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The Standard Model and Beyond 

On the “dark” side

Evidence for New Physics — Physics beyond the SM (BSM)

Hadrons (e.g., the proton) are often involved in “puzzles” — disagreement 
between SM predictions and experiments 

On the “bright” side

Standard Model of Particle Physics (SM) — very successful

Proton — difficult but calculable 
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Our aim: understanding physics at the    
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SUCCESS OF THE STANDARD MODEL

5

The Standard Model (SM) of particle physics is a remarkably 
successful theory

Many incredible predictions of the SM confirmed by experiment:

• Higgs boson @ CERN (ATLAS, CMS), 2012

• W and Z boson @ CERN (SPS), 1983

7.2. VBF Higgs production

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 7.2 – Measured Higgs boson mass for the combination of ATLAS and CMS, for
di�erent channels. Figure taken from [201].

the HL-LHC, one can expect a significant improvement in the VBF and VH associated
production.

The VBF and VH channels have already played a significant role in experimental
searches [202, 203]. As energy and luminosity are increased, and due to their clean
signature, these processes will become even more important.

7.2 VBF Higgs production

In this thesis, we will focus mainly on VBF-induced Higgs production, as shown in
figure 7.4. It is a channel that will play an important role during the run 2 of the LHC
and beyond, e.g. for the determination of Higgs couplings. There are several reasons
why VBF Higgs production has a special character, and why it deserves a careful study:

1. First, it has the largest cross section involving tree-level production (there is no
tree-level contribution for gluon-gluon fusion).

2. It has a distinctive signature, which involves two forward jets. Additional QCD
radiation is preferentially emitted along the tagging jets, such that there is little
jet activity in the central region.

3. This unique signature allows for better tagging of the events, making it possible to
identify decays of the Higgs that have large backgrounds (notably H æ ·+·≠).

4. The transverse momentum of the produced Higgs is non-zero even at lowest order,
which facilitates searches of invisible decay modes [206, 207].

107

 [MeV]Wm
80250 80300 80350 80400 80450 80500

ALEPH  

DELPHI  

L3  

OPAL  

CDF  

D0  

+ATLAS W  

−ATLAS W  

±ATLAS W  

ATLAS

Measurement
Stat. Uncertainty
Full Uncertainty

Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured values
of mW for positively and negatively charged W bosons are also shown.
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Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [122] and
mH = 125.09 ± 0.24 GeV [123], and to the combined
values of mW measured at LEP [124] and at the Tevatron
collider [24].
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Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [123].
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Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [123].
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Many indications for physics beyond the SM (BSM) 

• Baryon asymmetry

• Rotation curves of disc galaxies  → Dark Matter and Dark Energy



NEW PHYSICS SEARCHES

7

Freeman Dyson: “There is no illusion more dangerous than the belief that the 
progress of science is predictable. If you look for nature’s secrets in 
only one direction, you are likely to miss the most important 
secrets, those which you did not have enough imagination to predict.”
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Lab searches for New Physics proceed along 3 frontiers:                                                    
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New Phy   cs

New 
Physics

NEW PHYSICS! SM prediction vs. experimental 
observation

Lab searches for New Physics proceed along 3 frontiers:                                                    
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Electrostatic properties of charged spin-1/2 particles: 

• Charge  and electric dipole moment  

• Magnetic moment 

Anomalous magnetic dipole moment: 

⟹ deviation of the gyromagnetic factor from its  value (2) in Dirac theory

 : QED test, precise determination of 

 : less precisely measured than  but 43000 more sensitive to possible 
contributions from New Physics 

Q ⃗d

⃗μ = g
e

2m
⃗s

aμ =
gμ − 2

2 = 0.0011659181

ae α = e2/4π

aμ ae
aℓ ∼ (mℓ /mNP)2

MUON g-2 
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PRECISION PHYSICS

10

Anomalous magnetic moment of the muon: 
aμ = (g − 2)/2 = 0.0011659181

Theory prediction

Anomalous magnetic moment in the SM
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10

Anomalous magnetic moment of the muon: 
aμ = (g − 2)/2 = 0.0011659181

1-loop QED [1 diagram]

Schwinger term
 aμ = α /2π

Theory prediction

Anomalous magnetic moment in the SM
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1 State of the art and preliminary work

The applicants of this Research Unit (RU) have been playing most visible roles in all of the
above-mentioned research directions, either by carrying out precision experiments at various
facilities worldwide (A2@MAMI, BABAR, BESIII, KLOE-2, WASA-at-COSY, ATLAS@LHC), by
providing theoretical support for these experiments, or by directly calculating the quantities of
interest as for example the hadronic LbL contribution to (g � 2)µ. For these calculations both
ab-initio methods such as lattice quantum chromodynamics (lattice QCD) or phenomenological
approaches are used. In the following we discuss in more detail the current state of research
and our contributions to the above-mentioned topics.

The current status of the anomalous magnetic moment of the muon, aµ = (g � 2)µ/2, is
displayed in Fig. 2 [5]. The discrepancy between the averaged experimental result and the
recommended value of the “Muon g-2 Theory Initiative” [9] amounts to 4.2 standard deviations.
The FNAL g�2 experiment will base its final result on a data set with a factor 20 higher statistics
compared to the initial publication [5]. This will yield an improvement in accuracy compared to
the BNL measurement [6] by a factor of four.

