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MATTER-ANTIMATTER SYMMETRY

•COSMOLOGICAL SCALE:
• asymmetry

•CPT VIOLATION
• Microscopic:

symmetry?
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HYDROGEN AND ANTIHYDROGEN

1s-2s
2 photon
λ=243 nm

Δf/f=10-14

Ground state
hyperfine splitting
f = 1.4 GHz 
Δf/f=10-12

3

Freitag, 14. Juni 13



E.	  Widmann

CPT TESTS - RELATIVE & ABSOLUTE 
PRECISION
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• ATOMIC PHYSICS EXPERIMENTS, ESPECIALLY ANTIHYDROGEN OFFER 
THE MOST SENSITIVE EXPERIMENTAL VERIFICATIONS OF CPT
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HFS AND STANDARD MODEL 
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CPT & Lorentz violation
Lorentz violation

D. Colladay and V. A. Kostelecky, PRD 55 (1997) 6760.
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GROUND-STATE HYPERFINE SPLITTING OF H(BAR)
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Even after higher-order QED corrections [2] still a significant difference between theory and
experiment remained, as

δ(QED) =
ν(QED) − ν(Exp)

ν(Exp)
= 32.55(10) ppm. (6)

This discrepancy was accounted for by the non-relativistic magnetic size correction (Zemach cor-
rection) [2]:

∆ν(Zemach) = νF
2Zαme

π2

∫
d3p

p4

[
GE(p2)GM (p2)

1 + κ
− 1

]

, (7)

where νF is the Fermi contact term defined in eq. (3), GE(p2) and GM (p2) are the electric and
magnetic form factor of the proton, and κ its anomalous magnetic moment. The Zemach corrections
therefore contain both the magnetic and charge distribution of the proton.

A detailed treatment of the Zemach corrections can be found in [8]. Assuming the validity of
the dipole approximation, the two form factors can be correlated

GE(p2) =
GM (p2)
1 + κ

=
(

Λ2

Λ2 + p2

)2

(8)

where the Λ is related to the proton charge radius by Rp =
√

12/Λ. Whether the dipole approxima-
tion is indeed a good approximation, however, is not really clear. Integration by separation of low
and high-momentum regions with various separation values, and the use of different values for Rp

gives a value for the Zemach corrections of ∆ν(Zemach) = −41.07(75) ppm [8]. With this correc-
tion, and some more recently calculated ones, the theoretical value deviates from the experimental
one by [8]

ν(exp) − ν(th)
ν(exp)

= 3.5 ± 0.9 ppm. (9)

A further structure effect, the proton polarizability, is only estimated to be < 4 ppm [8], of the
same order than the value above. The “agreement” between theory and experiment is therefore
only valid on a level of ∼ 4 ppm. Thus, we can say that the uncertainty in the hyperfine structure
reflects dominantly the electric and magnetic distribution of the proton, which is related to the
origin of the proton anomalous moment, a current topic of particle-nuclear physics.

The hyperfine structure of antihydrogen (νHF(H)) gives unique and qualitatively different in-
formation from that given by the binding energies of antihydrogen atomic states. Historically, of
course, it was the hyperfine coupling constants of hydrogen and deuterium which first indicated
that the values of the proton and deuteron magnetic moments were surprisingly anomalous. A first
measurement of the antihydrogen hyperfine structure will initially provide a better value for the
poorly known antiproton magnetic moment (µp), the current 0.3 % relative precision of which has
been obtained from the fine structure of heavy antiprotonic atoms [24] . Subsequent, more precise
values of νHF(H) will yield information on the magnetic form factor of the antiproton (GM (p)), etc.

4 A theoretical model for CPT violation

At what scale and in what kind of physical observables might we then find CPT violating effects
and what might be their significance? As is well known, CPT violation would require the aban-
donment of one or more of the cherished axioms of relativistic quantum field theory, which has had
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typical neutral-atom trap used for hydrogen spectroscopy [21], the atoms will experience Zeeman
level shifts due to their thermal motion. So far experiments on RF-spectroscopy of trapped neutral
atoms have not been able to achieve high precision, but only to extract the temperature distribution
of atoms, even though these atoms had a temperature as small as 60 mK [22, 23].

We therefore believe that experiments carried out with an antihydrogen beam of energy corre-
sponding to about 10 K has an enormous, but yet untapped potential for testing CPT-symmetry.
Atomic beams sacrifice the long storage times of neutral atom traps in favour of simplicity of con-
struction, operation, and experimental complexity. To judge by the number of fundamental physical
quantities that have been determined to high precision in such beams, this tradeoff has frequently
been worthwhile. These include not only the HFS frequency in hydrogen and its above-cited con-
comitant, the proton magnetic moment, but also the fine structure constant itself (from fine and
hyperfine structure measurements of one- and two-electron atoms), the Lamb shift, the equality of
proton and electron charges to one part in 1018 and upper limits on the electric quadrupole moment
of the electron and proton.

