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•  Many thanks to Mike, IPP, LRP committee 
•  In Canadian SAP context, we are a part of 

Fundamental Symmetries program within CINP 
(Chair: Gerald Gwinner) 
–  Fun. Sym. ≈ Fundamental Physics with low energy tools 
–  UCN, EDMs, TRINAT, TITAN, Moller etc 
–  Many projects require continuous R&D 

•  Cannot easily predict physics reach e.g. from 
(Luminosity) x (Cross section) 

•  Excellent for HQP training  
–  Interdisciplinary components 

•  AMO, Plasma, Low Temperature, High Energy 
•  This is a strength, not weakness!  

Forewords 

Makoto Fujiwara, ALPHA 2 



•  Atomic hydrogen: 75% of known universe; 
    Simplest atom; one of best studied systems 

–  1s-2s level:  2  466  061  413  187  035 (10) Hz  Δν/ν∼10-15 

–  Hyperfine splitting:  1 420 405 751.768 (1) Hz     ∼10-13 

•  Antihydrogen: stably confined by ALPHA (2010) 
à Comparison of H and anti-H: “Textbook” experiment 

•  Precision tests of CPT and gravity: confront  
fundamental assumptions in physics, QFT+GR; 
possibly probing the Planck scale: 

Motivations 

Makoto Fujiwara, ALPHA 3 
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HEP Landscape after LHC@8TeV  

Sep 16, 2014 

My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills
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Summary by Mangano@Aspen2014 

• Pursuing either of these paths probes different aspects of BSM 
models

• BSM model building is thus adapting to experimental 
opportunities, pursuing models (not necessarily appealing?) that 
could appear in some of the experimentally accessible final states

• An approach that few years back would have raised eyebrows, but 
that today is legitimate and well motivated

• BSM model building is accompanied by the development of new 
analysis tools, optimized for the relative searches (jet 
substructure, boosted jets, optimal kinematic variables -- e.g. 
mT2, Razor, ... (Buckley)

30
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ALPHA and ALPHA-Canada 

ALPHA 
•  16 institutions 
•  ~40 physicists 
ALPHA-Canada  
•  More than 1/3 of  ALPHA 
     (single largest group) 
•  10 Faculty/Scientists/Staff 
    (8 grant eligible; 5.2 FTE) 
•  Excellent HQP training 
•  Leadership in particle 

detection, microwave 
spectroscopy, laser 
cooling 

5 Makoto Fujiwara, ALPHA 

ALPHA 
•  Since 2005 
•  16 institutions 
•  ~40 physicists 



ALPHA and ALPHA-Canada 

ALPHA 
•  Since 2005 
•  16 institutions 
•  ~40 physicists 
ALPHA-Canada  
•  >1/3 of  ALPHA: largest 

group in ALPHA (largest 
Can. fraction offshore?) 

•  10 Faculty/Scientists/Staff 
    (8 grant eligible; 5.2 FTEì) 
•  Excellent HQP training 
•  Leadership in particle 

detection, uWave spectr., 
laser cooling 

Makoto Fujiwara, ALPHA 

U Calgary recently joined TRIUMF Consortium 
(leading ALPHA-g CFI)  



•  ALPHA optimized for 
particle detection 
–  Distinctive feature among 

AD expt’s  
–  Position sensitive 

annihilation detection with 
37,000 channel Si strips 

•  Software & analysis  
–  DAQ & all software incl. 

tracking, MC 
–  Introduced blind analysis  
–  Random Forest technique 

(variation of decision tree)  
 

•  Exotic atom physics 
–  Canadian expertise: 

muonic, pionic, kaonic, 
antiprotonic atoms 

–  Doing experiment with 
few atoms 

•  All this helps make us 
competitive! (so far) 

Subatomic Physics Techniques/Expertise 
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Highlights of Recent ALPHA Results 
(briefly!) 

Makoto Fujiwara, ALPHA 8 



Detected annihilations of 38 anti-H 
released from the trap 
–  Position sensitive detection to 

discriminate against: 
•  Cosmic background 
•  Bare antiprotons 

   “#1 Breakthrough in 2010” PhysicsWorld 

   ALPHA-Canada 
15 out of 42 authors 

(incl. 5 students)  

2010: Antihydrogen Trapped (for 172 ms) 
Letter to Nature, Nov. 17, 2010 

R. Hydomako, 
Ph.D. thesis (Calgary) 

DNP Thesis Award 
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•  Increased trapping rates by x5 
 (hard to tweak zero) 

–  Improved reconstruction (Calgary Ph.D.) 

