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1. Toward H̅ GSHFS Spectroscopy 

2. pH̅e two-photon laser spectroscopy 

3. p-̅C annihilation cross section at 5.3 MeV

~6 weeks

~5 weeks

~2 weeks
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H̅ GSHFS Spectroscopy: in 2015

1. transportation of 20 eV ps̅ to the double-cusp trap 

2. reconstruction of annihilation vertices with the 
micromegas detector 

3. synthesis of H̅ atoms - formation rate ~15 %  

4. H̅ transport and detection 

5. σ1 hyperfine frequency of ordinary H atoms measured to 
<10 ppb
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Two accessible transitions, σ1 & π1 
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antly, the Lagrangian !Eq. "1#$ remains invariant under ob-
server Lorentz transformations. However, the background
expectation values are unaffected by particle Lorentz trans-
formations, leading to nontrivial changes in the theory under
rotations and boosts !4$.
Within this framework alone, the values of the parameters

that characterize Lorentz violation are not calculable; in-
stead, values or constraints must be determined experimen-
tally. The general nature of this theory ensures that bounds
placed on different combinations of Lorentz and CPT violat-
ing terms may be compared between different experiments
"see Table I and Ref. !4$#.
For example, Lorentz and CPT violation may produce

shifts in atomic levels depending on the orientation of the
constituent particles’ spins relative to some unknown, fixed
inertial frame !4,5$. "Boosts relative to the preferred inertial
frame may also cause atomic energy level shifts !9$.# Certain
atomic transition frequencies, therefore, may exhibit sinu-
soidal variation as the Earth rotates on its axis. Sensitive tests
of Lorentz and CPT symmetry can be made by searching for
sidereal variation of these atomic transition frequencies.
As shown in Table I, among the most sensitive such ex-

periments are Penning trap tests by Dehmelt and co-workers
with the electron and positron !10$ which place a limit on
electron Lorentz and CPT violation at a level of
%10!25 GeV. A recent reanalysis by Adelberger, Gundlach,
Heckel, and co-workers of existing data from the ‘‘Eöt-Wash
II’’ spin-polarized torsion pendulum !11$ has improved this
limit to a level of %10!29 GeV !12$, the most stringent
bound to date on Lorentz and CPT violation of the electron.
A limit on neutron Lorentz and CPT violation of about
10!31 GeV has been set by Bear et al. !13$ using a dual
species noble gas maser to compare the nuclear Zeeman fre-
quencies of 129Xe and 3He. Stringent limits on Lorentz and
CPT violation of the electron, proton, and neutron have also
been derived !4$ from the results of an experiment by Ber-
glund et al. !14$ which compared the Zeeman frequencies of
199Hg and 133Cs.

III. APPLICATION OF THE STANDARD MODEL
EXTENSION TO ATOMIC HYDROGEN
HYPERFINEÕZEEMAN ENERGY LEVELS

Atomic energy-level shifts due to Lorentz violation are
calculated perturbatively using standard field-theory tech-

niques by taking the expectation value of the Hamiltonian
derived from the standard model extension’s modified La-
grangian. Note that for most atoms, the interpretation of
energy-level shifts in terms of the standard model extension
is reliant on the particular model used to describe the atomic
nucleus "e.g., the Schmidt model#. A key advantage of an
experimental study in atomic hydrogen is the simplicity of
the nuclear structure "a single proton#, with results that are
therefore ‘‘clean,’’ i.e., uncompromised by any nuclear
model uncertainty.
Figure 1 illustrates the Lorentz-violating corrections to

the hyperfine/Zeeman energy levels of the ground electronic
state of atomic hydrogen !6$. In particular, the shift in the
F"1, &mF"#1 Zeeman frequency, following the notation
of Refs. !4–7$, is

!&'Z!"
1
h !b̃ z

e$ b̃ z
p!, "4#

where b̃ z
w"bz

w!dzt
wmw!Hxy

w for w"p or e! !8$. The spatial
subscripts (x , y, z) denote the projection of the tensor cou-

TABLE I. Experimental bounds on Lorentz and CPT violation for the electron, proton, and neutron in
terms of the parameters b̃X"bX!medX0!HYZ and b̃Y"bY!medY0!HZX , where the subscripts denote the
projection of the tensor couplings onto a fixed inertial frame "see Sec. VII#. Bounds are listed by order of
magnitude and in terms of a sum of Lorentz-violating parameters in the standard model extension !see Eqs.
"2#–"4#$.

