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Matter-antimatter symmetry

• Cosmological scale:
• asymmetry

• CPT violation
• Microscopic:

symmetry?
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Ways to violate CPT

• SME Kostelecky

• Foam and unitarity violation
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CPT & Lorentz violation

Lorentz violation

After S. Weinberg 1999 

Horizon 
of Black Hole ‘‘out’’ 

MIXED STATES
‘‘in’’
PURE STATES

SPACE TIME FOAMY SITUATIONS 
NON UNITARY (CPT VIOLATING) EVOLUTION 

OF PURE STATES TO MIXED ONES 
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Current source:  AD @ CERN
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Antiproton
 production
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ASACUSA collaboration @ CERN-AD

n University of Tokyo, Japan

q College of Arts and Sciences, Institute of Physics

q Faculty of Science, Department of Physics

n RIKEN, Saitama, Japan

n SMI, Austria

n Aarhus University, Denmark 

n Max-Planck-Institut für Quantenoptik, Munich, 
Germany

n KFKI Research Institute for Particle and Nuclear 
Physics, Budapest, Hungary 

n ATOMKI Debrecen, Hungary

n Brescia University & INFN, Italy

n University of Wales, Swansea, UK 

n 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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Spectroscopy for tests of CPT and QED

• Antiprotonic helium
• laser and microwave spectroscopy CPT 

test antiproton properties
• mass, charge:             2x10−9

• magnetic moment:    2.9x10−3

• most precisely calculated 3-body system
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Spectroscopy for tests of CPT and QED

• Antiprotonic helium
• laser and microwave spectroscopy CPT 

test antiproton properties
• mass, charge:             2x10−9

• magnetic moment:    2.9x10−3

• most precisely calculated 3-body system

• Antihydrogen
• hydrogen measured to the 

highest precision
• 1S-2S:                    10−14

• ground-state HFS:   10−12 
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Antiprotonic helium „atomcule“
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Magnetic moment of the antiproton
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Fig. 5. The difference for !"HF between experiment and theory [15,17] as a function
of target pressure. The experimental values are shown as squares (2). The point
shown at x = 0 and represented by a circle (") represents the average of the total
data.

The limit of experimental precision has been reached for the
(37,35) state. The study of other states with larger !"HF could
potentially increase the precision but the system cannot generally
be improved due mainly to uncontrollable fluctuations of the AD
beam. Preparations are underway to measure the HF splitting of
p̄3He+ which, because of the additional helion spin, provides a
more thorough test of the theory but yields no further informa-
tion on the magnetic moment. The theorists are currently working
on an #6 calculation but a significant change in !"HF is not ex-
pected.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).

36
listed in PDG

(νHF− − νHF+) ~ µ
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Magnetic moment of the antiproton
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).

58 T. Pask et al. / Physics Letters B 678 (2009) 55–59
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ever these effects have been determined to be far smaller than the
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pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Fig. 5. The difference for !"HF between experiment and theory [15,17] as a function
of target pressure. The experimental values are shown as squares (2). The point
shown at x = 0 and represented by a circle (") represents the average of the total
data.

The limit of experimental precision has been reached for the
(37,35) state. The study of other states with larger !"HF could
potentially increase the precision but the system cannot generally
be improved due mainly to uncontrollable fluctuations of the AD
beam. Preparations are underway to measure the HF splitting of
p̄3He+ which, because of the additional helion spin, provides a
more thorough test of the theory but yields no further informa-
tion on the magnetic moment. The theorists are currently working
on an #6 calculation but a significant change in !"HF is not ex-
pected.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).

36
listed in PDG

(νHF− − νHF+) ~ µ

Montag, 25. Juli 2011



S
te

fa
n 

M
ey

er
 In

st
itu

te

E. Widmann

Magnetic moment of the antiproton

2.
76

2.
78

2.
80

2.
82

2.
84

2.
86

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

P
a
s
k
 e

t 
a
l.

K
re

is
s
l 
e

t 
a
l.

Magnetisches Moment des Protons

R
o
b
e
rt

s
 e

t 
a

l.

H
u

 e
t 

a
l.