•  Trapping time increased by x5000 
•  “Game changer” 

–  Opens up many possibilities 
•  Detailed studies of dynamics  

2011: Confinement of Antihydrogen for 1000 s 

10 

Cover, Nature Physics, July 2011 Issue 
Principle author: Fujiwara  

Makoto Fujiwara, ALPHA 



2012: First Spectroscopy on 
Antihydrogen Atoms 

Canadian-Led Initiative: 
Mike Hayden (SFU), Walter Hardy (UBC)  

Art Olin, MCF (TRIUMF) et al. 
M. Ashkezari  (SFU), T. Friesen (Calgary) 

S. Stracka (TRIUMF) 
 

Makoto Fujiwara, ALPHA 11 



2012: Microwave-induced Hyperfine Transition 

–  Developed at SFU/UBC  
–  Trap ~1 Anti-H/20 min 
–  Irradiate with µW  

•  Drive transition:  
    trapped à un-trapped 

•  Look for annihilations 
–  Multivariate (blind) analysis 

•  improved S/N by x10 

 
 

 

Installation at CERN, July 2011 
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First spectroscopic 
measurements on anti-H! 

–  Precision limited: O(10-3) 
–  Demonstration of 

spectroscopy on a single 
anti-atom at a time 

–  “Historic!” – Nature Editor 
–  Annihilation detection: key 
–  Major Canadian-led 

success 
 
 

 

Finally! 

Makoto Fujiwara, ALPHA 13 

Letter to Nature, March 2012 
Principal author: Michael Hayden (SFU) 



•  Why matter is neutral? 
–  Anomaly cancellation, GUT? 
–  Experimentally, proton + 

electron = neutral to 10-21  

•  CPT test: Is antiproton + 
positron neutral? 
–  “Hidden” Canadian proposal! 

•  Result (Berkeley, York Ph.D.): 
–  Anti-H neutral to 1.3x10-8  

•  New limit on e+ charge 
–  ALPHA’s first precision result! 
–  X10 better from 2014 run? 
–  Sensitivity to e+ mass? 
 

 

Latest result: Is Antimatter Neutral? 
Nature Comm. 5, 3955 (2014) 
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Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

3Converted to MeV using the 1998 CODATA value of the conversion constant,
931.494013 ± 0.000037 MeV/u.

4BEIER 02 compares Larmor frequency of the electron bound in a 12C5+ ion with the

cyclotron frequency of a single trapped 12C5+ ion.
5 FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single

trapped 12C6+ ion.

(me+ − me−) / maverage(me+ − me−) / maverage(me+ − me−) / maverage(me+ − me−) / maverage

A test of CPT invariance.

VALUE CL% DOCUMENT ID TECN COMMENT

<8 × 10−9<8 × 10−9<8 × 10−9<8 × 10−9 90 6 FEE 93 CNTR Positronium spectroscopy
• • • We do not use the following data for averages, fits, limits, etc. • • •

<4 × 10−8 90 CHU 84 CNTR Positronium spectroscopy
6 FEE 93 value is obtained under the assumption that the positronium Rydberg constant
is exactly half the hydrogen one.
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A test of CPT invariance. See also similar tests involving the proton.

VALUE DOCUMENT ID TECN COMMENT

<4 × 10−8<4 × 10−8<4 × 10−8<4 × 10−8 7 HUGHES 92 RVUE
• • • We do not use the following data for averages, fits, limits, etc. • • •

<2 × 10−18 8 SCHAEFER 95 THEO Vacuum polarization

<1 × 10−18 9 MUELLER 92 THEO Vacuum polarization
7HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-
tios.

8 SCHAEFER 95 removes model dependency of MUELLER 92.
9MUELLER 92 argues that an inequality of the charge magnitudes would, through higher-
order vacuum polarization, contribute to the net charge of atoms.

e MAGNETIC MOMENT ANOMALYe MAGNETIC MOMENT ANOMALYe MAGNETIC MOMENT ANOMALYe MAGNETIC MOMENT ANOMALY

µe/µB − 1 = (g−2)/2µe/µB − 1 = (g−2)/2µe/µB − 1 = (g−2)/2µe/µB − 1 = (g−2)/2
VALUE (units 10−6) DOCUMENT ID TECN CHG COMMENT

1159.65218076±0.000000271159.65218076±0.000000271159.65218076±0.000000271159.65218076±0.00000027 MOHR 12 RVUE 2010 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •

1159.65218073±0.00000028 HANNEKE 08 MRS Single electron
1159.65218111±0.00000074 10 MOHR 08 RVUE 2006 CODATA value
1159.65218085±0.00000076 11 ODOM 06 MRS − Single electron
1159.6521859 ±0.0000038 MOHR 05 RVUE 2002 CODATA value
1159.6521869 ±0.0000041 MOHR 99 RVUE 1998 CODATA value
1159.652193 ±0.000010 COHEN 87 RVUE 1986 CODATA value
1159.6521884 ±0.0000043 VANDYCK 87 MRS − Single electron
1159.6521879 ±0.0000043 VANDYCK 87 MRS + Single positron
10MOHR 08 average is dominated by ODOM 06.
11 Superseded by HANNEKE 08 per private communication with Gerald Gabrielse.

