Gravitational Behavior of Antihydrogen at Rest:

The GBAR experiment at CERN
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Goal: Test of General Relativity with Antimatter
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Einstein: General Relativity

2020: 1905:
Nobel prize to 1907:
R. Penrose, 1915:
R. Genzer 1919:
and A. Ghez 1959:

1964:
1974:
2015:
2019:
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Special Relativity (plus other papers!)
equivalence principle of falling bodies

theory of GR presented (Mercury’s perihelion)
Dyson, Eddington & Davidson (solar eclipse)
Gravitational Redshift (Pound-Rebka experiment)
Shapiro Delay (radio waves)

Taylor-Hulse pulsar (Nobel prize in 1993)
Gravitational waves (Nobel prize in 2017)

First Black Hole image (Event Horizon Telescope)

Event Horizon Telescope




“Nothing yet - you, Newton?’
-Gary Larson, The Far Side




Testing the equivalence principle

The torsion balance
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_ Satellite Confirms the Principle of Falling
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YEAR OF EXPERIMENT

J.G. Williams, S.G. Turyshev and D.H. Boggs, — . — N
Class. Quantum Grav. 29, 184004 (2012) C.M. Wl", LlVIng Rev. Relatlwty (2014) earth




“anti” gravity?

Gu + Mg = %Tnp GR: tensor interaction Negative mass - antigravity in GR (G. Chardin, 1997)
o spin-2 graviton Dirac-Milne Universe (A. Benoit-Levy & G. Chardin, 2012)
1 8E charge” is mass Matter - repulsive ; ; ; ;
I _ . . M el §
.:_2 ot? ~VE=0 EM: ve_ctor interaction New simulations: i ;v l kY
spin-1 .photon G. Manfredi et al., PRD, 2018 3 o~
charge: + or - G. Manfredi et al., PRD, 2020 TR
a; T a, 2_1,[ l a tensor + vector gravity? No dark matter! J T 4
v different acceleration ' . r
(antimatter faster) Gravitational acceleration of Antimatter o ' :
(Nieto and Goldman, Phys. Rep., 1991) .
Standard Model Extension (SME): Antigravity - a crazy idea?
effective field theory adding General Relativity (GR) & CPT/Lorentz violation (LV) (. Scherk, Phys. Lett. B, 1979)
Lopne = Lo + Ly + Lar A. Kostelecky and J.D. Tasson, Phys. Rev. D (2011) | / 7
L= %: I =k %'\-“.”“WF'J.;:'I' v — gz(m + N* m“Crr + 2aN"(Aeq) ) | ,J"-.CUT HK electroweak
: ‘ I e : . _— (—JI - - ——
M ef My off TOE bt

Isotropic ‘Parachute’ Model (IPM)
L w=w

M Crpr = a(@eg) T

Matter | Antimatter T
=g il 7 08T ey | PHYSICAL REVIEW LETTERS

Im e

f — Hubble Tension as a Window on the
Gravitation of the Dark Matter Sector

Cyril Pitrou and Jean-Philippe Uzan
Phys. Rev. Lett. 132, 191001 — Published 6 May 2024 .

APS Physics 14,15 (2021)
extension of GR with massless scalar field

s gravity

antimatter slower!
different acceleration
(not “antigravity”)
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The goal of GBAR: (firs:  <r) test EP with antimatter

GBAR - CERN AD-7
Patrice Pérez (IRFU)
Spokesperson.

use of anti-hydrogen Jjons
(for sympathetic cooling)
J. Walz and T.W. Haensch, Gen. Rel. Grav. 36, 561 (2004)

