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Benchmark with different few-body methods

Same ingredients
Same outputDifferent numerical methods

Kamada et al, PRC 64 (2001) 044001

E0



4

The 𝛼-particle 
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The 𝛼-particle 
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Gattobigio and Kievsky, FBS 64, 86 (2023)
In the absence of Coulomb, the       state is a bound Efimofv state realization in nuclear physics.  
The Coulomb force transforms it to a resonance pushed above the particle-emission threshold.
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EFT potentials

The 𝛼-particle transition form factor
Status quo in 2004

 
Hiyama et al. PRC 70, 031001(R) (2004) 
 
Method: Gaussian expansion basis 

Potential: simplified force 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EFT potentials

Status quo in 2013

 
Bacca et al. PRL 110, 042503 (2013)  

Method: Lorentz integral transform +  
               hyperspherical harmonics (LIT + HH) 
 
Potential: realistic NN+3N from χEFT  
               

The 𝛼-particle transition form factor

What is going on here?
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Excitation of the 1- states
Success story for LIT+HH



4He photoabsorption cross-section
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 Acharya, SB, Bonaiti, Li Muli, Sobczyk, Front. Phys.10:1066035 (2023)

With local chiral potentials from Phys. Rev. C 90, 054323 up to N2LO, Method: LIT + HH
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⌅RE1(⌅)

https://www.frontiersin.org/articles/10.3389/fphy.2022.1066035/full


4He photoabsorption cross-section
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 Acharya, SB, Bonaiti, Li Muli, Sobczyk, Front. Phys.10:1066035 (2023)

Adding N3LO from Enter and Machleid + 3NF at N2LO from Navratil, Method: LIT + HH
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We see one pronounced peak at the resonant energy, and many others at higher energy 
Exploit the power of the LIT method to subtract the background

|FM(q)|2 =
1

Z2

Z
d!Rres

M(q,!)

L(�,�) =
�

d⇥
R(⇥)

(⇥ � �)2 + �2 = h ̃| ̃i

(H � E0 � � + i�) | ⇥̃⇥ = Ô | ⇥0⇥

RM(q,!) = Rres
M(q,!) +Rbg

M(q,!)
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R

and solve bound-state-like equation 
with hyperspherical harmonics (HH)

For fixed q, apply integral transform

<latexit sha1_base64="Hm56z2EOyBt8mwyWD0x9icCm4QE=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN26ECvYB06Fk0kwbmkmGJCOUoZ/hxoUibv0ad/6NmXYW2nogcDjnXnLuCRPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Db3u09UaSbFo5kmNIjxSLCIEWys5PdjbMYE8+x+NqjW3Lo7B1olXkFqUKA1qH71h5KkMRWGcKy177mJCTKsDCOczir9VNMEkwkeUd9SgWOqg2weeYbOrDJEkVT2CYPm6u+NDMdaT+PQTuYR9bKXi/95fmqi6yBjIkkNFWTxUZRyZCTK70dDpigxfGoJJorZrIiMscLE2JYqtgRv+eRV0rmoe5f1xkOj1rwp6ijDCZzCOXhwBU24gxa0gYCEZ3iFN8c4L86787EYLTnFzjH8gfP5A4V4kWw=</latexit>

M background

LIT + HH for the monopole transition
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The α-particle transition form factor
Status quo in 2013
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AV8’ + central 3NF         E0     = -28.44  MeV 
AV18+UIX                      E0     = -28.40  MeV 
NN(N3LO)+3NF(N2LO)  E0     = -28.36 MeV 

E0exp= -28.30 MeV

InelasticElastic
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EFT potentials

The α-particle transition form factor
Checks

•  Many-body charge operators?

Impulse approximation valid for elastic form factor below 2 
fm-1 Viviani et al., PRL 99 (2007) 112002

Many-body operators appear at high oder in EFT

• Numerics?  Our calculations are well converged (few % level) in the HH basis

Kmax 12 14 16 18

104|FM|2 4.59 4.75 4.85 4.87

• Higher order 3NF (N3LO)? 
    

Unlikely... 
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• Can the experiment be wrong? 
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Measurement of the α-Particle Monopole Transition Form Factor Challenges Theory:
A Low-Energy Puzzle for Nuclear Forces?

S. Kegel ,1 P. Achenbach ,1 S. Bacca ,1,2 N. Barnea ,3 J. Beričič,4 D. Bosnar ,5 L. Correa,6,1 M. O. Distler ,1

A. Esser,1 H. Fonvieille,6 I. Friščić ,5 M. Heilig,1 P. Herrmann,1 M. Hoek ,1 P. Klag,1 T. Kolar ,7,4 W. Leidemann ,8,9

H. Merkel ,1 M. Mihovilovič,1,4 J. Müller,1 U. Müller ,1 G. Orlandini ,8,9 J. Pochodzalla ,1 B. S. Schlimme ,1

M. Schoth,1 F. Schulz,1 C. Sfienti ,1,* S. Širca ,7,4 R. Spreckels,1 Y. Stöttinger,1 M. Thiel ,1 A. Tyukin,1

T. Walcher ,1 and A. Weber1
1Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany

2Helmholtz-Institut Mainz, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany
3Racah Institute of Physics, Hebrew University, 91904 Jerusalem, Israel

