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Organisation
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Scientific Director: Peter Braun-Munzinger
Scientific Coordinator: Carlo Ewerz



Budget
During Alliance funding period:  
  18.745 MEuro for 6 years or 
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matched by the partner institutions with  
  63.111 MEuro in 6 years
 
Since 2016 as department of GSI  
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Main Research Areas of EMMI
Matter under extreme conditions of temperature, density 
and pressure, in particular

• quark-gluon plasma, phase diagram of strongly 
   interacting matter, and hadron physics
• structure and dynamics of neutron-rich systems  
   from the laboratory to the stars
• plasma physics
• atomic physics and ultracold gases 
 
… and related topics

Aim:  
bringing together the best minds from these communities



Emergence of common concepts

Common underlying theoretical concepts for strongly 
coupled systems, and systems requiring combination of 
different theoretical methods 

• BEC and BCS
• QGP and ultracold Fermi gases
• holographic duality relating QCD to black holes 
• multi-messenger astronomy: neutron star mergers,  
   kilonovas, …
• hydrodynamics, turbulence, ...
• ...



Goals

central goal of EMMI:

act as think tank & provide intellectual environment
for extreme matter research (at GSI and beyond)

aiming at:
• interdisciplinary scientific events of highest quality
• strong promotion of early-career researchers
• network among two Helmholtz centres and
   eleven top national and international laboratories and 
   universities



EMMI Scientists

• more than 100 senior researchers participating in EMMI, 
   more than 400 scientists in total 

• 14 new positions (professorships / tenured) 
   created by partners: 
       10 at TUD, F, MPI-K, MS, HD, LBNL 
        4 EMMI Fellow positions at GSI 

• EMMI PhD students associated with surrounding
   graduate schools (HGS-HIRe, HGSFP)
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The size of the proton
Randolf Pohl1, Aldo Antognini1, François Nez2, Fernando D. Amaro3, François Biraben2, João M. R. Cardoso3,
Daniel S. Covita3,4, Andreas Dax5, Satish Dhawan5, Luis M. P. Fernandes3, Adolf Giesen6{, Thomas Graf6,
Theodor W. Hänsch1, Paul Indelicato2, Lucile Julien2, Cheng-Yang Kao7, Paul Knowles8, Eric-Olivier Le Bigot2,
Yi-Wei Liu7, José A. M. Lopes3, Livia Ludhova8, Cristina M. B. Monteiro3, Françoise Mulhauser8{, Tobias Nebel1,
Paul Rabinowitz9, Joaquim M. F. dos Santos3, Lukas A. Schaller8, Karsten Schuhmann10, Catherine Schwob2,
David Taqqu11, João F. C. A. Veloso4 & Franz Kottmann12

The proton is the primary building block of the visible Universe,
but many of its properties—such as its charge radius and its anom-
alous magnetic moment—are not well understood. The root-mean-
square charge radius, rp, has been determined with an accuracy of 2
per cent (at best) by electron–proton scattering experiments1,2. The
present most accurate value of rp (with an uncertainty of 1 per cent)
is given by the CODATA compilation of physical constants3. This
value is based mainly on precision spectroscopy of atomic
hydrogen4–7 and calculations of bound-state quantum electrody-
namics (QED; refs 8, 9). The accuracy of rp as deduced from elec-
tron–proton scattering limits the testing of bound-state QED in
atomic hydrogen as well as the determination of the Rydberg
constant (currently the most accurately measured fundamental
physical constant3). An attractive means to improve the accuracy
in the measurement of rp is provided by muonic hydrogen (a proton
orbited by a negative muon); its much smaller Bohr radius com-
pared to ordinary atomic hydrogen causes enhancement of effects
related to the finite size of the proton. In particular, the Lamb shift10

(the energy difference between the 2S1/2 and 2P1/2 states) is affected
by as much as 2 per cent. Here we use pulsed laser spectroscopy to
measure a muonic Lamb shift of 49,881.88(76) GHz. On the basis of
present calculations11–15 of fine and hyperfine splittings and QED
terms, we find rp 5 0.84184(67) fm, which differs by 5.0 standard
deviations from the CODATA value3 of 0.8768(69) fm. Our result
implies that either the Rydberg constant has to be shifted by
2110 kHz/c (4.9 standard deviations), or the calculations of the
QED effects in atomic hydrogen or muonic hydrogen atoms are
insufficient.

