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The landscape: where is the “new” physics?

• New particles interact too weakly to be observed?
• Are other mass ranges or new interactions needed?
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• Are tension caused by and incomplete understanding of hadronic processes?

The landscape: where is the “new” physics?

Hartmut	Wittig

New	Physics	on	the	horizon?

5

New	measurement	of	 	by	E989	experiment	at	Fermilabaμ

Experimental	world	average:			precision	of	0.19	ppm	

Standard	Model	predicFon	(2020):			precision	of	0.37	ppm	
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•Only the interplay of theoretical, astronomical observations and experimental laboratory progress will 
enable a complete understanding!

Chiral EFT

PVeS

NS

GW

Nuclear 
Reactions

… diverse puzzles, common solutions?
B.Tsang, INT2024
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Similar challenges, common solution

‣ Strong discovery potential for new physics phenomena 
‣ Powerful tools to sharpen our understanding of strongly interacting systems
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Unlocking physics with hadrons and nuclei

B H N

Hadrons and Nuclei as Discovery Tools 
CRC1660

Beyond 
Standard Model

Searches involving 
Hadrons

Interface
between Hadron 

and Nuclear 
Physics

Nuclei
and

Astrophysics

‣ Strong discovery potential for new physics phenomena 
‣ Powerful tools to sharpen our understanding of strongly interacting systems
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New experimental opportunities
MESA - Mainz Energy-Recovering Superconducting Accelerator
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• Cryogenic 
windowless gas-jet 
target

• Detection of low-energy recoil 
particles

• High-resolution spectrometers  (Δp/p ≤ 10-4 )

S1 Baryon form factors

The gas-jet-target of MESA has design parameters well suited for this experiment. The
low density of a gas target is compensated by the large cross section of elastic scattering
and by an increased beam current. It is planned to design the test setup for the MESA
jet-target described in the next section in a way that can be installed at the A1 setup for this
measurement.

This target consists of a hyper-sonic gas jet produced by a laval nozzle (operated at a
pressure of 15 bar with a minimal diameter of 1mm) and has a diameter at the target spot
of approx. 3mm. The gas flow is pumped by a catcher system and corresponding roots
pumping systems. A conventional design of this system can achieve target densities of 10

18

up to 10
19 particles per square centimeter, sufficient for an initial state experiment. Fig. S1.19

shows the hyper-sonic jet of the first test nozzle of the gas target.

Figure S1.19: Hyper-sonic jet of the laval nozzle against standard air pressure.

2. Magnetic form factor of the proton at MAMI and at low Q
2 at MESA

The data for the determination of the magnetic FF of the proton at MAMI at higher photon
virtualities Q2 were taken in 2015 and will be analyzed during the second funding period.

The magnetic FF of the proton at low Q2 is not very well known, since the magnetic contribu-
tion to the cross section is suppressed by the kinematical factor ⌧ =

Q
2

4 M2 . The measurement
of double polarization observables is known to be more sensitive, but requires the detection
of very low energetic protons at low Q2.

MESA is ideal for such an experiment, since the high current polarized internal beam can
be used on a polarized gas target with negligible multiple scattering and energy loss effects
on the reaction products. The current design draft of the MAGIX spectrometers is more than
sufficient for the detection of scattered electron and recoil proton in coincidence down to
Q2

= 0.005 GeV
2/c2.

Currently missing is a polarized gas target for MESA. The total gas flow of the current jet-
target design is orders of magnitudes too large to be polarized. Therefore we propose to
investigate the possibility to install a laser driven polarized target or, alternatively, a atomic
beam source target at the MAGIX interaction point.

Such a target requires a windowless t-shaped cell and achieves comparable target densities
like a jet-target in the unpolarized case, is however limited by the flow of polarized gas in the

184 July 6, 2015
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• L ≈ 2.4 1039 s-1 cm-2 for 60 cm H 

target 
• Solenoid spectrometer with 

integrating Cherenkov detectors 
• State of the art digitization 

electronics for PV experiment: 
transient digitizer 

• Momentum transfer determined 
by HV-MAPS tracking detectors 

• MicroMegas tracking detectors 
for asymmetry measurements  
at backward angles. 
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DarkMESA
• 1022 electron/year in beam 

dump 
• Calorimeter 25 m behind beam 

dump 
• Experimental program to begin 

with a matrix of 25 PbF2 crystals 
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New experimental opportunities
MESA - Mainz Energy-Recovering Superconducting Accelerator

• Energy-recovery mode 
for high intensity 
(MAGIX) 
• Extracted-beam mode for 

high polarisation (P2) 
• Beam dump experiment 

(DarkMESA)

Multi-purpose facility for next-
generation low-energy 
precision physics experiments
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Pillar B     
Big questions: 

Do we find cracks in the SM, and 
what is the nature of dark matter? 

