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Antiproton Decelerator @ CERN

D PROJEC
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* All-in-one machine: A
* Antiproton capture Al

e deceleration &
cooling

* 100 MeV/c (5.3 MeV)

e Pulsed extraction
e 2-4 x 107 antiprotons

per pulse of 100 ns
length

1 pulse / 85-120 Antiproton
seconds production
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ELENA @ CERN
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Energy range, MeV 53-0.1
Intensity of ejected beam 1.8 x 107
g,y Of extracted beam, T-mm-mrad, 4/4
[95%], standard

Ap/p of extracted beam, [95%], 8:1073
standard

ELENA commissioning 2018
2021 (after LS2) tull operation
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AD experiments

* ATRAP - G. Gabrielse, Harvard @
« ALPHA -].S. Hangst, Aarhus Foow @

1\ q” THE UNIVERSITY
B of LIVERPOOL

e Antihydrogen trapping and 15-2S spectroscopy \ f7 o S oy

* Antiprotonic atoms, collisions,
antihydrogen hyperfine structure

* AEgl5 - M. Doser, CERN

* Antimatter gravity

* GBAR - P. Perez, Saclay

e Antimatter gravity

* BASE - S. Ulmer, RIKEN

* p magnetic moment

» ACE (finished) - M. Holzscheiter, Heidelberg

* biological effects of p annihilations
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ASACUSA collaboration ~ /stcusasenifcpmore
(1) Spectroscopy of pHe

A tomic (2) p annihilation cross-section

S pectroscopy (3) H production and spectroscopy

A nd

C ollisions The Antihydrogen team

U s 9 4

SIng University of Tokyo, Komaba: M. Fleck, N. Kuroda, Y. Matsuda
S IOW RIKEN: Y. Kanai, V. Mackel , S. Ulmer, Y. Yamazaki ‘ E.
' RIK=N
A ntlprotons Hiroshima University: H. Higaki : ®

|+ Univerita di Brescia & INFN Brescia: M. Leali, E. Lodi-Rizzini, mosm s
g@== V.Mascagna, L. Venturelli

Stefan Meyer Institut fiir Subatomare Physik: C. Amsler, A. 7
Gligorova, B. Kolbinger, A. Lanz, D. Murtagh, A. Nanda, M.C. Simon,
H. Spitzer, M. Strube, E. Widmann, J. Zmeskal

CERN: H. Breuker, C. Malbrunot
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Antihydrogen experiments

* Matter-Antimatter Symmetry

* Charge conjugation-Parity-Time
reversal: CPT

HYDROGEN N3IDOAAYH

3
2 I
3
- - =
y [

Bohr Dirac
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Antihydrogen experiments
* Matter-Antimatter Symmetry * Antimatter gravity
* Charge conjugation-Parity-Time * Weak Equivalence principle:

reversal: CPT WEP

CPT Symmetric Situation Not:
HYDROGEN W3oO0AAYH

Apple Anti-Apple Anti-Apple

Anti-Earth

Bohr Dirac
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Fundamental symmetries C, P, T

*C: charge conjugation particle - antiparticle

o P: parity: spatial mirror

Charge transformation
matter iz replaced
with antimatter

e T: time reversal

* CPT theorem: consequence of
* Lorentz-invariance

L SUE]

o]
LdT PRUIGWOD
PO 8JE

sUeo0D EReds ¢ e
olje LuoysUe ) el

* Jocal interactions
* unitarity

o Liiders, Pauli, Bell, Jost 1955
all QFT of SM obey CPT

*not necessarily true for string theory

[

Tima transformation
the fiow of time
is reversed

E. Widmann ffk2019 Tihany 10 Jun 2019
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Fundamental symmetries C, P, T

*C: charge conjugation particle - antiparticle

o P: parity: spatial mirror

Charge transformation
matter iz replaced
with antimatter

e T: time reversal

* CPT theorem: consequence of
* Lorentz-invariance

L SUE]

o]
LdT PRUIGWOD
PO 8JE

sUeo0D EReds ¢ e
olje LuoysUe ) el

* Jocal interactions
* unitarity

o Liiders, Pauli, Bell, Jost 1955
all QFT of SM obey CPT

*not necessarily true for string theory

I

Tima transformation
the fiow of time
is reversed

CPT — particle/anitparticle: same masses, lifetimes, g-factors, |chargel,...

