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Strategy and Physics Motivation

* Precise comparisons of the fundamental properties of simple baryonic
matter/antimatter conjugates at low energy and with high precision.

e Such comparisons provide stringent tests of CPT invariance.

* Simple systems can be understood, and understanding provides sensitivity with
respect to deviations.

antimatter sector

matter sector

proton m antiproton m 90 p.p.t.
proton magn. moment antiproton m. moment 4.4 p.p.m.
hydrogen 1S/2S antihydrogen 1S/2S ?
hydrogen GSHFS antihydrogen GSHFS ?




Tests of C

Red: Recent tests
Purple: Past tests
Green: Planned

PT Invariance
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CPT test with fractional precision of 10~18 available... why continue measuring?
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Kostelecky et al.

Absolute energy resolution (normalized
to m-scale) might be a more
appropriate measure to characterize
the sensitivity of an experiment with
respect to CPT violation.

Single particle measurements in
Penning traps give high energy

resolution.
Relative Energy SME Figure
precision | resolutio of merit
n
Kaon  ~10718 ~107° = I
Am eV
p_I—) ~10—11 ~10—18 ~ 1026
q/m eV
p-p g- ~107° ~10712 ~ 102
factor eV

SME has no predictive power / missing link
from EFT to particle physics
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Pioneering Highlights

Production of 11(2) relativistic antihydrogen atoms at
LEAR (PS210) in 1995.
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G. Baur et al., Phys. Lett. B 368 (1996) 251

= (This antiproton was
- trapped for 60 days,
| until Jan. 18, 1993,
| 7 oclock)

T T

i linewidth Av jv = 1,2 107
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cyclotron frequency v_- 89 258 427 Hz

Convinced CERN to start the AD program.

02 01 00 01 02 03 04 05

Comparison of the proton to antiproton charge to mass
ratio at fractional precision of 90 p.p.t.

“/E" =-0.999'999'999'91(9)

G. Gabrielse et al., Phys. Rev. Lett. 82 (1999) 3198




Methods — the antiproton decelerator

Momentum
plGeVic]

A
357+

Stochastic cooling
6.6s.

U Electron cooling
pbar injection 8s.
201 | |Bunch rotation Rebunching
S;Whastlc cooling Electron cooling |\ Fast Extraction
s.
16s.

0.3 4
0.14 R

12 35 54 o 85 time [s]
RF ON: ] _— I ] AL

AD provides: 30.000.000 antiprotons at 5.3 MeV each 120s

Degrading / RFQ-D

. resistive cooling —> particles at 8ueV
Catching

bridge 6 orders of magnitude within a
few 100s

Electron Cooling and kickout

* Compression
Catching: G. Gabrielse et al, PRL 57, 2504 (1986)

work pioneered by the TRAP collaboration Vieasurement. G, Cabriele ot o, PRL 65, 1317 (1950




Methods: Workhorse Penning Trap

g A Measurements
[ [ [ [ [ [\
radial confinement: B =B 7 PV TV YL A
B=By? ) 1\ + YRR o e B charge-to-
. . . _ 2_P_ v VoV 3 mass ratios
axial confinement:  ®(p,2) VOCZ(Z 2) / h\;lodified Cyclotron Axial Motion mp
\H&_ Motion vV,
A Vit g o =g € p| magnetic
Magnetron Motion : L m moments
v p
u;—}[r”w ] | e s AL
e accumulation and compression of P e NI B
antiproton / positron plasmas o i iyl E
. 10.000.000-
N. Kuroda, Phys. Re\/1 l:llfI15 (2012) 024702. (‘%'0"
. . . —_ i L
* antihydrogen formation using a nested trap e cur syt
scheme.

Proposed: G. Gabrielse, Phys. Lett. A 129 (1988) 38.
First Demonstration: M. Amoretti, Nature 419 (2002) 456.
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Physics Measurements

Mirror coils
Vacuum

wall

.

Antiprotons
from catching
trap

Octupole

7 Positrons from
Annihilation accumulator
= detector

* Antihydrogen 1S/2S laser spectroscopy in
magnetic trap.

* Hydrogenin trap: 5 p.p.t.

* Trapping via atomic magnetic moment,
Challenge: shallow trap (0.5 K)

* Antihydrogen beam spectroscopy (ASACUSA Scheme)

1ppb

(1 aQED>

* extract antiproton magnetic moment

Hp

16 1 me Ue
Vi =|— Ry - ¢+ e
HF 3 Y ( T

3
oE)

<1lppb

e probe antiproton substructure
e Test SME coefficients

Energy/h (GHz)

o

-0.54
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004 }
Magnetic Field (T)

Achieved 3.3 p.p.b. using hydrogen beam (Widmann Group in ASACUSA)

C. L. Cesar, Phys. Rev. Lett. 77 (1996) 255.

H (LFS) H(HFS)

- - . —

A. Mohri and Y. Yamazaki, Europhys. Lett. 63 (2003) 207.




Highlights — CPT Sector

trapped antihydrogen
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ALPHA, Nature 468, (2010) 674.
sim. res. ATRAP, PRL (2012)
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Table 1| Summary of antihydrogen events detected by the
antihydrogen detector.

