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A direct test of the Equivalence Principle with antimatter

The acceleration imparted to a body by a gravitational
field is independent of the nature of the body :

Inertial mass = gravitational mass

Tested to a very high precision with many materials

Weak Equivalence Principle (torsion pendulum)

(Aa/a) . =(0.3+1.8)x107"

Be/Ti

S.Schlamminger et al, Phys Rev Lett 100 (2008) 041101

Strong Equivalence Principle (Lunar Laser Ranging)
(Aa/a) =(-1.0£1.4)x107™"

J.G.Williams et al, Phys Rev Lett 93 (2004) 261101
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Morrison argument (1958) :
antigravity in General Relativity
— violation of energy conservation

B e mm— o ps C
ifmg (+) =-mg (-):
E, =E; =2m:* =hv,
hAv, =hv.(gL/c?) =2m gL
E,=E,+2mgL
A age e 30D
®6
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— new gravi-vector and gravi-scalar fields coupled to baryon number
— distinguish mg and mg
(J. Scherk, Phys. Lett. B (1979) 265)

V=-

supergrawty one repulswe contrlbutlon

Tests with matter give only limits on ~ |b-a|

But exact cancellation scalar/vector impossible
(D.S.M. Alves et al SU-ITP-09/36)
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Anti matter content of ordinary matter e
(Schiff argument) II‘
‘g B g‘ i ‘g B gAErad — FIG. 2: Loop contribution to the electrostatic
g g self-energy of the nucleus
Scenario Argument Bound on gy — g/ gu
. < —2
Modification of GR| 2P shif ~ 10

Electrostatic self-energies of nuclei  [< 1077

Antiquarks in nucleons < 107?

. - - . - —4
Sealarvector Radiative damping of binary systems| = I'EI'_EI
Scalar charges are not vector charges | = 10

Velocity dependence <1077

(D.S.M. Alves et al SU-ITP-09/36)
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Theory (4)

Standard Model Extension (Kostelecky et al)

based models for analysis of CPT&LI tests escape these arguments
J.D. Tasson Int. J. Mod. Phys. Conf. Ser. 30, 1460273 (2014)

But are sensitive to other tests (atomic interferometry and
best : bound kinetic energy of nuclei : (g-g)/g < 10°-10%

but model dependant limit)
M. Hoensee et al, Phys.Rev.Lett. 111, 151102 (2013)

Autres modeles — voir références WAG 2015

“In conclusion whether or not one now accepts the existence of non-
Newtonian gravitational forces, the possibility of new non-inverse-
square and/or composition-dependent components of gravity must
be thoroughly studied”

Nieto — Goldman pHysics REPORTS (Review Section of Physics Letters) 205, No. 5(1991)
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- Matter-antimatter asymmetry in the Universe ??7?
- RG OK but with dark energy, dark matter and inflation...

- Could there be a matter-antimatter repulsive force?

26T T T

| — Dirac Milne Universe
| Attempt to build a cosmology with:
— ACDM 1 - Matter-antimatter symmetry

-/ — Dirac-Milne | - Mechanism to separate matter from antimatter
T/ Einstein-De Sitter| o _ _
| PhD Thesis Paris X1 ,A. Benoit-Lévy — dir G. Chardin (2009)

' Hubble diagram of SNla |

=
+ 20
1

Radshift
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- n* et @* as a function of time: CPLEAR

K°-K? oscillations depend on ~ dm,; =M , (g —g)cgzexp(—r/ r)f(l)

A. Apostolakis et al., Phys Lett B 452 (1999) 425

Potential variation
with time

Need an absolute
potential

5/10/2015

Summary of limits on |g — Fl for spin 0, 1 and 2 interactions

Source Spin 0 Spin 1 Spin 2

Earth 6.4%10°° 41%10°3 1.7%10°
Moon 18x10* TAXI0™°  48X%10°°
Sun 6.5%10°° 43%10°° 18%10°?
Galaxy 14x10°  eaxio® 3gxi0 B
Supercluster  7.0X107%* 46x10°%  19x10°
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Cyclotron frequency of p (H°) and p in the same B
R. Hughes and M. Holzscheiter, Phys Rev Lett 66 (1991) 854