E. Widmann ffk2019 Tihany 10 Jun 2019
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CPT symmetry & cosmology

* Mathematical theorem, not valid e.g. in
string theory, quantum gravity

e Possible hint: antimatter absence in the

universe
* Big Bang -> if CPT holds: equal amounts ot
matter/antimatter

 Standard scenario for Baryogenesis
(Sakharov 1967)

* Baryon-number non-conservation
e C and CP violation
* Deviation from thermal equilibrium

» Currently known CPV not large enough
* Other source of baryon asymmetry?
* CPT non-conservation?

E. Widmann ffk2019 Tihany 10 Jun 2019 10
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HYDROGEN N3oOAAYH

]
3
- yy T 2P3/2 —
P —
\\ 1/2 ,_
- =i = 2Pl/?_ \
1
F=1
]SID J\_
F=0
Bohr Dirac Lamb HFS 2iH dmesl o61id
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Antlhydrogen spectroscopy & sensitivity

HYDROGEN N300AAYH
I
3
- T e 2P3/2 —
13'23 \\\ 2Sw2 _
2 photon \ = I
A=243 nm 4 .
Afif=10"14
! 15 F=1
1/2 J\_
F=0
Bohr Dirac Lamb HFS 2iH dmsl >61id
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Antlhydrogen spectroscopy & sensitivity

HYDROGEN V3D09aYH
]
3
’ T P
18_28 \\\ 25”2 ‘;__
2 photon \ . JE—
A=243 n[TT AT T 12
Aflf=1014
1 g F=1
172 —
Ground state -
hyperfine splitting = F=0
f=1.4 GHz
—10-12
Af/f=10 Bohr Dirac  Lamb  HFS 2H  dmsl e
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Antihydrogen spectroscopy & sensitivity

TRANSITION FREQUENCY (Hz)

HYDROGEN
L]

3

? A . 2Ps/?_
18_28 25”2 —
2 photon B p—
A=243 nrrT Y 112
Aflf=1014

1 15”2 Fi_
Ground state L >
hyperfine splitting = F=0
f=1.4 GHz
Afif=101% ¢, L

23H

dmesl

N3oOAAYH

o61id

10

12

Vo2 21466061

vV

AcpT

AcpT
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HFE

AcpT|(Rp)

(2)

B current
precision
‘ theoretical
uncertainty

v

experimental
values for
hydrogen

() eXperimenta

errors
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Comparison of CPT tests I
*Mass & frequency

Mass (GeV/c?)

1027 10724 10721 10718 10-15 10712 10° 10°% 1073 10° 10° .
ST S S * Right edge: value
. Maser BN e : £
' * Bar length: relative precision
: . . -
: atomic | atomic _ * Left edge: absolute
fountain| beam I b -0
I < sensitivity
T e . ALPHA e Source: PDG
1525 Nature 557, 7175 (2018)
H-H Vies ALPHA Nature 548, 6669 (2017). * Blue: measured
|
I H-Hv,s_,p - P. Crivelli et al, PRD 94, 52008 (2016). ¢ Orange: planned
I °
p-p g/m BASE Nature 550, 371-374 (2017). * Yellow: potent1ally reachable
: |
10'—12 10'—9 1d—6 10'—3 1(')0 163 1(')6 1(')9 10'12 10'15 Widmann, E. et al. Hyperfine Interact. 240:5 (2019)

Energy/h (GHz)

https://doi.org/10.1007/s10751-018-1536-9.
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Comparison of CPT tests I1
e Standard Model Extension SME

