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Antihydrogen

Antihydrogen is the bound state of an antiproton and a positron
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Antihydrogen is the simplest atom
consisting entirely of antimatter
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Antihydrogen: what is it known?

= Hydrogen Antihydrogen e
Electron () K"" ~ — — __ Positron (+)
' ~ S /J
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Antiproton (-)
H
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Antihydrogen: what is it known?

i Hydrogen
Electron (-)
HYDROGEN
meon(f) I
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one of the best understood| , -
. \ 15”2 =
and most precisely _/_@
measured system " F=0
Bohr Dirac Lamb HFS

uantit exp. value [Hz] 0.V
quantity p 00 /V | O /
Vis-2s 2466061413187035(10)| 4.2x10™ | 1x10™
Vos-2p | 1057 8450(29)x10° | 2.7x10° | 3.8x10™

13 | (3.5+0.9)x10°
V, re | 1420405751.7667(9) | 6.3x107 | ( )
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Antihydrogen: what is it known?

i Hydrogen
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measured system " F=0
Bohr Dirac Lamb HFS
quantity exp. value [Hz] 0.V
é_exp / V th/
Vis2s | 2466061 413187035(10)| 4.2x10™ | 1x10™
Vos-2p | 1057 8450(29)x10° | 2.7x10° | 3.8x10™
13 | (3.5+£0.9)x10°
V, re | 1420405751.7667(9) | 6.3x107 | ( )
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< Expected from CPT

significant milestones achieved (see Testera’s

but talk)
no precise measurement so far
Why?

- Annihilations
- Antihydrogen study is young
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Why study antihydrogen

1) Precise matter/antimatter comparison—> test of CPT symmetry

als

2) Measurement of the gravitational behaviour of antimatter—> test of WEP

Apple Anti-Apple

Impossible with charged antiparticle

only with neutral system 2> H
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:
?

H H

2) Measurement of the gravitational behaviour of antimatter—> test of WEP
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Matter/antimatter asymmetry in the Universe

Positrons and antiprotons in the cosmics
rays are compatible with secondary

v production (made in the matter collision
75% ENERGY 21% yarrer with the interstellar medium)

Earth, Moon and planets made of matter

4% ;ﬁm”g The visible Universe is made of matter

No primordial antimatter detected
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Time Since Major Events

Big Bang Since Big Bang
present Humans
slars, observe
. galaxies the cosmos.
Galaxles f.:ﬂdi“ﬁ“"
u;:ms and
1 billion plasma)
years atems and % gelaxies
Era of s?lma '
ars
Atoms in ] :ﬁfl:l‘nol:‘fﬂtr'l;li
o form s fly free
500,000 and become
years Is:’sma OIand mlﬂuww;d
) rogen background.
Era of SR S helium nuclei -
Nuclei plus eleclrons Fu'.ﬂn coases;
3 minutes 4 m ot
5 tons, neutrons, s
Era of B dlectrons, neutrinos 25% helium, by
Nucleosynthesis ¥ (antimatter rare) mass.
: Matter annihlilates
0.001 seconds o QL O gt elementary particles antimatter.
Parlicle Era @% 45" : a5 (antimatter
10°* seconds e bl ‘% common) Electromagnetic and weak
= weak Era R 35 B PR g2 X ;,u e'e!n;n:m i:‘rcos b;nomu distinclL.
ectro e S RPN partic rong force becomes
10-% seconds A t"i" v distinct, mrhapt
GUT Era elementary causing inflation of
10-** seconds partivies = -
Planck Era 777
neulron — eleclron —_ antiproton 1 . - ]
e e ki b on—’l"'_ﬂ‘! antielectrons 44:,-: quarks -t%_

Caopyright @ Addison Wesley

t =0 equal quantity of matter and antimatter €< expected from symmetry!?

t <0.001 s All antimatter disappeared and only (part of) matter (and we) survive

Possible explanations rely on the fundamental symmetries violations
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The CPT theorem

50’s — Pauli, Schwinger, Luders, Jost

The CPT theorem (1954): “Any Lorentz-invariant local quantum field theory is
invariant under the successive application of C,Pand T”

Assumptions:

- flat space-time, Lorentz-invariance, local interactions, unitarity, point-like particles

Consequences:

- particle/antiparticle: equal mass, lifetime; equal and opposite charge and magnetic
moment

- atom/antiatom: identical energy levels

CPT invariance is inside the Standard Model

In string theory (and quantum gravity): assumptions non valid
—> CPT violations as a signature of string theory?