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

o=0B/2mm+oU/c* |o-a//0=(9+9)x10™ —>|g-g|//g<10~°

Arrival time of 1 (? : 90 % CL) neutrino and 18 antineutrinos

from SN1987A in Kamiokande

gravitational delay : 6t = MG [—R /NR® +b° +(1+

v

)In‘R+\/R2+b2/bH

t(v,) = 8t(v, )|/ 8t(,) <10 = |y(v,) —¥(0,) /y(v,) <10

(S. Paksava et al. Phys Rev D 39 (1989) 1761)
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Past attemtps and proposals

- positrons : F. Witteborn and W. Fairbank, Phys Rev Lett 19 (1967) 1049)
-Very difficult : m_g/e=5.6x10""V /m (one elementary charge at 5 m)
-antiprotons : PS200 Proposal Los Alamos Report LA-UR 86-260

-antineutrons : difficult to slow down
T. Brando et al, Nucl. Instrum. Methods 180 (1981) 461

-positronium : short life time (142 ns) ifn=1
Maybe possible if excited n>>1 = (n/25)3% . 2.25 ms)

Pbs : cooling, polarisability, ionisation from thermal radiation...

A.P. Mills, M. Leventhal, Nucl. Instrum. Meth. in Phys. Research. B192 (2002) 102
Project by D. Cassidy at Cambridge UK

(described in G. Dufour et al, Adv. In High Energy Physics 2015/1D379642)
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H

Principle : :
Parabolic flight of & g(L
’ =12
Deflectometre or freel fall time L -

-L=2cmet v,~100 m/s (E(H) < 540 mK ~ 50 peV)
— ALPHA : - atoms H (neutral)

-L=1m et v,~50m/s — h=20pum (T(H)~ 100 mK ~ 10 peV)
— AEGIS : - atoms H (neutral)

-L=01metv,=05mls — h=20cm (T(H)~ 10 uK ~ 1 neV)

— Gbar : cold H* — very slow H

Goal : phase 1 : Ag/g ~1% ; phase 2 : Ag/g < 1073
P. Pérez et al, Proposal CERN - SPSC- 029 (2011)
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Green dots---simulated annihilations Red circles---434 Observed annihilations

Vertical position of annihilation vertex during release of trapping field

The ALPHA collaboration
Nature comms 2013 (4:1785 | DOI: 10.1038/ncomms2787)
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detector cooling 20 pK

Laser (t,)

o * =4 ¢

* Produce ion H*

« Capture 1on H* oo
« Sympathetic cooling 20 uK gravity 0 N 102 § (1)
e Photo-detachment of e*

« Measure fall time

v h=10cm At=143ms

detector (t,)

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

Relative precision on g

H™ in ion trap Aglg
5 10° 0.001 Uncertainty dominated by
10% 0.006 temperature of /"
10° 0.02

5/10/2015 Yves Sacquin - IRFU CEA Saclay 13



+ e* — H* + et

go]

+

D
+

Standard H production
via 3-body process

Use positronium !!
bound eter —» 3-body

+ Ps - H + e

demonstrated by ATRAP (2004)>| p
0 H + Ps — H + e

(- —| H
Idea for GBAR: Q
P. Pérez & A. Rosowsky, NIM A 532, 523-532

2"d charge exchange reaction
(2004)

Binding energy of H* = 0.75 eV = energy level of Ps(n=3)

Expect cross-section enhancement if Ps excited to n=3
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CERN provides per bunch
every 110 s

dump 3x1010 et
On a SiO2 porous surface

~0.510"p } 10* H
1012 P /cm? 1HY

-
-

il A20%Ps@p) _
7 /i+ : threshold for Ps(1s)
thg" 102k \100 % Ps(1s) ]
S0, g 40 % Ps(3d)
i coating ; 10"k
o r
1-6kev ©* ~3keV
o 5 10 15 20

Impact energy (keV)

P. Comini and P-A. Hervieux, J. Phys.: Conf. Ser. 443, 012007 (2013)
P. Comini, P-A. Hervieux and F. Biraben, LEAP 2013
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p + Ps - H + e'||p + Ps - H + e

H + Ps - H + e"||H + Ps —» H" + e~

_\ ]R Deflection plates ,
mirror

fundin g Reaction cavity \
(~1x1x20 mm)

Faraday cup

Microchannel plate detector
& Phosphor screen

2015-2016 : protons at Saclay
2016-2017 : protons at CERN Photomattpler

2017-... : antiprotons grid(s)