4Jožef Stefan Institute, SI-1000 Ljubljana, Slovenia
5Department of Physics, Faculty of Science, University of Zagreb, 10000 Zagreb, Croatia
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We perform a systematic study of the α-particle excitation from its ground state 0þ1 to the 0þ2 resonance.
The so-called monopole transition form factor is investigated via an electron scattering experiment in a
broad Q2 range (from 0.5 to 5.0 fm−2). The precision of the new data dramatically supersedes that of older
sets of data, each covering only a portion of the Q2 range. The new data allow the determination of two
coefficients in a low-momentum expansion, leading to a new puzzle. By confronting experiment to state-of-
the-art theoretical calculations, we observe that modern nuclear forces, including those derived within
chiral effective field theory that are well tested on a variety of observables, fail to reproduce the excitation of
the α particle.

DOI: 10.1103/PhysRevLett.130.152502

The rather complex nature of the strong interaction
generates a broad range of diverse phenomena in the
Universe, which can be experimentally observed and theo-
retically interpreted. Among the phenomena that are most
easily experimentally accessible are those involving strongly
interacting matter in the form of atomic nuclei, built from
quarks and gluons confined within nucleons. At energies
characteristic of nuclear binding, the strength and complexity
of quantum chromodynamics (QCD) complicate immensely
the understanding of nuclear phenomena in terms of quarks
and gluons as fundamental degrees of freedom. Providing a
link between QCD with its inherent symmetries and the
strong force acting in nuclear systems is a key problem in
modern nuclear physics. From the theoretical point of view, a
major breakthrough was spurred by the introduction of the
concept of effective field theory, which, applied to low-
energy QCD, gave rise to the so-called interactions from
chiral effective field theory (χEFT) [1–4], where nucleon-
nucleon (NN) and three-nucleon (3N) (and more-nucleon)
forces arise in a natural and consistent hierarchical scheme.
Developments in χEFT, together with advancements in few-
and many-body methods, enable controlled calculations of
matter at nuclear densities and, recently, even offer the

opportunity to extend into the high-density regimes of
nuclear matter found in neutron stars [5].
In order to understand exciting phenomena such as

neutron star mergers [6], knowledge of the nuclear equation
of state is required. The latter is described in terms of a few
parameters, such as the symmetry energy, its slope, and the
incompressibility [7]. These quantities, ultimately stem-
ming from QCD and recently derived from χEFT using
ab initio methods [8,9], can be connected to the physics of
finite nuclei. For example, the incompressibility K, giving
information about the stiffness of nuclear matter against
variations in the density, has been traditionally extracted
from studies of the isoscalar monopole resonance [10],
which is interpreted as a breathing mode.
In this Letter, we study the isoscalar monopole resonance

of the α particle in its transition from the ground state 0þ1 to
the first excited state 0þ2 .
The α particle is particularly interesting because it can be

addressed as a four-nucleon problem with numerical
methods that are accurate even at the subpercent level,
leaving any discrepancy with experiment to be blamed on
the only input, namely, the assumptions on the used nuclear
Hamiltonian, consisting of the choice of nucleons as

PHYSICAL REVIEW LETTERS 130, 152502 (2023)
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The transition form factor is obtained from the exper-
imental cross section divided by the normalized Mott cross
section,

jFM0þðQ2Þj2 ¼
!
dσ
dΩ

"

Exp
=

!
dσ
dΩ

"

Mott
: ð4Þ

It is beneficial to take advantage of the simultaneously
measured elastic peak of 4He to avoid fluctuations in the
data caused by different luminosities and determine the
monopole form factor relative to the elastic peak. Both
quantities, the elastic peak and the monopole resonance,
exhibit a slightly different Q2 which was accounted for
when evaluating the form factor ratio. The value of Q2 is
determined by a binned distribution taking into account the
applied data cuts. Those cuts were first restricted to
%240 keV around both peaks to keep the influence of
the continuum background to the form factor ratio small.
The relative transition form factor established this way is
then in a last iteration step improved by extending themmiss
cut from 19.5 to 22 MeV to include large contributions of
the monopoles radiative tail. For this purpose, the reso-
nance peak is simulated with parametrization σ1 and σ2 and
the valid transition form factor ratio and in combination
with the backgrounds BG1 and BG2, respectively, opti-
mized to data in order to minimize the χ2. Within this
minimization procedure, the simulation of the monopole
resonance peak is allowed to float only by a factor, which is
then used to adjust the transition form factor. Further details
of the data analysis can be found in the supplemental
material [32].
Our final experimental results for the monopole tran-

