
Ahmed Ouf SFB    10.12.2024

𝜇

Measure the 1s-HFS in 𝜇p with a relative accuracy  𝜹 ≈ 𝟏𝟎!𝟔
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1S  Hyperfine Splitting in muonic hydrogen 

𝚫𝒔𝒕𝒓𝒖𝒄 In 𝜇p enhanced by a factor ~𝑚&

Antognini, Hagelstein, Pascalutsa, Annual reviews 389, 418 (2022)

• Extract the !"-contribution with 
relative accuracy of ≈ $%!" 

where F = 0 or 1 is the total spin, N the anomalous magnetic moment of the nucleus;

GM(0) = 1+N is the value of the magnetic moment in units of Ze�2M . The corresponding

coordinate-space potential is directly proportional to the magnetization density ⇢M(r).
Details on the charge and magnetization densities, and the coordinate-space potentials are

given in Sec. 2 of the Supplement.

The 1st-order contribution, yields the following hfs interval of the nS-level:

E
�mFF�
nS-hfs

= �1 − 2Z↵mr�rM ��EF

n3
+O[(Z↵)6], 12.

where EF is the Fermi energy, and �rM � = 4⇡ ∫ ∞0 dr r3⇢M(r) is the linear magnetic radius.

At the 2nd order, the interference with the eFF potential of Eq. 1, gives:

E
�mFF��eFF�
nS-hfs

= Z↵mr��rM � − rZ�EF

n3
+O[(Z↵)6], 13.

thus cancelling the linear magnetic radius term from the 1st order, and installing instead

the Zemach radius:

rZ = − 4
⇡
� ∞

0

dQ

Q2
�GE(Q2)GM(Q2)

1 + N
− 1� . 14.

The Fermi-energy contribution is not a finite-size e↵ect, as it is already present for a pointlike

nucleus. The leading finite-size e↵ect in the hfs is therefore of order (Z↵)5,
E

f.s.
nS-hfs = −(2Z↵mr�n3)EF rZ. 15.

At this order, also the polarizability corrections begin to appear. We consider them next.

The Fermi energy:
EF =
8(Z↵)4m3

r(1+N )
3mM

2.2. Two-photon exchange and polarizability e↵ects

Figure 4

The 2� exchange (a), with the t-channel (b) and the s-channel (c) cuts. The cyan blobs represent
e↵ects from nuclear excitations.

Thus far, we considered e↵ects which stem from the one-photon exchange and its iter-

ations, such that the nucleus stays intact and in its ground state. There are also e↵ects

coming from nuclear excitations, which can only be assessed through a 2� exchange, see

Fig. 4(a). This description goes beyond the elastic form factors and involves instead the

polarizabilities and inelastic structure functions, as will be seen in what follows.

The 2� exchange in Fig. 4(a) introduces, in general, a correction V2�(p′ − p;p′, p) which
depends on the relative momenta of the initial and final state, p and p

′, as well as the

momentum transfer q = p′−p. These are four-momenta, but the energy e↵ects can safely be

neglected, since they are suppressed by (Z↵)2mr. The dependence on �p� = �p′� is suppressed
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The principle of the experiment

Ø Stop muon beam in 1 mm H2 gas target at 22 K, 0.5 bar

Ø Wait until µp atoms de-excite and thermalize

Ø Laser pulse: µp(F=0) + ɣ → µp(F=1)

Ø De-excitation: µp(F=1) + H2→µp(F=0) + H2 + Ekin

Ø Diffusion: µp diffuses to Au-coated target walls
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The laser system
q Pulse Energy 5mJ 
ü Wavelength 6.8 𝝁𝒎

ü Linewidth < 100 MHz
ü Stochatic trigger (detected muon)

ü Response time 𝟏 𝝁𝒔

ü Tunability 50 GHz
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Search for the resonance