Figure 2: Status of the anomalous magnetic moment of the muon after the recent FNAL measure-
ment [5]. A deviation between the experimental average and the SM value with a significance of 4.2
standard deviations is observed. The SM value is taken from the “Muon g-2 Theory Initiative” White
Paper [9]. Figure taken from [5].

The SM prediction [9], a
SM
µ = 116 591 810(43) ⇥ 10�11, receives contributions from quantum

electrodynamics (QED), weak, and strong interactions, where the QED contribution is by far the
dominating one. Due to the non-perturbative nature of strong interactions, the current precision
of a

SM
µ is however entirely dominated by hadronic effects, which are subdivided into the hadronic

vacuum polarization (HVP), as well as the hadronic light-by-light (HLbL) contributions (Fig. 3) 1

a
HVP, LO
µ + a

HVP, NLO
µ + a

HVP, NNLO
µ = 6845(40) ⇥ 10�11

, (1)

a
HLbL
µ + a

HLbL, NLO
µ = 92(18) ⇥ 10�11

. (2)

1Please note that within the "Muon g-2 Theory Initiative," when combining the HVP estimates of [17] and [18],
the uncertainty of HVP has increased compared to the individual estimates due to unresolved inconsistencies. In
the evaluation of [18] the uncertainties of HVP and HLbL were found to be of similar size .

4 September 10, 2021
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Mismatch implies “New Physics” or insufficient 
understanding of the SM!

SM prediction has to improve yet again!                

1 State of the art and preliminary work

The applicants of this Research Unit (RU) have been playing most visible roles in all of the
above-mentioned research directions, either by carrying out precision experiments at various
facilities worldwide (A2@MAMI, BABAR, BESIII, KLOE-2, WASA-at-COSY, ATLAS@LHC), by
providing theoretical support for these experiments, or by directly calculating the quantities of
interest as for example the hadronic LbL contribution to (g � 2)µ. For these calculations both
ab-initio methods such as lattice quantum chromodynamics (lattice QCD) or phenomenological
approaches are used. In the following we discuss in more detail the current state of research
and our contributions to the above-mentioned topics.

The current status of the anomalous magnetic moment of the muon, aµ = (g � 2)µ/2, is
displayed in Fig. 2 [5]. The discrepancy between the averaged experimental result and the
recommended value of the “Muon g-2 Theory Initiative” [9] amounts to 4.2 standard deviations.
The FNAL g�2 experiment will base its final result on a data set with a factor 20 higher statistics
compared to the initial publication [5]. This will yield an improvement in accuracy compared to
the BNL measurement [6] by a factor of four.

Figure 2: Status of the anomalous magnetic moment of the muon after the recent FNAL measure-
ment [5]. A deviation between the experimental average and the SM value with a significance of 4.2
standard deviations is observed. The SM value is taken from the “Muon g-2 Theory Initiative” White
Paper [9]. Figure taken from [5].

The SM prediction [9], a
SM
µ = 116 591 810(43) ⇥ 10�11, receives contributions from quantum

electrodynamics (QED), weak, and strong interactions, where the QED contribution is by far the
dominating one. Due to the non-perturbative nature of strong interactions, the current precision
of a

SM
µ is however entirely dominated by hadronic effects, which are subdivided into the hadronic

vacuum polarization (HVP), as well as the hadronic light-by-light (HLbL) contributions (Fig. 3) 1

a
HVP, LO
µ + a

HVP, NLO
µ + a

HVP, NNLO
µ = 6845(40) ⇥ 10�11

, (1)

a
HLbL
µ + a

HLbL, NLO
µ = 92(18) ⇥ 10�11

. (2)

1Please note that within the "Muon g-2 Theory Initiative," when combining the HVP estimates of [17] and [18],
the uncertainty of HVP has increased compared to the individual estimates due to unresolved inconsistencies. In
the evaluation of [18] the uncertainties of HVP and HLbL were found to be of similar size .
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a$  × 1014 Δa$  × 1014 Δa$ /a$

HVP 6 845 000 40 000 6×10-3

HLbL 92 000 18 000 2×10-1
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SM prediction 116 591 810 000 43 000 4×10-7
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Figure 1: Hadronic contributions to (g�2)µ: (a) HVP, (b) HLbL. The pink blobs symbolize
hadronic intermediate states.

1 Introduction

Current Standard Model (SM) evaluations of the anomalous magnetic moment of the muon,
aµ = (g�2)µ/2, differ from the value measured at the Brookhaven National Laboratory [1]

a
exp
µ = 116 592 089(63)⇥ 10�11

, (1.1)

by around 3.5�. In the near future, the new Fermilab E989 experiment [2] will be able to
reduce the experimental uncertainty by a factor 4, and the E34 experiment at J-PARC [3]
will provide an important cross check, see ref. [4] for a comparison of the experimental
methods. Therefore, the theoretical calculation of aµ needs to be improved accordingly.

The uncertainty of the SM prediction mainly stems from hadronic contributions, such
as hadronic vacuum polarization (HVP), see figure 1 (a), and HLbL scattering, see fig-
ure 1 (b). Since the HVP contribution can be systematically calculated with a data-driven
dispersive approach [5–9], lattice QCD [10–16], and potentially be accessed independently
by the proposed MUonE experiment [17, 18], which aims to measure the space-like fine-
structure constant ↵(t) in elastic electron–muon scattering, the HLbL contribution may end
up dominating the theoretical error.1

Apart from lattice QCD [27–29], recent data-driven approaches towards HLbL scat-
tering are again rooted in dispersion theory, either for the HLbL tensor [30–35], the Pauli

1Note that higher-order insertions of HVP [5, 19, 20] and HLbL [21] are already under sufficient control,
as are hadronic corrections in the anomalous magnetic moment of the electron, where recently a 2.5�

tension between the direct measurement [22] and the SM prediction [23] using the fine-structure constant
from Cs interferometry [24] emerged [25, 26].