Bound-state QED was initiated in 1947 when a subtle difference
between the binding energies of the 2S1/2 and 2P1/2 states of H atoms
was established, denoted as the Lamb shift10. It is dominated by
purely radiative effects8, such as ‘self energy’ and ‘vacuum polariza-
tion’. More recently, precision optical spectroscopy of H atoms4–7

and the corresponding calculations8,9 have improved tremendously
and reached a point where the proton size (expressed by its root-

mean-square charge radius, rp~

ffiffiffiffiffiffiffiffiffiffi
r2

p

D Er
) is the limiting factor when

comparing experiment with theory16.
The CODATA value3 of rp 5 0.8768(69) fm is extracted mainly

from H atom spectroscopy and thus relies on bound-state QED (here
and elsewhere numbers in parenthesis indicate the 1 s.d. uncertainty

of the trailing digits of the given number). An H-independent but less
precise value of rp 5 0.897(18) fm was obtained in a recent reanalysis
of electron-scattering experiments1,2.

A much better determination of the proton radius is possible by
measuring the Lamb shift in muonic hydrogen (mp, an atom formed
by a proton, p, and a negative muon, m2). The muon is about 200
times heavier than the electron. The atomic Bohr radius is corre-
spondingly about 200 times smaller in mp than in H. Effects of the
finite size of the proton on the muonic S states are thus enhanced. S
states are shifted because the muon’s wavefunction at the location of
the proton is non-zero. In contrast, P states are not significantly
shifted. The total predicted 2SF~1

1=2 {2PF~2
3=2 energy difference, DẼ,

in muonic hydrogen is the sum of radiative, recoil, and proton struc-
ture contributions, and the fine and hyperfine splittings for our par-
ticular transition, and it is given8,11–15 by

D~EE~209:9779 49ð Þ{5:2262 r2
pz0:0347 r3

p meV ð1Þ

where rp~

ffiffiffiffiffiffiffiffiffiffi
r2

p

D Er
is given in fm. A detailed derivation of equation

(1) is given in Supplementary Information.
The first term in equation (1) is dominated by vacuum polariza-

tion, which causes the 2S states to be more tightly bound than the 2P
states (Fig. 1). The mp fine and hyperfine splittings (due to spin–orbit
and spin–spin interactions) are an order of magnitude smaller than
the Lamb shift (Fig. 1c). The uncertainty of 0.0049 meV in DẼ is
dominated by the proton polarizability term13 of 0.015(4) meV.
The second and third terms in equation (1) are the finite size con-
tributions. They amount to 1.8% of DẼ, two orders of magnitude
more than for H.

For more than forty years, a measurement of the mp Lamb shift has
been considered one of the fundamental experiments in atomic spec-
troscopy, but only recent progress in muon beams and laser techno-
logy made such an experiment feasible. We report the first successful
measurement of the mp Lamb shift. The energy difference between the
2SF~1

1=2 and 2PF~2
3=2 states of mp atoms has been determined by means of

pulsed laser spectroscopy at wavelengths around 6.01mm. This
transition was chosen because it gives the largest signal of all six
allowed optical 2S–2P transitions. All transitions are spectrally well
separated.

The experiment was performed at the pE5 beam-line of the proton
accelerator at the Paul Scherrer Institute (PSI) in Switzerland. We
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Princeton University, Princeton, New Jersey 08544-1009, USA. 10Dausinger & Giesen GmbH, Rotebühlstr. 87, 70178 Stuttgart, Germany. 11Paul Scherrer Institute, 5232 Villigen-PSI,
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Decoding the phase structure of QCD via 
particle production at high energy
Anton Andronic1,2, Peter Braun-Munzinger1,3,4*, Krzysztof Redlich1,5 & Johanna Stachel3

Recent studies based on lattice Monte Carlo simulations of quantum chromodynamics (QCD)—the theory of strong 
interactions—have demonstrated that at high temperature there is a phase change from confined hadronic matter to a 
deconfined quark–gluon plasma in which quarks and gluons can travel distances that greatly exceed the size of hadrons. 
Here we show that the phase structure of such strongly interacting matter can be decoded by analysing particle production 
in high-energy nuclear collisions within the framework of statistical hadronization, which accounts for the thermal 
distribution of particle species. Our results represent a phenomenological determination of the location of the phase 
boundary of strongly interacting matter, and imply quark–hadron duality at this boundary.

A tomic nuclei are bound by the strong force between their constit-
uent ‘nucleons’: protons and neutrons. Although the density in 
the centre of a heavy nucleus is extremely large (about 1014 times 

the density of water), the mean distance between nucleons exceeds their 
diameter (the radius of the nucleon is about 0.88 fm = 0.88 × 10−15 m 
and the number density inside a nucleus is n0 = 0.16 fm−3). Thus, normal 
nuclear matter is a dilute many-body system. If such matter is compressed 
or heated in high-energy nuclear collisions (see, for example, refs 1–3 
to even higher densities or high temperatures (typically of the order of 
kBT ≈ mπc2, where mπ is the mass of the lightest hadron (the pion), T is 
the temperature, kB is Boltzmann’s constant and c is the speed of light), 
then quarks, the building blocks of nucleons, are expected4–7 to be no 
longer confined but able to move over distances much larger than the 
size of the nucleon. Such a ‘deconfined’ state of matter, named the quark–
gluon plasma (QGP)8, is likely to have existed in the early Universe within 
the first microseconds after the Big Bang9. One of the challenging ques-
tions in modern nuclear physics is to identify the structure and phases 
of such strongly interacting matter10.