Free fall of p + Ps — H + e~ \‘
antihydrogen (at rest!) B . - ( °
H + Ps — H + e
Witteborn & Fairbank, Nature (1968): past P. Pérez & A. Rosowsky, NIM A 545, 20 (2005)
gravitational fall of the positron (£, = 6E-11 V/m !) (indirect)
M. Holtzscheiter et al. (CERN PS-200): attempts
. . ~ +Detachment
gravitational fall of the antiproton [N/
Gabrielse et al. (CERN AD-2) Phys. Rev. Lett. (1999):
gravitational redshift trapped antiproton (indirect); BASE-2022
CPLEAR Collaboration, Phys. Lett. B (1999): Room temperature H ion:
kaon-antikaon limits (indirect) 8000 km/h S 2200 m/s
Supernova 1987A, e.g. Phys. Rev. D (1989): 4 K gions: 500 m/s
(anti)neutrino time of flight (hypothesis) 100 uK: 1 m/s
1 uK: 0.1 m/s
Cassidy et al. Phys. Rev. Lett. (2015): current
Rydberg Ps for free fall experiment (free-fall)
The LEMING Collaboration (Soter et al., PSI — proposal): attempts

Free-fall of muonium atoms
The AEgIS Collaboration (CERN AD-6):
Interferometry of neutral antihydrogen beam

The ALPHA-g Collaboration (CERN AD-5):
Neutral antihydrogen

Image: S. Wolf (Mainz)



Sympathetic cooling of trapped H' ions

No transition to laser cool H
- sympathetic cooling
with laser coolable %Be

N

Be-filled capture trap precision (56-MHz)
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dark ion in capture trap (H,* or H;*)
L. Hilico, J.-Ph. Karr et al. (LKB-Paris) S. Wolf, F. Schmidt-Kaler (Mainz)

First results (using Ca ions)

H* cooled by Be “ice cubes” (ANR project ESPRIT)



y=Vt+ Y gtf

The ultimate (drop) step

(ANR project
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Micromegas: P. Crivelli and team (ETH)
TOF scintillater wall: Sun Kee Kim and team (SNU)
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CERN — home of antimatter
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The CERN accelerator chain

. lons Protons . Antiprotons
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The AD/ELENA faC|I|ty CERN’s “antimatter factory”




CERN-AD/ELENA (Extra-Low ENergy Antiproton) facility

e -':.. = -:'-.
BASE-STEP L&
ey
Antihydrogen:
ALPHA, AEglS, ASACUSA

(ATRAP until recently)

Antigravity:
ALPHA, AEglIS, GBAR

Unique facility worldwide



Extra Low ENergy Antiproton ring (ELENA)

| 1P

‘See: Nuclear Physics News
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GBAR experiment schematic

ELENA

Drift tube
decelerator

Penning
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GBAR layout at CERN-AD
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A. Husson (CSNSM/U.Paris-Saclay) PhD (2018)
A. Husson et al. NIM A (2021)

- Copied by PUMA and ASACUSA .



GBAR (IN2P3) Timeline

Letter of Intent Research Board GBAR
SPSC-2007-038 AD-7 MoU w. CERN

Proposal SPSC- CERN FRC
P-342
GBAR off-line GBAR GBAR on-line Protons, FFC,

commissioning installation commissioning Pbar trap

ELENA commissioning



March 2017




First beams decelerated from ELENA (2018)

H™: July 10, 2018 p :July 20, 2018

beams from ELENA:

p every110s

H™ 5s
A. Husson (CSNSM/U.Paris-Saclay) PhD (2018
A. Husson et al. NIM A (2021)

)
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2022: positron accumulation record

Accumulation: Cooling: 3-stage
high-field trap buffer gas trap
u | |*

Early work: P. Grandemange, CSNSM/U. Paris-Sud PhD (2013)

1.6

141 Accumulation in HFT

1.2 g
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© 04 )
H M rotating-wall
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200 compression in BG
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With linac at 200 Hz: 1 x 10%e* in 1100 s (< 20 min)