HTTP://PDG.LBL.GOV Page 2 Created: 7/12/2013 14:51

MC sensitivity 

PDG 2014 



NSERC John Polanyi Award, Feb 3, 2014 

15 
Also, 2011 APS John Dawson Award for Anti-H Trapping 

“we congratulate NSERC for bravely recognizing the best and most basic 
research, and we applaud our prizewinners for adding an important milestone 
to the history of science.’’   

             --- Message from Dr. John Polanyi to the ALPHA-Canada team 



Plan (1) 
Precision Spectroscopy with ALPHA-2 

Makoto Fujiwara, ALPHA 16 
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Laser	  paths 

pbar 

Multipole	  trap 
+	  Penning	  trap 

Laser	  paths 

e+ 

HTS	  leads 

Si	  detector 

External	  Solenoid 

ALPHA-2: Laser Spectroscopy 

•  Constructed w/ major Canadian contributions: RTI+TRIUMF&Calgary 
•  Commissioning successful Dec 2014: > x2 anti-H trapping rates 
•  New Canadian initiative: Lyman-alpha spectroscopy and cooling 
•  First physics run in July 2015; will run for several years 



Plan (2) 
Antimatter Gravity studies with ALPHA-g  

Makoto Fujiwara, ALPHA 18 



ALPHA-g: Antimatter Gravity Experiment 

g g? 

Apple Anti-apple 

H 

•  Does antimatter fall down with g?   
–  Experimental question!  

 (e.g. Lykken et al, arXiv:0808.3929) 
–  Already 2 dedicated exp’ts at AD 
–  We can do it better in a trap?  

•  Originally Canadian initiative now 
adopted by entire ALPHA 
–  Laser cooling essential: UBC/Calgary 
–  CPT test via uWaves: SFU/UBC 
–  TPC tracker, cosmic veto: TRIUMF/York 

•  $6.9M approved (CFI + Ontario)  
–  Waiting for other matching funds 
–  Total Cdn contributions: >$12M cash 

 
 

Vertical  
trap 

19 



ALPHA-g Staged Approach 

20 

Stage 1: Sign of g 
–  Should be “immediate” once 

ALPHA-g is commissioned 

State 2: ~1% meas. of g 
–  Laser cooled anti-H 
–  Also uWave CPT 

 

Stage 3: Anti-atom 
fountain & Interferometer 
[Hamilton et al, Phys. Rev. Lett. (2014)] 

by ALPHA [28], but oriented vertically. Atoms are laser
cooled to 20 mK in the trap [24] and then adiabatically
released into the interferometry cell. Interferometry is
performed using a powerful off-resonant laser, retro
reflected using a mirror that divides the interferometer cell
and the trap. Atoms leaving the interferometer in the
upwards-moving output leave the trap and annihilate at
the top of the vacuum chamber. The spatially resolved
detection of annihilation products can count how many
atoms leave the interferometer in the upper and lower output,
respectively. This measures the phase shift between the
interferometer arms and, thus, gravity.
Ramping down the trapping fields provides adiabatic

cooling. A solenoid enclosing the entire setup (not shown)
produces a homogenous, constant, vertical bias field B1

of 1 T. Octupole coils around the entire setup provide
radial confinement by raising the field near the radial
walls; mirror coils provide vertical confinement. A second
solenoid surrounding only the trap region can be used to
modify the bias field in the trap to B2. Figure 1(b) shows
the potential experienced by atoms on the axis. It consists
of gravity mgz, where m is the atom’s mass and z the
vertical coordinate, a homogenous contribution V1 by the
overall solenoid that is modified to V2 by the trap solenoid,
and barriers of Vm due to the mirror coils.
We use a pulsed Lyman-alpha laser for laser cooling to a

three-dimensional temperature of ∼20 mK, corresponding
to a rms thermal velocity of ∼10 m=s [24]. During this
time, the magnets are run at full fields; see [28] for details
on their design. In the second phase, which lasts 400 ms,
the octupole current is ramped down and the atoms are then

allowed to expand to undergo adiabatic cooling. In a third
phase, which lasts another 400 ms, the lower and upper
mirror coil currents are ramped down for further adiabatic
cooling. After these phases, most antihydrogen atoms are
still trapped. In the fourth phase, atoms are released over
16 s. To achieve a nearly constant average vertical velocity,
the trap solenoid is turned off completely while the upper
mirror is ramped linearly. This results in particles entering
the interferometer cell with the velocity distributions
shown in Fig. 2, with widths as narrow as 0.4 m=s rms
vertically and 5 m=s horizontally. These figures can be
improved further by optimizing the magnetic field con-
figurations and ramp time constants. The interferometer
cell is basically another magnetic trap. The overall potential
seen by an atom depends on the radius coordinate r asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V6ðr=ρÞ6 þ V2

1

p
, where V6 and ρ are constants.