– 1 –

E Pion transition form factors F⇡(n)�⇤�⇤ 62
E.1 Large-Nc Regge model 62
E.2 Comparison of data and literature: F⇡(n)�⇤�⇤ 64

F ⌘ and ⌘0 transition form factors F⌘(0)(n)�⇤�⇤ 66
F.1 Large-Nc Regge model 66
F.2 Comparison of data and literature: F⌘(n)�⇤�⇤ 67
F.3 Comparison of data and literature: F⌘0(n)�⇤�⇤ 70

(a) (b)

Figure 1: Hadronic contributions to (g�2)µ: (a) HVP, (b) HLbL. The pink blobs symbolize
hadronic intermediate states.

1 Introduction

Current Standard Model (SM) evaluations of the anomalous magnetic moment of the muon,
aµ = (g�2)µ/2, differ from the value measured at the Brookhaven National Laboratory [1]

a
exp
µ = 116 592 089(63)⇥ 10�11

, (1.1)

by around 3.5�. In the near future, the new Fermilab E989 experiment [2] will be able to
reduce the experimental uncertainty by a factor 4, and the E34 experiment at J-PARC [3]
will provide an important cross check, see ref. [4] for a comparison of the experimental
methods. Therefore, the theoretical calculation of aµ needs to be improved accordingly.

The uncertainty of the SM prediction mainly stems from hadronic contributions, such
as hadronic vacuum polarization (HVP), see figure 1 (a), and HLbL scattering, see fig-
ure 1 (b). Since the HVP contribution can be systematically calculated with a data-driven
dispersive approach [5–9], lattice QCD [10–16], and potentially be accessed independently
by the proposed MUonE experiment [17, 18], which aims to measure the space-like fine-
structure constant ↵(t) in elastic electron–muon scattering, the HLbL contribution may end
up dominating the theoretical error.1

Apart from lattice QCD [27–29], recent data-driven approaches towards HLbL scat-
tering are again rooted in dispersion theory, either for the HLbL tensor [30–35], the Pauli

1Note that higher-order insertions of HVP [5, 19, 20] and HLbL [21] are already under sufficient control,
as are hadronic corrections in the anomalous magnetic moment of the electron, where recently a 2.5�

tension between the direct measurement [22] and the SM prediction [23] using the fine-structure constant
from Cs interferometry [24] emerged [25, 26].

– 1 –

Hadronic light-by-light 
scattering (HLbL)

Hadronic contributions are the stumbling block …
often limiting factor in precision of SM predictions
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at high energies 
quarks and gluons 
are the degrees of 
freedom and QCD is 
treated perturbative

color confinement
at low energies hadrons are the 
effective degrees of freedom
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gluon self-interaction
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HADRONIC CORRECTIONS
QCD is non-perturbative at low energies, due to strong coupling

Hadronic corrections are challenging to calculate:

• Effective field theories, e.g., chiral perturbation theory (ChPT) or pionless EFT

• Lattice QCD

• Dispersion relations (unitarity, causality) — basis for data-driven evaluations

running of the coupling constant
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• low-energy nucleon structure is seen through:  

a) electromagnetic probes (e.g., electron and Compton scattering)  

b) nucleon-structure effects in atoms

intersection of nuclear, 
particle and atomic 

physics
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I. Introduction and Motivation

e-, e+

Ɣ*

e-, e+

N X
Figure I.1.: Electron scattering.

dipole moment is about 2.79 e/2M rather than simply e/2M as predicted by the Dirac theory
of a spin-1/2 particle, where e is the charge and M is the mass of the particle. The electron
fit very well in the Dirac theory prediction, the proton did not. Today we know that the large
anomalous magnetic moment of the proton,  ⇡ 1.79, is qualitatively explained as the sum of
magnetic moments of the constituent quarks in the naive quark model.

A more obvious observation of nucleon structure came in the early 1950’s. Fermi and collab-
orators discovered the first nucleon excitation — the �(1232)-resonance — using pion beams
[6]. Shortly after came the era of electron scattering. The very first experiments of Hofstadter
showed that the nucleon has a finite size, and hence, provided a direct proof of its compositeness.

The nature of the nucleon constituents was fully disclosed in the deep inelastic scattering
(DIS) experiments. The first of their kind were performed at SLAC [7, 8]. Later, experiments
at higher energies were built at CERN, Fermilab (FNAL) and HERA (DESY). The electron
scattering maps out the nucleon structure functions as functions of the photon virtuality Q2

and the photon energy ⌫. More often than not, the variable ⌫ is traded for the dimensionless
Bjorken variable, x = Q2/2M⌫, which in the naive parton picture is the momentum fraction
carried by a parton [9, 10], cf. Section IV.1.3. The weak dependence of the nucleon structure
function f2(x, Q2) on Q2 for fixed x indicates the scattering o↵ point-like constituents. The
experimental verification of the Callan-Gross relation [11], 2xf1(x) = f2(x), showed that the
constituents are spin-1/2 particles. Since protons and neutrons have spin-1/2, one understood
that the nucleons are formed by three valence quarks. The observed charge range of nucleon
resonances (�++, �+, �0, ��) implied that quarks have fractional charges (±e/3 or ±2e/3).
Besides the valence quarks, DIS uncovered the sea quarks which, however, carry only a small
momentum fraction. Altogether, the quarks carry only about a half of the nucleon momentum.
The missing momentum was shown to be carried by the gluons [12], which are the gauge bosons
of QCD. More about the history of scattering experiments can be found in Ref. [13], whereas
we now turn to the present situation.