No measurement of CPT violation exists
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CPT tests: relative & absolute precisions

Mass [GeV]
107 10 102" 10" 10™ 10 10°® 10® 10° 1 10°
I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| T

absolute precision (left edge) _ n-n

= relative precision (Iength)

measured quantity (right edge) _ p-p
_ e

H H ‘*1529

T HH‘*HFS

bl ol .I ol .I L .I-.I L .I-.I RN .I L .II.I ool .I L .I-.I 1l
10 10 10°® 10° 1 10°  10®° 10° 102 10©
Energy [GHZz]

Considered “best CPT test”: K —=K° Am/m ~ 1018 & 10° Hz

but absolute precision could be relevant ... H—-H highly competitive

Where CPT violation might appear is unknown
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CPT violation in Standard Model Extension

Indiana group, Kostelecky et al. (since 1997)
Standard Model can be extended with CPT violation

Standard Model Extension (SME) is an effective field theory which contains:
- General Relativity

- Standard Model

- Possibility of Lorentz Invariance Violation

- CPT violation comes with Lorentz violation

CPT Violating terms

Modified Dirac equation

(iy*D, —

-
|

R.Bluhm, A.Kostelecky, N.Russell,
Phys. Rev. Lett. 82, 2254 (1999)

Lorentz Invariance Violating terms

- a & b have energy dimensions (= absolute comparisons are important)
- No quantitative prediction
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Antihydrogen formation



Antiproton Decelerator-AD @CERN

AD is the only source of low-energy antiprotons

All-in-one machine: antiproton capture , deceleration & cooling

By @ Injection at 35 GeV/c AD delivers to the experiments :
.ﬁi,tﬁpJﬁéiT, e - 2-4 107 antiprotons per bunch
(10" p @ 26 GeV/cY) @ Extraction (150-300 ns length)
(=2%107in 200 ns)
_ \ - 1 bunch/ 100 s
| . - Energy =5.3 MeV (100 MeV/c)
El Deceleration and L‘-:
Fa?gm 01 GeV/c) EE §$
6]
& & ~
I =
S
[

Electron cooling
A o0 eeoyesgees || || oC N

Experiments: - (2015) ALPHA, ATRAP, ASACUSA, AEglS, BASE
- ATHENA (ended), ACE (ended), GBAR (future)
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Antihydrogen for CPT test

matter-antimatter precise comparison by means of spectroscopy

HYDROGEN

MIDOAAYH

direct experimental test
(no model is required)

N
\
[s-2s
2 photon

AR=273 nm
ofif=107 14

Lamb

Dirac

Bohr

Ground state

hyperfine splitting
f=1.4GHz

Afif=10""2
Plans for antihydrogen:

HFS

qE
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4
- measurements: - Hyperfine splitting
of ground state

- 1S-2S transition

/methods: - Antihydrogen trapping

/

- Antihydrogen beam
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Antihydrogen for CPT test

matter-antimatter precise comparison by means of spectroscopy

ALPHA
ATRAP

Bohr

Plans for antihydrogen:

HYDROGEN

[s-2s
2 photon

AR=273 nm

ofif=107 14

MIDOAAYH

direct experimental test
. . I
(no model is required) —

f=14GHz

— — 171

:\?\ o
gy,

Q.

</

2iH

dms] >61id

Ground stat™®
hyperfine splitting

Afif=10""2

- measurements:

- Hyperfine splitti
of groj\pd stat

- 1S-2S transition

~

- methods: - Antihydrogen trapping

- Antihydrogen beam
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Antihydrogen for CPT test

matter-antimatter precise comparison by means of spectroscopy

HYDROGEN MIOO0AAYH

direct experimental test
] . .
, — (no model is required)
2 L T me o —
N
2q —
Is-2s \\ - :’:
2 photon P —
= TAREIR3 nm 12
ofif=107 14
ASACUSA —
Bohr Dirac Lamb HFS
ound state
hypeMgg splitting
f=14GP»
Aff=107"2
Plans for antihydrogen:
! 4
- measurements: - Hyperfine splitting - metho™s, - Antihydrogen trapping

f d stat
Ot ground state - Antihydrogen beam

- 1S-2S transition
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Ground-state hyperfine splitting of
antihydrogen



