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Hyperfine splitting in µp and µ 3He
+

CREMA collaboration

µ

- Muonic hydrogen (µp)
- Muonic deuterium (µD)
- Muonic helium (µHe+)
- Hyperfine splitting in µ 3He+

- Hyperfine splitting in µpMeasure ∆E(2S − 2P )

→ charge radii

Measure ∆E(HFS)

→ magnetic radii
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Hyperfine splitting vs. 2S-2P spectroscopy
● The 2S-2P energy splitting (Lamb shift)

Eth
L = 206.0336(15) − 5.2275(10)R2

E + 0.0332(20) meV

∆Efinite size = 2πZα
3
∣φ(0)∣2R2

E

RE = − 6
GE(0)

dGE

dQ2 ∣
Q2=0

R2
E ≈ ∫ dr⃗ ρE(r⃗)r2 TPE: Two photon exchange

TPE: Two-photon-Exchange

● The hyperfine splitting ∆E0
HFS ∼ (Zα)⟨µ⃗µ ⋅ µ⃗N ⟩ ∣φ(0)∣2

∆Eth
HFS = 182.819(1) − 1.301RZ + 0.064(21) meV

∆Efinite size = −2(Zα)mr ∆E0
HFS RZ

RZ = − 4
π ∫

∞
0

dQ

Q2 (GE(Q2)GM (Q
2)

1+κp
− 1)

RZ = ∫ d3r⃗ ∣r⃗∣ ∫ d3r⃗′ρE(r⃗ − r⃗′)ρM (r⃗′)
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Objectives and impact

Polarizability 
with 10% relative accuracy

Polarizability 
from theory

Magnetic radii

Zemach radii
relative accuracy−31 x 10

Zemach radii
from scattering or H

with 1 ppm accuracy
µµMeasure the 1S−HFS in    p and    He 

TPE contributions with
−4 relative accuracy1 x 10
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Objectives and impact
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Polarizability 
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Magnetic radii

Zemach radii
relative accuracy−31 x 10

Zemach radii
from scattering or H

with 1 ppm accuracy
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TPE contributions with
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Polarizability 
with 10% relative accuracy

Polarizability 
from theory

Magnetic radii

Zemach radii
relative accuracy−31 x 10

Zemach radii
from scattering or H

with 1 ppm accuracy
µµMeasure the 1S−HFS in    p and    He 

TPE contributions with
−4 relative accuracy1 x 10

- Precision experiment: → hold the potential for surprises

- Radii: → benchmarks for lattice QCD and few-nucleon th.
→ compare with scattering and H/He spectroscopy
→ solve discrepancy between proton RM

- Polarizabilizty contributions → compare to ChPT, dispersion+data, few-nucleon th.
- TPE contributions → compare to dispersion+data, few-nucleon th.
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Two ways to the two-photon-exchange
Phenomenological:
dispersion relations

+ g1(x,Q
2), g2(x,Q2)

+ sum rulesChPT

2S-2P: Agreement

HFS: First preliminary ChPT results
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HFS theory status

Phys. Rev. A 68 052503, Phys. Rev. A 83, 042509, Phys. Rev. A 71, 022506

µp µ 3He+

Magnitude Uncertainty Magnitude Uncertainty

∆EHFS
0 182.443 meV 0.1 × 10−6 1370.725 meV 0.1 × 10−6

∆QED 1.1 × 10−3 1 × 10−6 1.2 × 10−3 1 × 10−6

∆weak+hVP 2 × 10−5 2 × 10−6

∆Zemach 7.5 × 10−3 7.5 × 10−5 3.5 × 10−2 2.2 × 10−4

∆recoil 1.7 × 10−3 10−6 2 × 10−4

∆pol 4.6 × 10−4 8 × 10−5 (3.5 × 10−3)∗ (2.5 × 10−4)∗

∆EHFS(1S) = [1 +∆QED +∆weak+hVP +∆Zemach +∆recoil +∆pol

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
∆TPE

]∆EHFS
0

← GE(Q2), GM (Q2)
← GE , GM , F1, F2

← g1(x,Q2), g2(x,Q2)
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µp µ 3He+

Magnitude Uncertainty Magnitude Uncertainty

∆EHFS
0 182.443 meV 0.1 × 10−6 1370.725 meV 0.1 × 10−6

∆QED 1.1 × 10−3 1 × 10−6 1.2 × 10−3 1 × 10−6

∆weak+hVP 2 × 10−5 2 × 10−6

∆Zemach 7.5 × 10−3 7.5 × 10−5 3.5 × 10−2 2.2 × 10−4

∆recoil 1.7 × 10−3 10−6 2 × 10−4
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´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
∆TPE