Evidence for the existence, in the laboratory, of the QGP has been 
obtained by studying collisions between heavy atomic nuclei (Au and 
Pb) at ultra-relativistic energies. The first relevant results came from 
experiments at the CERN (European Organization for Nuclear 
Research) Super Proton Synchrotron (SPS) accelerator11. Using the 
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National 
Laboratory (BNL), experiments confirmed the existence of this new 
state of matter, providing further strong evidence for QGP formation 
and expansion dynamics in the hot fireball produced in high-energy 
nuclear collisions. Supporting evidence was also obtained from exper-
iments at the BNL Alternating Gradient Synchrotron (AGS) through 
the discovery of collective dynamics at high energy12. For nuclear col-
lisions, the centre-of-mass energies per nucleon pair, sNN, covered by 
different accelerator facilities are: (1) the BNL AGS, sNN  = 2.7–
4.8 GeV, (2) the CERN SPS, sNN  = 6.2–17.3 GeV, (3) the BNL RHIC, 

sNN = 7.0–200 GeV and (4) the CERN Large Hadron Collider (LHC), 
sNN  = 2.76–5.02 TeV.
The results from RHIC showed that the QGP behaves more like a 

nearly ideal, strongly interacting fluid than a weakly interacting gas of 
quarks and gluons1,3,13–16. These results were confirmed and extended 
into hitherto unexplored regions of phase space (in particular, high 

transverse momenta) by experiments at the CERN Large Hadron 
Collider (LHC)17–19. At LHC energies, the fireball formed in Pb–Pb 
collisions is so hot and dense that quarks or gluons (partons) produced 
initially with energies of up to a few hundred gigaelectronvolts lose a 
substantial fraction of their energy while traversing it.

The characterization of the QGP in terms of its equation of state 
(which expresses pressure as a function of energy density) and of its 
transport properties (such as its viscosity or diffusion coefficients) as 
well as delineating the phases of strongly interacting matter20 is a major 
ongoing research effort2,3,18,21,22. However, it has turned out that direct 
connections between the underlying theory of strong interactions in 
the standard model of particle physics, QCD23 and the experimental 
data are not readily to be established. This is because the constituents of 
the QGP—the coloured quarks and gluons—are not observable as free 
particles, a fundamental property of QCD called ‘confinement’. What 
is observable are colourless bound states of these partons, resulting in 
mesons and baryons; these bound states are generally referred to as 
hadrons. Furthermore, the equations of QCD can be solved analytically 
only in the high-energy and short-distance limit where perturbative 
techniques can be used owing to the asymptotic freedom property of 
QCD24,25. This is unfortunately not possible for the QGP, where typical  
distance scales exceed the size of the largest atomic nuclei and the typ-
ical momentum scale is low. The only technique known at present is 
lattice QCD (LQCD)26, whereby the QCD equations are solved numer-
ically by discretizing the QCD Lagrangian on a four-dimensional  
space-time lattice and evaluating them statistically via Monte Carlo 
methods.

In the following sections we discuss how the phase structure of 
strongly interacting matter described by LQCD can be decoded by 
analysing particle production in high-energy nuclear collisions. This 
is achieved by using the observed thermalization pattern of particle 
abundances within the framework of statistical hadronization at various 
collision energies.

Connecting hadronic states and QCD constituents
From LQCD calculations, a deconfinement transition from matter 
composed of hadronic constituents (that is, hadronic matter) to a QGP 
has indeed been predicted (see ref. 26 for an early review) at an energy 
density of about 1 GeV fm−3. Besides deconfinement, there is also a 
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Masses of exotic calcium isotopes pin down
nuclear forces
F. Wienholtz1, D. Beck2, K. Blaum3, Ch. Borgmann3, M. Breitenfeldt4, R. B. Cakirli3,5, S. George1, F. Herfurth2, J. D. Holt6,7,
M. Kowalska8, S. Kreim3,8, D. Lunney9, V. Manea9, J. Menéndez6,7, D. Neidherr2, M. Rosenbusch1, L. Schweikhard1,
A. Schwenk7,6, J. Simonis6,7, J. Stanja10, R. N. Wolf1 & K. Zuber10