Seen in this perspective, experiments to measure the hyperfine structure appear not only feasible
- the initial ones might have been carried out in the 1930s had antihydrogen beams been available
then - but also logically and empirically meaningful. Thus, without pushing microwave and magnet
technology to unreasonable limits, we can expect to parallel with antihydrogen the historical de-
velopment of the hydrogen case, starting from a simple Stern-Gerlach experiment and proceeding
to microwave resonance experiments, with better and better values for the antihydrogen hyperfine
frequency νHF emerging at each stage. We base our intention to measure the hyperfine structure of
the ground state of the antihydrogen at the AD on these experimental grounds. Section 3 describes
in more detail the ground-state hyperfine structure, and section 4 gives some additional theoretical
material on CPT violation. In Section 5 we develop our experimental strategy to measure the
hyperfine structure in an atomic beam of antihydrogen atoms, and in section 6 we discuss the
possible scenarios for producing cold H atoms. Section 7 deals with positron production schemes,
and section 8 describes technical milestones.

3 Physics of the ground-state hyperfine structure and CPT vio-
lation

The hyperfine structure of antihydrogen provides a variety of physics implications, which are unique
and qualitatively different from those given by the binding energy of antihydrogen. The hyperfine
coupling frequency νHF in the hydrogen ground state is given to the leading term by the Fermi
contact interaction, yielding

νF =
16
3

(
Mp

Mp + me
)3

me

Mp

µp

µN
α2c Ry, (3)

which is a direct product of the electron magnetic moment and the anomalous proton magnetic
moment (Mp, me denote proton and electron mass, c the speed of light, α the fine structure
constant, and Ry the Rydberg constant). Using the known proton magnetic moment,

µp = 2.792 847 386(63) µN , (4)

with
µN = 7.622 591 4 MHz/T, (5)

this formula yields νF = 1418.83 MHz, which is significantly different from the experimental value.
This 1000 -ppm discrepancy led to the discovery of the anomalous electron g-factor (ge = 2.002).
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• spin-spin interaction 
positron - antiproton 

• Leading: 
Fermi contact term

1420405751768(1)
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•magnetic moment of p̄
• previously known to 0.3%, 2012 Gabrielse Penning trap 5 ppm arXiv:1301.6310

•H: deviation from Fermi contact term: ~ 32 ppm
• finite electric & magnetic radius (Zemach corrections): 41 ppm
• polarizability of p(bar): < 4 ppm
• few ppm theoretical uncertainty remain
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ASACUSA COLLABORATION @ CERN-AD

• University of Tokyo, Japan

• INSTITUTE OF PHYSICS
• FACULTY OF SCIENCE, 

DEPARTMENT OF PHYSICS
• RIKEN, Saitama, Japan
• SMI, Austria
• Aarhus University, Denmark 
• Max-Planck-Institut für Quantenoptik, 

Munich, Germany
• KFKI Research Institute for Particle and 

Nuclear Physics, Budapest, Hungary 
• ATOMKI Debrecen, Hungary
• Brescia University & INFN, Italy
• University of Wales, Swansea, UK 
• The Queen’s University of Belfast, Ireland

SPOKESPERSON: R.S. HAYANO, UNIVERSITY OF TOKYO

ASAKUSA KANNON TEMPLE
BY UTAGAWA HIROSHIGE (1797-1858)

Atomic Spectroscopy And Collisions 
Using Slow Antiprotons

~ 44 MEMBERS
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ANTIPROTON DECELERATOR @ CERN
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ALL-IN-ONE 
MACHINE:

ANTIPROTON 
PULSED 

EXTRACTION
2-4 X 107 Antiproton production
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HFS MEASUREMENT IN AN ATOMIC 
BEAM

• atoms evaporate - no trapping 
needed 

• cusp trap provides polarized beam
• spin-flip by microwave
• spin analysis by sextupole magnet
• low-background high-efficiency 

detection of antihydrogen 
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E.W. et al. ASACUSA proposal addendum
CERN-SPSC 2005-002
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• First antihydrogen production in 2010
• expectation: polarized beam

A. Mohri & Y. Yamazaki,  
Europhysics Letters 63, 207 (2003).

POLARIZED H ̅ BEAM FROM “CUSP” TRAP

10

Jan 18, 2011, R.S. Hayano
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H ̅ PRODUCTION SETUP
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Jan 18, 2011, R.S. Hayano
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MUSASHI: p̄

e+

CUSP: H ̅
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H ̅ FORMATION IN CUSP TRAP
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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Nested Penning traps