(Anti)hydrogen ground-state hyperfine splitting

e Interaction between (anti)proton and (anti)electron spin magnetic moments

M=1 M=0 M=-1

e Between the triplet (F=1) and singlet (F = 0) sublevels : 15 —

3
Leading term:  pyp = 136 (m ﬂj—pm ) %%agcfﬂm(l +0) ~ 1.42 GHz
p T e p #N

e VHr is proportional to the (anti)proton magnetic moment py (5 ppm 2012 Gabrielse,
previously 0.3%)

e &: higher-order QED & strong interaction corrections: ~103

e Theoretical uncertainty on &: ~10°



Antihydrogen GS-HFS in magnetic field

Hyperfine levels depend on magnetic field:

Energy increases for (F, M) = (1, -1) and (1, 0): low-field seekers (u<0)
Energy decreases for (F, M) = (1, 1) and (0, 0): high-field seekers (L>0)
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Antihydrogen GS-HFS measurement

For hydrogen: 10712 precision (hydrogen maser)

But maser not possible for antihydrogen

Spectroscopy of trapped antihydrogen = low precision due to strong confining field
Spectroscopy of H beam

e far from large B

e atomic beam method can work up to 50-100 K (for trapped H: << 1 K)

e H can be guided with inhomogeneous magnetic field



(]
=]
T

Relative energy in frequency units (GHz)

ALPHA: Antihydrogen GS-HFS in a trap

C. Amole et al., Nature 483, 439 (2012)

[T T T T 7 | —=—0Qnresonance (103 runs)

_—— | |

—
o

—t
=]

n

=

f.4 spin-flip frequencies

EVENIS par 1.0Cm

Magnetic field (T)

Auxial position, z (cm)

High magnetic field
Only proof of principle (Af/f=100 MHz/29 GHz = 4 103)
Start of Hbar spectroscopy
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ASACUSA antihydrogen beam for
GS-HFS measurement

Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan

Ulmer Initiative Research Unit, RIKEN, Saitama 351-0198, Japan

Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan

Stefan-Meyer-Institut fir Subatomare Physik, Osterreichische Akademie der Wissenschaften, 1090 Wien, Austria
CERN, 1211 Geneve, Switzerland

Dipartimenta di Ingegneria dell'informazione, Universita di Brescia
& Istituto Nazionale di Fisica Nucleare, Gruppo Collegato di Brescia, 25133 Brescia, ltaly

Department of Physics, Tokyo University of Science, Tokyo 162-8601, Japan
Graduate School of Advanced Sciences of Matter, Hiroshima University, Hiroshima 739-8530, Japan

Sy
> 4
“
4
YO 04,’('
«
o))
0-:—"
NITO5 >
— )
-
~
Q

o
z =
<0,
)
ér@
m
%
&
)

%ﬁ]m‘fﬁat InCAEE L cnze 2



ASACUSA

Atomic Spectroscopy And Collisions
ASAKUSA KANNON TEMPLE =
Ising | .

Spokesperson: R. Hayano

Not only antihydrogen

@ pHe laser spectroscopy : Mo VS. mp

] FHE microwave spectroscopy : I

@ pA collision : formation and ionization cross section
@ pN collision : in flight annihilation cross section

@ pe’ = H beam microwave spectroscopy :

N. Kuroda!, S. Ulmer?, D.J. Murtagh?, S. Van Gorp?, Y. Nagata?®, M. Diermaier*, S. Federmann*3,
M. Leali®, C. Malbrunot?, V. Mascagna®, O. Massiczek?, K. Michishio’, T. Mizutani!, A. Mohri?,
H. Nagahama!, M. Ohtsuka!, B. Radics®, S. Sakurai®, C. Sauerzopf*, K. Suzuki*, M. Tajima!,

H.A. Torii!, L. Venturelli%, B. Wiinschek?, J. Zmeskal*, N. Zurlo®, H. Higaki®, Y. Kanai®,
E. Lodi Rizzini® Y. Nagashima’, Y. Matsuda!, E. Widmann*, & Y. Yamazaki'~

Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8302, Japan

Ulmer Initiative Research Unit, RIKEN, Saitama 351-0198, Japan

Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan

Stefan-Meyer-Institut fiir Subatomare Physik, Osterreichische Akademie der Wissenschaften, 1090 Wien, Austria
CERN, 1211 Genéve, Switzerland