CPT & LORENTZ

/ VIOLATION
(iy#*Dy — me — a;,y" — b, ysy"
— %HZPG"U'P + ic,,y*D” +id,,ysy*D" )¢y =

\

D. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997)

LORENTZ VIOLATION

2

* Minimal SME: only HFS |

e Non-minimal SME: also
15-2S shows CPTV

Bluhm, R., Kostelecky, V., & Russell, N., PRL 82, 2254-2257 (1999). -3

0.00 0.02 0.04 0.06 0.08 0.10
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Comparison of CPT tests I
e Standard Model Extension SME Mbeolute precieion (e,

CPT & LORENTZ 10727 10724 1072! 107 10715 1072 10=° 1075 103 10°

/ VIOLATION ALPHA: ! ' ' ' ! ' ' ! |

Not sensitive| H-H HFS
. _ e e " H
(EY“D#’ mE a‘u’y*”‘ b’u")/S"y t0 SME H"H_].S—ZS
1 77e uv » € MmNy + 7€ m v L K°-K% mass
- EH,LLI»’G- + Ec,u,yy D" + ldppij, D l,[/ — U. p-p mass
\ p-p g/m | |
LORENTZ VIOLATION p-p magnetic mome

D. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997)

e~ -et mass

e~ -e* charge

* Minimal SME: only HFS | g Chome
e Non-minimal SME: also d-d mass

3He-3He mass

15-25 shows CPTV

10~%7 10-%4 107%! 10°'® 107 10°'? 10 10°® 10— 10V
Relative precision

PDG, Kostelecky & Bluhm arXiv:0801.0287

L&)

Bluhm, R., Kostelecky, V., & Russell, N., PRL 82, 2254-2257 (1999). -

0.00 0.02 0.04 0.06 0.08 0.10
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First Cold Antihydrogen 2002@AD

*Nested Penning traps
e Capture energy: few keV

VOLUME 89, NUMBER 21 PHYSICAL REVIEW LETTERS

Production and detection of
cold antihydrogen atoms

M. Amorettit, C. Amsler{, G. Bonomi:§, A. Bouchta:, P. Bowe||,

C. Carraro*, C. L. CesarY, M. Charltonz, M. J. T. Collier:, M. Doser,

V. Filippini -, K. S. Fine:, A. Fontana+:**, M. C. Fujiwarai,

R. Funakoshi+f, P. Genova+:**, J. S. Hangst||, R. S. Hayano+

M. H. Holzscheiter, L. V. Jargensen#, . Lagomarsino* i1, R. Landuaz,
D. Lindelof, E. Lodi RizziniS -, M. Macri*, N. Madsen+, G. Manuzio*:,
M. Marchesotti-'-, P. Montagna--**, H. Pruyst, C. Regenfus, P. Riedler:,
J. Rochet#, A. Rotondi+-**, G. Rouleaui#, G. Testera®, A. Variola*,

T. L. Watson# & D. P. van der Werf#

ATHENA NATURE 419 (2002) 456

18 NOVEMBER 2002

Background-Free Observation of Cold Antihydrogen
with Field-Ionization Analysis of Its States

G. Gabrielse,]’* N.S. Bowden,] P Oxley,] A. Specl{,l C. H. Storry,] J.N. Tan,l M. Wessels,1 D. Grzonl{a,2 W. Oelert,2
G. Schepers,2 T. Sefzic:k,2 J. Walz,3 H. Pittner,4 T.W. H'zinsc:h,d"5 and E. A. Hessels®

(ATRAP Collaboration)

ATRAP PRL 89 (2002) 213401

E. Widmann E. Widmann ffk2019 Tihany 10 Jun 2019

Trap potential (V)