The properties of exotic nuclei on the verge of existence play a
fundamental part in our understanding of nuclear interactions1.
Exceedingly neutron-rich nuclei become sensitive to new aspects of
nuclear forces2. Calcium, with its doubly magic isotopes 40Ca and
48Ca, is an ideal test for nuclear shell evolution, from the valley of
stability to the limits of existence. With a closed proton shell, the
calcium isotopes mark the frontier for calculations with three-
nucleon forces from chiral effective field theory3–6. Whereas pre-
dictions for the masses of 51Ca and 52Ca have been validated by
direct measurements4, it is an open question as to how nuclear
masses evolve for heavier calcium isotopes.Here we report themass
determination of the exotic calcium isotopes 53Ca and 54Ca, using
themulti-reflection time-of-flight mass spectrometer7 of ISOLTRAP
at CERN. The measured masses unambiguously establish a promi-
nent shell closure at neutron number N5 32, in excellent agree-
ment with our theoretical calculations. These results increase our
understanding of neutron-rich matter and pin down the subtle
components of nuclear forces that are at the forefront of theoretical
developments constrained by quantum chromodynamics8.
Exotic nuclei with extreme neutron-to-proton asymmetries exhibit

shell structures generated by unexpected orderings of shell occupa-
tions. Their description poses enormous challenges, because most
theoretical models have been developed for nuclei at the valley of
stability. It is thus an open question how well they can predict new
magic numbers emerging far from stability9–11. This is closely linked to
our understanding of the different components of the strong force
between neutrons and protons, such as the spin–orbit or tensor inter-
actions, which modify the gaps between single-particle orbits12, and of
three-body forces, which are pivotal in calculations of extreme neut-
ron-rich systems based on nuclear forces2,13,14. The resulting magic
numbers, as well as the strength of the corresponding shell closures,
are critical for global predictions of the nuclear landscape15, and thus
for the successful modelling of matter in astrophysical environments.
Three-body forces arise naturally in chiral effective field theory8,

which provides a systematic basis for nuclear forces connected via
its symmetries to the underlying theory of quarks and gluons, namely
quantum chromodynamics. Owing to the consistent description in

effective field theory, there are only two undetermined low-energy
couplings in chiral three-nucleon forces at leading and sub-leading
orders. These are constrained by the properties of light nuclei 3H
and 4He only, so that all heavier elements are predictions in chiral
effective field theory. The present frontier of three-nucleon forces is
located in the calcium isotopes, where the structural evolution is domi-
nated by valence neutrons due to the closed proton shell at atomic
number Z5 20 (refs 3, 5). These predictions withstood a recent chal-
lenge from direct Penning-trap mass measurements of 51Ca and 52Ca
at TITAN/TRIUMF4, which have established a substantial change
from the previous mass evaluation and leave completely open how
nuclear masses evolve past 52Ca. This region is also very exciting
because of evidence of a new magic neutron number N5 32 from
nuclear spectroscopy16–18, with a high 21 excitation energy in 52Ca
(refs 19, 20). These results are accompanied by successful theoretical
studies based on phenomenological shell-model interactions21,22,
which are similar for the excitation spectra at N5 32 but disagree
markedly in their predictions for 54Ca and further away from stability.
Here we present the first mass measurements of the exotic calcium

isotopes 53Ca and 54Ca. These provide key masses for all theoretical
models, and unambiguously establish a strong shell closure, in excel-
lent agreement with the predictions including three-nucleon forces.
The mass of a nucleus provides direct access to the binding energy,

the net result of all interactions between nucleons. Penning traps have
proven to be the method of choice when it comes to high-precision
mass determination of exotic nuclei23,24. The mass m of an ion of
interest with charge q stored in a magnetic field B is determined by
comparing its cyclotron frequency nC5 qB/(2pm) to that of a well-
known reference ion, nC,Ref. The frequency ratio rICR5 nC,Ref/nC (ICR,
ion cyclotron resonance) then yields the mass ratio directly and thus
the atomic mass of the isotope.
We havemade a critical step towards determining the pivotal calcium

masses by introducing a newmethodof precisionmass spectrometry for
short-lived isotopes. The developments and measurements were per-
formed with ISOLTRAP25, a high-resolution Penning-trap mass
spectrometer at the ISOLDE/CERN facility. This method was used to
confirmand even improve the accuracy of the recentmassmeasurements

1Ernst-Moritz-Arndt-Universität Greifswald, Institut für Physik, Felix-Hausdorff-Strasse 6, D-17489 Greifswald, Germany. 2GSI Helmholtzzentrum für Schwerionenforschung GmbH, Planckstrasse 1,
D-64291 Darmstadt, Germany. 3Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany. 4Instituut voor Kern- en Stralingsfysica, Katholieke Universiteit, Celestijnenlaan
200d – bus 2418, B-3001 Heverlee, Belgium. 5University of Istanbul, Department of Physics, 34134 Istanbul, Turkey. 6Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt,
Germany. 7ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany. 8CERN, Geneva 23, CH-1211 Geneva, Switzerland. 9CSNSM-IN2P3-
CNRS, Université Paris-Sud, 91405 Orsay, France. 10Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Zellescher Weg 19, D-01069 Dresden, Germany.