Experiment b̃X ,Y
e (GeV) b̃X ,Y

p (GeV) b̃X ,Y
n (GeV)

Anomaly frequency of e! in Penning trap !10$ 10!25

199Hg and 133Cs precesion frequencies !14$ 10!27 10!27 10!30

Hydrogen maser double resonance !7$ 10!27 10!27

Spin-polarized torsion pendulum !12$ 10!29

Dual species 129Xe/3He maser !13$ 10!31

FIG. 1. Hydrogen hyperfine/Zeeman energy levels. The full
curves are the unperturbed levels, while the dashed curves illustrate
the shifts due to Lorentz and CPT violating effects for the exagger-
ated values of !bz

e!dzt
e me!Hxy

e !"90 MHz and !bz
p!dzt

p mp!Hxy
p !

"10 MHz. "We have set a bound of less than 1 mHz for these
terms !7$.# A hydrogen maser typically oscillates on the first-order
magnetic-field-independent !2(↔!4( hyperfine transition near 1420
MHz, and with a static magnetic field of less than 1 mG. For these
low field strengths, the two F"1, &mF"#1 Zeeman frequencies
are nearly degenerate, and '12%'23%1 kHz.

HUMPHREY et al. PHYSICAL REVIEW A 68, 063807 "2003#

063807-2

• Splitting of triplet 
substates in zero 
field!
• F=1,−1 cross!!

• no effect in 0 field 
σ1 transition!

• need to measure 
also π1!
• siderial and 

seasonal 
variations

Humphrey, M., Phillips, D., Mattison, E., Vessot, R., Stoner, R., & Walsworth, R. !
Testing CPT and Lorentz symmetry with hydrogen masers. Physical Review A, 68(6), 63807 (2003)..

σ1
π1

σ1 - less sensitive to Bext

π1 - more sensitive to Bext  

         & possible CPTV effects 

Bext (mT)
50 1000



 ASACUSA Jan 19, 2016, R.S. Hayano

“H” setup (same cavity, same sextupole as the H̅ exp)
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a typical Hydrogen σ1 resonance scan
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- For each scan, a fixed B-field (-250 ~ 250 µT) applied by Helmholtz coils 
- cavity frequency was scanned 
- hydrogen detection rate measured with QMS

← Fit result
     νc − νlit = 9336 ± 71 Hz
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zero-field extrapolation
- One of 10 zero-field extrapolation sets 
- Fit result: ν0 − νlit = 5.7 ± 23.6 Hz, χ2/n.d.f. = 65.3/57
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soon to be published

preliminary results: 
ν = 1 420.405 7… MHz 

statistical error ~3 Hz 
systematic error ~2 Hz  

rel. precision: < 3 ppb  

factor >10 better than Kusch et al. 
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precision π1 measurement planned in 2016
Hydrogen beam setup in building B275 π1 measurement needs better Bext control
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H̅ GSHFS Spectroscopy: in 2015

1. transportation of 20 eV ps̅ to the double-cusp trap 

2. reconstruction of annihilation vertices with the 
micromegas detector 

3. synthesis of H̅ atoms - formation rate ~15 %  

4. H̅ transport and detection 

5. σ1 hyperfine frequency of ordinary H atoms measured to 
<10 ppb
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←e+

H̅ →
distance from the mixing position 
Cavity:       +1840mm 
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minimize energy deposition to the e+ plasma
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optimizing p-̅extraction scheme

Figure 5: (a)(b) and (c): Three di↵erent potential distributions during trapping (black curves) and at the
time of extraction (red curves) to test the energy distribution of extracted p̄s. All the manipulations (trapping,
cooling, and compression) before the extraction are done with the potential distribution shown in Fig. 5(b),
and then slowly varied to (a) or (c) when necessary. (d)(e) and (f): Annihilation spectra for the potential
distributions (a) (b) and (c), respectively. The blue, red and green curves are for the cases when the p̄s are
stopped at 1.5 m, 1.9 m, and 2.1 m from the center of MUSASHI trap, respectively.