Csl crystals

Si strip detectors

Mixing trap electrodes

511 keV
gamma ‘

=125 1=

-100

754

-50 A

4 6 8 10 12
Length (cm)
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L_aser spectroscopy of trapped H: 1s-2s &,

e [offe-Pritchard tra

Mirror coils

Antiprotons

b -
7 Positrons from

n ccumulator

b . det
Solenoid Electrod Mirror coil Octupol Solenoid Cavity output
\ N / coupler

A IR/ \
Vacuum N\ \ ~ / N Y \

/
\ - Piezo stack
. C ty 1 I = \ g .
input coupler Antiproton Antihydrogen synthesis Positron Annihilation
preparation and trapping preparation detector

Ahmadi, M., et al. Nature 557, 71-75 (2018)

E. Widmann ffk2019 Tihany 10 Jun 2019 19
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Mirror coils
Vac
wall
Octupole
i
Antiprotons
from catchin
trap
y
ke -~
Positrons from
Annihilation  Elect accumulator
b detector
Solenoid Electrodes Mirror coils Octupole Solenoid Cavity output
\ \ N / coupler
IR/ \ \
Vacuum N\ \ ~ / N A \ |
] Liquid helium “ H F\*
p Vacuum
- THI- -
\\ /
- Piezo stack
~ Cavity . : . \ N
input coupler Antiproton Antihydrogen synthesis Positron Annihilation
preparation and trapping preparation detector

Normalized signal

SMI - STEFAN MEYER INSTITUTE

Laser spectroscopy of trapped H: 1s-2s &)
e Jotfe-Pritchard trap

1.2

H1s — 2s

10b Af/fy_g=2x10"12

O Disappearance, r (D)
O Appearance, r(D)
— Simulation, 1 W

1
=300 -200

1 1 1
-100 100 200 300
Detuning, D (kHz at 243 nm)

Ahmadi, M., et al. Nature 557, 71-75 (2018)

E. Widmann ffk2019 Tihany 10 Jun 2019
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L_aser spectroscopy of trapped H: 1s-2p &,

60

LI LI LI | L | LI | I LI | LU | LI
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Magnetic field (T)

E. Widmann ffk2019 Tihany 10 Jun 2019

Ahmadi, M.,, et al., Nature 561, 211-215 (2018)
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L_as.er spectroscopy of trapped H: 1s-2p e

??éﬁ 2 S
% 0.04—2 g? E$¥
; o.oz—é ? g
; ®
R = D e o
e Precision limited: 5x10~8

*Proof of principle of pulsed Ly-a laser

* Laser cooling
00 02 04 06 08 10 12 14 Ahmadi, M.,, et al., Nature 561, 211-215 (2018)

Magnetic field (T)

E. Widmann ffk2019 Tihany 10 Jun 2019 22
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Ground-State Hyperfine Splitting of H/H

current
precision

theoretical
uncertainty

v experimental

values for

hydrogen

() experimental

* Spin-spin interaction positron - antiproton 16, M, _amef, o
. . Vp = a“c Ra
 Leading: Fermi contact term F=3 (ﬂ.fp +me’ M, pun /
TRANSITION FREQUENCY (Hz)
10> 1012 10° 106 102 100 107
v . I
HFS 1420405(751(768|(2)
Acpr i 10¢ 107 107 107
Acpr [ue) o i ita IR o

E. Widmann ffk2019 Tihany 10 Jun 2019
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Ground-State Hyperfine Splitting of H/H

* Spin-spin interaction positron - antiproton T _—

e Leading: Fermi contact term YF =3 (ﬂ I, f,m_e Sﬂ I.}; #; o”c Ry

TRANSITION FREQUENCY (Hz)

Hydrogen HFS and QED: finite size effects

10> 1012 10° 106 102 100 107
L1 L1 | | L1 || |1 current
H: deviation from Fermi contact term: -32.77(1) ppm * precision
v ‘ theoretical
finite electric & magnetic radius (Zemach corrections): —41.43(44) ppm HFS 1 4 2 0 4 0 5 ] 5 1 "] 6 8 ( 2 ) uncertainty
0 3 ) I v experimental
polarizability of p/p +1.88(64) ppm A } 10 10 10°¢ 10 values for
CPT | ' hydrogen
remaining deviation theory-experiment: +0.86(78) ppm 't () experimental
errors