sition form factor are shown in Fig. 3, in comparison to the
χEFT calculation from Ref. [11]. A third order basis spline
polynomial is used to fit the data. To account for the model
uncertainties, the analysis was repeated with all remaining
combinations of resonance parametrizations and back-
ground models. Analyzing the transition form factor with
model BG1 leads to a variation of δBG model ¼ %3.2%
around the results obtained by BG2, see Table II.
However, a constant shift of the transition form factor to
higher or lower values by a different continuum model
could not be verified. On the contrary, analyzing the data
with σ1 from (1) leads to an average shift of the transition
form factor of δres model ¼ −5.8% and thus to smaller
values. These model dependencies were added linearly

to the (blue) model confidence band in Fig. 3, representing
the model uncertainty of the data. The contributions to the
total systematic uncertainty on the extraction of the
transition form factor are summarized in Table II. A
conservative error of the elastic form factor of 4He, used
to normalize the data, has been estimated as point-to-point
uncertainty to 0.5% as given by the authors in [20].
Background subtraction of the elastic tails from 4He,
27Al, and the quasielastic scattering off 27Al contribute to
the systematic uncertainty with up to 1%. The FWHM of
the monopole resonance Γ0 influences the transition form
factor jFM0þðQ2Þj2 by 4% and contributes the major
uncertainty. This uncertainty has been estimated by varying
Γ0 within a realistic error range and observing the effect
onto the transition form factor. All systematic errors were
added quadratically to the statistical errors. Our results
agree with previous data [13,14] albeit having a much
higher precision and thereby reinforce the tension with
ab initio calculations [11], where, for example, the χEFT
result is 100% too high at Q2 ¼ 1.5 fm−2 with respect to
the new data.
Since the low-q2 part of the transition form factor allows

for a direct access to gross features of the 0þ2 state, we shall
focus now on discussing this q2 range. A q⃗ → 0 expansion
yields [33,34]

TABLE I. FWHM Γ0 for the investigated resonance para-
metrizations σ1 Eq. (1) and σ2 Eq. (3) and the two background
parametrizations BG1 and BG2.

BG1 (keV) BG2 (keV)

σ1 268% 43 285% 33
σ2 262% 47 288% 39

FIG. 3. Monopole transition form factor as a function of Q2, in
comparison to previous data [12–14] and χEFT prediction [11]
(see text for details).

TABLE II. Contributions to the systematic uncertainties of the
transition form factor and the model dependencies.

Source ΔjFM0þðQ2Þj2 (%)

Background %1
4He ground state form factor %0.5
ΔΓ0 %4

Model uncertainties

BG1-BG2 %3.2
σ1 − σ2 −5.8

PHYSICAL REVIEW LETTERS 130, 152502 (2023)

152502-4

Problem with chiral EFT 
becomes stronger

Mainz
Status quo in 2023



Benchmark

15

Using different few-body methods,  
we get same result  

ZjFM0þðq2Þj
q2

¼ hr2itr
6

!
1 −

q2

20
R2

tr þOðq4Þ
"

ð5Þ

and allows extraction of the monopole transition matrix
element hr2itr and the transition radius R2

tr ¼ hr4itr=hr2itr,
which provide information about the spatial structure of the
resonant state 0þ2 . We use this formula to extract these
quantities both from experimental data and theoretical
calculations using a three-parameter fit. For the theory,
given that FM0þ was calculated on a grid of q every
0.25 fm−1 [11], we use four available low-momentum
points at q2 ≤ 1 fm−2, assigning to each point a 1%
numerical uncertainty. The fit values for hr2itr and Rtr
are compatible with what we obtain from a direct calcu-
lation using the transition density in coordinate space [35].
For the experiment, we fit the six data points below q2 ¼
1 fm−2 neglecting any recoil and assuming a sharp reso-
nance. A physics boundary condition FM0þðQ2 → 0Þ ¼ 0
(which arises from the fact that the inelastic form factor is
going to zero for q2 → 0) was implemented in the spline
polynomial fit function of the form factor. The obtained
values for hr2itr and Rtr are reported in Table III with the
uncertainties given by the fit, and the corresponding curves
based on the mean values of Table III are shown in Fig. 4.
We notice that in the range of 0.2 ≤ q2 ≤ 1 fm−2 the

simplified potential used by Hiyama et al. [36] leads to
agreement with the experimental data, while the realistic
calculations do not. Because the calculation by Hiyama
et al. was performed with a distinct few-body method, in
this Letter we recalculate it with the same method as in
Ref. [11] to infer whether the difference stems from the
numerical solver or from the Hamiltonian. In Fig. 4, we
show that we (gray solid line) reproduce the result of
Ref. [36] (black dashed line). We assign a 1% uncertainty to
our calculation by taking the difference from the largest and
second largest model-space results. While describing the

data, the AV8’þ central 3N potential is, however, not
compatible with the experimental fit value of hr2itr, while
the realistic AV18þ UIX is. Overall, we see that theory
predicts a smaller value ofRtr than the experimental fit, and
the χEFT prediction deviates the most from experiment,
even at low momenta. The combination of the new
experimental data and calculations prove that there is a
puzzle, which is not due to the applied few-body method,
but rather to the modeling of the nuclear Hamiltonian. The
experimental transition radius is ≈10% larger than the
calculation with chiral NN-interaction predicts. This might
indicate that the hard core of the interaction is too weak,
effectively producing a too narrow wave function.
Interestingly, another recent investigation [37] shows that
the 0þ2 state in 4He is very sensitive to the particular
parametrization of the chiral 3N force.
Further theoretical work is needed to resolve the