The main purpose of observing the elastic electron scattering is to measure the e.m. nucleon
form factors (FFs), which can vaguely be interpreted as the Fourier transforms of the nucleon
charge and magnetisation distributions in the Breit frame. The most precise data set for the
electric and magnetic Sachs FFs [14], GE(Q2) and GM (Q2), was obtained in an outstanding
measurement at the MAMI facility [15] in 2010. Figure I.1 depicts an electron scattering process
in the leading one-photon approximation, where obviously the target is probed by the exchanged
virtual photon. The Rosenbluth formula [16], cf. Eq. (II.16), allows to extract the Sachs FFs at
fixed values of Q2 by measuring the cross section for di↵erent scattering angles and accordingly

2
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function f2(x, Q2) on Q2 for fixed x indicates the scattering o↵ point-like constituents. The
experimental verification of the Callan-Gross relation [11], 2xf1(x) = f2(x), showed that the
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of QCD. More about the history of scattering experiments can be found in Ref. [13], whereas
we now turn to the present situation.

The main purpose of observing the elastic electron scattering is to measure the e.m. nucleon
form factors (FFs), which can vaguely be interpreted as the Fourier transforms of the nucleon
charge and magnetisation distributions in the Breit frame. The most precise data set for the
electric and magnetic Sachs FFs [14], GE(Q2) and GM (Q2), was obtained in an outstanding
measurement at the MAMI facility [15] in 2010. Figure I.1 depicts an electron scattering process
in the leading one-photon approximation, where obviously the target is probed by the exchanged
virtual photon. The Rosenbluth formula [16], cf. Eq. (II.16), allows to extract the Sachs FFs at
fixed values of Q2 by measuring the cross section for di↵erent scattering angles and accordingly
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constituents are spin-1/2 particles. Since protons and neutrons have spin-1/2, one understood
that the nucleons are formed by three valence quarks. The observed charge range of nucleon
resonances (�++, �+, �0, ��) implied that quarks have fractional charges (±e/3 or ±2e/3).
Besides the valence quarks, DIS uncovered the sea quarks which, however, carry only a small
momentum fraction. Altogether, the quarks carry only about a half of the nucleon momentum.
The missing momentum was shown to be carried by the gluons [12], which are the gauge bosons
of QCD. More about the history of scattering experiments can be found in Ref. [13], whereas
we now turn to the present situation.

The main purpose of observing the elastic electron scattering is to measure the e.m. nucleon
form factors (FFs), which can vaguely be interpreted as the Fourier transforms of the nucleon
charge and magnetisation distributions in the Breit frame. The most precise data set for the
electric and magnetic Sachs FFs [14], GE(Q2) and GM (Q2), was obtained in an outstanding
measurement at the MAMI facility [15] in 2010. Figure I.1 depicts an electron scattering process
in the leading one-photon approximation, where obviously the target is probed by the exchanged
virtual photon. The Rosenbluth formula [16], cf. Eq. (II.16), allows to extract the Sachs FFs at
fixed values of Q2 by measuring the cross section for di↵erent scattering angles and accordingly
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Tabelle 5.1. Zusammenhang zwischen Ladungsverteilung und Formfaktor für ei-
nige kugelsymmetrische Ladungsverteilungen in Born1scher Näherung. 
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Abbildung 5.6. Zusammenhang zwischen radialer Ladungsverteilnng und Form-
faktor in Born'scher Näherung. Einem konstanten Formfaktor entspricht eine 
punktfOrmige Ladung (z. B. Elektron), einem sogenannten Dipol-Formfaktor eine 
exponentiell abfallende Ladungsverteilung (z. B. beim Proton), einem gaußfOrmigen 
Formfaktor eine ebensolche Ladungsverteilung (z. B. 6Li-Kern) und einem oszillie-
renden Formfaktor eine homogene Kugel mit mehr oder minder scharfem Rand. Alle 
Kerne, mit Ausnahme der ganz leichten, haben einen oszillierenden Formfaktor. 
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Fig. 2.1. Naive view of the proton, consisting of a pion cloud and a quark core, placed between the plates of a parallel plate capacitor. The left (right) figure
shows the capacitor discharged (charged).
Source: Plot courtesy of Phil Martel.

Fig. 2.2. Naive view of the proton, consisting of a pion cloud and a quark core, placed between the poles of a magnet. The left (right) figure shows the
external magnetic field turned off (on).
Source: Plot courtesy of Phil Martel.

quark core. In the case of themagnetic dipole polarizability �M1, the diamagnetic contribution of the pion cloud is competing
against the paramagnetic contribution of the quark-core excitation, see Fig. 2.2. The two contributions are largely canceling
each other, leaving the nucleon with a relatively small magnetic polarizability, cf. Section 2.4 for details.

Other intuitive pictures of the nucleon polarizabilities emerge in quark models [72–76], the Skyrme model [77–82],
and the Nambu–Jona-Lasinio model [83]. All of them point out the large paramagnetic contribution due to the nucleon-to-
�(1232)M1 transition.