C. E. Carlson et al., PRA 78, 022517 (2008)
BASE C. Smorra et al., Nature 550, 371-374 (2017).

Finite size effect of proton/antiproton important below ~ 10 ppm

E. Widmann ffk2019 Tihany 10 Jun 2019 24
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ALPHA HFS: in trap

e Inhomogeneous magnetic fields

1,420.4 MHz
I > —
£ ©
2.0r % 1
e B s
«Q | &
Q’ “.
i \
& b8 k
@
o
(o))
]
=

-t
o

7 20 §
15 &
0§
K
0 .3
5
& 2
c
S
S
20 Trappable low-field-seeking states
15 leo=lLmn  ld=[Lk
10F
5F

Relative energy (GHz)
o

la)
Untrappable high-field-seeking states
E la@=[ThH  |ey=[TM

Magnetic field, B (T)

70
60
50
40
30
20
10

E. Widmann ffk2019 Tihany 10 Jun 2019

AL

*VHr = V4->a =~ Vesb
e No CPT effect in SME!!
e Accuracy 4x10~*

n T # Data
O Simulation
_ i
[]
A TS S NN S O S EEEE S § R
-1.2 0 1.2 2.4 3.6 1,419.2 1,420.4 1,421.6 1,422.8 1,424.0
Relative frequency (MHz)
Ahmadi, M. et al.. Nature 548, 66—69 (2017).
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ﬁ ( F, M)=(1 »~1 )
T O1 ™

(F,M)=(1,0)

- = N
o O O

In-beam HFS spectroscopy

(F,M)=(1,1)

v (GH2)
© o o
m o o

1.0
150 (F,M)=(0,0)
2000 002 004 006 008 010
B (T)
e Resolution: line width Av~1/T
e In-beam measurement of ground-state ¢ 1000 m/s, 10 cm:
hyperfine structure of antihydrogen to e 7x1076 for T =50 K ¢f part IV
ppm-level and below —

e > 100 H/s in 1S state into 41 needed

 event rate 1 / minute: background from

cosmics, annihilations upstreams
E. Widmann ffk2019 Tihany 10 Jun 2019 26

e Produce polarized slow (<100 K) Hbar
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Antlhydrogen beam status

« H production 15t time in 2010
in nested Penning trap

 Three body recombination
expected to produce Rydberg
states

N. Kuroda et al,

Nat. Commun. 5,
3089 (2014).

e 1st observation of beam in
field free region 2014

o 1<43:6 H/15 min
o 1<29:4 H/15 min

N — Mixing (n < 43)
10k [ ] Background

Normalised counts/150 s

Cavity sextu pOle i detector 0 20 40 6080 100 320 140 160 180 500

E (MeV)

E. Widmann ffk2019 Tihany 10 Jun 2019 27
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H detector analysis of 2016 data
* Direct injection scheme * Machine learning optimization

L
%

Hodoscope

» Cosmics rejection 98,4%
» False positive rate: 0.0077(15) s
* p efficiency 80(1)%

3.0

t»

estima tedBGp
mm H candidates pe

2.5 1

M2
=

n<14 rate 0.16 — 0.395(96)/cycle
P-value significance 4.50 - 6.8 o
17 evts/5 shifts: 40 poisson
T(n=14 —n=1) ~ 50 ps
Needed: 2000 H(1S)/B

counts per run
'—'I
i

=
o

o
wn

for 1 ppm

o
o

B. Kolbinger, Ph.D. thesis, 2019
] I I
ll4

ext

ASACUSA collaboration M. Hori / E. Widmann SPSC132 22 Jan 2019
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Excitation frequency v-v, (kHz)