K
e

rn
m

a
g
n
e
to

n

Jahr

Magnetisches Moment des Antiprotons

58 T. Pask et al. / Physics Letters B 678 (2009) 55–59

Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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several orders of magnitude less than the resolution of this exper-
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Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
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HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
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that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
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s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:
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et al. [19], while the deviation from the magnitude of the proton
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HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
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HF and "̄#
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Fig. 5. The difference for !"HF between experiment and theory [15,17] as a function
of target pressure. The experimental values are shown as squares (2). The point
shown at x = 0 and represented by a circle (") represents the average of the total
data.

The limit of experimental precision has been reached for the
(37,35) state. The study of other states with larger !"HF could
potentially increase the precision but the system cannot generally
be improved due mainly to uncontrollable fluctuations of the AD
beam. Preparations are underway to measure the HF splitting of
p̄3He+ which, because of the additional helion spin, provides a
more thorough test of the theory but yields no further informa-
tion on the magnetic moment. The theorists are currently working
on an #6 calculation but a significant change in !"HF is not ex-
pected.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

Bakalov calculated that a broadening of "±
HF due to an exter-

nal magnetic field occurs at a rate of #± ! 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $"HF is directly proportional to this
value. The predicted density shift for $"HF is far smaller, % =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

"+
HF (GHz) "#

HF (GHz) $"HF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $"HF = !N

i ("#
HFi

# "+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$"HF = (

!N
i "#

HFi
# !N

i "+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $"HF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, % = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $"HF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of "±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
%exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $"HF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $"HF on µp̄
s for the (37,35) state is S $

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = #2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s # |µp̄

s |
µp

s
= (2.4± 2.9) % 10#3. (2)

Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are "̄+

HF and "̄#
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Future experiments

• Phase 3: trapped Hbar
• Hyperfine spectroscopy

in an atomic fountain of
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Confinement of antihydrogen for 1,000 seconds
The ALPHA Collaboration*

Atoms made of a particle and an antiparticle are unstable, usually surviving less than a microsecond. Antihydrogen, made
entirely of antiparticles, is believed to be stable, and it is this longevity that holds the promise of precision studies of
matter–antimatter symmetry. We have recently demonstrated trapping of antihydrogen atoms by releasing them after a
confinement time of 172ms. A critical question for future studies is: how long can anti-atoms be trapped? Here, we report
the observation of anti-atom confinement for 1,000 s, extending our earlier results by nearly four orders of magnitude. Our
calculations indicate that most of the trapped anti-atoms reach the ground state. Further, we report the first measurement
of the energy distribution of trapped antihydrogen, which, coupled with detailed comparisons with simulations, provides a
key tool for the systematic investigation of trapping dynamics. These advances open up a range of experimental possibilities,
including precision studies of charge–parity–time reversal symmetry and cooling to temperatures where gravitational effects
could become apparent.

Experiments with atoms that do not exist naturally can be

powerful tools for the study of fundamental physics (see

for example refs 1–3). A major experimental challenge for

such studies is the short intrinsic lifetimes of the exotic atoms.

Atomic hydrogen is presumably stable
4
, and, according to the

charge–parity–time reversal theorem
5
, antihydrogen—an atomic

bound state of an antiproton and a positron
6–8

—should have the

same lifetime. If sufficiently long confinement of antihydrogen

can be achieved, a variety of possibilities will become available

for fundamental studies with atomic antimatter. Examples include

precision tests of charge–parity–time reversal through laser
9
and

microwave
10

spectroscopy on very few or even a single trapped

anti-atom; and laser
11–13

and adiabatic
14,15

cooling of antihydrogen

to temperatures where gravitational effects become apparent

In the first demonstration of antihydrogen trapping
16
, the

confinement time, defined by the time between the end of

antihydrogen production and the shutdown of the magnetic trap,

was set to 172ms, the shortest time operationally possible. This

maximized the chance of detecting rare occurrences of trapped

antihydrogen before they could be lost. Whereas a confinement

time of a few hundred milliseconds should be sufficient for initial

attempts at antihydrogen spectroscopy
10
, a critical question for

future fundamental studies remains: what is the storage lifetime

of trapped anti-atoms?