BOP Publishing Joumal of Physics B Atmic, Molocular and Opiial Physics

(S. Niang, IRFU/U. Paris-Saclay PhD, 2020 - IJCLab post-doc) e S
Electron-cooled accumulation of 4 x 10°
Publication: P. Blumer et al. NIMA (2022) positrons for production and storage of

antihydrogen atoms

D W Fitzakerley', M C George', E A Hessels', T D G Skinner', C H Storry',

May 2024 3 X 109 et D Grzonka', W Oelert* and M Zielinski® (ATRAP Collaboration)
June 2024: 7 x 109 e* gl ¥
%3 _60,.——""'1 g A
(P. Comini/L. Liszkay, IRFU) §2 / e
- - v::"!/f
Goal: atleast 10'%e* in115s Py ol=l", ;

accumulation time (h) 21
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Antihydrogen production
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Impact energy (keV)

P. Comini & P.-A. Hervieux, \
New J. Phys. (2013)
0 5 10 15 20

ANR JC -
SPHINX,

P. Comini
(2023-2026)
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electric signal [V]

Pulse height [V]

GBAR antihydrogen production
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— Pbar only: 8468 events 280 hours
Mixing: 6897 events 230 hours

— Measured expected time of flight: positron
~ tpop = 5.37 +2 X 0.096 ps bkgd ~ 0

Antihydrogen production rate:
0.01/AD cycle (115 s)

Time distribution, cut: 0.05V
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Analysis by Ph. Blumer (ETH-Zurich) & T. Tanaka (U. Tokyo)
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Making antihydrogen: GBAR joins an elite club!

1996-98:
2002:
2008-10:
2010-14:
2021:
2022:

CERN-LEAR (2 GeV) / FermiLab (6 GeV)
ATHENA / ATRAP (trapped p-/e™*)
ATRAP / ALPHA (trapped Hbar)
ASACUSA (cusp trap/extraction)

AEgIS (trapped p=/e*)
GBAR (6 keV in flight)

Happy, relieved (and drunk) GBARistas at CERN (Dec. 2022)
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2023 scientific highlights

Eur Phys. 1.C  (2023) 83:1004 THE EUROPEAN ® 0.
hitps=iidoi.ore/10.1 1 40Vepjc/s 10052-023-12137-y PHYSICAL JOURNAL C i u n Ive rS |te

Regular Article - Experimental Physics PARIS-SACLAY

Production of antihydrogen atoms by 6 keV antiprotons through
a positronium cloud

Synthesis of antihydrogen from
in-flight charge exchange of
decelerated antiprotons in

P. Adrich'*, P. Blumer?, G. Caratsch’, M. Chung’, P. Cladé’, P. Comini’, P. Crivelli®, O. Dalkarov®, P Debu®,

A. Douillet'”, D. Drapler®, P. Froelich®?', N. Garroum'?, §. Guellatl-Khelifa*, J. Guyomard®, P--A. Hervieux'’,
L. Hilico*-", P. Indelicato®, S. Jonsell®, J.-P. Karr*", B. Kim'', S. Kim'2, E.-S. Kim"?, Y. J. Ko'', T. Kosinski’,

N. Kuroda', B. M. Latacz®~", B. Lee'?, H. Lee'?, I. Lee'', E. Lim "%, L. Liszkay”, D. Lunney'®, G. Manfredi'”,

B. Mansoulié’, M. Matustak’, V. Nesvizhevsky'®, F. Nez', 5. Niang'***, B. Ohayon®, K. Park''-"2, N. Paul’,

100

P. Pérez’ (3, C. Regenfus’, S. Rey 4 C. gou'?, .-Y. Roussé®, Y. Sacquin®, G. Sadowski”, J. Sarkisyan®, & CBA
M. Sato'*, F. Schmidt-Kaler'’, M. Staszezak', K. Szymezyk', T. A. Tanaka'*, B. Tuchming’, B. Vallage®, o
A. Voronin®, D. P. van der Werf'®, A. Welker'®-*2, ). Won'2, 5. Wronka', Y. Yamazaki®®, K.-H. Yoo®, P. Yzombard* - CCC
B - - o o oot 0 o = (,A/'e matter O 1\‘[(\}-1‘15()11 et al.
@ antimatter o This work
NUCLEAIRE —
& PARTICULES L'IN2P3 Recherche Technologie International Formation Ng
supérieure B -
[ e
=}
ST
=
g h
. .y T ,on
Antimatiére : I'expérience GBAR o
.. h .
du CERN rejoint I'anticlub !
PHYSIQUE DES PARTICULES RESULTATS
sctEnTiFIGUES
1 1 1 L L L L 1
4 [ 8 10 12 14 16 18 20