 

Interplay with H and N: 
Advance precision of hadronic and 
nuclear processes and propertiesLow-energy sensitive to new 
physics

Dependence on energy scale 
constrained by SM
Tension between 
measurements at Z-pole

ResistResist
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Big questions: 

Do we find cracks in the SM, and 
what is the nature of dark matter? 

 

Interplay with H and N: 
Advance precision of hadronic and 
nuclear processes and properties

ResistResist

• Complements precision 
measurement of neutron 
lifetime and improved 
branching ratio of kaon 
decays

• Data driven constraints 
from weak radius 
measurements

Overconstraining the CKM matrix at the per mille level 

23

FIG. 8: Uncertainty budget for |Vud|2 as obtained from su-
perallowed 0+ →0+ β decay. The contributions are separated
into five categories: experiment, the transition-dependent
part of the radiative correction (δ′R), the nuclear-structure-
dependent terms δC and δNS, and the transition-independent
part of the radiative correction ∆V

R. The grey bars give the
contributions in 2015 [7] while the black bars represent the
present survey. The grey and black dashed lines give the cor-
responding total uncertainties.

et al. [189] have led to an important reduction in its un-
certainty but have increased its magnitude by more than
twice the uncertainty assigned to its previous value (see
TableX).

The impact these changes have made on the final val-
ues we now obtain for the average Ft and for Vud are
illustrated in Fig. 6. On the one hand, the value of Ft
with statistical uncertainties has hardly changed at all
from our 2015 survey, indicating that the body of world
experimental data is very robust; but, on the other hand,
the value of Vud has decreased appreciably because of the
increase in ∆V

R
, and its uncertainty has increased as a re-

sult of the enlarged δNS uncertainty.
It is instructive to examine Fig. 8, which shows the

complete uncertainty budget for |Vud|2 and compares it
with the same accounting taken in 2015 [7]. The most
striking observation is that theory remains by far the
largest contributor to the |Vud|2 uncertainty but that the
chief culprit has changed from being ∆V

R
to being δNS .

For years we have called for improvements to the calcu-
lation of ∆V

R, and it is gratifying that two new calcula-

tions have resulted in its uncertainty being reduced to the
point where it is now only a factor of two greater than the
uncertainty on the collected experimental results. Unfor-
tunately though, the uncertainty on δNS has grown more
than ∆V

R
’s has shrunk. This is because the two new small

effects that have been added to δNS were only quantified
with relatively crude nuclear models, which necessarily
brought with them rather large uncertainties. We urge
that these models be refined in future so that the uncer-
tainty on δNS can be brought more in line with the other
four contributors to the |Vud|2 uncertainty.

In fact, it has to be admitted that the motivation for a
new generation of experiments to improve the ft values
still further will be very weak until the theoretical uncer-
tainties associated with δNS have been reduced substan-
tially. Currently the δNS uncertainty exceeds the overall
experimental one by nearly a factor of six. It is clear
where future priorities must lie!

While the value for Vud has become somewhat less pre-
cise than it appeared to be five years ago, over the same
time span we have seen a real improvement in the limit
on the Fierz interference term. Whereas the 90% confi-
dence limit five years ago was |bF |≤ 0.0070, it has now
been reduced by a factor of two, to |bF |≤ 0.0033. This
limit on the ratio of scalar-to-vector currents is by a wide
margin the tightest available anywhere. It remains the
best evidence we have that the standard model is correct
in ruling out the presence of a scalar current. The signif-
icantly reduced limit has come from new measurements
on the superallowed transitions from 10C and 14O. Fur-
ther progress is still possible if some courageous team can
mount a successful experiment to improve the measured
branching-ratio for the 10C superallowed branch.
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Pillar B     
Big questions: 

Do we find cracks in the SM, and 
what is the nature of dark matter? 

 

Interplay with H and N:  
Advance precision of hadronic and 
nuclear processes and properties

For the 0.95 GeV data, the transverse beam polarization
was determined to be Pn ¼ 89.7" 0.8% using dedicated
Møller polarimeter longitudinal polarization measurements.
For the 2.18 GeV data, both Compton and Møller polar-
imeters were operational and yielded consistent results; the
combined result obtained was Pn ¼ 86.8" 0.7%. Using
these beam polarizations, we finally obtain An as