Results of 2012 run to come...
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HBARHFS BEAM LINE 2012
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cusp trap
cavity with
Helmholtz

coils
sextupole

antihydrogen
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SPIN-FLIP RESONATOR

15

• f = 1.420 GHz, Δf = few MHz, ~ mW power 
• challenge: homogeneity over 10x10x10cm3@ λ=21cm
• solution: strip line

RF cavity
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Abbildung 3: Aufbau der Kavität 

 

 Zuvor haben wir noch zwei Metallplatten im Inneren montiert, die für die stehenden Wellen der 
Mikrowellen sorgen. Die Kavität besitzt vier Eingänge, in die die Mikrowellen eingestrahlt werden. An 
diesen Metallplatten sind vergoldete Kupfer-Berillium-Streifen montiert, damit eine möglichst gute 
elektrische Leitfähigkeit zwischen den Platten und der Kavität hergestellt ist. (siehe Abbildung 3) 

 

Abbildung 4: Innenraum der Kavität 

Um die Kavität herum befinden sich zwei Helmholtzspulen, die mithilfe gleich langer Metallstangen in 
einem exakten Abstand voneinander montiert wurden und so ein möglichst homogenes Magnetfeld 
erzeugen.  

Figure 4. Left [13]: Schematic view of the cylindrical radiofrequency resonator with the double
stripline and two auxiliary plates. Of the two vacuum flanges which close the chamber, only one
is shown. Center [13]: Oscillating magnetic field of the double stripline cavity in the X-Y plane
(perpendicular to the beam axis). Right [13]: Oscillating magnetic field in the Y -Z plane.

5. Radiofrequency resonator
As explained above, the purpose of the radiofrequency resonator is to induce a spin flip of the
antihydrogen atoms. Ideally, the spin flip should be a ‘π-pulse’ i.e. when the spin of of the atoms
makes exactly one half of a Rabi oscillation. This way the width∆ ν of the GS-HFS line in the
RF spectrum can reach the theoretical minimum, which can be calculated for monoenergetic
(monovelocitic) atoms as [12]:

∆ν =
0.799

T
, (4)

where T is the observation time of the transition i.e. the time it takes for one atom to pass
through the RF resonator and interact with the oscillating magnetic field. It can be readily seen
that the longer the observation time, the narrower the transition line.

The resonator has to be tunable within the range of 1420–1425 MHz. This will be achieved
by using a low-Q cavity in which the frequency of the oscillating field can be changed simply by
changing the frequency of the external frequency source.

5.1. Oscillating magnetic field
The spin flip of the antihydrogen atom has to be induced by a magnetic field oscillating at
1.42 GHz. With such an oscillating field, the π1 and the σ1 transitions in Fig. 2 can be observed.
Ideally, the oscillating magnetic field should be perfectly homogenous in all directions. However,
Maxwell’s equations forbid to generate a perfectly homogenous oscillating magnetic (or electric)
field in a volume whose dimensions are comparable or larger than the half-wavelength of the field.
This is exactly the case in this setup, since the size of the volume in which the oscillating field
has to be present is at least ∼10×10×10 cm3, while the half-wavelength of the radiofrequency
field is λHFS/2 # 10.5 cm. Therefore at least in one direction the magnetic field cannot be
homogenous.

To generate the required oscillating magnetic field, a cylindrical cavity with a double stripline,
i.e two parallel conducting plates, has been chosen [13, 14] (see Fig. 4). The length of the plates
(measured along the beam) has to be an integer multiple of the desired half-wavelength, while
the width and the distance between the plates can be arbitrary. The plates are placed inside
a cylindrical vacuum chamber, which has two openings on the front and back plates. These
openings are covered with fine metallic meshes, which allow the H atoms to enter and leave the
cavity, but keep the RF field from leaking out.

5

strip line
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CONSTANT B-FIELD
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Helmholtz coils

Fluxgate sensors

magnetic shielding

14 
 

 

Abbildung 10: Messung bei 0,2A (1G) 

 

Abbildung 11: Messung bei 0,5A (2,3G) 

 

Abbildung 12: Messung bei 1,1A (5G) 

11 
 

 

Abbildung 6: Magnetfeldsensor, der bereits an der Metallplatte befestigt ist, um das Innere der Kavität zu vermessen. 