of the black and red curves in the area where p̄ are initially trapped. In this respect, the energy
distribution of Figs. 5 (b) is expected to be narrower than that of Fig. 5(a), and that of Fig. 5(c)
would even be narrower because almost no potential change is experienced by the p̄s. In the case
of Fig. 5(c), the trapping region was slowly expanded before the extraction expecting p̄s are also
adiabatically cooled. To observe the energy distribution of extracted p̄s, annihilation signals during
extraction were recorded stopping p̄s at three di↵erent points (1.5 m, 1.9 m, and 2.1 m from the
center of the MUSASHI trap) as shown by blue, red and green curves in Figs. 5(d)(e) and (f). For
all the trap potentials tested (Figs. 5(a)(b) and (c)), the annihilation distributions become broader
as the stopping distance is longer as expected. It is seen that the TOF distribution is the narrowest
for the extraction shown in Fig. 5(c). To evaluate the energy distribution (internal temperature)
of the extracted p̄s, Monte Carlo simulations were performed to reproduce the spectra shown in
Fig. 5(f). The temperature of the extracted ps was estimated to be less than 1 eV. A more precise

4

Figure 5: (a)(b) and (c): Three di↵erent potential distributions during trapping (black curves) and at the
time of extraction (red curves) to test the energy distribution of extracted p̄s. All the manipulations (trapping,
cooling, and compression) before the extraction are done with the potential distribution shown in Fig. 5(b),
and then slowly varied to (a) or (c) when necessary. (d)(e) and (f): Annihilation spectra for the potential
distributions (a) (b) and (c), respectively. The blue, red and green curves are for the cases when the p̄s are
stopped at 1.5 m, 1.9 m, and 2.1 m from the center of MUSASHI trap, respectively.

of the black and red curves in the area where p̄ are initially trapped. In this respect, the energy
distribution of Figs. 5 (b) is expected to be narrower than that of Fig. 5(a), and that of Fig. 5(c)
would even be narrower because almost no potential change is experienced by the p̄s. In the case
of Fig. 5(c), the trapping region was slowly expanded before the extraction expecting p̄s are also
adiabatically cooled. To observe the energy distribution of extracted p̄s, annihilation signals during
extraction were recorded stopping p̄s at three di↵erent points (1.5 m, 1.9 m, and 2.1 m from the
center of the MUSASHI trap) as shown by blue, red and green curves in Figs. 5(d)(e) and (f). For
all the trap potentials tested (Figs. 5(a)(b) and (c)), the annihilation distributions become broader
as the stopping distance is longer as expected. It is seen that the TOF distribution is the narrowest
for the extraction shown in Fig. 5(c). To evaluate the energy distribution (internal temperature)
of the extracted p̄s, Monte Carlo simulations were performed to reproduce the spectra shown in
Fig. 5(f). The temperature of the extracted ps was estimated to be less than 1 eV. A more precise

4
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p ̅extraction 

p ̅time distribution downstreampotential in the p ̅catching trap
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20 eV→
estimated 
Tp ̅~ 1eV
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pulsed coil for 20-eV p ̅transport 
Figure 3: A schematic drawing showing the configuration of transport coils along the beamline. The pulse
coil immediately downstream of the MUSASHI magnet is newly added.

Figure 3 schematically shows the configuration of transport coils along the transport beam-
line from the MUSASHI to the double cusp magnet. To improve the transport capability, a new
adjustable pulsed coil was added immediately downstream of the MUSASHI. Fig. 4(a) shows a
photo of the pulsed coil, which is installed using a support mechanism with full alignment capa-
bility (3D positioning and 2D tilting). To test how the charged particle transport is influenced
by varying alignments, electrons trapped in the MUSASHI were extracted and transported to a
detector consisting of a MCP and a phospher screen 2.1 m downstream from the center of the
MUSASHI magnet. Figures 4(b) and (c) show examples of the electron images so obtained for
di↵erent alignments of the pulsed coil.