While for the atoms the polarizabilities are of order of the atomic volume, the nucleon being much tighter bound (nearly
99% of its mass coming from the binding force) has polarizabilities which are about three orders of magnitude smaller than
its volume. It is customary to use the units of 10�4 fm3 for the dipole polarizabilities of the nucleon.

The critical electric field strength needed to induce any appreciable polarizability of the nucleon can be estimated as the
ratio of the average energy level spacing in the nucleon to the size of the nucleon, i.e., Ecrit. ⇡ 100 MeV/(e fm) = 1023 V/m.
Static electric field strengths of this intensity are not available in a laboratory, andwill never be available. However, a classical
estimate of the electric field strength of a 100MeV photon Compton scattering from the nucleon is approximately 1023 V/m.
Given the absence of static e.m. fields of the required immensity, the CS process is currently the best available tool for
accessing the nucleon polarizabilities experimentally, cf. Section 4.

In the rest of this section we introduce the nucleon polarizabilities and discuss their calculation from first principles. We
shall focus on describing the efforts to compute the nucleon polarizabilities in lattice QCD and chiral EFT. In the latter case,
calculations of the CS observables will be discussed too.

It is worthwhile noting that is a number of sophisticated theoretical approaches, other than lattice QCD and chiral EFT,
applied to the nucleon polarizabilities and low-energy CS. They include: the fixed-t dispersion relations [84–87], effective-
Lagrangian models with [88–91] and without [92–94] causality constraints, the Dyson–Schwinger equation approach to
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polarizabilities are not fixed, but rather free to vary within
their experimental errors. The small systematic error for the
latter term indicates the new dataset has only a limited
dependency on the spin polarizabilities, and thus making it
well suited for a precise study of the two scalar terms.
The extractions of the scalar polarizabilities reported in

Table I—in particular of βM1—exhibit a moderate model
dependence. To provide a best estimate of the central values
for the two parameters, the results from the three theories
were combined using weighted average, taking the quad-
ratic sum of the statistical and systematic uncertainties as
weights. For each error the largest contributions among the
different theories was assigned. Additionally, the largest of
the differences between each theory and the average was
used to estimate an additional error due to the model
dependence for both αE1 and βM1. The best values for the
extraction of the scalar polarizabilities from the new data
using the Baldin sum rule constraint are

αE1 ¼ 10.99" 0.16" 0.47" 0.17" 0.34;

βM1 ¼ 3.14" 0.21" 0.24" 0.20" 0.35; ð5Þ

where the errors are statistical, systematic, spin polar-
izability dependent, and model dependent. A correlation
coefficient between the two scalar polarizabilities of

ραE1−βM1
¼ −0.75 was also reported by the fitter. The effect

of the constraint was checked by repeating the fits without
the additional point at αE1 þ βM1 ¼ 13.8" 0.4. The
obtained values for αE1 and βM1 are in agreement with
the ones of Eq. (5) within 1.5σ and 0.5σ, respectively,
indicating the limited effect of the constraint on the final
results.
Figure 3 shows the scalar polarizability extraction from

this work as the blue full ellipse. Also shown are various
previously published global extractions and predictions of
these two parameters. The azure dotted circle shows in
particular the results from the TAPS Collaboration [16],
the highest statistics dataset published previously. The
improvement in the uncertainty of the scalar polarizabilities
extracted from the new data is clearly visible.
Summary.—In summary, a new precision measurement

of the proton Compton scattering unpolarized cross section
and beam asymmetry is presented. A fit to the new data
using different theoretical models resulted in an extraction
of the scalar polarizabilities αE1 and βM1 from one con-
sistent dataset with an unprecedented precision. The new
results will be important for resolving the current ambi-
guities in the extraction of these fundamental quantities.
Moreover, these new experimental data can be used in
combination with the already published ones on single and
double polarization observables from the A2 Collaboration
[17,18,33], to obtain the first combined extraction of all the
six proton polarizabilities from experimental data measured
at a single facility, achieving an important new milestone in
the MAMI program.

The authors wish to acknowledge the outstanding sup-
port of the accelerator group and operators of MAMI. We
also wish to acknowledge and thank J. McGovern, V.
Pascalutsa, and B. Pasquini for providing us with their
theory codes, together with H. Grießhammer and M.
Vanderhaegen for the theoretical contributions and support.
This project has received funding from the European
Unions Horizon 2020 research and innovation program
under Grant Agreement No. 824093. This work has been
supported by the U.K. STFC (ST/L005719/1, ST/P004458/
1, ST/T002077/1,ST/P004385/2, ST/V002570/1, ST/
P004008/1 and ST/L00478X/2) grants, the Deutsche
Forschungsgemeinschaft (SFB443, SFB/TR16, and
SFB1044), DFG-RFBR (Grant No. 09-02-91330),
Schweizerischer Nationalfonds (Contracts No. 200020-
175807, No. 200020-156983, No. 132799, No. 121781,
No. 117601), the U.S. Department of Energy (Offices of
Science and Nuclear Physics, Awards No. DE-SC0014323,
No. DEFG02-99-ER41110, No. DE-FG02-88ER40415,
No. DEFG02-01-ER41194) and National Science
Foundation (Grants No. NSF OISE-1358175; No. PHY-
1039130, No. PHY-1714833, No. PHY-2012940, No. IIA-
1358175), INFN (Italy), and NSERC of Canada (Grant
No. FRN-SAPPJ2015-00023).