An ¼
Acorr

Pnhcosϕi
: ð3Þ

A contribution from nonlinear response of the photo-
mutiplier tube for each quartz detector was bounded to be
< 0.5% in bench tests. A summary of the main contribu-
tions to the uncertainties for the various targets is shown in
Table II. The statistical uncertainties typically dominate and
the systematic uncertainties are well under 1 ppm.
Our final results are shown in Table III. They are also

displayed in Fig. 2, with theoretical prediction [26] curves
overlaid. It can be seen that the data are consistent with the
previously published PREX results (open symbols) [20]. Of
particular note is that, at each beam energy, measurements
on multiple nuclei with Z ≤ 20 are consistent with
each other within quoted uncertainties. Using a simple
average on all but the 208Pb measurement we observe that
the measured An for 208Pb at 0.95 GeV is different by 21
standard deviations. Following a similar procedure for
2.18 GeV data we obtain 3.2 standard deviations.
Measurements to date support this simple averaging pro-
cedure provided that the three conditions mentioned earlier
are satisfied, namely, high incident beam energy, very
forward scattering angle, and clean separation of inelastic
scattered electrons. It is worth noting that the 4He data
published by the HAPPEX collaboration [20] taken at
2.75 GeV beam energy, scaled by

ffiffiffiffiffiffi
Q2

p
to the same

kinematics as our 2.18 GeV data, is consistent with the
average presented in Table III.

The original PREX data challenged the community to
explain an asymmetry for 208Pb that is an order of magnitude
smaller than for other nuclei and theoretical expectations. We
have now shown that this effect occurs over a range of beam
energies and Q2, likely ruling out an explanation based on
the location of a diffractive minimum. A recent calculation
has, for the first time, included both effects of Coulomb
distortion and excited intermediate states [26]. While the
resulting prediction moved closer than previous calculations
to the 2.18 GeV 208Pb An measurement, the disagreement
remains stark at 0.95 GeV—a firm indication that further
theoretical investigation is warranted.
It is especially difficult to explain the small Anð208PbÞ

given our new results showing good agreement for Z ¼ 20
nuclei. A theoretical correction is required that not only
yields Anð208PbÞ ≈ 0 for a significant range of Q while

TABLE II. An measurement uncertainty contributions in units
of 10−6 (ppm).

Ebeam 0.95 GeV 2.18 GeV

Target 12C 40Ca 208Pb 12C 40Ca 48Ca 208Pb

Afalse 0.03 0.05 0.08 0.04 0.06 0.10 0.03
Polarization 0.06 0.05 <0.01 0.08 0.08 0.08 <0.01
Nonlinearity 0.03 0.03 <0.01 0.05 0.05 0.05 0.01
Target
impurities <0.01<0.01 0.04 <0.01 <0.01 0.10 0.80

Inelastic <0.01<0.01<0.01 0.08 0.15 0.08 <0.01

Total
Systematic 0.07 0.08 0.09 0.13 0.18 0.19 0.75

Statistical 0.38 0.34 0.16 1.05 1.10 1.09 3.15

Total uncertainty 0.39 0.34 0.18 1.05 1.11 1.11 3.23

TABLE III. An results for the four nuclei along with the
corresponding total uncertainties (statistical and systematic un-
certainties combined in quadrature).

Ebeam
(GeV) Target An (ppm) AZ≤20

avg (ppm)
½ðAn − AZ≤20

avg Þ
=uncert&

0.95 12C −6.3" 0.4
−6.1" 0.3

"
−6.2" 0.20.95 40Ca

0.95 208Pb 0.4" 0.2 21σ

2.18 12C −9.7" 1.1
−10.0" 1.1
−9.4" 1.1

)

−9.7" 0.62.18 40Ca
2.18 48Ca

2.18 208Pb 0.6" 3.2 3.2σ

0.05 0.10 0.15 0.20
Q  (GeV)

10−

5−

0

5

  (p
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)
nA

0.95 GeV 2.18 GeV

PREX-2 PREX CREX
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FIG. 2. An measurements from PREX-2, PREX (open circle
and triangle, previously published [20]), and CREX at beam
energies of 0.95 GeV, 1.06 GeV, and 2.18 GeV, respectively. The
solid lines show theoretical calculations from [26] at 0.95 GeV
and 2.18 GeV together with their respective one sigma uncer-
tainty bands. The color of each band represents the calculation for
the same color data point. Overlapping points are offset slightly in
Q to make them visible.

PHYSICAL REVIEW LETTERS 128, 142501 (2022)

142501-5

True discrepancy or insufficient understanding?

208Pb
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nuclear systems?  
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B H N

Hadrons and Nuclei as Discovery Tools 
CRC1660

Beyond Standard 
Model Searches 

involving 
Hadrons

Interface 
between Hadron 

and Nuclear 
Physics

Nuclei
and 

Astrophysics

ResistResist



Pillar N   
  Big questions: 

Do we understand nuclear equation of 
state, stellar nucleosynthesis, few-body 
nuclear systems?  
  

Interplay with B and H:  
Nuclear targets and nuclear theory also 
crucial in H and B

ResistResist

Theory

Laboratory 
Measurements

Astronomical 
Measurements

Credit: NSF/LIGO Neutron star merger

  

    
 

    

 

   

   

208Pb

18/19

from outer space to deep inside



Pillar N   
  Big questions: 

Do we understand nuclear equation of 
state, stellar nucleosynthesis, few-body 
nuclear systems?  
  