α-particle monopole puzzle. A systematic experimental
verification of future theoretical developments will be
opened up by the low-energy electron beam of the new
Mainz Energy-recovering Superconducting Accelerator
(MESA) under construction at [38], which will operate in
the ideal energy regime to test χEFT. Such future generation
experiments will allow us to investigate other observables,
as well as other light nuclei, leading to an improvement of
our current understanding of the nuclear forces.
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FIG. 4. Low-q2 data for the monopole form factor: theory vs
experiment (see text for details).

TABLE III. Values of hr2itr and Rtr: Experiment vs theory.

hr2itr (fm2) Rtr (fm)

Experiment 1.53% 0.05 4.56% 0.15
Theory (AV8’þ central 3N) 1.36% 0.01 4.01% 0.05
Theory (AV18þ UIX) 1.54% 0.01 3.77% 0.08
Theory (χEFT) 1.83% 0.01 3.97% 0.05
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We perform a systematic study of the α-particle excitation from its ground state 0þ1 to the 0þ2 resonance.
The so-called monopole transition form factor is investigated via an electron scattering experiment in a
broad Q2 range (from 0.5 to 5.0 fm−2). The precision of the new data dramatically supersedes that of older
sets of data, each covering only a portion of the Q2 range. The new data allow the determination of two
coefficients in a low-momentum expansion, leading to a new puzzle. By confronting experiment to state-of-
the-art theoretical calculations, we observe that modern nuclear forces, including those derived within
chiral effective field theory that are well tested on a variety of observables, fail to reproduce the excitation of
the α particle.

DOI: 10.1103/PhysRevLett.130.152502

The rather complex nature of the strong interaction
generates a broad range of diverse phenomena in the
Universe, which can be experimentally observed and theo-
retically interpreted. Among the phenomena that are most
easily experimentally accessible are those involving strongly
interacting matter in the form of atomic nuclei, built from
quarks and gluons confined within nucleons. At energies
characteristic of nuclear binding, the strength and complexity
of quantum chromodynamics (QCD) complicate immensely
the understanding of nuclear phenomena in terms of quarks
and gluons as fundamental degrees of freedom. Providing a
link between QCD with its inherent symmetries and the
strong force acting in nuclear systems is a key problem in
modern nuclear physics. From the theoretical point of view, a
major breakthrough was spurred by the introduction of the
concept of effective field theory, which, applied to low-
energy QCD, gave rise to the so-called interactions from
chiral effective field theory (χEFT) [1–4], where nucleon-
nucleon (NN) and three-nucleon (3N) (and more-nucleon)
forces arise in a natural and consistent hierarchical scheme.
Developments in χEFT, together with advancements in few-
and many-body methods, enable controlled calculations of
matter at nuclear densities and, recently, even offer the

opportunity to extend into the high-density regimes of
nuclear matter found in neutron stars [5].
In order to understand exciting phenomena such as

neutron star mergers [6], knowledge of the nuclear equation
of state is required. The latter is described in terms of a few
parameters, such as the symmetry energy, its slope, and the
incompressibility [7]. These quantities, ultimately stem-
ming from QCD and recently derived from χEFT using
ab initio methods [8,9], can be connected to the physics of
finite nuclei. For example, the incompressibility K, giving
information about the stiffness of nuclear matter against
variations in the density, has been traditionally extracted
from studies of the isoscalar monopole resonance [10],
which is interpreted as a breathing mode.
In this Letter, we study the isoscalar monopole resonance

of the α particle in its transition from the ground state 0þ1 to
the first excited state 0þ2 .
The α particle is particularly interesting because it can be

addressed as a four-nucleon problem with numerical
methods that are accurate even at the subpercent level,
leaving any discrepancy with experiment to be blamed on
the only input, namely, the assumptions on the used nuclear
Hamiltonian, consisting of the choice of nucleons as
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Editors' Suggestion Featured in Physics

0031-9007=23=130(15)=152502(6) 152502-1 © 2023 American Physical Society



16

EFT potentials

In the news



Two important comments

17

E. Epelbaum, Physics 16 (2023) 58 

Threshold energy: 
“The form factor may depend on the energy difference between the position of the resonance and the two-body 
breakup threshold, so any uncertainties in calculating the excitation energy would translate into relatively large 
uncertainties in the form factor predictions.”  
⇒ investigate role of threshold energy

Kamimura, Prog. Theor. Exp. Phys. (Letter) Vol. 2023, 071D01 (2023)