\\ P - Si;Ny membrane

: ' . (~*10x2mmx30 nm)
;
* Deflection plates

P Laszlo Liszkay - ANTION - GBAR 10/12/2014

Mesoporous film, 5i0
por 2\4

1,

mirror \

p source ~ 1 uA
(CSNSM)
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DETECTION
N /

CAPTURE & COOLING
£ \ H* — Be*

LASERS
313 nm

N

" 4

W TARGET & BUNCHER
MODERATOR e
et 3 eV

J_L \ kev e+
TRAP '\

5/10/2015

ELENA
(CERN-AD)
p 100 keV

l LASER 410 or 243 nm

DECELERATOR p keV J\ FOCUS

\
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= s S ® Injection at 3.5 GeV/c 5 Mev
. Antiproton
Production -
. Extraction .
@ Deceleration and (3107 in <300 ns) -
Cooling !

(3.5 - 0.1 GeVic)

Location for future >

100 keV ELENA installation §t~‘-‘

a | ANTIMATTER (T
@D FACTORY ZE

5/10/2015 Yves Sacquin - IRFU CE/



100 keV p pulse | [ (] [FEERERRER] [ ([

1 pUISe/ 110 s 300 ns (1.3 m) 1 keV (02 m)
> na.} »
41t mm mrad 401 mm mrad
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CAPTUBE & COOLING
H* — Be*

LASERS

313 Nnm

DETECTION
N /

N

W TARGET &
MODERATOR

et 3 eV

BUNCHER
et 1 keVv

ELENA

p 100 keV

5/10/2015

(CERN - AD)

DECELERATOR p keV J\ FOCUS

Yves Sacquin - IRFU CEA Saclay

J_L \ klv e+
TRAP

l LASER 410 or 243 nm

i




e ~ 5 x 101 fast et/s
© e_ ~ 2 x 108 slow e*/s
selection

et ‘l’
o

10 MeV - Mev
LINAC

S et «slow”:3eV
S Moderator
€ andy

- MeV T

Tungsten near primary target
Tungsten target Emoderation ~ 2 X107
e+/e- prod ~ 510+

>

\ 4
— [target

Solid neon after e*/e- selector

~ '3
€moderation 310
5/10/2015 Yves Sacquin - IRFU CEA Saclay
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Penning

Linac

* 4.3 MeV /200 Hz / 120 pA
e 310° slow e*/s

« with W mesh moderator

* target value : 2 108 s

5/10/2015 Yves Sacquin - IRFU CEA Saclay 22



A two stage accumulation being realized at Saclay:
1. buffer gas trap to cool positrons with Nitrogen

2. accumulator Alpha buffer gas system
Segmented electrode o
for Rotating Wa]l Main solenoid 0.15 T 300 Gauss guiding fields
=I I
=<l - _,m—m—m—m-‘—ﬂ _n, Gasinlet II [ , ﬂ I lColdhe.ad
é\ = IF—E——I ﬂ
_—L:—m—uﬂ—m—cu‘ as outlet ﬂ
| ]
l—hT Endpressure with gas off: <1 x 10~ mbar ll l [ \ !. _BK l
B strength .
Bi:li“i‘onrgzgper second 50 mGi #Na

Solid neon moderator

Va

Energy loss through collisions

‘e o a——ert
Positron — Nitrogen reactions:
€ 4o TN, > + N
|\

105—10-* mbar 10~ mbar 10-3 mbar e’ 8 ev) + N — Ps+ N

last reaction: p03|trons lose~9eV e .., tN,—>e +N,
but rate below Ps formation at E > 11eV— 3 eV window
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Must accumulate 3 1010 et
In 110 s

N. Oshima - e cooling

Faraday Cup &
Superconducting Solenoid Pi:)aspiyor ggreen

W(100)

= = =
i ——
bt [E——] [W) [S] [] [) [ ] ] ] ] ] ] ] () _

Position Adjuster I

for e Beam (ExB)
v Detector
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£ \ H* — Be*

CAPTURE & COOLING

LASER

Textm LASERS
DETECTION 220

N J/

N 4

LINAC W TARGET & BUNCHER N kev o+
e~ 10 Mev || MODERATOR et 1 keV TRAP
I|_e*3eV |

ELENA
(CERN - AD)