Interplay with B and H:  
Nuclear targets and nuclear theory also 
crucial in H and B

ResistResist

Theory

Laboratory 
Measurements

Astronomical 
Measurements

Credit: NSF/LIGO Neutron star merger

  

    
 

    

 

   

   

208Pb

18/19

from outer space to deep inside

MAGIX

P2

DarkMESA

MAGIX

DarkMESADarkMESA

P2



Pillar N   
  Big questions: 

Do we understand nuclear equation of 
state, stellar nucleosynthesis, few-body 
nuclear systems?  
  

Interplay with B and H:  
Nuclear targets and nuclear theory also 
crucial in H and B

ResistResist

PRL 129, 232501 (2022)



Pillar N   
  Big questions: 

Do we understand nuclear equation of 
state, stellar nucleosynthesis, few-body 
nuclear systems?  
  

Interplay with B and H:  
Nuclear targets and nuclear theory also 
crucial in H and B

ResistResist

0 1 2 3 4

q
2 

 [fm
-2

]

0

1

2

3

4

5

|F
(q

2 ) 
|2 /4

π
  1

04

chiral NN+3N
AV18+UIX
AV8+central 3N
SU4
Vlowk NN only
MAMI data

Viviani EFB25, preliminary
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Pillar N   
  Big questions: 

Do we understand nuclear equation of 
state, stellar nucleosynthesis, few-body 
nuclear systems?  
  

Interplay with B and H:  
Nuclear targets and nuclear theory also 
crucial in H and B

‣ Interpretation of neutrino oscillation data 
requires precise neutrino-nucleus cross sections 
as input.

ResistResist

High-precision experiments anchored by same underlying theory: QCD, chiral EFT



B H N

Hadrons and Nuclei as Discovery Tools 
CRC1660

Nuclei
and 

Astrophysics

Interface 
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Beyond Standard 
Model Searches 

involving 
Hadrons

Pillar H    
Big questions: 

Do we know hadron structure at precision 
needed for atomic spectroscopy and neutrino 
cross sections ? 
 

Interplay with B and N:  
Same theory: lattice QCD, effective field 
theories (EFTs) used in hadronic corrections 
in B and benchmarked by N

ResistResist



Pillar H    
Big questions: 

Do we know hadron structure at precision 
needed for atomic spectroscopy and neutrino 
cross sections ? 
 

Interplay with B and N:  
Same theory: lattice QCD, effective field 
theories (EFTs) used in hadronic corrections 
in B and benchmarked by N
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2022-10-21 64/91Sören Schlimme (JGU Mainz) Physics at MESA (NSTAR 2022)

The MAGIX target

electrons

“target nuclei”

new
target

 large energy loss and multiple scattering

 background from target foils

● empty cell measurements

● not the same Eloss, multi scatt

● not for all settings ep experiment

● background model

 background from (thin) ice layer

 spectra distorted by (thin) ice layer

 rescattering on thick frame

 target length acceptance issues

typical
target

windowless,
thin, point-like

catcher

ResistResist



Pillar H    
Big questions: 

Do we know hadron structure at precision 
needed for atomic spectroscopy and neutrino 
cross sections ? 
 

Interplay with B and N:  
Same theory: lattice QCD, effective field 
theories (EFTs) used in hadronic corrections 
in B and benchmarked by N

Nuclear radii measured in muonic 
spectroscopy will benchmark nuclear theory 

(TPE on nucleon and nuclear targets!)

ResistResist



QUARTET Collaboration and MMC Detectors

• Core new components are cryogenic Magnetic Metallic Microcalorimeters (MMCs) 
with superior energy resolution compared to existing detectors. 

• At least ten-fold improved precision on the X-ray transition energies of light muonic 
atoms.

6Li

B H N

Hadrons and Nuclei as Discovery Tools 
CRC1660

Beyond 
Standard Model

Searches involving 
Hadrons

Interface
between Hadron 

and Nuclear 
Physics

Nuclei
and

Astrophysics

ResistResist

Complementing MESA
New determinations of Zemach and charge radii
• New technologies and advances in measurement techniques will provide an order of 

magnitude more precise values of radii. 

• Results of spectroscopic measurements as benchmark for EFT calculations and 
results of Lattice QCD.  
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Complementing MESA

Gorchtein and Horowitz, PRC 77, 044606 (2008). 

gN(Q2) phenomenological Compton Form Factor for 
nucleus N and B Compton Slope Parameter

Projected results CATS@A2 12C (200 hours BOT)
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l Sharpen SM
 understanding

Unlocking physics with hadrons and nuclei…

ResistResist

…diversity drives discovery …