Bound vs Continuum: 
Claim that “the large difference between the calculated form factors does not stem from numerical methods but from the 
Hamiltonian. However, the comparison between the methods was performed only for the calculation based on the bound-
state approximation.”  
⇒ investigate role of continuum 
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18

Michel, Nazarewicz, Ploszajczak et al., PRL 131, 242502 (2023) 
Method: NCGSM-CC

With simplified Hamiltonians

Er fit to exp ⇒ monopole form factor agrees with data

No 3NF: 
Vlowk EM N3LO
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Peng et al. found out a 1/Z wrong factor in their derivation. 
Update: courtesy of M. Ploszajczak, private communication  
(unpublished, 2024)
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New Calculations after our PRL
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Michel et al., Errata (unpublished, 2024)  
Method: NCGSM-CC

With simplified Hamiltonians

Large potential dependence is seen,  
consistent with our findings
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Peng et al., private communication (unpublished, 2024) 

High monopole form factor is seen, like in our case, 
but Er =60 keV

LIT+HH: χEFT
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Meißner, Shen, Elhatisari, Lee, PRL 132, 062501 (2024) 
Method: LatticeEFT

SU(4) force

New Calculations after our PRL
With simplified Hamiltonians

Er not fit to experimental value, but comes out correct to 
be about 0.40(9) MeV and describes well the monopole 
form factor
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Meißner, Shen, Elhatisari, Lee, PRL 132, 062501 (2024) 
Method: LatticeEFT

New Calculations after our PRL
With simplified Hamiltonians

Fourier transform of transition density is higher than data.  
Tail was modified to exp(-r1.5) because resonance should fall 
off slower than a bound state

published density
+ Coulomb

Meißner and Shen, private communication (2024)
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Viviani et al, FBS (2024), Method HH 

Chiral EFT force is different from the one used  Bacca et al. (2013)

New Calculations after our PRL

Interestingly, monopole data are reproduced but Er is about 120 keV.

Effect of two-body currents is a few %

With chiral Hamiltonians
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None of the theories gets Er and 𝚪r correct
Evaluation by Tilley et al, NPA 541 (1992) 1-104

<latexit sha1_base64="gTsKB73j0WWM9NVhjD17plwDxWc=">AAACG3icbVDLSgNBEJz1GeNr1aOXwSB4WnZjfB2EoIheBAXzgGwIvZNJMjizu87MCmGJ3+HFX/HiQRFPggf/xkkMqIkFDUVVN91dQcyZ0q77aU1MTk3PzGbmsvMLi0vL9spqWUWJJLREIh7JagCKchbSkmaa02osKYiA00pwfdz3K7dUKhaFV7ob07qAdshajIA2UsPOnzTkIXad7YO71JcCn9NyD/s3Nwk0sX8KQoDxXWfH/bEbds513AHwOPGGJIeGuGjY734zIomgoSYclKp5bqzrKUjNCKe9rJ8oGgO5hjatGRqCoKqeDn7r4U2jNHErkqZCjQfq74kUhFJdEZhOAbqjRr2++J9XS3Rrv56yME40Dcn3olbCsY5wPyjcZJISzbuGAJHM3IpJByQQbeLMmhC80ZfHSTnveLtO4bKQKx4N48igdbSBtpCH9lARnaELVEIE3aNH9IxerAfryXq13r5bJ6zhzBr6A+vjC60un18=</latexit>

Er = 0.39 MeV �r = 0.50 MeV

Pionless EFT with RGM: Kirscher and Griesshammer, EPJA 54, 137 (2018) 
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Er = 0.38± 0.25MeV



Investigating the 0+ with 𝛼 scattering
Courtesy from Soukeras and Cappuzzello
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4He(e,e΄)4He* 

•Pure electro-magnetic 😀  

•Mixed isoscalar and isovector 🙁 
  

•Contribution of several multipoles 🙁 

•Low cross section 🙁

4He(4He,4He)4He* 

• Involves strong force ⇒ need modelling 🙁  

•Purely isoscalar 😀 

•Contribution of few other multipoles 😀 

•Large cross section 😀 
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Experiment by Cappuzzello, Soukeras et al.
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1S0
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3P1
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↵+ ↵ !3
H+

5
Li ! ↵+ p+3

H
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3P1

Fano analysis  (accounts for asymmetries in the resonance)

Catania
New experiment: 𝛼-𝛼 scattering
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Evaluation

Catania
New experiment: 𝛼-𝛼 scattering
New characterization of the resonance
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Evaluation

Catania
New experiment: 𝛼-𝛼 scattering

<latexit sha1_base64="+X3oBYvtL/wJjuxaArt3nXQOES4="></latexit>

Er = 20.31± 0.01 MeV, �r = 0.29± 0.01 MeV

New characterization of the resonance



𝛼-𝛼 scattering: reaction theory
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Set of coupled equations
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V (N)(R) =