)

Antihydrogen Beam

Scheme 1 Scheme 2 Background

4,950 2,100 1,550
1149 487 352

Measurement time (s)
Double coincidence events, N;
Events above the threshold
(40 MeV), N 10 99 29 6
Z-value (profile likelihood ratio) () 5.0 3.2

Z-value (ratio of Poisson means) (o) 4.8 3.0 —

Major step towards planned
antihydrogen spectroscopy.

ASACUSA, Nature Comm. 3 (2014) 475.

«rf-spectroscopy»

~

-2

—e— On resonance (103 runs)

N Off resonance (110 runs)
%
% No microwaves (100 runs)

Events per 1.6 cm

Axial position, z (cm)

ALPHA, Nature 483, (2012) 442.

~

/R - 1)/109

A,

0 5 10 15 20 25 30 35 O

Time (days) Fraction

69 p.p.t. measurement using two
particle Penning trap technique

BASE, Nature 493 (2014) 502.




Tests of the weak equivalence principle

mEgIS Scheme (Moire Defl.)
S . orrg %‘%;rous target

e 7 _\t.‘.‘ Double laser pulse

\
‘ v ; Accelerating
Ps* Q o) electric field

p+Ps* >H* +e¢

Demonstration: AEgIS, Nature. Comm. 5 (2014) 4538.

precision goal: order %

{oal: First gravity measurement beforey

Production of the antihydrogen ion is highly promising

/GBAR Scheme

p+Ps —>H+e
H+Ps > H +e

precision goal: order %

Qatus: Under construction / beam in 2017




Potential of the antihydrogen ion

Charged particle Production of a high-quality beam

Sympathetic cooling has been

demonstrated in Paul traps Cool particles sympathetically.

Accelerate particles with electric field.
Doppler temperatures can be

reached easily Strip one positron.

Stripping by «resonant» lasers
is a routine.

Scheme has been demonstrated for two co-trapped laser- :
cooled Be-ions. 1S/2S spectroscopy at improved

temperature distribution

s planned to be established and applied to antihydrogen Apply the «classical» ideas by
ions by the gbar collaboration and to antiprotons by the ALPHA and ATRAP however with
BASE collaboration. drastically improved initial

Publication: K. R. Brown, C. Ospelkaus, Y. te m pe rat ure d I St rl b Ut Ion
Colombe, A. C. Wilson, D. Leibfried, D. J.

Wineland, Nature 471, 196 (2011). Sma”er gradlent tra ps’ higher

See also: M. Harlander, R. Lechner, M. precision
Brownnutt, R. Blatt, W. Hansel,
Nature 471, 200 (2011).

-15 =10 -5 0 5 1
Laser Defuning (kHz)




Future Projects

Sympathetic cooling of positrons
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Transportable Traps

Scheme to extract single antiprotons
from a reservoir has been developed
recently

Trapping of antiprotons for > 5 years
has been demonstrated

First step towards transportable
antiproton traps.

C. Smorra et al., Int. Journ. M.S. 114 213001 (2014)

ﬁmpathetic cooling of single
antiprotons (BASE)

Cool single antiproton by laser cooled Be
ions

Aim at sub-ppt measurements

A. Mooser, G. Schneider, J. Walz (BASE)

Space for one more
experiment




e Antiprotons are caught in Penning traps using .
degraders — 99.9% of particles are lost. m ELENA Gain Factor

* ELENA provides antiprotons decelerated to 100keV ALPHA —
— compared to the AD — at improved beam ATRAP 100
emittance.

ASACUSA 10

* Degrading at low particle energies is much more

AEglS 100

efficient

* ELENA will be able to deliver beams almost
simultaneously to all experiments resulting in
an essential gain in total beam time for each
experiment. This also opens up the possibility
to accommodate an extra experimental zone

Provides bright future perspective for antiproton-physics at CERN




Thanks very much for your attention

AEgIS collaboration

THE ALPHA COLLA
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Possibilities

charge-to-mass ratio

free < fundamental
t
antiprotons < magnetic moment PrOPETEs
bound
pbarHe antihydrogen antihydrogen ions
fundamental ]
properties and spectroscopy gravity

e/m interactions