The atoms enter the interferometer cell through an
aperture. Without special precautions, a 1-cm aperture will
pass most atoms. The area of the aperture can be reduced q
times if the trap potentials are ramped down q times more
slowly, without changing the velocity distribution. This
follows from the conservation of phase space density and is
confirmed by our simulations. The atoms are prevented
from colliding with the walls by periodically poled refrig-
erator magnets, see Fig. 1(a), which generate a repulsive
potential that decays very fast with distance from the wall.
Alternatively, we can use an off-axis multipass cell, see
Fig. 1(c) [29], which may also allow us to use a lower-
powered laser.
The atom’s fall under gravity and turn around ∼86 cm

above the trap center before they reach the top of the
interferometer cell, unless they are receiving an upwards
momentum kick from the interaction with photons from the
laser. Whenever the atoms reach the bottom, they are
bounced back by the mirror coils with a probability of
Pb, unless they disappear through the aperture and are then
likely annihilated at the walls. The probability Pb is
controlled by the magnetic fields.

FIG. 1 (color online). (a) Schematic. Atoms are extracted from
the vertical magnetic trap (bottom) into the interferometer cell
(top) by adiabatically lowering the trapping potentials, creating
an antihydrogen fountain. The octupole is wound onto these walls
of the vacuum chamber, which have an inner radius of 2.22 cm.
(b) Potential, not to scale. (c) Schematic of an off-axis
multipass cell.

FIG. 2 (color online). Vertical (left) and horizontal (right)
velocity of extracted atoms, measured 40 cm above the trap’s
center, versus time. Blue lines indicate the 1σ velocity spread,
green lines the density of the velocity distribution. The fields are
ramped exponentially with time constants of 40 ms. For release,
the upper mirror is ramped linearly within 16 s to 0.01 of its initial
value, the lower mirror to 0.1, and the octupole to 0.15.

PRL 112, 121102 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

28 MARCH 2014

121102-2

                                        
Table 1. Estimated obtainable accuracy for various ramp times in the 
release experiment. This is for a 1.4 m trap and 300 mK atoms. 

 
Phase 2.  Refined release experiments 
We have several strategies for refining the release experiment.  A simple hardware addition 

comprises a magnetic coil configuration to provide a vertical, linear field gradient that would cancel 
the gravitational potential ±mgz.  This would result in a symmetric total potential (gravity plus the 
trap) and increased sensitivity to small deviations from F = 1 (or -1).  Figure 3 illustrates the 
outcome of a simulated experiment employing such a gradient coil in a 1.4 m long trap, using atoms 
of 300 mK temperature.  The blue region is for F = 0.99 and the red for F = 1.01.  The confidence 
intervals are again 95%, determined from a 20000-atom sample as above.  

 
Figure 3. Simulated result of a release experiment with the addition of a gravity 
cancelling gradient coil.  The blue (red) shaded confidence interval corresponds to 
F =  0.99 (1.01).  
 
Another promising possibility is to reduce the temperature of the trapped atoms, which are 

believed to be captured from the tail of a much warmer population4 (about 50 K) and can occupy 
the full 550 mK well depth.   Some of our ALPHA colleagues have recently proposed the use of 

g(antiH/H)=0.99 

g(antiH/H)=1.01 

Preliminary simulations 



Faculty FTE commitment as of 2015 

Makoto Fujiwara, ALPHA 21 

•  Anticipated new hires 
–  CRC-2 Chair, U. Calgary  
–  Replacement for Art Olin, Andy Miller, TRIUMF 



•  Doing research in Geneva/CERN is expensive! Common fund! 
•  Development & operation of 2 complex devices 
•  $200K/FTE comparable with other successful SAP projects 

Resources 

Makoto Fujiwara, ALPHA 22 

Assume ~7FTE 



Our Hard-working HQPs 

23 Calgary Sun 

CBC TV 

CERN Homepage 
“Andrea Gutierrez, Ph.D. student from UBC” 

Finnish paper 

Hydomako Thesis (Calgary)  
published as book: Springer  
“Best of Best” Thesis Series  
(20 downloads, since Jan.) 

Calgary Sun 

CBC 
News 

CBC 
News 

CBC 
News 



–  Small experiment 
•  Large responsibility for students 
   e.g. A student in charge of Si vertex reconstruction  
•  Fast turn around 
•  Diverse skill training: Vacuum, cryostat, magnets, laser, 

microwaves, computing, electronics, detector  

–  Completed & Current 14 grad, 4 PDF, ~5 undergrad 
•  Including: 1 IPP summer student 

Request 
–  5 PDF 
–  10 grad student (one per faculty) 
–  5 man-term/yr undergrad 
–  Development & operation of 2 complex devices 

HQP: Excellent Training Ground 

Makoto Fujiwara, ALPHA 24 



•  Support from TRIUMF 
–  TPC tracker 
–  SiPM based cosmic veto 

•  Technical & Physics Synergies 
–  Detector (TPC, SiPM), DAQ, Laser, Microwaves, 

Traps, Cryogenics 
–  Simulations, Analysis (MVA) 

•  CERN committed >50M CHF on AD and 
ELENA: electron cooling ring 
–  Increasing number of experiments at AD 

Other Info 

Makoto Fujiwara, ALPHA 25 



•  ALPHA has made significant progress since its 
inception in 2005, and in 2011-16 period 
–  Strong Canadian leadership in SAP and spectroscopy 
–  Expect more breakthroughs before 2016!  