Z
⇢0+i

(~r1) ⇢0+j
(~r2) vNN (~R� ~r1 + ~r2) d~r1 d~r2, i, j = 1, 2

Optical potentials 

Double folding potentials 

Luiz Chamon et al.
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0+1 ! 0+2

χEFT (Bacca et al) χEFT (Viviani et al) SU4 (Meißner et al) AV8+3N (Hiyama et al)



Experiment by Cappuzzello, Soukeras et al., coupled-channel calculations by Luiz Chamon with double folding potential 
using the experimental ground-state density
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Elastic 𝛼-𝛼 scattering

data theory
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Inelastic 𝛼-𝛼 scattering

data χEFT (Bacca et al)

Experiment by Cappuzzello, Soukeras et al., coupled-channel calculations by Luiz Chamon with double folding potential 
using ab-initio ground-state densities

χEFT (Viviani et al) SU4 (Meißner et al) AV8+3N (Hiyama et al)



Conclusions and outlook
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• The solution is not “just” a simple tuning of Er 
• More investigations are needed before we can call it a solved problem
• We need more benchmarks on the few-body methods on this resonance 
• We need order-by-order EFT calculations to assess full uncertainties

Thanks to my collaborators: 
N.Barnea, L.Chamon, W.Leidemann, G.Orlandini, F.Cappuzzello, V.Soukeras, C.Sfienti, S.Schlimme 
 
and to the colleagues who provided us with their results: 
U-G.Meißner, Y.Peng, M.Ploszajczak, A.Kievsky, M.Viviani 

Thank you for your attention!
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Open questions

• If this resonance state is fine-tuned, does it mean it is not interesting 
   for calibrating forces? 

• Could the problem be the “wrong” power counting?  

• Could the problem be the relatively low-order used in chiral EFT?  

• Is the problem in the force or in the few-body method?



Backup slides

33



34
R. MachleidtFuture of NN Interaction          APS APR17, 01/30/2017 24

Chiral effective field theory
Picture from R. Machleidt (2017)

• 2N forces up to N4LO 

• 3N forces up to N2LO

First excited state of 4He explored 
within chiral EFT so far with



Coupling to the electromagnetic field
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Cross Section R(⇤) =
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Electroweak operator

�em ⇠ew

Chiral effective field theory
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Chiral effective field theoryChiral effective field theory

LO(      )      

NLO(     )      

N2LO(     )      
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Jµ = Jµ
1BC + Jµ

2BC

Electromagnetic operator

Credits: B.Acharya



The continuum problem
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Depending on  Ef , many channels may be involved

continuum

narrow  
resonances

giant  
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The Lorentz integral transform (LIT)
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       Reduce the continuum problem to a bound-state-like equation

(H � E0 � � + i�) | ⇥̃⇥ = Ô | ⇥0⇥
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Efros, et al., JPG.: Nucl.Part.Phys.  34 (2007) R459 

inversion



Hyperspherical Harmonics (HH)
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The inversion is performed numerically with a regularization procedure (ill-posed problem)

Ansatz 

Message: Inversions are stable if the LIT is calculated precisely enough

fit

Inversion of the LIT



Benchmark
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ZjFM0þðq2Þj
q2

¼ hr2itr
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!
1 −

q2

20
R2

tr þOðq4Þ
"

ð5Þ

and allows extraction of the monopole transition matrix
element hr2itr and the transition radius R2

tr ¼ hr4itr=hr2itr,
which provide information about the spatial structure of the
resonant state 0þ2 . We use this formula to extract these
quantities both from experimental data and theoretical
calculations using a three-parameter fit. For the theory,
given that FM0þ was calculated on a grid of q every
0.25 fm−1 [11], we use four available low-momentum
points at q2 ≤ 1 fm−2, assigning to each point a 1%
numerical uncertainty. The fit values for hr2itr and Rtr
are compatible with what we obtain from a direct calcu-
lation using the transition density in coordinate space [35].
For the experiment, we fit the six data points below q2 ¼
1 fm−2 neglecting any recoil and assuming a sharp reso-
nance. A physics boundary condition FM0þðQ2 → 0Þ ¼ 0
(which arises from the fact that the inelastic form factor is
going to zero for q2 → 0) was implemented in the spline
polynomial fit function of the form factor. The obtained
values for hr2itr and Rtr are reported in Table III with the
uncertainties given by the fit, and the corresponding curves
based on the mean values of Table III are shown in Fig. 4.
We notice that in the range of 0.2 ≤ q2 ≤ 1 fm−2 the

simplified potential used by Hiyama et al. [36] leads to
agreement with the experimental data, while the realistic
calculations do not. Because the calculation by Hiyama
et al. was performed with a distinct few-body method, in
this Letter we recalculate it with the same method as in
Ref. [11] to infer whether the difference stems from the
numerical solver or from the Hamiltonian. In Fig. 4, we
show that we (gray solid line) reproduce the result of
Ref. [36] (black dashed line). We assign a 1% uncertainty to
our calculation by taking the difference from the largest and
second largest model-space results. While describing the