=T I S I

Dipartimento di Ingegneria dell'lnformazione, Universita di Brescia
& Istituto Nazionale di Fisica Nucleare, Gruppo Collegato di Brescia, 25133 Brescia, Italy

Department of Physics, Tokyo University of Science, Tokyo 162-8601, Japan

m o~

Graduate School of Advanced Sciences of Matter, Hiroshima University, Hiroshima 739-8530, Japan
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Scheme of the measurement

H formation ' , | |

CUSP trap
T

H (LFS)
H (HFS)
N >
- R 7
Microwave  Sextupole _
Cavity Magnet H detector
flip Hbar spin

confine pbars and e*;
select Hbar spin state

HFS-states: de-focused
LFS-states: focused

B and E axially symmetric

select spin state

Luca Venturelli - Antihydrogen GS-HS
What Next - Firenze 2015



Scheme of the measurement

ﬁ{_m:m off resonance

detector

microwave cavily  sextupole mamet

Cusp trap

on resonance
HILFS) H (HFS) ‘

!
-y
count of H

requency

e i

“Disappearance Mode”
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Scheme of the experimental set-up

[
| ASACUSA
I ot
I
I —
I p
I —

AD F=r=>[RFQD|==>| MUSASHIp trap

5.3 MeV| 115 keV 150 eV

| €=25%

et accumulator

100 eV

»{cusp trapp=[A beamline

3D tracking
detector

decelerated by RFQD

e- cooling, accumulation (3—5 AD shots), compression
in MUSASHI

pulse extraction from MUSASHI

transfer of 3 10° to the cusp trap

22Na source (0.6 GBg), Ne moderator,
N, gas moderator, MRE

accumulation (10—100 stacks)

transfer of 3 107 every 10 min to the cusp

guided by magnetic fields
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Experimental set-up 2012

2Na: ¢" source

e accumulator

MUSASHI trap
(ultra-low energy p beam source)

Il _ Cusp trap
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Experimental set-up 2012

:
22Na source

SR

iﬁ | xtlipole

S5 B MUSASHI
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ASACUSA — CUSP TRAP

e Hbar production in 2010

 Hbar beam in 2012 (published in 2014)
e Lots of improvements during LS1

* H spectroscopy in 2014

e Analysis of 2014 Hbar data in progress




ASACUSA — CUSP TRAP

Hbar production in 2010

Hbar beam in 2012 (published in 2014)
ots of improvements during LS1

H spectroscopy in 2014

e Analysis of 2014 Hbar data in progress
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Antihydrogen formation

Y. Enomoto et al.
Phys. Rev. Lett 243401, 2010

First antihydrogen production
in a “cusp trap”

L[]

»zm

T
5 .

Wnested 0 prw 30 £leml

well
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H production in the “cusp” trap

Physics World reveals its top 10 breakthroughs for
2010

Dec 20. 2070 20 commenis

It was a tough decision, given all the fantastic physics done in 2010. But we have decided
to award the Physics World 2010 Breakthrough of the Year to two international teams of
physicisis at CERN, who have created new ways of controlling antiatoms of hydrogen.

Shared at CERN as anfih research akes the gong

The[ALPHAcollaboration announced its findings in late November, which involved
trapping 38 antihydrogen atoms (an antielectron orbiting an antiproton) for about 170 ms.
This 1s long enough to measure their spectroscopic properties in detail, which the team
hopes to do in 2011.

mmmnlmensnmg@lamﬂmnmmnmm;m
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ASACUSA — CUSP TRAP

Hbar production in 2010

Hbar beam in 2012 (published in 2014)
ots of improvements during LS1

H spectroscopy in 2014

e Analysis of 2014 Hbar data in progress
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Antihydrogen beam

H (LFS)

Field lonization before the detector
= Only Hbars with n<43 (or n<29) reach the detector

COMMUNICATIONS

ARTICLE
Received 25 Jun 2013 | Accepted 11 Dec 2013 | Published 21 Jan 2014 DOI: 10.1038/ncomms4 089 OPEN

A source of antihydrogen for in-flight hyperfine
spectroscopy

N. Kuroda!, S. Ulmer?, D.J. Murtagh3, S. Van Gorp?, Y. Nagata®, M. Diermaier?, S. Federmann®, M. Leali®”,
C. Malbrunct“"‘t, V. Mascagnaé"7, Q. Massw’czek“, K. Mich'rsh\'os, T M\'zutam'1, A. Mohr\'3, H. NagahamaT,
M. Ohtsuka', B. Radics3, S. Sakurai®, C. Sauerzopf“, K. Suzuki?, M. Tajima1, H.A. Torii!, L. Venturelli&7,