Figure 4: (a)A photo of the new pulsed coil and its support with 3D positioning and 2D alignment capability.
(b) and (c) Examples of the MCP images for two di↵erent alignments. The circles show the active area
(4 cm�) of the phospher screen.

1.1 p̄ extraction from the MUSASHI trap

In order to see how the trap potential and the extraction potential in the MUSASHI trap influence
the energy distribution of the extracted p̄s, three potential configurations were tested as shown
in Figs. 5(a)(b)(c). The black and red curves show the potential distributions for the trapping
and extraction, respectively. Considering the fact that the switching from the black potential to
the red potential is done abruptly, the kinetic energy distribution is conserved. On the other
hand, the potential energy of each p̄ is di↵erent depending on the axial position of the p̄, i.e., the
energy distribution of the extracted p̄s can be considerably influenced by the potential di↵erence

3

d
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H̅ GSHFS Spectroscopy: in 2015

1. transportation of 20 eV ps̅ to the double-cusp trap 

2. reconstruction of annihilation vertices with the 
micromegas detector 

3. synthesis of H̅ atoms - formation rate ~15 %  

4. H̅ transport and detection 

5. σ1 hyperfine frequency of ordinary H atoms measured to 
<10 ppb
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micromegas around the 2-cusp vacuum tube 



 ASACUSA Jan 19, 2016, R.S. Hayano

micromegas around the 2-cusp vacuum tube 

0

10

20

30

40

50

60

70

80

90

X [cm]
-6-8 -4 -2 0 2 4 6 8

Y
[c
m
]

-8

-6

-4

-2

0

2

4

6

8

reconstructed annihilation x-y vertices  
with slow-extracted ps̅

ps̅ps̅



 ASACUSA Jan 19, 2016, R.S. Hayano

time evolution of annihilation positions during p-̅e+ mixing
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time evolution of annihilation positions during p-̅e+ mixing
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time evolution of annihilation positions during p-̅e+ mixing
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time evolution of annihilation positions during p-̅e+ mixing
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H̅ GSHFS Spectroscopy: in 2015

1. transportation of 20 eV ps̅ to the double-cusp trap 

2. reconstruction of annihilation vertices with the 
micromegas detector 

3. synthesis of H̅ atoms - formation rate ~15 %  

4. H̅ transport and detection 

5. σ1 hyperfine frequency of ordinary H atoms measured to 
<10 ppb
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with 20 eV ps̅ - high H̅ formation rate in early times
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with 20 eV ps̅ - high H̅ formation rate in early times
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Field ionizer chamber between cusp & cavity

±8.7 kV →17.4 kV/cm 
→n ≥12 ionized
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with 20 eV ps̅ - high H̅ formation rate in early times
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- The total number of field-ionized 
H̅s ~ 390 (in 40 s) 

- p→̅H̅ efficiency ∼16%  
(assuming isotropic emission)
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H̅ GSHFS Spectroscopy: in 2015

1. transportation of 20 eV ps̅ to the double-cusp trap 

2. reconstruction of annihilation vertices with the 
micromegas detector 

3. synthesis of H̅ atoms - formation rate ~15 %  

4. H̅ transport and detection 

5. σ1 hyperfine frequency of ordinary H atoms measured to 
<10 ppb
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H̅ detector @ 3.7m (Solid angle ~0.004%)
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H̅ detector @ 3.7m (Solid angle ~0.004%)
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cosmic vs H̅ (p)̅
BGO energy deposit and hodoscope opening angle



 ASACUSA Jan 19, 2016, R.S. Hayano

H̅ GSHFS Spectroscopy: 2015 summary

1. H̅ atom formation rate ~15 % with 300k ps̅ at 20 eV 
& 7x107 e+s 

2. H̅ detection scheme perfected 

3. σ1 hyperfine frequency of ordinary H atoms 
measured to <10 ppb 

4. Currently, ~1 H̅ detected / mixing cycle (~15 min) 
x10  H̅gs rate needed for spectroscopy



2. Antiproton-to-electron mass ratio 

p
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++
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laser pulse changes the p ̅orbit

resonance detection via p ̅annihilation
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ASACUSA single photon (final)Single-photon resonance (2006)

<70-ppb deviations in 4He and 3He.
<40-ppb deviations in 3He for Korobov.