o-transition in H using H setup T

25
N
=
= 245
3
v
Frequency standard . =
(rubidium clock) =] MW synthesizer |<§ > DAG = 24
"HC A [ ° ~ = '
v Line width ~ 6 kHz: = |
[ ) . =
y MW amplifier 4 A 5 | | |
% OF T [ I I T PEEN I T
his Detector o . 4 pp @E b |%q:' - . ;’f%| : -
i 2 m Foesl . B BN
, aMs = o Q o A - .
- Helmholtz | Magnetic Ifs c N9OO o) . N .
z i HFS cols | shieiding g \' m/sS TS gL ] S P B
X spectrometer [enizatian in e ~~.
. —— —
I ﬂ < 0.6 C |
| e 2 o4af! |
Atomic hydrogen source Permanent Superconducting = . i '
sextupole Chopper sextupole = | ! .
magnets magnet b g 02 L | | cz&_
S 1
A Ifs Channeltron “i ol F C Eodsrk— J10 g i
i il Gl .
Strip-line cavity = JINN R =}
™ 8 5 O
2 N 02| ], =
= —
= g S ! 93 94 95
2 < £ 04} |
5 Spectrum analyser @ |
= T 06|

var=1 420 405 748.4(3.4)(1.6) Hz Error 2.7 ppb: 18x improvement over wof
Kush, Phys. Rev. 100, 1188 (1955) o|
Received 4 Oct 2016 | Accepted 24 Apr 2017 | Published 12 Jun 2017 DOI: 10.1038/ncomms15749 . . ~ _12 ) E 7L i
In-beam measurement of the hydrogen hyperfine Deviation from maser (Af/f~1074) : M |
splitting and prospects for antihydrogen 3.4Hz<1lc error B 4r o -
spectroscopy Extrapolation to H: 8000 atoms needed 2t —H
M. Diermaier!, C.B. Jepsenz'f, B. Kolbingeﬂ, C. Malbrunot?, O. Massiczek!, C. Sauerzop]d, M.C. Simon', to aChieve 1 ppm _()I_()Q | ::)_(]() | 0_:3-2 | 0_64 | ()_I()ﬁ
J. Zmeskal' & E. Widmann! Hyperfine transition frequency v, -v;, (kHz)
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H-beam next steps and non-minimal SME

* 1, transition
* Better field homogeneity
* Inproved coils, shielding

* SME: effect only in m;

* Non-minimal SME: direction
dependent coefficients accessible by
beam

* Conditions
* Invert direction of B-field
* Rotate B-field

e Measure also OF] AQ2rvy) = 27vr(B) — 2nv-(—B)

(nO CPTV) cos v = N NR,S 0B NR,S 0B NR,S 1B NR.S 1B
as reference = = 2 (am) (1 +402) 3 [gugie )~ Huggno + 2o~ 2Huggn

Kostelecky, V. A., & Vargas, A. J. PRD, 92, 056002 (2015).
E. Widmann ffk2019 Tihany 10 Jun 2019 30
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Gravitational Acceleration of Antimatter

¢ NO direCt test Of CPT CFTSymmeitric Situation Not:
* Weak equivalence principle Apple | Anti-Apple Anti-Apple

*nO0 precise experimental test available
* Im___ /m. | <110 *

grav/ **inertial

*indirect arguments against
antigravity exist
* Highest precision reachable with
neutral antimatter
. AEgIS
* Antimatter Experiment - gravity,
Interferometry, Spectroscopy

*ALPHA collaboration, Nature Communications 4, 1785 (2013)

Anti-Earth

31
E. Widmann
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Antimatter and gravity

* Antigravity: gmatter = —gantimatter
e separation of matter and antimatter in Universe

* Quantum gravity
* Graviton (5=2) — adds Gravivector (5=1), Graviscalar (5=0)
e simplest case: static potential

vV — Gm1m2 (1 - ae—r/fu + be—r/S)
T

e a: Gravivector, b: Graviscalar

o — attractive (matter-matter), +: repulsive: matter-antimatter
* matter experiments: |a—b|

e antimatter: a+b

32
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ALPHA gravity measurement

