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MATTER-ANTIMATTER SYMMETRY

• Cosmological scale:
• asymmetry

• CPT violation
• Microscopic:

symmetry?
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FUNDAMENTAL SYMMETRIES C,P,T

• C: charge conjugation 
particle ↔ antiparticle

• P: parity: spatial mirror
• T: time reversal
• CPT theorem: consequence 

of
• Lorentz-invariance
• local interactions
• unitarity

• Lüders, Pauli, Bell, Jost 1955

• all QFT of SM obey CPT
• not necessarily true for 

string theory
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VIOLATIONS OF FUNDAMENTAL 
SYMMETRIES

• Historically it was believed that nature 
would conserve symmetries of space

• Observed symmetry violations in weak 
interaction:
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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

5

Donnerstag, 21. Juni 12



E. Widmann

Mass [GeV]
-2710 -2410 -2110 -1810 -1510 -1210 -910 -610 -310 1 310

Energy [GHz]
-1210 -910 -610 -310 1 310 610 910 1210 1510

HFSν  HH-
1s-2sν  HH-

0K-0K

pp-

nn-

+-e-e

CPT TESTS - RELATIVE & ABSOLUTE PRECISION
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• Atomic physics experiments, especially antihydrogen offer the 
most sensitive experimental verifications of CPT

maser

atomic
fountain

atomic
beam

Donnerstag, 21. Juni 12



E. Widmann

HFS AND STANDARD MODEL EXTENSION
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CPT & Lorentz violation
Lorentz violation

D. Colladay and V. A. Kostelecky, PRD 55 (1997) 6760.
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no CPT effect on 1S-2S transition
allows to compare different quantities in different sectors
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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

8

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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100 10-3 10-6 10-9
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current
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errors

i    experimental
      values for
      hydrogen   
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uncertainty

()

• magnetic moment of pbar

• only known to 0.3%, proposals to measure in Penning trap Gabrielse, Ulmer

• 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 9
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ANTIPROTON DECELERATOR @ CERN
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•All-in-one machine:
• Antiproton capture
• deceleration & cooling
• 100 MeV/c (5.3 MeV)

•Pulsed extraction
• 2-4 x 107 antiprotons 
per pulse of 100 ns 
length 

• 1 pulse / 85−120 
seconds

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 HBAR BEAM FROM “CUSP” TRAP

12

Jan 18, 2011, R.S. Hayano
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HBAR FORMATION IN CUSP TRAP
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Figure 21: (a) Schematic cross sectional view of CUSP trap with H̄ detector. The magnetic field lines are superim-
posed. (b) A nested potential configuration along the axis.
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Figure 22: Annihilation events as a function of time. t = 0 correctonds to the time when the FIT was opened when (a)
with and (b) without e+s in the nested trap.

H̄ atoms and taking into account the solid angle covered by the FIT, the total number of H̄ atoms in high
Rydberg state was estimated to be about 5.3×103H̄s per mixture.

1.5.2 Detection of extracted H̄ atoms far downstream of the cusp trap

As is shown in Fig. 13 (a), the H̄ detector was installed ∼1.5m downstream of the cusp trap. It consists of a
8 cm microchannel plate (MCP) surrounded by scintillator plates, which cover the solid angle of ∼30% with
respect to the MCP. The solid angle covered by the MCP seen from the CUSP trap was ∆Ω/4π ∼ 1.5×10−4.

Figures 23 (a) and (b) show the MCP pulse height distributions when a 150 eV DC beam of p̄s was

22

Field ionisation trap
for Hbar detection
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SIMULATIONS
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sextupole, 3.5 T pole field: 
efficiency ~10−4

• achievable precision
• <10−5: σ1

• <10−6: σ1 & π1
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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 RF field pattern
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

10 cm

T. Kroyer., CERN-AB-Note-2008-016 (2008)
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CONSTANT B-FIELD
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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 
being prepared
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(POLARIZED) MONOATOMIC H BEAM

• test of apparatus during CERN shutdown 2013
• 1st phase: monoatomic beam (done at SMI)

19

4 Experiments

4 . 3 F I N A L S E T U P

As said the main problem of the first setup was the very big background signal in the last
chamber. Therefore we added a chamber directly after the source.