Ps

l LASER 410 or 243 nm

p 100 keV

-
DECELERATOR p keV J\ FOCUS N v

5/10/2015 Yves Sacquin - IRFU CEA Saclay 25



e* to Positronium converter is a porous SiO, surface:

dump few 1019%¢* in less than ~ 140 ns onto converter
e* + converter — oPs

Experiments at CERN: Irfu/ETHZ (e* beam)
and at UCR Cassidy et al. (trap)

* Ps in fundamental state

* EC ~40 meV
« Efficiency of oPs production in vacuum > 30%
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L.Liszkay et al.,
Appl. Phys. Lett. 92
(2008) 063114

D. B. Cassidy et al.,
Phgs. Rev. A 81
012715 (2011)

Intensity of the 142 ns

60
a0
40
30
20
10

N
o

- O
= T
S I O\O
£ 30 o0
g | o
< Ch 44 —
& [ CTACI0.22 Saclay
S ;o 1000 rpm

O 1 1 1 1 1 1
0 1 2 3 4 5 6
Positron energy (keV)
L L L L B | 1

[ ° J; (b) 7]
} fit: D, =f(K) ]

-------- —fit: D =const (K=>4kV))]

~3.5x10°e* cmst

et flux
X
...1011

\ 4
~ 5.6 x 1016 ¢* cm2st

No loss in conversion efficiency in spite of the 10! intensity factor

5/10/2015
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+ laser !!

I'l/i'

/ Sio,
i coating
1-6kev ©* ~3keV

Immx1mmx2cm

Si with mesoporous SiO, coating e+ 5keV

Test on ETHZ beam line
Transmission @ 5 keV ~ 100%

Ps formation efficiency as for

oPs | 7 S0nm xS x 3 mm’ NG

bare SiO, VA
Same Ps lifetime distribution

P. Crivelli, WAG2013

Porous silica

SIN window

—

Aperture 3x3 mm?
Length 60 mm, internal walls coated with SiO2
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Pulsed YAG 236 mJ CW Ti:Sa 460 mW =
T *

.

Doubled YAG 6 W

L

e Ti:Sa Amplifie

' | &
5

hi Cs 65-8S

140

+ o . 1 4 s '
120 |- . : U WL k y
[ . 4 ot - e ) . -
S0 . . Tl e -h ..

<< L ] [~ aaessean er——

B E Cs cell with fiber optic bundle
P T . conditions similar to Ps*
- ready for Ps* measurements
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g —

“ 1 Bet
1H*
~ nev

N

CAPTURE & COOLING

1 key H
, ‘_& - o

DETECTION
N /

N

" 4

ELENA
(CERN-AD)
p 100 keV

5/10/2015

W TARGET &
MODERATOR
et 3 eV

\ H* — Be*
1,2 40
N "/7\* :1’ \‘e\l

LASERS

A A
N k

BUNCHER eV ot
et 1 keV J-L TRAP -\

l LASER 410 or 243 nm

DECELERATOR p keV J\ FOCUS

\

Yves Sacquin - IRFU CEA Saclay
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Done In 2 steps
First step Capture and sympathetic cooling by Doppler laser
cooled Be™ ions in the linear capture trap

T—= 101 N L
> 10 000 laser cooled Be*/HD* ions
Second step 100 neV, T ~ mK

Transfer and ground state cooling
of a Be*/H* 1on pair in the precision trap

tests with H,* / H* REMPI source
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Precision trap

First Ca* ions and linear ion crystals trapped at Mainz

2015: capture trap construction and tests of cooling of Ca*/Be*,
transport of ions between traps

2016: cooling of H,* with Be*/HD* mixture

2017: transport to CERN
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CAPTUBE & COOLING
H* — Be*

LASERS
313 nm

& DETECTION 9

&

ELENA

p 100 keV

5/10/2015

W TARGET &
MODERATOR

et 3 eV

(CERN - AD)

BUNCHER
et 1 keVv

J{ \ kev e"'
TRAP '\

l LASER 410 or 243 nm

i

DECELERATOR p keV J\ FOCUS
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Aim :
measure gto 1 %
(phase 1)
~ 1500 events

Detection Requirement
TOF 150 ps
Annihilation vertex 2 mm
Background rejection | event topology

Laser shot _—
tO

annihilation ____—
t1

Free fall height h =20 cm

a k. * A ==
piege Ge precision
*

. =
‘0
L 4

antihydrogéne

‘ h =172 g (t;-1g)*+Vy(ts-to)
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Reduce needed
statistics !!