FIG. 3. Results of αE1 vs βM1 for the proton, obtained from
different experiments and theories. The extraction from our data is
depicted as blue full ellipse. The loosely dotted azure ellipse shows
the result from the TAPS Collaboration [16]. The dotted purple
circle is the BχPT prediction [3], the green dashed-dotted curve is
the extraction within HBχPT [43], and the orange dashed curve is
thebootstrap-based fit usingDR[48,49].Theblackcircle shows the
values quoted by thePDG[50]. TheBaldin sum rule constraintwas
used in the present extraction, as well as in those from TAPS,
HBχPT, and HDPV. All contours correspond to 1σ level.
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with χ2 ¼ 13.2 for 12 degrees of freedom. We do not quote
theoretical uncertainties as this extraction is only given as a
consistency check. Figure 4 shows the results of the
extraction of αpE1 and βpM1 with and without the BSR
constraint. We see that the one-parameter fit and its 1σ
limits are contained within the 1σ ellipse of the two-
parameter fit, which validates the use of the BSR in the
former.
There is some variation between our results and the

values of Eq. (2) extracted from the same theoretical
framework based on the world database of unpolarized
data over a much wider energy range. This variation also
pertains to the current PDG values [26]

αpE1 ¼ 11.2" 0.4; βpM1 ¼ 2.5" 0.4: ð7Þ

The pioneering extraction from the Σ3 data obtained by
MAMI [25], while in better agreement with both of these,
has a sufficiently large uncertainty that it is also in agree-
ment with our extraction. Fitting to cross sections rather
than Σ3 gives our result a smaller uncertainty, though
conducted at a lower average energy.
Recently, there have been other determinations from the

full set or a subset of the same unpolarized data, in different
theoretical frameworks; for examples, see Refs. [27–29]. At
lower energies, different theories tend to agree better;
therefore, high-precision data in the energy region of our
experiments have an important role to play in resolving the
discrepancy. The present work, as the first nanobarn-level
Compton scattering measurements at HIGS, demonstrated
that with the improved statistics of the HIGS data, one can
extract the proton polarizabilities with better precision.
In summary, new measurements on Compton scattering

from the proton were performed at HIGS below the pion-

production threshold. The polarized cross sections were
extracted for the first time, and unpolarized cross sections
of this work are consistent with the global database. The
sum-rule-free extraction of αpE1 and βpM1 using the EFT
framework is compatible with the BSR. This work provided
a novel experimental approach for Compton scattering
from the proton in low energies and strongly motivates new
high-precision measurements at HIGS to improve the
accuracy in proton polarizabilities determinations.

We acknowledge the support of the HIGS accelerator
staff for the delivery of high-quality gamma-ray beams and
the help with the experimental setup. We acknowledge the
contributions of Daniel Phillips to this work. This work is
funded in part by the U.S. Department of Energy under
Contracts No. DE-FG02-03ER41231, No. DE-FG02-
97ER41033, No. DE-FG02-97ER41041, No. DE-FG02-
97ER41046, No. DE-FG02-97ER41042, No. DE-
SC0005367, No. DE-SC0015393, No. DE-SC0016581,
and No. DE-SC0016656, National Science Foundation
Grants No. NSF-PHY-0619183, No. NSF-PHY-1309130,
and No. NSF-PHY-1714833, UK Science and Technology
Facilities Council Grants No. ST/L005794/1 and No. ST/
P004423/1, and funds from the Dean of the Columbian
College of Arts and Sciences at The George Washington
University, and its vice president for research. We acknowl-
edge the financial support of the Natural Sciences and
Engineering Research Council of Canada and the support
of Eugen Merzbacher Fellowship.

Note added.—Recently, new results on polarized Compton
scattering from the proton reported by Mornacchi et al.
(A2 Collaboration) [30] have been posted.
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Judith McGovern: “I don’t think 
most people took [the 2000 result] 
really seriously, I think they assumed 
that it would go away, and, if I’m 
quite honest, I think most 
people will still assume that it 
will go away.”

Nikolaos Sparveris: “It is certainly 
puzzling for the physics of the strong interaction, 
if this thing persists … So, the ball now is 
on the side of the [standard model] 
theory.”

Vladimir Pascalutsa: “Usually, behaviors 
of these things are quite, let’s say, smooth and 
there are no bumps … don’t want to kill 
the buzz, but yeah, I’m quite 
skeptical as a theorist that this thing 
is going to stay.”
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(see Fig. 4d). The dominant contribution to this effect is expected to 
arise from the deformation of the mesonic cloud in the proton under 
the influence of an external electromagnetic field. We derive the mean 
square magnetic polarizability radius from the magnetic polarizability 
measurements, following a procedure that is equivalent to the extrac-
tion of the mean square electric polarizability radius (see Methods for 
details) and find that r" # = 0.63 ± 0.31 fmβ