•  We have ambitious, exciting program for next 
decade, with ALPHA-2 and ALPHA-g 

•  CERN is committed to antiproton physics 
–  ELENA ring + AD upgrade: >50M CHF 

•  Great public interest; please make use of it!  

Summary 

Makoto Fujiwara, ALPHA 26 



Canada’s National Laboratory for Particle and Nuclear Physics  
Laboratoire national canadien pour la recherche en physique nucléaire  

et en physique des particules 

Thank you! 
Merci! 

4004 Wesbrook Mall | Vancouver BC | Canada V6T 2A3 | Tel 604.222.1047 | Fax 604.222.1074 | www.triumf.ca 
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Backup Slides 

Makoto Fujiwara, ALPHA 28 



•  Atomic hydrogen: 75% of known universe; 
    Simplest atom; one of best studied systems 

–  1s-2s level:  2  466  061  413  187  035 (10) Hz  Δν/ν∼10-15 

–  Hyperfine splitting:  1 420 405 751.768 (1) Hz     ∼10-13 

•  Antihydrogen: stably confined by ALPHA (2010) 
à Comparison of H and anti-H: “Textbook” experiment 

•  Many experimental challenges in production, 
trapping, spectroscopy, detection of anti-H à 
continuous R&D 

•  Subatomic physics technique: a key in all of 
ALPHA physics; advantage in competitive field  

ALLPHA Motivations (experimental) 

Makoto Fujiwara, ALPHA 29 



•  What is Fundamental (Particle) Physics?  (Grossman) 

 
•  “Simple answer”: The SM, including Higgs, works 

extremely well! 
•  Many open (recently exacerbated) issues, in particular: 

–  Naturalness of Higgs mass & Cosmological constant 
–  Require fine-tuning by O(30), O(120)? Multiverse?  
–  Hopefully, LHC & precision expt’s will solve them soon! 

•  But, “L=?” really the right question to ask?  
 Is (effective) Quantum Field Theory correct description 
of Nature? 

Big Picture: Fundamental Physics 

30 Makoto Fujiwara, ALPHA 



•  Test of CPT 
–  CPT: a fundamental property of local, relativistic QFT 
–  CPT theorem demands H & Anti-H spectra be identical 
–  Violation of CPT would force fundamental change in 

theory, incl. validity of QFT 
•  Test of Gravity (not in SM) in regimes previously 

untested 
•  Anti-H probes fundamental framework of physics 

(QFT+GR), rather than specific models within it 
–  Probability for finding violation is low! 
–  Expt’s are hard and competitive! 

•  High risk business! 
 
 

CPT and Gravity tests with Antihydrogen 

Makoto Fujiwara, ALPHA 31 



Where do you look when asking Big Questions? 

Makoto Fujiwara, ALPHA 32 



Where do you look when asking Big Questions? 

Makoto Fujiwara, ALPHA 33 



Na-22 
e+ Production (MeV) 

Moderation 

Accumulation (eV) 

Cooling ( ~ meV)

AD 

p- Production (GeV) 

Deceleration (MeV)

Trapping (keV) 

Cooling (~ meV)

10-12 10-9 

108 e+104 p-

Producing & Trapping Antihydrogen 

Makoto Fujiwara, ALPHA 34 



Na-22 
e+ Production (MeV) 

Moderation 

Accumulation (eV) 

Cooling ( ~ meV)

AD 
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Cooling (~ meV)
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Superimpose Magnetic Trap 
Trap 
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!
µ ⋅
!
B

108 e+104 p-

Producing & Trapping Antihydrogen 

Challenge: Antihydrogen kT >> µ ΔB  (trap depth) 
Makoto Fujiwara, ALPHA 35 



ALPHA-g 

36 

Laser cooling 
[Donnan, MCF, Robicheaux, J. Phys. B. 