Reported trapping times of magnetically confined (matter)

atoms range from <1 s in the first, room-temperature traps
17

to

10–30min in cryogenic devices
18–20

. However, antimatter atoms

can annihilate on background gases. Also, the loading of our

trap (that is, anti-atom production through merging of cold

plasmas) is different from that of ordinary atom traps, and the

loading dynamics could adversely affect the trapping and orbit

dynamics. Mechanisms exist for temporary magnetic trapping

of particles (for example in quasi-stable trapping orbits
21
, or

in excited internal states
22
); such particles could be short lived

with a trapping time of a few hundred milliseconds. Thus, it

is not, a priori, obvious what trapping time should be expected

for antihydrogen.

In this Article, we report the first systematic investigations of

the characteristics of trapped antihydrogen. These studies were

*A full list of authors and their affiliations appears at the end of the paper.

made possible by significant advances in our trapping techniques

subsequent to those reported in ref. 16. These developments,

including incorporation of evaporative antiproton cooling
23

into

our trapping operation, and optimization of autoresonantmixing
24
,

resulted in an increase by a factor of up to five in the

number of trapped atoms per attempt. A total sample of 309

trapped antihydrogen annihilation events was studied, a large

increase from the previously published 38 events. Here, we report

trapping of antihydrogen for 1,000 s, extending earlier results
16

by nearly four orders of magnitude. Further, we have exploited

the temporal and spatial resolution of our detector system to

carry out a detailed analysis of the antihydrogen release process,

from which we infer information on the trapped antihydrogen

kinetic-energy distribution.

The ALPHA antihydrogen trap
25,26

comprises the superposition

of a Penning trap for antihydrogen production and amagnetic-field

configuration that has a three-dimensional minimum inmagnitude

(Fig. 1). For ground-state antihydrogen our trapwell depth is 0.54 K

(in temperature units). The large discrepancy between the energy

scale of the magnetic-trap depth (∼50 µeV) and the characteristic

energy scale of the trapped plasmas (a few electronvolts) presents a

formidable challenge to trapping neutral anti-atoms.

CERN’s Antiproton Decelerator provides bunches of 3× 10
7

antiprotons, of which ∼6 × 10
4
with energy less than 3 keV

are dynamically trapped
27
. These kiloelectronvolt antiprotons are

cooled, typically with∼50% efficiency, by a preloaded cold electron

plasma (2 × 10
7
electrons) and the resulting plasma is radially

compressed
28,29

. After electron removal and evaporative cooling
23
,

a cloud of 1.5× 10
4
antiprotons at ∼100K, with radius 0.4mm

and density 7× 10
7
cm

−3
, is prepared for mixing with positrons.

Independently, the positron plasma, accumulated in a Surko-type

buffer-gas accumulator
30,31

, is transferred to the mixing region, and

is also radially compressed. Themagnetic trap is then energized, and

the positron plasma is cooled further through evaporation, resulting

in a plasmawith a radius of 0.8mmand containing 1×10
6
positrons

at a density of 5×10
7
cm

−3
and a temperature of∼40K.

The antiprotons are merged with the positron plasma through

autoresonant excitation of their longitudinal motion
24
. The self-

regulating feature of this nonlinear process enables robust and
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Figure 1 | The ALPHA antihydrogen trap and its magnetic-field configuration. a, A schematic view of the ALPHA trap. Radial and axial confinement of
antihydrogen atoms is provided by an octupole magnet (not shown) and mirror magnets, respectively. Penning trap electrodes are held at ∼9K, and have
an inner diameter of 44.5mm. A three-layer silicon vertex detector surrounds the magnets and the cryostat. A 1 T base field is provided by an external
solenoid (not shown). An antiproton beam is introduced from the right, whereas positrons from an accumulator are brought in from the left. b, The
magnetic-field strength in the y–z plane (z is along the trap axis, with z=0 at the centre of the magnetic trap). Green dashed lines in this and other figures
depict the locations of the inner walls of the electrodes. c, The axial field profile, with an effective trap length of ∼270mm. d, The field strength in the x–y
plane. e, The field-strength profile along the x axis.

efficient injection of antiprotons into the positrons with very
low kinetic energies.