Reference ion source

ISOLDE ion beam

RFQ cooler and buncher MR-TOF mass spectrometer TOF detector

Towards
Penning traps

Figure 1 | Experimental set-up.
Main components relevant for the
53,54Ca study: incoming ISOLDE ion
beam, reference ion source, radio-
frequency quadrupole (RFQ)
buncher, multi-reflection time-of-
flight (MR-TOF) mass spectrometer
and (removable) time-of-flight ion
detector.
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C75 (24, 25). Thus, the one–metal-ion mecha-
nism requires all three carboxylates: two that func-
tion in bindingmetal ion A and a third required for
A76 addition only.

The structure of the ternary CTP complex,
AfCCA(Ca2+)+A73+[CTP], showed that, in po-
sition 76, the CTP basemakes the same hydrogen-
bonding interaction with Arg224 as the base of ATP
does in the preinsertion complex (Fig. 4A), which
requires themovement of CTP towardArg224 (Fig.
4D). Superposition onto the previously reported
binary enzyme + tRNA complexAfCCA+ACC75
(6) shows that, in the CTP complex, the key ami-
no acids in the binding pocket, Arg224, His133 and
Arg50, move toward the incomingCTP, which fits
snugly in the pocket (Fig. 4, B andC). In addition,
oxygen atoms of the phosphate groups of A73
and C74 move toward CTP to engage in stronger
hydrogen-bonding interactions with N4 of CTP.
Such “induced fit” behavior of the binding pocket
shows the effects of the incoming nucleosides on
catalytic activity of nucleotidyltransferases.

The ability of the CCA-adding enzyme to
insert ATP and not CTP at position 76 is a result
of its properly positioning the a phosphate of
ATP, but not that of CTP, in the active site for a
nucleophilic attack by the 3′ OH of C75. CTP at
position 76 has the same hydrogen-bonding inter-
action network as does ATP in the preinsertion
complex. Because CTP is smaller, these interac-
tions cause it to be located closer to Arg224 and
cause Arg224 to move closer to CTP (Fig. 4D). As
a result, the distance between thea-phosphate of the
CTP and the 3′ oxygen atom O of C75 is 4.5 Å,
which is too far for a reaction to occur. Furthermore,
the 3′ terminal primer nucleotide C75 moves up-
ward relative to the base of CTP, presumably to
produce a better base-stacking interaction. This
change moves the primer terminal 3′ OH out of
interaction range with the catalytic carboxylate of
Asp110 (Fig. 4D). Thus, the nucleophilic attack of
O3′ofC75on thea-phosphateofCTP isprevented.

Our results differ from those of a previous
study in which CTP or ATP was soaked into the
crystals of the binary complex, drawing the
conclusion that Arg224 remains in the same con-
figuration for the addition of nucleotide 76 onto
ACC75, regardless of whether ATP or CTP is
soaked into the crystal, and the base of CTP is
positioned too far fromArg224 to interact with the
guanidinium group (6). It could be that crystal-
lattice constraints prevented the structural changes
that we observe. Consistent with this, the soaking
experiments did not result in extension of AC74 or
ACC75 (6).

The present study resolves the disagreement
between the two mechanisms that have been pro-
posed for how the class I CCA-adding enzymes
discriminate between CTP and ATP at the final
addition step (5, 6). The discrimination was first
attributed to the size and shape changes of the
nucleotide-binding pocket, caused by the move-
ment of the head domain of the enzyme (5). How-
ever, in a subsequent study, the Arg224 residue was
proposed to be the principal determinant of the
discrimination between A and C incorporation at
position 76 (6). In this model, the enzyme con-
formation did not change so that the smaller CTP
could not react with Arg224. Based on the five
cocrystal structures, we show that the flexible
side chain of Arg224 repositions in response to an
incoming nucleotide base to hydrogen bond with
the Watson-Crick edge of either C or A. The
discrimination against incorporation of C arises,
not from its lack of interaction with A224, but
because the protein’s flexibility to accommodate
these interactions results in the improper geom-
etry of CTP in the active site.
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Radio-Frequency Association of
Efimov Trimers
Thomas Lompe,1,2,3* Timo B. Ottenstein,1,2,3 Friedhelm Serwane,1,2,3 Andre N. Wenz,1,2

Gerhard Zürn,1,2 Selim Jochim1,2,3

The quantum mechanical three-body problem is one of the fundamental challenges of few-body physics.
When the two-body interactions become resonant, an infinite series of universal three-body bound states is
predicted to occur, whose properties are determined by the strength of the two-body interactions. We used
radio-frequency fields to associate Efimov trimers consisting of three distinguishable fermions. Themeasurements
of their binding energy are consistent with theoretical predictions that include nonuniversal corrections.

