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Precision measurements on antimatter systems
Motivations of the AEgIS experiment
Overview of AEgIS

— anti-H production
e Antiproton cooling
* Positron system
* Charge exchange reaction with positronium

— Anti-H detection
— Gravity measurement with moiré deflectometer

Recent results and perspectives
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Experimental physics with antimatter

* Charged antimatter
— 1932 positrons e* in cosmic rays (Anderson 1932)
— 1955 antiprotons p (Segré, Chamberlain, Wiegand)

* Neutral antimatter . PR,
— Positronium €e f> h S
* 1951 Discovery (Deutsch) [‘ /posmum ‘\;
* A. Mills (Univ. California Riverside) etscvon| \ 7 .
* P. Crivelli te al. (Univ. Zurich) \\\_J,;@m ERATIAD

* S.Hogan & S. Cassidy (ETH-London)
* Tokyo University
« AEglS
— Muonium
* K. Kirch (ETH-PSI) + -
— Antihydrogen posttren H e
e 1991 High-energy anti-H (CERN, Fermilab)
« 2002 Cold anti-H (ATHENA) antiproton
* 2011 Anti-H trapping (ALPHA) _
e 2013 Anti-H beam (ASACUSA) pe

electron (=
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Antimatter Gravity Spectroscopy

Experiment
F. Sorrentino Gravity tests with antimatter... 4



Precision measures on neutral antimatter

* spectroscopy

— Local, unitary and Lorentz-invariant quantum field theories must respect CPT

— mass, magnetic moment, transition frequency in matter-antimatter system must be
equal

— Breaking of Lorentz invariance appears in theories beyond the Standard Model

— Standard-Model extension (SME): low energy framework to describe effects of a
theory at Planck scale: effective theory which contains General Relativity (GR) &
Standard Model (SM), covariant, aribitrary coordinate independent CPT & Lorentz
violating terms (LV)

absolute accuracy [GeV] Colladay & Kostelecky PRD '97,'98 Kostelecky PRD '04
1007 1072 102" 1078 1075 10772 10° 106 1073 10°
H-HGS-HFS !
planned - ‘
H-H 15-25
(
K°-K?mass

p-p mass,charge

p-p charge/ratic
e*mass \
u* g-factor \
F. Sorrentino 07 0% 10 10 épa;llsity téggzwith]gﬁedmat"t%ﬁ.. 102 109 5
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Precision measures on neutral antimatter

* spectroscopy
— Local, unitary and Lorentz-invariant quantum field theories must respect CPT
— mass, magnetic moment, transition frequency in matter-antimatter system must be
equal
— Breaking of Lorentz invariance appears in theories beyond the Standard Model

— Standard-Model extension (SME): low energy framework to describe effects of a
theory at Planck scale: effective theory which contains General Relativity (GR) &

Standard Model (SM), covariant, aribitrary coordinate independent CPT & Lorentz
violating terms (LV)

— Recent results from ALPHA experiment: 1S-2S spectroscopy and GS-HFS in anti-
hydrogen

M. Ahmadi et al., Nature 541, 506 (2017) M. Ahmadi et al., Nature 548, 66 (2017)
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.« Build-up cavity locking eruviey woots with antimatter... 6



Precision measures on neutral antimatter

°* g measurement

— WEP test
* e.g.in SME: WEP violations results from
Lorentz and CPT violations
— no direct measurements so far on
antimatter:
* e+ e- dominated by sistematic effects [PRL 19,
1049, 1967]

* proposal for repeating it in space [Gen. rel.
Grav. 36, (2004)]

* experimental bound |gbar|<100 g from proof
of principle (ALPHA)

F. Sorrentino Gravity tests with antimatter...

CPT Symmetric Situation

Apple Anti-Apple

Earth Anti-Earth

Not:

Anti-Apple



Precision measures on

g measurement

WEP test

e.g. in SME: WEP violations results from
Lorentz and CPT violations

no direct measurements so far on

antimatter:

e+ e- dominated by sistematic effects [PRL 19,
1049, 1967]

proposal for repeating it in space [Gen. rel.
Grav. 36, (2004)]

experimental bound |gbar|<100 g from proof
of principle (ALPHA)

a subset of the SME lagrangian with gravity’

1, va A va 5 U

ziel, P(yi—coae ety —ee
—(m+a,er )Y + ...