2 2
M

.
In conclusion, we have studied the response of the proton to an 

external electromagnetic field and its dependence on the distance 
scale within the system. We show evidence of a local enhancement in 
the electric generalized polarizability of the proton that the nuclear 
theory cannot explain. We provide a definitive answer to the exist-
ence of an anomaly in this fundamental property and have measured 
with high precision the magnitude and the dynamical signature of 
this effect. The reported data suggest the presence of a dynamical 
mechanism in the system that is not accounted for in the theory at 
present. They pose a challenge to the chiral effective field theory, 
the prevalent effective theory for the strong interaction, and they 
serve as high-precision benchmark data for the upcoming lattice 
QCD calculations. The measurements of the proton’s electromag-
netic generalized polarizabilities complement the counterpart of 
the spin-dependent generalized polarizabilities of the nucleon32–34. 
Together, the two components of the generalized polarizabilities 
provide a puzzling picture of the nucleon’s dynamics that emerge at 
long distance scales. The proton has the unique role of being nature’s 
only stable composite building block. Consequently, the observed 
anomaly in a fundamental system property comes with a unique scien-
tific interest. It calls for further measurements so that the underlying 
dynamics can be mapped with precision and highlights the need for 
an improved theory so that a fundamental property of the proton 
can be reliably described.
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Fig. 4 | The generalized polarizabilities of the proton. a, The electric 
generalized polarizability measured in this experiment (red circles). The world 
data8–13,31,41–43 (open symbols) are shown for results that involve the dispersion- 
relations (circles) and low-energy-expansion analysis (boxes). The theoretical 
calculations of BChPT17, NRQCM28, LSM23, ELM25 and DR14–16 are also shown.  
The experimental fit that includes all the world data is also shown. b, The magnetic 
generalized polarizability. The definitions of symbols and curves are the same as 
in a. c, Induced polarization in the proton when submitted to an electro-

magnetic field as a function of the transverse position with photon 
polarization along the x axis for by = 0. The x–y defines the transverse plane, 
with the z axis being the direction of the fast-moving protons. d, The proton 
electric polarizability radius r r≡ " #α α

2
E E

 derived from this work (red point).  
The measurements of the proton charge radius rE (refs. 39,40,44–49) (blue points) 
are shown for comparison. The error bars and the uncertainty bands 
correspond to the total (statistical + systematic) uncertainty, at the 1σ or 68% 
confidence level.

Electric dipole polarizability extracted from virtual Compton scattering differs from 
theoretical expectation
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NLO becomes appreciable in μH 

HFS:

NUCLEAR/NUCLEON STRUCTURE EFFECTS

24

Fermi - Energy:

with Bohr radius
wi
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From the 2S-2P to HFS measurements

18

1S

2P

2S
2S-2P

1S-HFS

En
er
gy

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

• From 2S-2P
   → charge radii

• From HFS
   → 2PE contributions
   → Zemach radii
   → Magnetic structure

Lamb	shift	
!H,	!D,	!3He+,	!4He+	
⇒	Charge	radii

	Hyper9ine	splitting	(HFS)	
!H,	!3He+	
⇒	Zemach	radii,	magnetic	properties
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THEORY OF (H LAMB SHIFT
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EμH th.
LS = 206.0336(15) − 5.2275(10) ( RE

fm )
2

+ E2γ
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2. Breit Potential with Finite Nuclear Size
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-3/4 HFS

- 822 026 486 966 kHz

- 822 026 546 136 kHz

HFS: 
 59 170 kHz

f=0

f=1

2P3/2
3/8 HFS 

and 
-5/8 HFS

- 822 015 523 845 kHz

- 822 015 547 497 kHz

HFS: 
 23 652 kHzf=1

f=2

2P3/2 - 2S1/2 Lamb shift: 
9 911 209 kHz

2P1/2 - 2S1/2 Lamb shift: 
-1 057 832 kHz

2P3/2 - 2P1/2  
Fine Structure: 
10 969 042 kHz

Figure II.4.: Spectrum of electronic hydrogen. The energy levels are extracted from Ref. [185].

23

electronic
hydrogen

II. Finite-Size E↵ects by Dispersive Technique

2S1/2
1/4 HFS

-3/4 HFS
HFS:  

22.8089(51) meV

f=0

f=1

2P1/2 1/4 HFS

-3/4 HFS

f=0

f=1

2P3/2
3/8 HFS 

and 
-5/8 HFS

HFS: 
 3.392588 meVf=1

f=2

2P1/2 - 2S1/2  

Lamb shift: 
202.3706(23) meV

2P3/2 - 2P1/2  
Fine Structure: 
8.352082 meV

P-Level Mixing:  
δ=0.14456 meV  

νs = 54 611.16(1.04) GHz
νt = 49 881.35 (64) GHz

νs

νt

Finite-Size

Figure II.3.: Spectrum of muonic hydrogen. The 2P fine structure, the P3/2 hyperfine splitting and the
P -level mixing are taken from the theory summary of Ref. [111]. The two transition frequencies, ⌫t and
⌫s, are experimental results from Refs. [68, 101]. The 2S hyperfine splitting and the classic 2P1/2 � 2S1/2

Lamb shift are reconstructed from the measurements and the theoretical shifts [68, 101, 111].

first considered by Breit [274, 275, 276]. Breit Hamiltonians are for instance used to describe
muonic atoms [277–280], mesonic atoms [281], and neutron structure e↵ects in the deuteron and
one-neutron halo nuclei [282].

In the present Section, we will briefly sketch the derivation of a semi-relativistic OPE Breit
potential describing hydrogen-like atoms, i.e., bound states of a nucleus and a single lepton.