B. Wijnschek“, 1 Zmeskal4, N. Zurlo® H. Higakig, Y. Kana\'3, E. Lodi szzinié‘Jr ¥ Nagashimag,

Y. Matsuda', E. Widmann# & Y. Yamazaki'3

Hbar detector

plastic +
BGO (100mm dia, 5mm thick)

"+ | §1, 82, 83, 54, S5 = Plastic Scintillator] |
e B 49% of 4r
ar :
i e

BGO measures energy deposition by Hbar annih.

coincidence: BGO AND (>15)
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Mormalised counts’' 150 s

10

1071

Energy deposition in the BGO

| mostly Hbars mixing a GEANT4 e
- = =
[
i — Mixing (n < 43) : i
L | [ Background ?—
T 1 £
- | 3 2
3 | 0 200 40 ©0 380 100 120 140 160 180 200 0 20 40 &0 80 100120140 180180 200
- E [MeV] E [MeV]
i background C GEANT4
0

E (MeV)

Unshaded histo = pbar-e+ mix O 1 o
0 20 40 &0 80 100 120 140 160 180 200 0 20 40 &0 BD 100120140 160180 200
E [MeV] E [MeV]

Shaded histo = pbar-e- mix (background run)

Luca Venturelli - Antihydrogen GS-HS 36
What Next - Firenze 2015



Antihydrogens reaching the BGO

B Mixing (n< 43)
A Mixing (n< 29)

a-C (see previous slide)

Integration from E,;, to 200 MeV

Corrected counts/150 s

7]

6 Hbars/ 15 min (n<43)
4 Hbars/ 15 min (n<29

—
o
I

After detection efficiency
correction (from GEANT)

Hevents/ 150 s

esti_rr:ated number of

0 20 40 60 80 100 120 140 160 180 200
Ep (MeV)
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10

Mormalised counts’ 150 s
q
I

= R

Detected antihydrogen atoms

mostly Hbars

— Mixing (n < 43) Table 1 | Summary of antihydrogen events detected by the
[] Background antihydrogen detector.

Scheme 1 Scheme 2 Background

| Measurement time (s) 4,950 2,100 1,550

= Double coincidence events, N; 1,149 487 352

- Events above the threshold

- (40 MeV), N_ a5 g9 29 B
Z-value (profile likelihood ratio) (o) 5.0 3.2 -

w Z-value (ratio of Poisson means) (a) 4.8 3.0
Lol | T I O I T I IV Y

20 40 80 80 100 120 140 160 180 200
E (MeV)

Antihydrogens (n<43) detected with 5 0 significance 2.7 m far from their production region

=>» Antihydrogen beam has been produced

25 Hbars/hour (n<43)
16 Hbars/hour (n<29) < significant fraction in lower n
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Press releases

CERN Antimatter experiment produces first beam of * S

antihydrogen

Cern-forskere: Vi har udsendt det farste beg|
antihydrogen
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ASACUSA — CUSP TRAP

Hbar production in 2010
Hbar beam in 2012 (published in 2014)

_ots of improvements during LS1

H spectroscopy in 2014

e Analysis of 2014 Hbar data in progress
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Recent improvements

-Installation and successful operation of a new double cusp magnet

-Installation and successful operation of a new multi-ring electrodes (MRE)

-Installation and successful operation of a new Asacusa Micromegas

-Installation and successful operation of a new eld ionizer

-Installation and successful operation of a new H detector consisting of a BGO disc with 2D
read-out and a double layered hodoscope

-An order of magnitude faster positron accumulation as compared to 2012

-Stable manipulation of positron plasma in the double cusp magnet

-Successful transport of 60eV antiproton beam

-Detection of H atoms 3.4 m downstream from the nested well (including candidates in the
ground state)



(a) Anti-Helmholiz coils (b)