* Release trapped H

* too hot for gravitational force
e limits on ratio inertial and

gravitational mass

* Gravity
* no systematics
* mgrav/ Mipertial < <75

» with systematics
*m / mmertlal <110

grav

* Antigravity

* mgrav/ Mypertial >—65

E. Widmann
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Description and first application of a new technique
to measure the gravitational mass of antihydrogen
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ALPHA-g

* Vertical trap

*Laser cooling
e Installed for ELENA
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* Sympathetic cooling with Bet = 10 pK

15 etet

Principle

* Photodetachment of et

* Time of flight (h=10cm - At=0.145)

Beam production

detector Cooling 10 pK
)
|
\ Laser (tp)
L ] I -—
‘\ - g : H+ t

.I
gravity [ : h=1/2 2 (t;-t,)?

detector (t,)

J.Walz & T. Hansch,
General Relativity and Gravitation, 36 (2004) 561

* instead of 3-body process with 2 e*

* use Ps = e*e , twice

e excite Ps (n=3)

P. Pérez

CERN-5P5C-22 Jan 2019

p + Ps > H + e~

H + Ps > H™ + e~

P.Pérez & A. Rosowsky, NIM A 532 (2004) 523
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Summary

* First spectroscopy results with antihydrogen
¢ 1s-2s (~1071%), 1s-2p (~107%), HFS (~10~%)
* No SME coetficients yet determined
* More to come with ELENA 2021 onwards

* Antimatter gravity experiments under preparation

E. Widmann ffk2019 Tihany 10 Jun 2019
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Spares
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Setup

22Na positron source .
Antihydrogen
detector

Positron accumulator

Sextupole magnet

MW cavity
MUSASHI

lonizer

Double cusp magnet

;60@ CaV|ty & sextu pOle - | o POSIFFO[] égy . ’
¢ not used in 2017 |

|
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First observation of H beam

*H beam observed with 5 o significance a
* 1543 (field ionization) %
*6 events / 15 min :

* significant fraction in lower n 5

'n<29: 30

4 events / 15 min

T ~ few ms

N. Kuroda', S. Ulmer?, D.J. Murtagh3, S. Van Gorp3, Y. Nagata3, M. Diermaier?, S. Federmann®, M. Leali®”
C. Malbrunot®¥, V. Mascagna6'7, 0. Massiczek?, K. Michishio®, T. Mizutani', A. Mohri3, H. Nagahama1,
M. Ohtsuka', B. Radics?, S. Sakurai®, C. Sauerzopf?, K. Suzuki4, M. Tajima', H.A. Torii', L. Venturelli®/,

B. Wiinschek?, J. Zmeskal4, N. Zurlo®, H. Higaki®, Y. Kanai3, E. Lodi Rizzini®7, Y. Nagashima®,

Y. Matsuda!, E. Widmann? & Y. Yamazaki'3

NATURE COMMUMICATIONS|5:3089 |DOI: 10.1038/ncomms 4089 | www.nature.com/naturecommunications
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- — Mixing (n < 43)
10 [ ] Background
1
10T & H
_I L1 | 1 1 1 | I | | I 1 1 | I 1 | | 1 | | 111 | | I | I 1 | | L1 |
0

100 120 140 160 180 200
E (MeV)

20 40 60 80

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

4,950 2,100 1,550
1,149 487 352

Measurement time (s)
Double coincidence events, N;
Events above the threshold
(40 MeV), N_ 4o 99 29 6

Z-value (profile likelihood ratio) (&) 5.0 32 —
Z-value (ratio of Poisson means) (a) 4.8 3.0 —
n<43 n<29
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H detector analysis Machine learning

2D BGO & track fitting » Cosmics rejection 99,7%

* False positive rate: 0.0039 s-1
* p efficiency ~ 80%

time after mixing (s)