About 6× 103 antihydrogen atoms are produced by enabling
the plasmas to interact for 1 s. Most of the atoms annihilate on
the trap walls32, whereas a small fraction are trapped. A series of
fast electric field pulses is then applied to clear any remaining
charged particles. After a specified confinement time for each
experimental cycle, the superconducting magnets for the magnetic
trap are shut down with a 9ms time constant. Antihydrogen, when
released from the magnetic trap, annihilates on the Penning-trap
electrodes. The antiproton annihilation events are registered using
a silicon vertex detector33,34 (see Methods). For most of the data
presented here, a static axial electric bias field of 500Vm−1 was
applied during the confinement and shutdown stages to deflect
bare antiprotons that may have been trapped through the magnetic
mirror effect16. (Deflection of antiprotons by the bias field has been
experimentally verified using intentionally trapped antiprotons16.)
This bias field ensured that annihilation events could only be
produced by neutral antihydrogen.

The silicon vertex detector, surrounding the mixing trap
in three layers (Fig. 1a), enables position-sensitive detection of
antihydrogen annihilations even in the presence of a large amount
of scattering material (superconducting magnets and cryostat)35,
and is one of the unique features of ALPHA (see Methods). The
capability of vertex detection to efficiently distinguish between
cosmic rays and antiproton annihilations36, as well as the fast
shutdown capability of our trap25, provide background counts
per trapping attempt of 1.4 × 10−3. This is six orders of
magnitude smaller than was obtained in ref. 37 (on the basis
of the reported 1min shutdown time and 20 s−1 background
rate). Improvements in annihilation-event identification have also
resulted in an increase in detection efficiency (seeMethods) relative

to our previous work16. Knowledge of annihilation positions
also provides sensitivity to the antihydrogen energy distribution,
as we shall show.

In Table 1 and Fig. 2, we present the results for a series of
measurements, wherein the confinement time was varied from 0.4 s
to 2,000 s. These data, collected under similar conditions, contained
112 detected annihilation events out of 201 trapping attempts.
Annihilation patterns in both time and position (Fig. 3) agree
well with those predicted by simulation (see below). Our cosmic
background rejection36 enables us to establish, with high statistical
significance, the observation of trapped antihydrogen after long
confinement times (Fig. 2b). At 1,000 s, the probability that the
annihilation events observed are due to a statistical fluctuation
in the cosmic ray background (that is, the Poisson probability,
p, of the observed events assuming cosmic background only4) is
less than 10−15, corresponding to a statistical significance of 8.0 σ .
Even at 2,000 s, we have an indication of antihydrogen survival
with a p value of 4×10−3 or a statistical significance of 2.6 σ . The
1,000 s observation constitutes a more than a 5,000-fold increase
in measured confinement time relative to the previously reported
lower limit of 172ms (ref. 16).

Possiblemechanisms for antihydrogen loss from the trap include
annihilations on background gas, heating through elastic collisions
with background gas and the loss of a quasi-trapped population21

(see below). Spin-changing collisions between trapped atoms20
are negligible because of the low antihydrogen density. The main
background gases in our cryogenic vacuum are expected to be He
andH2.Our theoretical analysis of antihydrogen collisions indicates
that trap losses due to gas collisions give a lifetime in the range
of ∼300 to 105 s, depending on the temperature of the gas (see
Methods). The observed confinement of antihydrogen for 1,000 s
is consistent with these estimates. Note that trapping lifetimes of
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Summary and Outlook

• Low energy antiprotons offer exciting possibilities for a 
variety of fields
• Fundamental symmetries, gravitation, nuclear & atomic physics

• Precision spectroscopy of atoms containing antiprotons
• determine mass, charge, magnetic moment of the antiproton

• Antihydrogen promises one of best CPT tests in baryon 
sector
• Long-term high-precision experiments need 
• Time, Care and Particles

• CERN-AD is unique in the world
• More low-energy antiprotons needed

• ELENA upgrade at CERN (recently approved, start 2014?)
• FLAIR at FAIR (next decade)
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