Dufour et al., Eur. Phys. J. C 74 (2014) 2731

With shaper No shaper
G gEl | ™ Acc:73% g [E T
UDFLW 0.000 : -IUDFLW BE+0S
CVFLW Q.000 1000 CAVFLW 0.000
g=-9.82 N
c=0.14
400
- Acc: 1.7 % f g=-11.14
I { 20 - c=4.36

P S I BB A B AL
12 —10 -8 -8 -4 -2

RECONSTRUCTED GRAVITY ACCELERATION PLATE RECONSTRUCTED GRAVITY ACCELERATION PLATE

Simulations — optimize dimensions with experimental constraints
Selector : h =50 um Rmin =1 mm, Rmax =7 mm
H free fall =20 cm , @ detector =40 cm

need 150 produced H* for Ag/g = 1%

10 times less than in proposal
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Gravitational quantum states of Antihydrogen
A. Yu. Voronin, P. Froelich, and V. V. Nesvizhevsky,
Phys. Rev. A 83, 032903 (2011)

* H Source:
* very low temperature
* high phase-space density
* compact system

 Improve the precision on g with the spectroscopy of
gravitational levels of H above the annihilation plane :

similar method as for UCN neutrons (GRANIT spectrometer)
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Casimir-Polder attractive force
+

quantum reflection

[ ——Perfect surface ||
= Silicon surface

e
©
T

e ©°o ©°
> N @
T T T

)
T

IS
T

Quantum reflection coefficient

°© © o o o
[95]

)
T

-
T

=
3e
&

107 10 10" 10" 10°
gz (J/Kg)

Reflection probability
of H atom
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-~
e

WiN 3
- W\W\N\ e
M\ Ay —

1. State n<<N preparation

2. Resonance transition 1->N

3. Detection of high N state

To measure flux of annihilation events at height of Nth state as a function of frequency

~100 events needed

to reach ~10-3 statistical precision
! 38
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G.Dufour et al, Adv. High Energy Phys. 2015 1D379642



G. Mornacchi

Individual contribution (CERN)

P. Dupre, P. Grandemange, A. Husson, D. Lunney

CSNSM, CNRS - Orsay, France

D. Banerjee, P. Crivelli, C. Regenfus, A. Rubbia

ETHZ, Ziurich, Switzerland

V. Nesvizhevsky

ILL, Grenoble, France

P.-A. Hervieux, G. Manfredi, M. Valdes

IPCMS, Strasbourg, France

D. Brook-Roberge, P. Comini, P. Debu, A. M. M. Leite,

L. Liszkay, P. Lotrus, B. Mansoulié,

P. Pérez, J.-M. Rey, J. M. Reymond, J.-Y. Roussé, Y. Sacquin,
B. Vallage

IRFU, CEA, Saclay, France

F. Schmidt-Kaler, J. Walz, S. Wolf

JGU, Mainz, Germany

0. Dalkarov, K. Khabarova, N. Kolachevsky, A. Voronin

Lebedev Phys. Institute, Moscow, Russia

F. Biraben, P. Cladé, A. Douillet, G. Dufour, S. Guellati,

R. Guérout, J. M. Heinrich, L. Hilico, P. Indelicato, J.-P. Karr,
A. Lambrecht, F. Nez, S. Reynaud, N. Sillitoe,

C. I. Szabo-Foster

LKB, CNRS, Paris, France

S. Wronka NCBJ, Otwock-Swierk, Poland
Y. Yamazaki Atomic Physics Laboratory, RIKEN, Saitama, Japan
S. Jonsell Stockholm University, Sweden

M. Charlton, S. Eriksson, N. Madsen, T. Mortensen,
D. P. van der Werf

Swansea University, UK

N. Kuroda, Y. Matsuda, H. Torii

University of Tokyo, Komaba, Japan

Y. Nagashima Tokyo University of Science, Japan

P. Froelich Uppsala Universitat, Sweden

A. Mohri Kyoto University, Japan
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« 2015 Start installation at CERN
« 2016 ELENA Commissionning with p and H-
« 2017 First p for GBAR

16 institutes ~ 50 researchers
new collaborators welcome!

THANKS FOR YOUR ATTENTION !
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