Under certain conditions, the long-range
behavior of a physical system can be de-
scribedwithout detailed knowledge of its

short-range properties; few-body systems with
resonant interactions are a prime example of this
concept of universality (1). Ultracold gases, where

resonant scattering may be achieved by tuning the
interactions with the use of Feshbach resonances
(2), have been used extensively to test the predic-
tions of universal theory.

If the parameter describing the interactions,
the s-wave scattering length a, is much larger
than the characteristic length scale r0 of the inter-
action potential, the few-body physics in such
ultracold gases is predicted to become universal.
For two particles with a large positive scattering
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High-precision measurement of the atomic mass of
the electron
S. Sturm1, F. Köhler1,2, J. Zatorski1, A. Wagner1, Z. Harman1,3, G. Werth4, W. Quint2, C. H. Keitel1 & K. Blaum1

The quest for the value of the electron’s atomic mass has been the
subject of continuing efforts over the past few decades1–4. Among the
seemingly fundamental constants that parameterize the Standard
Model of physics5 and which are thus responsible for its predictive
power, the electron mass me is prominent, being responsible for the
structure and properties of atoms and molecules. It is closely linked
to other fundamental constants, such as the Rydberg constant R‘ and
the fine-structure constant a (ref. 6). However, the low mass of the
electron considerably complicates its precise determination. Here we
combine a very precise measurement of the magnetic moment of a
single electron bound to a carbon nucleus with a state-of-the-art
calculation in the framework of bound-state quantum electrody-
namics. The precision of the resulting value for the atomic mass of
the electron surpasses the current literature value of the Committee
on Data for Science and Technology (CODATA6) by a factor of 13.
This result lays the foundation for future fundamental physics
experiments7,8 and precision tests of the Standard Model9–11.

Over the past few decades, the atomic mass of the electron has been
determined using several Penning-trap experiments, because explora-
tion of the scope of validity of the Standard Model requires an exceed-
ingly precise knowledge of me. The uniform magnetic field of these
traps makes it possible to compare the cyclotron frequency of the
electron with that of another ion of known atomic mass, typically
carbon ions or protons. The first such direct determination dates back
to 1980, when Gräff et al. made use of a Penning trap to compare the
cyclotron frequencies of a cloud of electrons with that of protons,
which were alternately confined in the same magnetic field, yielding
a relative precision of about 0.2 parts per million (ref. 2). Since then, a
number of experiments have improved the precision by about three
orders of magnitude1,4,12,13. The latest version of the CODATA com-
pilation of fundamental constants of 2010 lists a relative uncertainty of
4 3 10210, resulting from the weighted average of the most precise
measurements. Given that the cyclotron frequency of the extremely
light electron is subject to troublesome relativistic mass shifts if not
held at the lowest possible energy, direct ultrahigh precision mass
measurements are particularly delicate. To circumvent this problem,
the currently most precise measurements, including this work, pursue
an indirect method that allows a previously unprecedented accuracy to
be achieved.

A single electron is bound directly to the reference ion, in this case a
bare carbon nucleus (Fig. 1). In this way, it becomes possible to cal-
ibrate the magnetic field B at the very place of the electron through a
measurement of the cyclotron frequency

ncyc~
1

2p
q

mion
B ð1Þ

of the heavy-ion system with mass mion and charge q. The cyclotron
frequency of the strongly bound electron is of no further relevance, but
the precession frequency of the electron spin, which depends on the
electron’s magnetic moment me as follows

nL~
2meB

h
~

g
4p

e
me

B ð2Þ

is well defined and reveals information about the mass of the electron
me. A measurement of the ratio of these two frequencies yields me in
units of the ion’s mass

me~
g
2

e
q

ncyc

nL
mion:

g
2

e
q

1
C

mion ð3Þ

where C denotes the experimentally determined ratio nL/ncyc. When
determining C of a hydrogen-like carbon ion, which is the defining
particle for the atomic mass (apart from the mass and binding energies
of the missing electrons, which are sufficiently well known), the
remaining unknown in equation (3) is the g-factor. Advances in
quantum electrodynamics (QED) theory in recent years allow us to
calculate this value with the highest precision14.