H counts (110) at the detector during
104 mixing cycles with FID in 2017

PhD Clemens Sauerzopf

E. Widmann ffk2019 Tihany 10 Jun 2019 41
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Antihydrogen
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etector fibre upgrade

———+— bar hodoscope

SIDE VIEW = fibres TOP VIEW
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PhD Bernadette Kolbinger

z direction (mm)
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New mixing schemes 2017~
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Future directions

*Increase production rate *Other improvements
* Positron temperature, density * Deexcite high-n Hbar

ok s I e Starck mixing: simulations
I ol gl g
—5x 108 m= m T=10K m . . /
ol il S P R ] | e THz radiation, MW: Chloé
e =1%104 m=3 A -
10° | 10° -

* Other geometries
o AT e Inhomogeneous CUSP field ->

Number of ground-state antihydrogens, N(1)

Number of ground-state antihvdrogens, Nil)

10" A & 10t F = . o} . 7 ® ° °
R dE BN mixing in MUSASHI?
TS I R ' J.|5 15 155 16 165 1
’ T. [K]0 1 ;ogm(mj [m‘%] e i CUSP magnet makeS
FIG. 6. Dependence of ground-state antihydrogen atoms on inhomoeneous field at Cavtiy

positron temperature (a) and density (b) for various positron density
and temperature values (respectively) after 1 ms of flight. The

on?T,;* (solid line) and o3 T=29 (dashed line) scaling behaviors ® NeW ldeaS?

are indicated for reference.

Radics, B., Murtagh, D. J., Yamazaki, Y. & Robicheaux, Phys. Rev. A 90, 1-6 (2014).
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Hydrogen beam measurements

*Polarized source of cold
hydrogen
e Primary goal: verity
spectroscopy method:
e reproduce expected
antihydrogen beam
parameters

* Use same spectroscopy
apparatus

Malbrunot, C., et al., NIMA 935, 110-120 (2019)
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HFS spectrometer

t»

atomic
hydrogen| @
source

L

E. Widmann ffk2019 Tihany 10 Jun 2019

v

source detector
(same as for Hbar)

v
Clle 3 = superconducting quadrupole
< o 2 O o >
21l co = g © sextupole mass

w o W o o
g £ 3 £ g spectrometer
O E Ef-. g P B 51 -
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First t; measurements

* New optics *]st extrapolations

20
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» Accuracy vyr(B = 0)~ 10 Hz
e ~ 100 hours of data taking

Ring aperture « Measurement campaign to start soon

E. Widmann ffk2019 Tihany 10 Jun 2019 EW at al. arXiv:1809.00875 46
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From Rabi to Ramsey

 Amit Nanda (AVA Fellow)

* Boost precision of HFS in-beam measurement

by introducing Ramsey’s method
Resolution:

oV X T
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IRD&LF.
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y k Rabi =

-4 -
Frequency detune [units of

2

R

Polarized Beam State Analysis & Detection
hfs hfs

Separated Oscillatory
Fields

- strip-line cavity:
line-shape not ideal for Ramsey

ZRabi frg4q_\,j/idmann ffk2019 Tihany 10 Jun 2019

Amit
Nanda
PhD Thesis
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New RF structure: cavity vs. Surface coils

2 T 1}=1.42 GHz Multislice: M. tic fl d i T] Ari el : M etic fi d it o
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(Far) future experiments
Phase 3: trapped H

. °:‘:‘t rf - WAVEGUIDE
* Hyperfine spectroscopy e e .
in an atomic fountain of [\ |
antihydrogen Tl e
. . mﬂf— DETECTOR
*needs trapping and laser cooling A
5 < beam molasses
outside of formation magnet olasse
* slow beam & capture in >
atomic
measurement trap wing

* Ramsey methOd Wlth d=1m M. Kasevich, E. Riis, S. Chu, R. DeVoe,
° Af ~3 HZ, Af/f"' 2X10_9 PRL 63, 612—615 (1989)
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