L'expérience GBAR, au CERN, vient de rejoindre le club trés sélect des
expériences qui ont réussi a synthétiser des atomes d'antihydrogéne. Il
s'agit d'une étape majeure pour la collaboration GEAR dont I'objectif est
de mesurer si l'antimatiére se comporte a l'identique de la matiére dans
le champ de gravité terrestre. Las équipes frangaises du CNRS at du CEA
sont fortement impliquées dans I'expérience.

Antiproton energy (keV)

Corentin ROUMEGOU

Abstract 'We report on the first production of an antihydro-  extracted from the traps. The antiproton beam was steered
gen beam by charge exchange of 6.1 keV antiprotons with  onto this positronium cloud to produce the antiatoms. We
a cloud of positronium in the GBAR experiment at CERN.  observe an excess over background indicating antihydrogen

5
o
=
I - i 5 o o 8 fan) Composition du jury
The 100 keV antiproton beam delivered by the ADVELENA  production with a significance of 34 standard deviations. =2 - S
facility was further decelerated with a pulsed drift wbe. A D E b Th ) Lokl T o
9 MeV electron beam from a linear accelerator produced a (11| v Laurette PONCE Présidente
low energy positron beam. The positrons were accumulated 0 Ingénieure de recherche, CERN !
in a set of two Penning-Malmberg traps. The positroniym 1 Introduction a Michael DOSER Rapporteur & Examinateur
target cloud resulted from the conversion of the positrons . . ) Lu = Senior Research Physicist, CERN
The GBAR experiment at CERN aims al a precise measure- v Anna SOTER Rapporteuse & Examinatrice
A g-mail: patrice perez @cern.ch (comesponding author) ment of the free fall acceleration of neutral antihydrogen .. Professeure, ETH Zirich
I E Paul INDELICATO Examinateur
Published online: 06 November 2023 ) Springer |_ =z Directeur de recherche, LKB/Sorbonne Université 2 5




2024: improvements to produce antihydrogen = ions

Higher Ps density

Collimator

Converter Si Si3N,

9 mm

collimator Ps converter

Higher pbar flux

wooon MCP 4 ReC e

0- = 2
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Article

Observation of the effect of gravity onthe
motion of antimatter

Vetical position (cm)
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AEgIS APPARATUS

COMMUNICATIONS
PHYSICS

ARTICLE ) Chwck for wpdsios
e OPEN
Pulsed production of antihydrogen

Claude Amslera |, A A llow 4, Alexander Belov®, Germana Bonamio 28,
Raberta Sennen Brusa® "%, Massima Caccia® 23, Antaine Camper® ¥, Ruggera Caravitag 87,
Fahrizio Castellim *'%, Patrick Cheinet™, Daniel Comparat”, Giovanni Cansolati*™, Andrea Demetrio™,
Lea [i Mota''3, Michael Doser®, Mattia Fanio *1%%, Rafael Ferragut@ 6, Julian Fesel®, Sebastian Gerber®?,
Marco Giammarchi®, Angela Gligoraval, isa Theresa Glagzler® Francesco Guatieri’®, Stefan Haider®,
Al der Hinterberger®, Alhan Kellerh 7 Olga Khali # Daniel Krasnicky'™, Vittaria Lagomarsing!®,
Chloé Malbrunot @ ®, Sebastiano Mariazzi™®, Viktar Matveev®, Simon Milller™, Giancarlo Nehhia'®,
Patrick Medelec™, Lilian Mowak®, Markus Oberthaler, Emmanuel Oswald®, Davide Pagano™®,
Luca Penasa® ™%, Vojtech Petracek®, Luca Povolo”™®, Francesco Prelz®, Marco Prevedelii?’,
Benjamin Riendcker® %, Ole Rehne??, Alberto Rotondi®®2, Heidi Sandaker®?, Romualdo Santoro®,
W v Gemma Testera® "™, Ingmari Tietje®, Valerio Toso® ', Tim Wolz®, Pauline Yzombard@ 25,