Here we present an ultra-precise measurement of the frequency
ratio and a state-of-the-art QED calculation for the case of hydro-
gen-like 12C51, which allows us to determine me with unprecedented
accuracy. Exposing the electron to the binding Coulomb field of an
atomic nucleus has a profound influence on the g-factor. The largest
difference from the free-electron case can be deduced from a solution
of the Dirac equation in the presence of the Coulomb potential of a
nucleus of charge Z and an external, constant and homogeneous mag-

netic field: gDirac~
2
3
z

4
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1{ Zað Þ2

q
(ref. 15). This result must be

complemented by various other effects, originating mainly from
QED (see Fig. 2). Many of those effects, like the one-loop self-energy
and vacuum polarization terms, and the nuclear recoil contribution,
are known with sufficient numerical accuracy14,16,17. The main chal-
lenge in further improving the theoretical predictions is related to the
two-loop QED effect. This contribution is known only to the first few
terms of its expansion in terms of Zað Þn ln Zað Þ{2" #k

. The calculation
of the expansion coefficients with n§5 is beyond the current state of
the art, defining the overall theoretical uncertainty. However, we have
been able to estimate the uncalculated higher-order contribution
ghigher#order

2L and thus improve on the theoretical value with the help
of our recent experimental value gSi

exp of the g-factor of hydrogen-like
silicon (Z 5 14)18,19. This contribution, which dominates the theor-
etical uncertainty, can be determined from the difference of the experi-
mentally determined g-factor and the theoretical prediction, which is
the sum of all known terms excluding ghigher#order

2L

ghigher#order
2L Z~14ð Þ~gSi

exp{gSi
theory~2

nL

ncyc

me

mion
13{gSi

theory ð4Þ

We assume an analytical form of the Z-dependence ghigher#order
2L (Z),

and thus obtain an estimate of ghigher#order
2L (Z ~ 6) for carbon, pre-

sented in Supplementary Table II. Equation (4), together with a second
formula for the Z dependence on those higher-order terms (see
Supplementary equation (15)), can be solved to yield more accurate
values for two variables, namely, the theoretical g-factor value for

1Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany. 2GSI Helmholtzzentrum für Schwerionenforschung, Planckstraße 1, 64291 Darmstadt, Germany. 3ExtreMe Matter
Institute EMMI, Planckstraße 1, 64291 Darmstadt, Germany. 4Institut für Physik, Johannes Gutenberg-Universität, Staudingerweg 7, 55128 Mainz, Germany.
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EMMI Programs

• EMMI Workshops
• EMMI Programs
• EMMI Rapid Reaction Task Force meetings (RRTFs)
• joint workshops with ECT* Trento
 
 

• Visiting Professor program
• Visiting Researcher program



Interdisciplinary Events: examples

ExtreMe Matter Institute EMMI 

Uncertainty Quantification at the Extremes 
(ISNET-6)

Information More about EMMI 

Goals 
• Facilitate cross communication, fertilization, and ollaboration 
 on statistical applications among the nuclear sub-fields 
• Provide the opportunity for nuclear physicists unfamiliar with 
 Bayesian methods to start applying them to new problems 
• Learn from experts about innovative and advanced uses of 
 Bayesian statistics, and best practices in applying them 
• Learn about advanced computational tools and methods 
• Critically examine the application of Bayesian and frequentist 
 methods to particular physics problems in the subfields 
 

Organizers 
Dick Furnstahl, Ohio State U. 
David Ireland, U. Glasgow 
Daniel Phillips, Ohio U. 
Ian Vernon, Durham U. 

ExtreMe Matter Institute EMMI 
 

Functional Methods in Strongly Correlated Systems  
 

Information: More about EMMI: 

Organizers: Speakers: 
 

Registration Deadline: 



Interdisciplinary Events: examples



EMMI RRTFs

• concentrate on focussed problem in intense discussion 

• 15 - 25 expert participants  

• aim: summary of results, optimally with publication  
   on arXiv and/or in journal  



EMMI RRTFs
RRTF concept goes back to Alexander von Humboldt: 
 

Humboldt was revolutionizing the sciences. In September 1828 he 
invited hundreds of scientists from across Germany and Europe to 
attend a conference in Berlin. Unlike previous such meetings at 
which scientists had endlessly presented papers about their own 
work, Humboldt put together a very different program. Rather 
than being talked at, he wanted the scientists to talk with each 
other. […] ‘Without a diversity of opinion, the discovery of truth is 
impossible’, he reminded them in his opening speech.

 
in Andrea Wulf, The Invention of Nature, 2016  

 
 



EMMI RRTFs: examples
• Thermalization in a Nonabelian Plasma (2011)  
• Quark Matter in Compact Stars (2013) 
• Direct-Photon Flow Puzzle (2014) 
• Non-Exponential Two-Body Weak Decays (2014)
• Resonances in QCD (2015) 
• Extraction of heavy-flavor transport coefficients  
   in QCD Matter (2016) 
• The physics of neutron star mergers (2018)
• Electromagnetic Structure of Strange Baryons (2018) 
• Direct reactions and nuclear structure (2018) 
• Space-time structure of jet quenching: theory and experiment (2019)
• Real and virtual photon production at ultra-low transverse 
   momentum and low mass at LHC (2022)
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1s Lamb shift in heavy H-like ions: 
towards an accuracy of <1 eV 