46, 205302 (2013)]  
–  Cooling on 1 dimension 
–  Use coupling of degrees of 

freedom for 3-D cooling 
–  Cooling from 500 mK to 20 mK  

Anti-H energy 
Time evolution 

(0-200 s) 

Anti-atomic fountain & 
Anti-atom interferometer 
[Hamilton et al, Phys. Rev. Lett. (2014)] 

by ALPHA [28], but oriented vertically. Atoms are laser
cooled to 20 mK in the trap [24] and then adiabatically
released into the interferometry cell. Interferometry is
performed using a powerful off-resonant laser, retro
reflected using a mirror that divides the interferometer cell
and the trap. Atoms leaving the interferometer in the
upwards-moving output leave the trap and annihilate at
the top of the vacuum chamber. The spatially resolved
detection of annihilation products can count how many
atoms leave the interferometer in the upper and lower output,
respectively. This measures the phase shift between the
interferometer arms and, thus, gravity.
Ramping down the trapping fields provides adiabatic

cooling. A solenoid enclosing the entire setup (not shown)
produces a homogenous, constant, vertical bias field B1

of 1 T. Octupole coils around the entire setup provide
radial confinement by raising the field near the radial
walls; mirror coils provide vertical confinement. A second
solenoid surrounding only the trap region can be used to
modify the bias field in the trap to B2. Figure 1(b) shows
the potential experienced by atoms on the axis. It consists
of gravity mgz, where m is the atom’s mass and z the
vertical coordinate, a homogenous contribution V1 by the
overall solenoid that is modified to V2 by the trap solenoid,
and barriers of Vm due to the mirror coils.
We use a pulsed Lyman-alpha laser for laser cooling to a

three-dimensional temperature of ∼20 mK, corresponding
to a rms thermal velocity of ∼10 m=s [24]. During this
time, the magnets are run at full fields; see [28] for details
on their design. In the second phase, which lasts 400 ms,
the octupole current is ramped down and the atoms are then

allowed to expand to undergo adiabatic cooling. In a third
phase, which lasts another 400 ms, the lower and upper
mirror coil currents are ramped down for further adiabatic
cooling. After these phases, most antihydrogen atoms are
still trapped. In the fourth phase, atoms are released over
16 s. To achieve a nearly constant average vertical velocity,
the trap solenoid is turned off completely while the upper
mirror is ramped linearly. This results in particles entering
the interferometer cell with the velocity distributions
shown in Fig. 2, with widths as narrow as 0.4 m=s rms
vertically and 5 m=s horizontally. These figures can be
improved further by optimizing the magnetic field con-
figurations and ramp time constants. The interferometer
cell is basically another magnetic trap. The overall potential
seen by an atom depends on the radius coordinate r asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V6ðr=ρÞ6 þ V2

1

p
, where V6 and ρ are constants.

The atoms enter the interferometer cell through an
aperture. Without special precautions, a 1-cm aperture will
pass most atoms. The area of the aperture can be reduced q
times if the trap potentials are ramped down q times more
slowly, without changing the velocity distribution. This
follows from the conservation of phase space density and is
confirmed by our simulations. The atoms are prevented
from colliding with the walls by periodically poled refrig-
erator magnets, see Fig. 1(a), which generate a repulsive
potential that decays very fast with distance from the wall.
Alternatively, we can use an off-axis multipass cell, see
Fig. 1(c) [29], which may also allow us to use a lower-
powered laser.
The atom’s fall under gravity and turn around ∼86 cm

above the trap center before they reach the top of the
interferometer cell, unless they are receiving an upwards
momentum kick from the interaction with photons from the
laser. Whenever the atoms reach the bottom, they are
bounced back by the mirror coils with a probability of
Pb, unless they disappear through the aperture and are then
likely annihilated at the walls. The probability Pb is
controlled by the magnetic fields.

FIG. 1 (color online). (a) Schematic. Atoms are extracted from
the vertical magnetic trap (bottom) into the interferometer cell
(top) by adiabatically lowering the trapping potentials, creating
an antihydrogen fountain. The octupole is wound onto these walls
of the vacuum chamber, which have an inner radius of 2.22 cm.
(b) Potential, not to scale. (c) Schematic of an off-axis
multipass cell.

FIG. 2 (color online). Vertical (left) and horizontal (right)
velocity of extracted atoms, measured 40 cm above the trap’s
center, versus time. Blue lines indicate the 1σ velocity spread,
green lines the density of the velocity distribution. The fields are
ramped exponentially with time constants of 40 ms. For release,
the upper mirror is ramped linearly within 16 s to 0.01 of its initial
value, the lower mirror to 0.1, and the octupole to 0.15.
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Rare Isotope Physics! 

Makoto Fujiwara, ALPHA 37 

1H -1H 1 -1 



•  Recall proton radius 
puzzle: 7 sigma effect 

•  Atomic H 1s-2s  
(Laser) 
–  rp shift at ~1 MHz 

•  Hyperfine splitting 
(uWaves) 
–  Proton structure shift 

(Zemach) at 60 kHz 

•  ALPHA initial goals 
–  1s-2s: 100 kHz 
–  HFS: 1 kHz 

à Already sensitive to 
antiproton internal 
structure  

Probing Antiproton Structure with anti-H 

Makoto Fujiwara, ALPHA 38 
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CPT test benchmark  

Makoto Fujiwara 

Neutral Kaon 
limit 

Δf  ~ 
10-100 kHz 

Planck Suppression 
~mp

2/MPlanck 

Proton radius 
puzzle 



http://www.cern.ch 
 

(June 2011) 

Makoto Fujiwara, ALPHA 41 
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Canadian contribution 
 recognized! 