data, the AV8’þ central 3N potential is, however, not
compatible with the experimental fit value of hr2itr, while
the realistic AV18þ UIX is. Overall, we see that theory
predicts a smaller value ofRtr than the experimental fit, and
the χEFT prediction deviates the most from experiment,
even at low momenta. The combination of the new
experimental data and calculations prove that there is a
puzzle, which is not due to the applied few-body method,
but rather to the modeling of the nuclear Hamiltonian. The
experimental transition radius is ≈10% larger than the
calculation with chiral NN-interaction predicts. This might
indicate that the hard core of the interaction is too weak,
effectively producing a too narrow wave function.
Interestingly, another recent investigation [37] shows that
the 0þ2 state in 4He is very sensitive to the particular
parametrization of the chiral 3N force.
Further theoretical work is needed to resolve the

α-particle monopole puzzle. A systematic experimental
verification of future theoretical developments will be
opened up by the low-energy electron beam of the new
Mainz Energy-recovering Superconducting Accelerator
(MESA) under construction at [38], which will operate in
the ideal energy regime to test χEFT. Such future generation
experiments will allow us to investigate other observables,
as well as other light nuclei, leading to an improvement of
our current understanding of the nuclear forces.
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FIG. 4. Low-q2 data for the monopole form factor: theory vs
experiment (see text for details).

TABLE III. Values of hr2itr and Rtr: Experiment vs theory.

hr2itr (fm2) Rtr (fm)

Experiment 1.53% 0.05 4.56% 0.15
Theory (AV8’þ central 3N) 1.36% 0.01 4.01% 0.05
Theory (AV18þ UIX) 1.54% 0.01 3.77% 0.08
Theory (χEFT) 1.83% 0.01 3.97% 0.05

PHYSICAL REVIEW LETTERS 130, 152502 (2023)

152502-5

Measurement of the α-Particle Monopole Transition Form Factor Challenges Theory:
A Low-Energy Puzzle for Nuclear Forces?

S. Kegel ,1 P. Achenbach ,1 S. Bacca ,1,2 N. Barnea ,3 J. Beričič,4 D. Bosnar ,5 L. Correa,6,1 M. O. Distler ,1

A. Esser,1 H. Fonvieille,6 I. Friščić ,5 M. Heilig,1 P. Herrmann,1 M. Hoek ,1 P. Klag,1 T. Kolar ,7,4 W. Leidemann ,8,9

H. Merkel ,1 M. Mihovilovič,1,4 J. Müller,1 U. Müller ,1 G. Orlandini ,8,9 J. Pochodzalla ,1 B. S. Schlimme ,1

M. Schoth,1 F. Schulz,1 C. Sfienti ,1,* S. Širca ,7,4 R. Spreckels,1 Y. Stöttinger,1 M. Thiel ,1 A. Tyukin,1

T. Walcher ,1 and A. Weber1
1Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany

2Helmholtz-Institut Mainz, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany
3Racah Institute of Physics, Hebrew University, 91904 Jerusalem, Israel

4Jožef Stefan Institute, SI-1000 Ljubljana, Slovenia
5Department of Physics, Faculty of Science, University of Zagreb, 10000 Zagreb, Croatia
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We perform a systematic study of the α-particle excitation from its ground state 0þ1 to the 0þ2 resonance.
The so-called monopole transition form factor is investigated via an electron scattering experiment in a
broad Q2 range (from 0.5 to 5.0 fm−2). The precision of the new data dramatically supersedes that of older
sets of data, each covering only a portion of the Q2 range. The new data allow the determination of two
coefficients in a low-momentum expansion, leading to a new puzzle. By confronting experiment to state-of-
the-art theoretical calculations, we observe that modern nuclear forces, including those derived within
chiral effective field theory that are well tested on a variety of observables, fail to reproduce the excitation of
the α particle.
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The rather complex nature of the strong interaction
generates a broad range of diverse phenomena in the
Universe, which can be experimentally observed and theo-
retically interpreted. Among the phenomena that are most
easily experimentally accessible are those involving strongly
interacting matter in the form of atomic nuclei, built from
quarks and gluons confined within nucleons. At energies
characteristic of nuclear binding, the strength and complexity
of quantum chromodynamics (QCD) complicate immensely
the understanding of nuclear phenomena in terms of quarks
and gluons as fundamental degrees of freedom. Providing a
link between QCD with its inherent symmetries and the
strong force acting in nuclear systems is a key problem in
modern nuclear physics. From the theoretical point of view, a
major breakthrough was spurred by the introduction of the
concept of effective field theory, which, applied to low-
energy QCD, gave rise to the so-called interactions from
chiral effective field theory (χEFT) [1–4], where nucleon-
nucleon (NN) and three-nucleon (3N) (and more-nucleon)
forces arise in a natural and consistent hierarchical scheme.
Developments in χEFT, together with advancements in few-
and many-body methods, enable controlled calculations of
matter at nuclear densities and, recently, even offer the

opportunity to extend into the high-density regimes of
nuclear matter found in neutron stars [5].
In order to understand exciting phenomena such as

