopping distribution being located 3 mm away
from the target. Additionally, the time distributions of the dµ atoms hitting the target are
shown in Fig. 10. The highest e�ciency of around 7% is found for a deuterium concentration
of ⇠0.25% and a stopping location of 0.6. For a target covering the full area as shown in Fig. 4

10

Radioactive   μg material
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The muX setup

• 11 germanium detectors in an array from French/UK loan pool, Leuven, PSI
• First time a large array is used for muonic atom spectroscopy
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Other goal of muX: Running of the Weinberg angle

Weak	Interaction	in	Atoms
Interference	of	EM	and	Weak	interactions

E1PNC = Kr Z3 Qw = Kr Z3 (- N + Z (1-4sin2 θW))

Atomic	Theory	
Measurement Heavy	System	

QWeak

Interesting because of HO corrections, e.g.,

8

• For matrix elements on the proton side,

• Thus, sin2θW “runs” or “evolves” with Q2.

• If SM complete---particle content and interactions known---
evolution can be precisely calculated.
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LETTER RESEARCH

‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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QWeak

Interesting because of HO corrections, e.g.,
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• For matrix elements on the proton side,

• Thus, sin2θW “runs” or “evolves” with Q2.

• If SM complete---particle content and interactions known---
evolution can be precisely calculated.
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APV (Ra)
5x better than 

APV(Cs)

Marciano, Czarnecki ….

Nature 557, 207(2018)
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Running of the Weinberg angle

Weak	Interaction	in	Atoms
Interference	of	EM	and	Weak	interactions

E1PNC = Kr Z3 Qw = Kr Z3 (- N + Z (1-4sin2 θW))

Atomic	Theory	
Measurement Heavy	System	
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APV (Ra)
5x better than 

APV(Cs)

weighted average uncertainty on sin2θWðmZÞMS at low Q2

below #0.0002, becoming competitive with Z pole mea-
surements. Together, low Q2 precision studies combined
with improved H → ZZd searches at the LHC will squeeze
the intermediate mass Zd scenario with some possibility of
uncovering its existence.
The intermediate mass Zd is an interesting viable

alternative to the “light” dark photon often considered in
the literature [51]. In addition to the parity violation at low
Q2 that we have explored, it can give rise to potential
signals at the LHC, both in direct Drell-Yan production
pp → ZdX or as a final state in rare Higgs decays. Besides
the H → ZZd mode that we have discussed, searching for
the mode H → ZdZd, mediated by Higgs-dark Higgs
mixing [34], is well motivated. In fact, we note that the
ATLAS 8 TeV search for H → ZdZd has two interesting

but tentative candidate events (each at 1.7σ), roughly in the
mass range ∼20–25 GeV [40]. Further data from run 2 at
the LHC will be needed to clarify whether these events
could be identified as intermediate mass Zd states that
connect our world to an as yet unknown dark sector of
nature. Such a discovery would certainly revolutionize
elementary particle physics and perhaps provide a new
window into the world of dark matter.
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FIG. 3 (color online). Effective weak mixing angle running as a function ofQ2 shift (the blue band) due to an intermediate mass Zd for
(a) mZd

¼ 15 GeV and (b) mZd
¼ 25 GeV for one sigma fit to εδ0 in Eq. (12). The lightly shaded area in each band corresponds to

choice of parameters that is in some tension with precision constraints (see text for more details).
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2S-2P spectroscopy of muonic deuterium (𝛍d)
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2S-2P spectroscopy of muonic deuterium (𝛍d)
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Pohl et al., Science 353, 669 (2016)
Krauth et al., Ann. Phys. 336 168 (2016)
Hernandez et. al., PLB 736, 344 (2014)
Pachucki et al., PRA 91, 040503(R) (2015)
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2S-2P spectroscopy of muonic deuterium (𝛍d)

 [fm] 
d

Deuteron charge radius r
2.12 2.125 2.13 2.135 2.14 2.145

dµ
p + isoµ

CODATA-2010

D spectroscopy

e-d scatt.

H/D shift: r2d � r2p =3.820 07(65) fm2

µp : rp = 0.84087(39) fm

�
) rd = 2.12771(22) fm

Consistency of muonic results
with 1S-2S H/D isotopic-shift The 2.5𝜎 difference:

• incomplete nuclear polarizabilty?
• BSM physics NOT coupling to n

        (reduced mass effect)?Pachucki, Bacca, Barnea, 
Gorchtein, Carlson….
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2S-2P spectroscopy of muonic deuterium (𝛍d)
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D spectroscopy

e-d scatt.

H/D shift: r2d � r2p =3.820 07(65) fm2

µp : rp = 0.84087(39) fm

�
) rd = 2.12771(22) fm

7𝜎 from CODATA BUT CODATA
contains proton-data
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2S-2P spectroscopy of muonic deuterium (𝛍d)

 [fm] 
d

Deuteron charge radius r
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CODATA-2010

D spectroscopy

e-d scatt.

H/D shift: r2d � r2p =3.820 07(65) fm2

µp : rp = 0.84087(39) fm

�
) rd = 2.12771(22) fm

3.5𝜎 from ONLY D-data

 double discrepancy
- proton sector
- deuteron sector

 Problem with H/D exp (R∞)?
 Problem with H/D th.?
 BSM with no coupling to n?