•  SME: Effective Field Theory by Kostelecky et al. 
–  Pospelov, Myers, Moore etc. 

•  “Anti-CPT theorem” Greenberg 2002 
–  In local field theories, CPT violation does not happen without 

Lorentz violation 

 

Antimatter and Standard Model Extension (SME) 

Makoto Fujiwara, ALPHA 

Lorentz even Lorentz odd 

CPT even 

CPT odd 

SM 
Most of BSM 

EFT 
(e.g. SME) 

EFT 
(e.g. SME) Beyond EFT 

Well tested in  
Matter expt’s 

Matter-Antimatter 
Comparisons 

Lehnert@CPT’13 meeting 
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ALPHA Potential CPT Sensitivity (model dep’t!) 

CPTV
n

nmE
Λ

Δ
+1

~

Possible CPTV shift (Pospelov)  

  
 

Small absolute energy ΔE  
à   probes high energy scale  
 
For n=1, m=1 GeV,  
ΛCPTV  = MPl  ~ 1019 GeV 
 
ΔECPT ~ 10-19 GeV  
(~10 kHz in frequency) 
 
Neutral Kaon test at  few 100 kHz 
 
Antihydrogen studies potentially 

sensitive to Planck scale 
physics! 

Makoto Fujiwara, ALPHA 



Progress 2006-2010 
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Annihilation-based plasma diagnosis 

J. Phys. B Fast Track 41, 011001 (2008)  
Anti-H production at 1 T field  

Phys. Rev. Lett. 100, 203401 (2008) 
Antiproton plasma manipulation   

Phys. Rev. Lett. 101, 053401 (2008) 
Pulsed source of antihydrogen (ATHENA) 

Phys. Rev. Lett. (2010), July 2 
Evaporative cooling of antiprotons 

Phys. Plasmas Letters 16, 100702 
(2009) New plasma resonances  

Phys. Lett. B 685, 141 (2010) 
Anti-H production in atom trap 

46 Makoto Fujiwara, ALPHA 



Trapped anti-H: Event Selection Criteria 

Makoto Fujiwara, ALPHA 47 

Ntrack=2 Ntrack≥3 

Distributions of calibration samples 
Rejected 

Main cut variables 
1.  Number of tracks 
2.  Vertex radius  
3.  Linear fit residuals 

Cuts optimized for expected 
significance (p-value) 

 
Cosmic rejection: 99.5% 
Signal acceptance:   65% 

 
All this studied without 
Looking at the data  
 
 
 



•  Radial & axial deg. 
freedom largely decoupled 

•  Radial well decays faster 
than axial in trap shutdown 
 à Hbar escapes radially 

•  t correlated with radial 
energy; z with axial 
energies: Orthogonal 
sensitivity  

Nature Phys. 2011 
Trapped antihydrogen dynamics 

Makoto Fujiwara, ALPHA 48 



•  Sensitivity to direction 
dependent (anisotropic) 
energy distribution 

•  Erad ~ 0.5 K, Eax ~ 1 
mK (could be possible by 
one dimensional cooling) 

•  Position sensitive 
detection (feature of anti-
atoms), giving 
unexpected information! 

Nature Phys. 2011 
Annihilation position distribution 

Makoto Fujiwara, ALPHA 49 



Antimatter Gravity Measurement 
•  Gravity 

–  Never measured with antimatter	
–  Test of Weak Equivalence Principle 

•  Very difficult experiment since gravity is so weak 
•  Now plausible due to long confinement time 

50 



Microwave-induced Positron Spin Resonance (PSR) 

–  Developed at SFU/UBC  
–  Trap ~1 Anti-H/20 min 
–  Irradiate with µW  

•  Drive transition:  
    trapped à un-trapped 

•  Look for annihilations 
–  Multivariate (blind) analysis 

•  improved S/N by x10 
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Installation at CERN, July 2011 

Makoto Fujiwara, ALPHA 51 



Careful Cross checks & 
Controls: e.g. 
–  Blind analysis 
–  “Decision tree” analysis 

to reject cosmic backgd 
–  Annihilation positions 
–  Different uWave powers  
–  Background studies, 

esp annihilations on 
residual gas  

Microwave Results: Nature 2012 

Makoto Fujiwara, ALPHA 52 



Focused Canadian Contributions: Overview 
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1s-2s Spectroscopy 
  

Microwave 
Techniques  

Hyperfine Spect. 
 