neutron star mergers [6], knowledge of the nuclear equation
of state is required. The latter is described in terms of a few
parameters, such as the symmetry energy, its slope, and the
incompressibility [7]. These quantities, ultimately stem-
ming from QCD and recently derived from χEFT using
ab initio methods [8,9], can be connected to the physics of
finite nuclei. For example, the incompressibility K, giving
information about the stiffness of nuclear matter against
variations in the density, has been traditionally extracted
from studies of the isoscalar monopole resonance [10],
which is interpreted as a breathing mode.
In this Letter, we study the isoscalar monopole resonance

of the α particle in its transition from the ground state 0þ1 to
the first excited state 0þ2 .
The α particle is particularly interesting because it can be

addressed as a four-nucleon problem with numerical
methods that are accurate even at the subpercent level,
leaving any discrepancy with experiment to be blamed on
the only input, namely, the assumptions on the used nuclear
Hamiltonian, consisting of the choice of nucleons as
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Experiment - A1

Single-arm experiment with independent high-resolution spectrometers A and B

Beam energys: 450 MeV, 690 MeV, 795 MeV

0.5fm�2 < Q2 < 5.0fm�2 with 44 data points

Empty target cell runs with reduced Helium pressure

Harald Merkel, EFB 25, Mainz 08/23 6/16

• Three high-momentum-resolution magnetic spectrometers (∆p/p ≈ 10-4)  
• Reconstruction of scattering angle θ and scattered e- momentum 
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! Monopole resonance at E0+ = 20.21MeV
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We perform a systematic study of the α-particle excitation from its ground state 0þ1 to the 0þ2 resonance.
The so-called monopole transition form factor is investigated via an electron scattering experiment in a
broad Q2 range (from 0.5 to 5.0 fm−2). The precision of the new data dramatically supersedes that of older
sets of data, each covering only a portion of the Q2 range. The new data allow the determination of two
coefficients in a low-momentum expansion, leading to a new puzzle. By confronting experiment to state-of-
the-art theoretical calculations, we observe that modern nuclear forces, including those derived within
chiral effective field theory that are well tested on a variety of observables, fail to reproduce the excitation of
the α particle.
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The rather complex nature of the strong interaction
generates a broad range of diverse phenomena in the
Universe, which can be experimentally observed and theo-
retically interpreted. Among the phenomena that are most
easily experimentally accessible are those involving strongly
interacting matter in the form of atomic nuclei, built from
quarks and gluons confined within nucleons. At energies
characteristic of nuclear binding, the strength and complexity
of quantum chromodynamics (QCD) complicate immensely
the understanding of nuclear phenomena in terms of quarks
and gluons as fundamental degrees of freedom. Providing a
link between QCD with its inherent symmetries and the
strong force acting in nuclear systems is a key problem in
modern nuclear physics. From the theoretical point of view, a
major breakthrough was spurred by the introduction of the
concept of effective field theory, which, applied to low-
energy QCD, gave rise to the so-called interactions from
chiral effective field theory (χEFT) [1–4], where nucleon-
nucleon (NN) and three-nucleon (3N) (and more-nucleon)
forces arise in a natural and consistent hierarchical scheme.
Developments in χEFT, together with advancements in few-
and many-body methods, enable controlled calculations of
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nuclear matter found in neutron stars [5].
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neutron star mergers [6], knowledge of the nuclear equation
of state is required. The latter is described in terms of a few
parameters, such as the symmetry energy, its slope, and the
incompressibility [7]. These quantities, ultimately stem-
ming from QCD and recently derived from χEFT using
ab initio methods [8,9], can be connected to the physics of
finite nuclei. For example, the incompressibility K, giving
information about the stiffness of nuclear matter against
variations in the density, has been traditionally extracted
from studies of the isoscalar monopole resonance [10],
which is interpreted as a breathing mode.
In this Letter, we study the isoscalar monopole resonance

of the α particle in its transition from the ground state 0þ1 to
the first excited state 0þ2 .
The α particle is particularly interesting because it can be

addressed as a four-nucleon problem with numerical
methods that are accurate even at the subpercent level,
leaving any discrepancy with experiment to be blamed on
the only input, namely, the assumptions on the used nuclear
Hamiltonian, consisting of the choice of nucleons as
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Large dependence on the nuclear Hamiltonian,  
In particular on 3N forces

Table 1: Energy of the 0
+
resonance and its width as extracted from the phase-

shifts. The experimental values are extracted from the R-matrix analysis.

Interaction ER (MeV) � (MeV)

N3LO500 0.126 0.556

N3LO600 0.134 0.588

N3LO500/N2LO500 0.118 0.484

N3LO600/N2LO600 0.130 0.989

N4LO450/N2LO450 0.126 0.400

N4LO500/N2LO500 0.118 0.490

N4LO550/N2LO550 0.130 0.740

Expt. 0.39 0.50

Viviani et al, Phys. Rev. C 102, 034007 (2020) 
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