]∆EHFS
0

← GE(Q2), GM (Q2)
← GE , GM , F1, F2

← g1(x,Q2), g2(x,Q2)

arXiv1511.04301

arXiv1512.03765 δ∆Epol = 15 µeV but
ChPT groups have been triggered

Ongoing measuremnts of g2 at JLab

∆pol(2S)
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]∆EHFS
0

← GE(Q2), GM (Q2)
← GE , GM , F1, F2

← g1(x,Q2), g2(x,Q2)

arXiv1511.04301

arXiv1512.03765 δ∆Epol = 15 µeV but
ChPT groups have been triggered

Ongoing measuremnts of g2 at JLab

∆pol(2S)
Not yet computed but

δ∆Epol

∆Epol
= 5% for the 2S-2P

∆Epol

∆EZemach
< 10% from prel. 2S-2P analysis
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Principle of the HFS experiments

µ− stops in gas and forms a muonic atom

A laser pulse drives the hyperfine transition

Need a method to detect the occurred transition

Plot number of detected transitions versus the laser frequency
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Principle of the µp HFS experiment
● µ− of 10 MeV/c are detected Ð→ trigger the laser

● µ− stops in H2 gas (500 mbar, 50 K) Ð→ µp(F=0) formation

● Laser pulse: µp(F=0)Ð→µp(F=1)

● Collision: µp(F=1)+ H2 Ð→ H2 +µp(F=0) + Ekin

● Diffusion: the faster µp reach the target walls

● At the wall: µ− transfer to high-Z atom Ð→ (µZ)∗ formation

● (µZ)∗ de-excitation → MeV X-rays, e− and µ− capture

● Resonance: Number of X-rays/e−/capture signals after laser excitation versus laser frequency

Cavity Cavity
pµH   gas2

µ

Scintillator

+

m=0
F=0

−

m=−1 m=+1

σ−

F=1

Signal events:
Laser excited µp

reach wall in t ∈ [tlaser, tlaser +∆t]

Background events:
Thermalized µp

reach wall in t ∈ [tlaser, tlaser +∆t]
⇒ Cool target to 50 K
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Cross sections: thermalized vs. laser excited

✻

50 K

✻

laser excited
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Efficiencies and event rates
Signal Background

#1 Muon beam at 10 MeV/c with 5 mm diameter 600 /s 600 /s

#2 Anti-coincidence rejection 6 × 10−1 6 × 10−1

#3 Ô⇒ Laser and DAQ trigger rate 240 /s 240 /s

#4 Stops in gas (after anti-rejection) 6 × 10−1 7 × 10−1

#5 Overlap laser volume/µ stop volume 2 × 10−1

#6 µp density decrease due to diffusion 3 × 10−1 2 × 10−1

#7 µ− decay prior to laser time 5 × 10−1 5 × 10−1

#8 Laser excitation probability (E = 0.6 mJ, N = 400) 9 × 10−2

#9 Fraction of µp with kinetic energy > 0.1 eV 4 × 10−1

#10 µp reaching the walls (diffusion + decay...) 1.5 × 10−1 2 × 10−2

#11 Detection efficiency for cascade/capture events 5 × 10−1 5 × 10−1

#12 Multiplication of efficiencies 5.0 × 10−5 7.3 × 10−4

#13 Event rate per hour on resonance 43 635

#14 Time needed to see a 4σ effect over BG 5.5 h

#15 Time needed for wavelength change 1 h

#16 Number of points to be measured 170

#17 Beam time duration (70% up-time + setting up) 12 weeks

πE5

anti-coincidence

laser: short delay

laser: large energy

cryogenic cavity

±3σ theory uncertainty
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Principle of the µ
3He+ HFS experiment

● µ− of 10 MeV/c are detected Ð→ trigger a laser

● µ− stop in 3He gas (50 mbar, 300 K) Ð→ µ 3He+

● Laser pulse: drives F=0→F=1 and F=1→F=0 transitions

⇒ change of the avg. muon polarization

● Detect electron from muon decay

● Decay asymmetry: Ne(left) increaese, Ne(right) decreaese

● Resonance: Ne(left) −Ne(right) vs. laser frequency

−

σ

m=+1m=0m=−1
F=1

−−σ

+

F=0

25% 25%

25%

25%
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µ
3He+ resonance search

πE5

anti-coincidence

laser: short delay

laser: large energy

cavity: 1500 reflections

cavity: large fluence

uncertainty of theory

(µHe)+ +He +He→ He(µHe)+ +He

Ô⇒ τ(µ 3He+) = 1.8 µs (50 mbar)