Atom trap 

Particle 
Detection 

ALPHA-2 Physics Goals  

Pbar 
catching trap 

Positron 
accumulator 

Theory 

Δf  ~0.2MHz, Δf/f  ~10-10  Δf  ~3 kHz, Δf/f  ~10-6  

Pbar manipulation 
Pbar transfer 

Cryostat 
Electronics 

Particle theory 
Simulations  

PDF 

e+ transfer 
e+ detection 

Laser  Cooling 
 T ~ 5 mK* 

PDF 

Lyman alpha  
Laser 

Makoto Fujiwara, ALPHA 



•  New apparatus for laser 
and microwave 
spectroscopy  

•  Very complex design & 
construction job for 
cryostat 

•  Unique Canadian 
contributions 

–  Cryo-engineering 
–  Precision welding 
–  Canadian industry 

(PAVAC) 
–  >3000 hours of machining 

at TRIUMF and Calgary 

2012: ALPHA-2 Construction 

Makoto Fujiwara, ALPHA 54 



•  Annihilation imaging 
–  Key for single atom sensitivity 

•  Expanded  & Improved for 
ALPHA-2 

–  TRIUMF/York responsible for readout, 
DAQ, tracking/analysis software  

–  Successfully commissioned, Dec 2012  

ALPHA-2 Si Vertex Detector 
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Annihilation of trapped pbar in ALPHA-2, Dec 2012  

Canadian students in Liverpool Si Clean Room 

Makoto Fujiwara, ALPHA 



•  Laser cooling 
–  Provides cold, high density, 

spatially confined sample 
–  Needed for gravity experiments  

•  Pulsed Lyman-alpha 
spectroscopy 
–  Candidate for 1st laser exp.  

 
 

•  Lyman-alpha source (122 nm) 
–  Requires 4 Wave Mixing (4WM) 

or 3rd Harmonic Generation in gas 

•  UBC Development 
–  Broad band (~6 GHz) source 

demonstrated (Summer 2012)!!!  
–  0.15 µJ per pulse (measured via 

H absorption): Sufficient for initial 
exp. 

•  Narrowband (<200 MHz) 
source being developed 
–  1st spectroscopy at 10-7 level  
–  Allows cooling from 0.5 K to 20 

mK [Simulations: J. Phys. B. 
2013] 

Lyman-alpha spectroscopy & cooling 
M. Michan (Ph.D.), T. Momose, UBC 
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121 nm 

602/202nm 

Kr/Ar 4WM 
Chamber 

Makoto Fujiwara, ALPHA 



•  Ly-α laser: spectroscopy on 
atomic-H demonstrated @ UBC! 

•  Sufficient power obtained for 1st 
optical probing of anti-H 

 
 

•  Further optimizations 
–  4WM à THG 
–  Narrowing 
–  Laser will be shipped to 

CERN, June, 2014 

•  Light transport & control 
system at under 
construction at CERN  

Pulsed Ly-alpha spectroscopy and cooling   
M. Michan (UBC), G. Polovy (UBC): 

 T. Momose, R. Thompson, M. Fujiwara 
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Makoto Fujiwara, ALPHA 



•  Nuclear Magnetic Resonance 
–  Antiproton spin flip 
–  Broad maximum at 0.65 T  
–  Insensitive B field homogeneity! 
–  Initially at 10 kHz (10-5) 

  à <100 Hz (10-7) 
–  Complementary to laser exp. 

•  655 MHz Resonator 
development (Dunlop, Evetts) 
–  Challenge: compatibility with 

trap/plasma requirements 
–  Simulations with Laxdal, 

TRIUMF  
–  Prototyping at SFU/UBC   

High Precision NMR of Antihydrogen 
Ashkezari, Dunlop  (SFU), Friesen (Calgary), Evetts (UBC): Hayden, Hardy 
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Resonator Prototype  
at SFU (Q ~ 300) 

PRL 42, 1042 (1979) 
Hardy et al. UBC 

Makoto Fujiwara, ALPHA 



•  Nuclear Magnetic Resonance 
–  Insensitive to B field inhomogeneity 

at magic field 0.65 T! 
–  Design criteria for ALPHA-2 
–  Probe internal structure of anti-nucleon 
–  Measured for H by Hardy+ at UBC  

•  Systematic effects from simulations  
 

  

•  RF Resonator needed 
–  Challenge: compatibility with 

trap/plasma requirements 
–  Simulations with TRIUMF RF 
–  Prototyping at SFU/UBC 

High Precision NMR of Antihydrogen 
HPQ: Ashkezari (SFU), Friesen (Calgary), Capra (York), Evetts (UBC):  

Hayden, Hardy, Thompson, Olin, Fujiwara 
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Resonator Prototype  
at SFU (Q ~ 300) 

Effects Initial stage With cooling 

Transit time: transverse  2×10-6 1×10-7 

Transit time: axial 2×10-7 5×10-8 

Doppler broadening 1×10-7 1×10-8 

Resonator stability  8×10-8 6×10-9 

Octupole field reproducibility 2×10-9 1×10-10 

Mirror fields reproducibility 1×10-10 1×10-10 

Solenoidal field reproducibility 1×10-10 1×10-10 Makoto Fujiwara, ALPHA 