N

cusp =2 2-cusp

- -
/\ s [ —— LFS previous cusp [
% 1[]'2;5-:_=555555:55555555555:55555555 I —HFSDFEFiDUSCUSp :
S [ HHEEHE o s doublecusp |-
CUFrhtE;IirEH:LiDI'l -.;_:. ----------------------------- ':} HFS double cusp
2
o
=y
2
0
(a) 2 sets of anti-Helmholtz coils i) %
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new antihydrogen detector

cosmic event

#6508, eventd2, OQ=7.1MeV

. Hodoscope E
Fs0

% (b) & EXP. hit>=1
10

—E— EXP. hitz=2

- BGO
L — G4hlt=1

-------- B 501 1:_ — GhhlEx=1
a 107
=0
100 107
=150 | |
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Energy [MeV]
IHOdDEGDpE | iBGO: | BGO energy deposit (cosmic)
inner d=200mm, t=bmm 32 bars 'd=90mm . t=E5mm HesG S Ve ot
outer d=350mm, t=bmm 32 bars '
eadout - SIPMs readout - 4xMAPMTs
Placed @3.4 m (solid angle = 0.004%)
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ASACUSA — CUSP TRAP

Hbar production in 2010

Hbar beam in 2012 (published in 2014)
ots of improvements during LS1

H spectroscopy in 2014

e Analysis of 2014 Hbar data in progress

Luca Venturelli - Antihydrogen GS-HS
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The hydrogen setup

cryogenics

atomic
hydrogen

Jourcc

permanent
sextupoles

tuning fork
chopper

Luca Venturelli - Antihydrogen GS-HS
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.*E superconducting quadrupole
4] sextupole mass
s5pe ctrometer
e Ol

Same as for Hbar
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rate at the dedectar (Hz)

rata af the detectar (Hz)
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* GS-HFS measured (zero-field extrapolation)
e precision better than 10 ppb (the best value
for hydrogen in a Rabi-type experiment, to be
published)

Performed by E.Widmann group (SMI)
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ASACUSA — CUSP TRAP

Hbar production in 2010

Hbar beam in 2012 (published in 2014)
ots of improvements during LS1

H spectroscopy in 2014

e Analysis of 2014 Hbar data in progress

Luca Venturelli - Antihydrogen GS-HS
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* in progress

2014 Hbar data analysis

#0654, event3263, Q=75.1MeV

mim

Hbar (n<12) candidate observed @3.4 m

Luca Venturelli - Antihydrogen GS-HS
What Next - Firenze 2015
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Next steps

Study and improve the beam features (Hbar rate, temperature, n-states,...)

Perform the measurement

H (LFS)

H (HFS)

e i T
-
\$
r #
-
-
=

1420 MHz

. f
f . S A 1 em
. ‘_E:::-'I:‘," )
/ . :z
CUSP trap Cavity Magnet H detector - -

’ -
/
Microwave  Sextupole .

Achievable resolution:
- better than 10 for T < 100 K
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Expectation

Rabi method o
\. ( H (%PS]
/ -
5 / ) ‘-;?‘t‘d‘g, \x H (HES)
T
e" \ \S ] E ~ J /
N Qﬂ 7 D

|
H formation ' {VlJ |
' Microwave  Sextupole _
CUSP trap Cavity Magnet H detector

D=10 cm, v=1 km/s (100K)
1/T=10 kHz = linewidth resolution dv (FWHM) =0.8/T = dv /v =8x10"°
- Resonance center resolution =107’

Achievable resolution:
- better than 10 for T < 100 K

- 100 Hbar/s in 1S state needed (in 4 T)—2> event rate=1/min.

Luca Venturelli - Antihydrogen GS-HS
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Future improvements

1° improvement (Ramsey separated oscillatory fields):

e > [
s T T T
—-l_ ‘Q‘_:_:\_:: antihydrogen
detector
Linewidth reduced by D/L
. . o f-WAVEGUIDE -
Antihydrogen fountain: P < AEGIS
, . S S I; | N _
-trapping and laser cooling = B —S———
. =3 {E-—-—LTL‘ DETECTOR
- Ramsey method with L=1m g~ ||
Af ~3 Hz, Af/f~ 2x107 D = =
-
W. N S0
T]ﬁ:::::ﬁ '
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ELENA decelerator:

5.3 MeV - 100 keV

x 100 pbars trapping efficiencies
4 experiments can run in parallel
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Summary

- Antihydrogen measurements promises high sensitive tests of CPT symmetry

- First cold beam of antihydrogen atoms produced by ASACUSA
- HFS measurement of hydrogen beam (<1078)

- beam features need to be investigated and improved (rate, temperature, n-states,...)

- the present result together with those from the other AD experiments = spectroscopy era

Luca Venturelli - Antihydrogen GS-HS
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