2006
~15 K
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1.7 K. The arrows indicate the positions of the hyperfine lines caused by the spin-spin 
interaction between the antiproton and electron; the (B) and (C) splittings were resolved 
for the first time. The profile (36,34)→(37,33) of cooled p3He+ (D) show a further 
splitting due to the 3He nuclear spin. Blue curves indicate the best fit of an ab initio 
model based on the optical Bloch equation. 
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the most precise direct measurement (Farnham 95) of the proton-to-electron mass ratio by 
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2015  
~1.5K 

 (contributed to CODATA2014)
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ASACUSA single photon (final)
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Experimental improvements in 2012-2015
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Experimental improvements in 2012-2015

Experimental 
      target

Magnetic
spectrometer

Pulsed
amplifier

Cherenkov
  counter

RFQD

Parasitic experiment

pH̅e cooled to 1.5K
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Experimental improvements in 2012-2015
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Experimental improvements in 2012-2015

Experimental 
      target

Magnetic
spectrometer

Pulsed
amplifier

Cherenkov
  counter

RFQD

erbium fiber frequency comb 
NEW in 2015 
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two-photon resonance p4̅He (36,34)→(34,32)
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2015

- New frequency comb improved experimental stability  

- Leak in target→higher temperature  
→ slight deterioration of resolution 
 (will be fixed in 2016)
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Population evolution T=1.5 K pH̅e at low densities

Ŷ с�ϱ�ǆ�ϭϬϭϴ�ĐŵͲϯ

Ŷ с�ϲ�ǆ�ϭϬϮϬ�ĐŵͲϯ

Ŷ с�Ϯ�ǆ�ϭϬϮϭ�ĐŵͲϯ

Ŷ с�ϭ�ǆ�ϭϬϮϭ�ĐŵͲϯ

State lifetimes are 
unchanged even when 
the densities are reduced 
by factor 100-200 
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In 2016, continuation of pH̅e two-photon

p4̅He 
(n,l)=(36,34)→(34,32)  
(n,l)=(31,30)->(30,29)  

p3̅He 
(n,l)=(30,29)->(29,28)  

Goal: antiproton-to-electron mass ratio <3x10-10  
(<1 x 10-10 at ELENA)



p ̅ A A - 1

π

3. p ̅annihilation σ at 5.3 MeV

Antiproton annihilations σ 
at  5.3 MeV on carbon

Luca Venturelli

for

Brescia Group    &   MPQ+Tokyo Group

p A

π

p A A-1

1CERN 24-11-2015
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p ̅on C at 5.3 MeV, σ precision <10%
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1. use timing to separate 
signal from background 

2. use 2nd ring (Rutherford) 
to obtain absolute σ 
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σann setup 2015 (5.3 MeV beam)Set-up

11CERN 24-11-2015
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σann setup 2015 (5.3 MeV beam)
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p ̅annihilation time distribution 
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annihilation on the target clearly separated
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- Good data for p-̅carbon annihilation at 5.3 MeV collected 
a benchmark to understand σann(E, A) at low energies 

- The data are being analyzed 
we do not plan to use the p ̅beam in 2016. 

p ̅annihilation σ at 5.3 MeV, Summary
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‣In 2015, ASACUSA achieved:

- transfer of 20 eV ps̅ to the cusp trap →  p-̅to-H̅ conversion ~15%

- hydrogen σ1 frequency measured to <10 ppb

- started two-photon pH̅e data taking at ~1.5K with a new erbium 
fiber comb

- collected good data for p-̅carbon annihilation at 5.3 MeV

‣In 2016, ASACUSA plans to carry out

- Higher H̅ rate → ground-state hyperfine spectroscopy

- measure hydrogen π1 frequency to <10 ppb

- continuation of two-photon laser spectroscopy of pH̅e