Lfermiou —

coefficients for Lorentz violation || vierbein — gravitational effects

+ particle-species dependent

neutral antimatter
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Adapted from J. Tasson WAG 2013

svades constraints

L=%(m—|—gN“m c(‘,I)'u2—_qz(m+N"’"’WL’*”E?}Jlr + 2aN" (Gesr ) )
L . - e —
J. Tasson PRD 2011 m; eff Mg eff
matter Teff = Tgeff mi,eff % Moeff =, w_, antimatter
=g azg(l 4mNC’}u,)
F. Sorrentino Gravity tests with antimatter.. 3m T 8




Why anti-Hydrogen?

Free-fall experiments

Fgravity << Felectromagnetic
with charged antimatter

(et+,p) failed: Requires:
drift tube et®  E<10-2V/m
5 © E<107Vim
patch
potentials Not possible: due to patch

Earth effect.

 AntiH and Ps are among the simplest neutral
systems of antimatter

* Pslow mass ->large RMS velocity -> hard to
make precision acceleration measurements

F. Sorrentino Gravity tests with antimatter... 9
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Gravity tests with antimatter...

LIS

SIS LS 7 754

W/ [z

s @ CERN: AD

Experiments @ AD

* ACE

* AEgIS

* ALPHA

* ASACUSA

» ATRAP

* BASE

* More in the future (GBAR)

AD beam specs:

~ 3x107 anti-protons/shot
~ 5 MeV

~200 ns bunch length
~100 s repetition

From 2017: ELENA

~100 keV, 4 bunches

10




Hbar production: ATHENA

Antiprotonﬂ

o

Antiprotons

L, L.
o e i, ~@

Positrons \\‘k__L_:

Antiprotongs Positron plasma

Tk B .-"":"f“‘o‘-. s o ® (P

DRURRE A it e N B
4 ! s bone 8 D
10| 10~ | | |
a) Radiative recombination  Vixing Trap Electrod b) 3 body recombination
by pretset T re

Populate high n, ionization by collisions and field ionization

2 -9/2
R x ne+ Eﬁ

Populate low n (n<10)

Ron, Te]}l 104-105 antiprotons
107-108 e+
10 K
15% of the pbar recombines

F. Sorrentino Gravity tests with antimatter... 11



High flux, cold Hbar: the AEgIS recipe

% Porous target
*We—p

Positrons bunch b

Ps
+! Double laser pulse
Accelerating °
Ps* Q, electric field
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Positroruum
production

e .
F. Sorrentino

Gravity tests with antimatter...

- ;+PS*%]7*+6'

1) Catch pbar from AD (CERN),
cool, store
— Pbar ultracooling

2) Accumulate e+;
3) Form Ps

— launch e+ toward a e+ to Ps converter
(nanoPorous target);

4) Excite Ps to Rydberg states
— laser pulses

5) Produce Rydberg Hbar
— Pbar + Ps charge transfer reaction
— pulsed production

6) Form the beam
— electric field gradient

7) Measure gravity
— moiré deflectometer

— time-position sensitive detector
12



AEgIS: pbar trapping

‘ Antiproton catching vs applied high voltage

€D Degrading | Solenoid (3 T) ]
Degrader —— — 1.4
’I" e t=0 e
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*6 -
S [
| 5 1
a F
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9 en e 99.9% lost £ r
[ 3"}
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Potentlal L é 041
2,
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I t
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2_
. . . . O-le | T T
F. Sorrentino Gravity tests with antimatter... 22 23 24 25 26 11303
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AEg|S: pbar compression & cooling

Cold and hot antiproton fractions vs time of cooling

Radial compression of the

Trapped plasma with RF field: Rotating Wall 1

.mgSmang _ ..................... .................... .................... .................... ..................... * .............

Entries 360000 | |— : : : 4

veans s S S A . S S S A

Meany 01813 |-
.| RMS x 1581 : T
o |RMsy  asre |

o—.—t

e- ( and also positrons)
Radiation in high magnetic field
(cyclotron cooling)

m o Ll 1 1 | Ll 1l I L1 1 I Ll 1l | Ll 1l I L1l I Ll 1l I Ll 11 ] L1l
0 5 10 15 20 25 30 35 40
hot p storage time [s]

-t
T=T. e%md +T Cyclotron radiation + Coulomb collisions
= thermal equilibrium for e- and pbar

m> e et 1., =0.1sec@5T Final energy estimation: about 100 K
Tod & 77 _ o Further cooling methods: resistive cooling,
. sorrelBino p T, =107 sec@ST| sympathetic cooling with negative ions **




AEgI|S: positrons

frozen neon

slowy positron
heam (1.5 eV)

2L

scale | | ] |
1 2

22Na source
Continuous e* emission with high energy
Moderation through solid neon

' Y Vo ee—e——— s a
€ - i 4

Dump amplitude (a.u.)