| Christian Zimmer @ 9424 & Nicola Zurlo® 62

o Positronium
converier

. Actuaites Agenda Appels 3 candidature Librairie Annuares
$i0, target @

PHYSIQUE

CNRS FPhysique Recherche Innovation International

uil 3 Actualitd

Refroidissement laser réeussi du
positronium!

laser
excitation

H beam
44— (3)

2004 RESULTAT SOIENTIFIQUE

Le refreoidissement laser du positronium a été pour la premiére fois observeé
au CERN, aprés des des d'efforts internati pour réaliser cette
prouesse qui ouvre la voie a une nouvelle catégorie d'expériences pour
entre autres sonder la matiére au-dela du modéle standard.

antiproton  accelerating
trap electric field




Prospects for gravity test with : overview of the scales

current temperature of

H probed in traps \

Ues[ranie range
vertical height \g km im 1mm
o : S ; :
: Ppo
current state of the art ‘ co0
in H production \ E :
o
¥ B I
temperature : 1K 1 mK 1 uK
A
i |
; :
: [
i 1
; S
vertical velocity | 100 mis 10ms @ 1 1mis 0.1 mis
HE L P oy L
k] T T S LI | 1

- recoil limit
current lowest p plasma - Doppler limit
2 .
temperature (4.2K) Lyman—cx laser COOIII‘IQ

Slide from C. Malbrunot 29



Investments, personnel and plans

Year AP (k€) other (k€) ETP

International GBAR IRN (2021-2025) 15 k€/an (soit 3 k€/equipe): 2012 0 50 3.5
Can Research France, Corée du Sud, Allemagne, Russie, Suéde, Pologne, 2013 0 50 3.5
Networks (IRN) Royaume-Uni, Japon, Suisse 2014 0 50 3:5
2015 0 24 2.5
2016 0 13 1.8
" o® 2017 3 13 2.0
ETP pour 2024: 1.75 universite 2018 95 31 2.0
1.00 doctorant; Bourse de these (2023-2026) 2019 21 4 0.9
0.25 Stagiaires M1/L3 Sarah GEFFROQOY, ED PHENIICS 2020 21 0 1.2
0.50 Lunne pbar transport simulations and optimization 2021 19 2 2.8
’ y production cross-section measurements 2022 17 2 2.5
and data-analysis coordination 2023 13.6 1 1.75
2024 15.1 2 1.75

First free-fall
experiment ?

Antihydrogen! Lyman-« Synthesize

pbar radius & Anti-H ion ?
cross-sections 30




s Fundamental physics goal

s Intersection of many disciplines
% GBAR has made antihydrogen ©
* Performance steadily improving!
*» Breakthrough technology

* Intense competition!

** GBAR potentially more accurate
+» Still, along road ahead...

+IN2P3 is a pillar of GBAR!

“* Modest financial cost (AP)
s Success from ANR/Labex

“* Good publicity

“But, needing FTE injection... “Sir, I don't make the laws of gravity, I just enforce them.”

JOEDATOR,

31



GBAR Collaboration (65 authors; 19 institutes)

Physique quantique et applications

\ Laboratoire Kastler Brossel

Elrfu
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£ s
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D. Drapier?, P. Froelich®?, N. Garroum
S. Guellati-Khelifta®?, J. Guyomard?, P-A. Hervieux!©,

L. Hilico®*™, P. Indelicato®, S. Jonsell®, J-P. Karr®?, B. Kim!!,
S. Kim!2, E-S. Kim'*, Y.J. KoM, T. Kosinski!, N. Kurodal?,
B.M. Latacz™??, B. Lee!?, H. Lee'?, J. Lee!'. E. Lim'",
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