22

muonic
hydrogen

H precision 
spectroscopy: ‘easy' to 

see a signal,  
‘hard’ to interpret

μH spectroscopy:  
‘hard’ to see a signal,  

‘easy’ to interpret
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normal hydrogen: 
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muonic hydrogen: 

Lamb shift

Hyperfine splitting
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FROM PUZZLE TO PRECISION
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Vladimir Pascalutsa — Mainz Laborotory Highlights — KPHTH —  Aug 12,  2019               

Various extractions
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Muonic atoms allow for PRECISE 
extractions of nuclear charge and 
Zemach radii

CODATA since 2018 included the μH 
result for 

Still open issues: H(2S-8D) and 
H(1S-3S)

Precise and accurate!
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  Lepton$scaLering$experiments:"
""""""global"analysis,"new"experiments,""
""""""e"/"μ"universality,"…""
"
  Theory:"hadronic$correc/ons$to"atomic"

spectroscopy"and"electron"sca_ering""

  Hadron"physics"input:"polarizability$
program$on"nucleons"/"fewCbody"systems"

New$avenues$$$

Proton radius puzzle  
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Several experimental activities ongoing and proposed: 

- 1S hyperfine splitting in H (ppm accuracy) and He 

- Improved measurement of Lamb shift in H, D and He  possible ( )

- Medium- and high-Z muonic atoms

μ μ
μ μ μ + × 5

‣ Theory Initiative is needed!

FROM PUZZLE TO PRECISION
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Several experimental activities ongoing and proposed: 

- 1S hyperfine splitting in H (ppm accuracy) and He 

- Improved measurement of Lamb shift in H, D and He  possible ( )

- Medium- and high-Z muonic atoms

μ μ
μ μ μ + × 5

‣ Theory Initiative is needed!

Charge radius extractions from Lamb shift in muonic atoms:

H: present accuracy comparable with experimental precision

D, He  and He :  present accuracy factor 5-10 worse than experimental precision        

μ
μ μ3 + μ4 +

FROM PUZZLE TO PRECISION

r↵ = 1.67824(2)sys(13)stat(82)theory fm

rd = 2.12562(5)sys(12)stat(77)theory fm

rp = 0.84087(12)sys(23)stat(29)theory fm



COMBINING  (H, H, HE, HD+, …
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A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389-418 

Proton structure
GE(Q2), GM(Q2)

F1(x,Q2), F2(x,Q2)
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Isotope shift
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H-energy levels
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three-body
molecule
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higher-order
terms     Z5...7  

H(1S-3S)
δ = 1 × 10–12

He+(1S-2S)
δ = 6 × 10–12

Bound-electron g-factor
δ = 4 × 10–11

Theory tests

HD+

δ(rot) = 5 × 10–11

δ(rot–vib) = 2 × 10–11

rd(δ = 8 × 10–5)

μH (2S-2P)
δ = 1 × 10–5

rp(δ = 4 × 10–4)

H (1S-2S)
δ = 4 × 10–15

R∞(δ = 8 × 10–13)

Penning trap
programs

me, Mp, Md in atomic units

me/Mp (δ = 2 × 10–11)

HD+

δ(rot) = 1 × 10–11

δ(rot–vib) = 3 × 10–12

Figure 9
Simpli!ed scheme showing the impact of rp(µH) on improving fundamental constants and bound-state QED tests. Abbreviation: µH,
muonic hydrogen.

the rp value from CODATA 2018 does not completely re"ect the potential of the µH(2S-2P)
measurements. We thus sketch in the following the impact of rp(µH) by combining it with some
selected measurements and corresponding theory predictions in simple systems with distinctive
precision and sensitivity.Figure 9 illustrates the impact of theµH spectroscopy and its connection
to H,HD+, and Penning trap measurements that leads to cutting-edge tests of bound-state QED
for H-like systems, simple molecular systems, and bound-electron g-factors while improving
on fundamental constants such as the rp, rd, R∞, me, and Mp. Throughout this section we use
SI units.

5.1. Muonic Hydrogen to Hydrogen: Testing the Hydrogen Energy Levels
and Extracting R∞

Even though the recent H(2S-8D) measurement (15) is at some tension with the µH results, here
we exploit the agreement between the rp values from H (16, 17, 19) and µH to illustrate the
potential of combining µH and H measurements for testing the H energy levels and improving
on R∞, the most precisely known fundamental constant and a major player in the adjustment of
fundamental constants. R∞ also sets the energy scale for atoms, ions, and molecules, such that
precise predictions of transition frequencies in these systems require its precise value.
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EXOTIC ATOMS
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Mesonic atoms:
kaonic hydrogen (1970) 
pionic helium (PSI)

Positronium (1951) or 
Muonium (1960): 
LEMING @ PSI
Mu-MASS @ ETH-Z

Anti-hydrogen:
LEAR (1995) 
ALPHA @ CERN

muonic atoms:
H, D, He , …μ μ μ (+)
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Mesonic atoms:
kaonic hydrogen (1970) 
pionic helium (PSI)

Positronium (1951) or 
Muonium (1960): 
LEMING @ PSI
Mu-MASS @ ETH-Z

Anti-hydrogen:
LEAR (1995) 
ALPHA @ CERN

muonic atoms:
H, D, He , …μ μ μ (+)

Muonic atoms are more sensitive to nuclear 
structure than ordinary atoms — Muon 
probes the nucleus at a smaller distance

Aldo Antognini SFB, Mainz   22.10.2020

From the 2S-2P to HFS measurements
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En
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gy

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

• From 2S-2P
   → charge radii

• From HFS
   → 2PE contributions
   → Zemach radii
   → Magnetic structure

Lamb	shift	
!H,	!D,	!3He+,	!4He+	
⇒	Charge	radii

	Hyper9ine	splitting	(HFS)	
!H,	!3He+	
⇒	Zemach	radii,	magnetic	properties
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