Information More about EMMI 

Organizers 

  

Topics 







credit: A. Zschau, GSI Darmstadt 
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The physics of neutron star mergers 
at GSI/FAIR 

Information More about EMMI 

Organizers 

 
 
 
 
  

Topics 

 
 
 
 
  



Recent RRTFs
ExtreMe Matter Institute EMMI

EMMI Rapid Reaction Task Force

Nuclear Physics Confronts
Relativistic Collisions of Isobars

Information:
www.gsi.de/emmi/rrtf

Heidelberg University, Germany, May 30 – June 3 & October 12 – 14, 2022

More about EMMI:
www.gsi.de/emmi

Website:
https://indico.gsi.de/event/14430/

High-energy collisions of the A=96 isobars 96Zr and 96Ru have been performed in 2018 at the Relativistic Heavy Ion Collider (RHIC)
as a means to probe effects of local parity violation in the strong sector, that would manifest as deviations from unity in the ratio of
observables taken between 96Zr+96Zr and 96Ru+96Ru collisions. Recently released measurements of such ratios reveal deviations
from unity. However, such observations are primarily caused by the two collided isobars having different radial profiles and intrinsic
deformations. To make progress in understanding RHIC data, we will gather nuclear physicists across the energy spectrum to
answer the following question: Does the combined effort of state-of-the-art low-energy nuclear structure physics and high-energy
heavy-ion physics allow us to understand the observations made in isobar collisions at RHIC?

Heavy Ion Collisions:
Federica Capellino
Hannah Elfner
Frédérique Grassi
Eduardo Grossi
Jan Hammelmann
Andreas Kirchner
Matthew Luzum
Jaki Noronha-Hostler
Jean-Yves Ollitrault
Nils Saß
Björn Schenke
Chun Shen
Huichao Song
Derek Teaney
Wilke van der Schee

Nuclear Structure:
Anatoli Afanasjev
Benjamin Bally
Jean-Paul Ebran
Dean Lee
Tamara Nikšić
Takaharu Otsuka
Luis Robledo
Tomas Rodriguez
Wouter Ryssens
Yusuke Tsunoda

Organizers:
Giuliano Giacalone
Jiangyong Jia
Vittorio Somà
You Zhou

ExtreMe Matter Institute EMMI 
 

Dynamics of critical fluctuations: 
theory – phenomenology – heavy-ion collisions 

 
 

Information: More about EMMI: 

Organizers: Topics: 
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Publication: from RRTF
Physics Letters B 797 (2019) 134800

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

New test of modulated electron capture decay of hydrogen-like 142Pm
ions: Precision measurement of purely exponential decay

F.C. Ozturk a,∗, B. Akkus a, D. Atanasov b, H. Beyer c, F. Bosch 1, D. Boutin d,e, C. Brandau c,f, 
P. Bühler g, R.B. Cakirli a, R.J. Chen c,h, W.D. Chen h,i, X.C. Chen c,h, I. Dillmann j, 
C. Dimopoulou c, W. Enders c, H.G. Essel c, T. Faestermann k, O. Forstner l, B.S. Gao c,h, 
H. Geissel c, R. Gernhäuser k, R.E. Grisenti c,m, A. Gumberidze c, S. Hagmann c,m, 
T. Heftrich m, M. Heil c, M.O. Herdrich l, P.-M. Hillenbrand c, T. Izumikawa n, P. Kienle 1, 
C. Klaushofer g, C. Kleffner c, C. Kozhuharov c, R.K. Knöbel c,d, O. Kovalenko c, S. Kreim b, 
T. Kühl c, C. Lederer-Woods o, M. Lestinsky c, S.A. Litvinov c, Yu.A. Litvinov c,∗, Z. Liu h, 
X.W. Ma h, L. Maier k, B. Mei m, H. Miura p, I. Mukha c, A. Najafi k, D. Nagae q, T. Nishimura p, 
C. Nociforo c, F. Nolden c, T. Ohtsubo r, Y. Oktem a, S. Omika p, A. Ozawa q, N. Petridis c, 
J. Piotrowski s, R. Reifarth m, J. Rossbach c, R. Sánchez c, M.S. Sanjari c, C. Scheidenberger c, 
R.S. Sidhu c, H. Simon c, U. Spillmann c, M. Steck c, Th. Stöhlker c,l,t, B.H. Sun u, L.A. Susam a, 
F. Suzaki p,v, T. Suzuki p, S.Yu. Torilov w, C. Trageser c,f, M. Trassinelli x, S. Trotsenko c,l, 
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