Figure 4.22: Schematic drawing
of the teflon nozzle.

Our workshop attached a wall in the vacuum flange 45�

diagonally as can be seen in figure 4.23. In the middle
of this wall a teflon plate with a small hole inside (? 5
mm) was attached. On the new ”chamber” a oil diffusion
pump (Leybold DIP 3000) with a pumping speed of 3000
l/s was installed.

In this chamber the pump evacuated the diverging part
of the beam. Only the directed part was able to enter
through the slit in the wall into the following chamber,
through the skimmer and finally through the last slit
into the detection chamber. A laval type nozzle (teflon,
?600 µm, crafted by our workshop) was installed on the

nose of the source for an efficient formation of the beam (4.22).

Figure 4.23: Schematic drawing of the final setup.

Many methods then were tried to reduce the pressure in the 4th chamber (the detection
chamber) for a reduction of the background signal. First we mounted an ion getter pump
(Varian Vaclon Plus 20 - Star Cell) which in theory should have a ultimate pressure below
10�11 mbar. The Balzers IKR 020 and TPR 010 measured the pressure in chamber 1. In
chamber 3 and 4 Leybold ITR 90 gauges measured the pressure. After a couple of days of
pumping and baking out for 24 hours at 200� the ion getter pump did not reach the desired

42

3 Hydrogen formation Cookbook

Figure 3.5: left: The red-pink color coming from the Balmer series; right: The Balmer lines
of the atomic hydrogen plasma seen by a hand spectrometer. A: H-↵ spectral line (n: 3 ! 2),
B: H-� spectral line (n: 4 ! 2), C: H-� spectral line (n: 4 ! 2).

When ignited the plasma has a red-pink color, which comes form the atomic Balmer
series like:

� = G
n2
1

n2
1 � 4

(3.5)

for n1 = 3,4..., G is an empirical constant (G = 3.645⇥ 10�7 m) [8].

3 . 5 . 1 C H A R A C T E R I S AT I O N O F T H E P Y R E X T U B E

The pyrex tube for the dissociation of molecular hydrogen was characterized by the
reflected microwave power back into the microwave power supply. Plots of the pressure of
the hydrogen gas supply vs. the reflected microwave power can be seen in figure 3.6 and
3.7 (the reflected microwave power was displayed at the analog readout of the microwave
generator). The plot shows the best working points for 30% an 40% microwave power,
where the plasma absorbs most of the power.

3 . 5 . 2 C L E A N I N G O F T H E S O U R C E

After various tests it can occur, that the glass tubes become dirty, but for an effective
dissociation of hydrogen the surface has to be very clean.

Koch and Steffens described how to clean the surface of the pyrex tubes. A very good
solution is first to clean the tube with acetone, methanol and distilled water, then give them
into a 2:1 acid mixture of concentrated hydrofluoric acid HF(40%) and hydrochloric acid
HCL(32%) for approximately 5 minutes, cleaning with distilled water again and finally
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• RF discharge tube
• detection by Q-mass

M. Diermaier 
Dipl. U. Wien 2012
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POLARIZED MONOATOMIC H BEAM

• 2 permanent sextupoles, Bmax=1 T, L=7 cm, d=1 cm
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iris to block high-field seekers

cavity sextupole Qmass
at position
Hbar detector

RF discharge
source

> 90% polarization
> 60% transmission
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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

microwave
cavity 1 sextupole 2

antihydrogen
detector

cusp trap microwave
cavity 2

D DL

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap
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(FAR) FUTURE EXPERIMENTS

• Phase 3: trapped Hbar

• 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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AEGIS - ULTRA-LOW ENERGY BEAM

23

grating 1 grating 2

position-sensitive
detector

L Latomic
beam

Ps

laser
  excitation

antiproton
  trap

positronium
  converter

e+

Ps

Ps*
Ps*

H*

H*
H beamH*

accelerating
  electric field

Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_

• Hbar production at 100 mK
• primary physics goal: gravity
• opportunities for HFS measurement

• achieve higher precision with ultra-slow beam
• transfer Hbar to freely accessible trap
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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 Hbar production & trapping make 
the field enter the era of spectroscopy

• Time scale of precision experiments is 5-10 years 
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