Number of frequency points: 650

Time needed for a 4σ effect over BG 2 h

Beam time needed for resonance search (70% uptime) 12 weeks

Beam time needed for resonance scan 2 weeks
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Laser requirements
Experiment µp 2S-2P (2009) µp HFS µHe+ 2S-2P (2014) µ 3He+ HFS

Wavelength 6.0 µm 6.7 µm 840-960 nm 930 nm

Pulse energy 0.15 mJ 1.5 mJ 12-6 mJ 50 mJ

Avg. Rate 220 Hz 250 Hz 220 Hz 500 Hz

Bandwidth 300 MHz ≲ 300 MHz < 300 MHz ≲ 500 MHz

Delay < 1.2 < 1.2 < 1.2 < 1.2
Pulse energy in cavity 0.1 mJ 0.6 mJ 3.5 mJ 40 mJ

Avg. number of reflections 1000 400 1000 1500

(∆ν
ν
)
µp
= 5 × 10−6 and (∆ν

ν
)
µHe+

= 7 × 10−6

∆νµp = 0.22 GHz and ∆ν
µHe+

= 2.2 GHz.

Narrow lines:

⇒ Difficult to find the line

⇒ Sub-ppm accuracy require little statistics
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Systematics

=0
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The laser systems

515 nm
SHG

1030 nm

cw diode laser
1030 nm

cw diode laser
1030 nm

Disk laser oscillator
400 mJ

1030 nm Multi−pass disk amplifier

cw diode laser
tunable, 930 nm

930 nm

Heµ

µp
DFG

cw diode laser

1785 nm
6.7    mµ

2434 nm

tunable, 1785 nm

1030 nm

1 mJ

1 kW pump 2 kW pump
969 nm

OPO+OPAs

50 mJ

2 kW pump
969 nm

969 nm

Disk laser multi−pass oscillator (regenerative amplifier)
400 mJ,  250 Hz, pulse length 10−100 ns

60 mJ, 30 ns, 500 Hz
OPO+OPAs

Needs to develop cutting-edge thin-disk laser technologies

Needs to develop cutting-edge parametric down-conversion stages
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The multi-pass cavities

N = 1

1 −Ltot

Ltot = Lref +Lhole +Lscat +Ldefect

N Ltot λ challenge

µp 500 2 × 10−3 6.7 µm cryogenics

µ 3He+ 1500 6 × 10−4 930 nm 50 mJ pulses
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Plan
Detailed simulation of both experiments

- Simulations of cavities, excitation probabilities, diffusion, detection system, anti-coincidence
- Needs measured beam parameters, electron contamination...

Development needed
- thin-disk laser

→ energy ×5, shorter pulses, single frequency

- parametric down-conversion stages

500 Hz, bandwidth < 300 MHz, TEM00-mode, tunability, mJ energy (MISURG)

- multi-pass cavities

2016 2017 2018 2019
Funding, laser hut refurbishment
Simulations
Cavities development
Develop the thin-disk laser
Develop parametric down-conversion
Detectors development
Setup realization, first resonance search
Beam line test ? ? ? ? ? ? ? ? ? ? ? ?
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Beam time request for 2016

[Felix Berg]

µp

Iestimated(φ = 5 mm) = 1200/s

Iassumed(φ = 5 mm) = 600/s

µ 3He+

Iestimated(30 × 5 mm2) = 9300/s

Iassumed(30 × 5 mm2) = 3000/s

- High intensity
- Low electron contamination

Use “compact muon beam line”
and replace solenoid with our target
⇒ change from mu3e → CREMA in ∼ 1 week

We ask for 1 week of beam time in December to
test suitability of “compact muon beam line”
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CREMA collaboration

F. Biraben, P. Indelicato, L. Julien, F. Nez Labor. Kastler Brossel, Paris

T.W. Hänsch, R. Pohl MPQ, Garching, Germany

F.D. Amaro, L.M.P. Fernandes, C.M.B. Monteiro, Uni Coimbra, Portugal

J.M.F. dos Santos

J.F.C.A. Veloso Uni Aveiro, Portugal

M. Abdou Ahmed, T. Graf, IFSW, Uni Stuttgart

A. Antognini, M. Hildebrandt, K. Kirch, A. Knecht ETH & PSI, Switzerland

F. Kottmann, E. Rapisarda, K. Schuhmann, D. Taqqu

Y.-W. Liu N.T.H. Uni, Hsinchu, Taiwan

P. Amaro, J. Machado, J.P. Santos Uni Lisbon, Portugal
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