Diese beiden Sensoren messen das Magnetfeld während des Experimentes, da der Innenraum der 
Kavität aufgrund des ultrahohen Vakuums nicht während der Datennahme vermessen werden kann. 
Meine Messung soll helfen, die Feldstärken innerhalb der Kavität besser zu kennen, obwohl man nur 
außerhalb davon messen kann. 

Wesentlich komplizierter jedoch ist die Messung des Magnetfeldes im Innenraum. Hier wird nämlich, 
im Gegensatz zu den beiden äußeren Sensoren, in nicht nur einem Punkt die magnetische Feldstärke 
gemessen, sondern in einem ganzen Volumen, was vom Aufbau her nicht einfach ist.  

Um einen dreidimensionalen Raum vermessen zu können, haben wir den Sensor auf eine sog. 
„Stepperanlage“   montiert.   Diese   Anlage   besitzt   drei   Achsen mit Motoren, die sich mit einem 
Programm ansteuern lassen. Ich habe eine Apparatur montiert, auf der die Stepperanlage auf der 
richtigen Höhe befestigt wurde um optimal messen zu können.  

 

Abbildung 7: Montierter Sensor an der Stepperanlage, die vor der Kavität mit Magnetschild befestigt ist 
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SEXTUPOLE & SPIN-FLIP RESONATOR
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SC sextupol Bmax=3.5 T
field length 22 cm

RF cavity
length 10 cm
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SEGMENTED TRACKING DETECTOR 
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Hodoscope 8 cm diam.
30 plastic scintillators

5x10 mm2     
length 15 cm

2x SiPM readout

π

π

Hbar counter: 64 scint. + multi channel PMT

Measurement of the hyperfine structure of antihydrogen in a beam
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Fig. 6 (Left) Picture of the hodoscope in the beam line. (Right) Event display showing a projection
of the hit position onto a plane perpendicular to the beam axis

both detectors projected onto a plane perpendicular to the beam direction. The color
code corresponds to the energy deposit in each detector. The two rings represent
the output of the downstreams and upstreams detectors of each hodoscope bar. The
figure shows the track of a cosmic ray penetrating the hodoscope in a straight line. A
p annihilation would lead in more than 50 % of the events to the creation of three or
more pions which should be clearly distinguishable from cosmic rays.

4 Outlook

After a first test of the setup with the new particle detectors in summer 2012, a 1.5
year break in the antiproton production at CERN will take place. This time will be
spent with analyzing the data and performing measurements with the apparatus using
hydrogen. A monoatomic polarized hydrogen beam is currently being developed
based on an RF discharge source [14], a Q-mass spectrometer to detect the hydrogen
atoms, and permanent sextupole magnets. Next attempts using an antihydrogen
beam will commence in 2014.
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SIMULATION & DATA
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G4 studies:
 simulation of H̅              
trajectories in field
 background creation 
 cosmics
 estimation of transition 
probabilities
 effect of homogeneities 
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SETUP TESTING DURING LS1
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hydrogen beamline developed at 
SMI 

permanent sextupole for initial 
polarization developed at CERN by TE-
MSC-MNC 
1.4T integrated field
10mm inner diameter 
Permendur/permanent magnet

Hydrogen beam:

•Source of atomic hydrogen (microwave discharge)
•Permanent sextupoles create polarized hydrogen beam
•QMS detect GS hydrogen
•Choppers connected to a lock-in amplifier for noise reduction
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HYDROGEN BEAMLINE
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Setup will be transported to CERN in July 2013 to be coupled to the cavity and 
superconducting sextupole
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EXPERIMENTS IN AN ATOMIC BEAM

• Phase 1 (ongoing): Rabi method

• Phase 2: Ramsey separated oscillatory fields
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Linewidth reduced by D/L

Δν/ν ~10−7
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(FAR) FUTURE EXPERIMENTS

•PHASE 3: TRAPPED H ̅
• Hyperfine spectroscopy

in an atomic fountain of
antihydrogen

• needs trapping and laser 
cooling outside of 
formation magnet

• slow beam & capture in 
measurement trap

• Ramsey method with 
d=1m
• Δf ~3 Hz, Δf/f ~ 2x10−9
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SUMMARY

• Precise measurement of the hyperfine structure of 
antihydrogen promises one of the most sensitive tests 
of CPT symmetry

• Complementary to 1S-2S laser spectroscopy, 
competitive in absolute sensitivity 

• Recent milestones in H ̅ production & trapping make 
the field enter the era of spectroscopy

• Time scale of precision experiments is 5-10 years 
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THE ASACUSA COLLABORATION
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ASACUSA Scientific project

(1) Spectroscopy of pH̄e

(2) p ̄annihilation cross-section

(3) H ̅production and spectroscopy
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