• Measure 1.4 h at fixed wavelength to expose a 4 𝜎
effect over background

• 1 h to change the laser frequency in steps of 100 
MHz

SciPost Physics Core Submission
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Figure 10: (a) Simulation of the resonance search in which a time 1.4t4� is spent
at each frequency point. ⌫ denotes the laser frequency, ⌫0 the resonance frequency.
(b) Ranking of the frequency points in correspondence of the resonance. For 97.43%
of the cases the simulated pseudo-data have a maximum in correspondence of the
resonance. For 1.84% of the cases the second largest point is in correspondence of
the resonance and so on.

the maximum of the simulated pseudo-data has been found in correspondence of the resonance
(see Fig. 10 (b)). As can be seen from the same figure, the probability that the second highest
point is at the position of the resonance is of about 1.84% and the probability that the third
highest point is at the position of the resonance is 0.39%. Summing up these probabilities
we obtain 99.66% which basically corresponds to the probabability of identifying the position
of the resonance by adding some statistics to three frequency points at maximum. On top
of this we have also investigated what is the probability that in the correspondence of the
resonance there are two adjacent frequency points whose sum deviates more than 4� from
background. Considering also this search criteria we obtain that with 99.93% we are able to
correctly identify the resonance position. Hence, we confirm that the above described simple
procedure to search for the resonance with 100 MHz steps and by accumulating statistics at
each frequency point for a time of 1.4t4� is adequate.

The maximal time needed to search for the resonance (using the simple procedure de-
scribed above) can be estimated to be 400⇥(1.4t4�+ t��change)

1
"uptime

= 820300 miniutes corre-
sponding to 8.2 weeks. For this estimate we have used conservative values for the experimental
performance: an uptime (including accelerator) of "uptime = 70%, a time t��change = 1 h to
change the laser frequency, a laser pulse energy of 1 mJ, a laser bandwidth of 100 MHz, a
cavity reflectivity of 99.2%, a muon rate of 500 1/s, "Au = 0.7, "Au-false = 0.09, a target thick-
ness of 1.2 mm, and scan range of 40 GHz. Moreover we assumed that all µp atoms have
100 eV initial kinetic energy. Most probably the resonance can be found much faster if a sig-
nificant deviation from background is found earlier and by adapting our search strategy (i.e.
accumulating more statistics on points with significant deviations from background).

We have also simulated 105 pseudo-measurements of the HFS resonance after its discovery,
assuming that two weeks of beamtime can be used to measure the resonance (this time does
not include the time needed to change the laser wavelength and the time when the setup or
the accelerator are not operative). A simulation of a resonance measurement for conservative
assumptions is shown in Fig. 11a. Figure 11b shows a similar simulation for slightly less

19

• Simulation of the search for resonance• Steps to search for resonance

• 10 Weeks of beam time 

0.163 meV (47 GHz) search range



Ahmed Ouf SFB    10.12.2024

Charge radii from muonic X-rays

Experimental goal with MMC

•Radii of Z=1,2 by with laser spectroscopy

•Z>10 Measured with semiconductor x-ray detectors, limited by 
nuclear theory and charge distribution input: 
https://arxiv.org/abs/2409.08193
•
Z<10 limited by experimental resolution
(electron scattering or semiconductor x-ray detectors)
→ statistical variance of number of number of electron-hole

pairs created
•
Unit of heat ≪ Unit of Ionization:

•ΔT ≅ Edeposited / Ctot
•ΔT / T large → operate < 0.1 K
•A very good temperature sensor

Use Novel Metallic Magnetic Calorimeter (MMC) detectors 

https://arxiv.org/abs/2409.08193
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Spectroscopy with MMC

μ beam

HPGe and SDD 
detectors Target chamber+ x-ray tube

3/4He cryostat

64 pixel MMC array

Quartet: First measurements ongoing for Li, Be, and B isotopes
Unprecedented resolution for muonic x-ray spectroscopy
Approved experiment at PSI
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Spectroscopy with MMC

Quartet: MMC from the basement to an online experimental 
environment

→ 2023 test beam at PSI with Li/B/Be
→ Applying a new technology: it's not that 

simple
→ 2024 upgrades

•New 18-bit digitizers
•New detector with fast thermalization
•Measure ADC properties and T stabilize Vref
•Tuned calibration sources
•Long & stable measurements

6Li 2p1s

7Li 2p1s