Buffer gas cooling plus transfer in UHV trap

800

700 -
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400 -
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Accumulation in a trap in UHV with B=0.1-0.15T

Radial compression of the cloud (RW)

F. Sorrentino

base pressure 3 10710 mbar
Lifetime =120+ 5 s
4.2 1007 e+

base pressure 3.5 10~-9 mbar
Lifetime=16+1s

A 6.8 1046 e+

base pressure 1 10*-8 mbar

Lifetme =7+ 1s
2.8 104 e+

| | |
1000 1500 2000

Pulses from the trap

|
500

Source activity = 14 mCi
Up to 1.2 108 e+ with 50 mCi source

Gravity tests with antimatter... 15




AEgl|S: Ps formation

Positron beam

Parous
'1'(.'. 1"l Y T '.I' .Q S lEl fg e t
i 1 1
| | | e L
| I B H pat ¥ » S | aser
| ' . ® Ll -
| | |- | |
| Positron |/ \d poar /) %)
| Positron| \_) Cold pbar /)
| . | I}Jlasma . Stark acceleration

* Implantation of e+ in a nanoporous material (converter)
SiO, on Si substrate

. Positroni
* Tunable nanochannel size: few nm to few tens ns emission
* Formation of Ps (eV energy) I P Kev T - 300K
L (20 1= 1
* Cooling inside the pore and the channels c - S 7KeV.T= 150K
. . . > 5 To305+
» at7keV 27 % of implanted positrons escape into the > %1&( |
S = +
vacuum as o-Ps = o -
. . . o T=195+10K
* Ordered and disordered channels studied in AEgIS &, \QS%K
T I
. . . . B 1 § T=145:10K 1
Observed cooling by collisions with pore walls pd
) ) =3 T=1260+15K ]
5-8 nm channels, 2-3% Ps thermalized with the target =2 3 oo o
- s

[Mariazzi S. et al., Positronium cooling and emission (...), PRL -
101-4 !ngtQ)) 243401] Gravity tests with antimatter... 0.0 0.1 0.2 O'I'3

0-Ps kinetic energy6[eV]




AEgIS: Ps excitation tests

Ps formation

3 0.08+

t=1428 t1ns

0.04 4

0.00 T T
200 00

time (ns)

100

—— background
—— nanochanneled Si

15 4

10 1

 Test on Ps formation & excitation 1
* Laser excitation to n=3 demonstrated by
photoionization measurements
— 0.1
>
8
5
th rmoni 266 rm 3
e } A1—3= 205 nw (_;- 0.01
ke 2 harmonie |32 | OFO] 250 [ B86 > A%>005mm £
(1064 nm) PPKT : <
650ml, 4 ns e 1*harmonic ;Eﬁ:ﬂm g%’;}" 200 pJ
f ginl OPG2 T L
PPKT
A3—n= 1670 nx -100
\ 85ml (I)CI;":‘ -
3mJ
— |asEr Off 20
13 = [aser on, UV (205.045 nm, 60 uJ)+IR
—— laser pulse Rydberg E
laser off, area between 250-450 ns 5.44228 7 3 0 nm
—~ laser on, area between 250-450 ns 4.59401 1640 phm )
5 013 n=3 >
g i , N
8 15.5 % smaller n=2
=
E oor 243nm| 205jhm
] n=1
1E-34ﬂ

L L] L L} T L] ] L T L L} T L ] L} T L) T L} ] L} T L} 1
5052002501800 350 400 450 500 550 600 650 700 750 800

time (ns)

Gravity tests with antimatter...
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AEglS: Hbar detector

Scintillating fiber

- Detector
<
’E\ Readout ASICs
S 77 (or 4) K vessel
E Ll L
: <
s 7 — T I
iz 4
5><T $88
GCJ I ~0.5m § §
; I
M 020
3 \ _I 8%8 I‘ Readout
808 electronics
moire Strip detector (25 um pitch, 50 um thickness) Clear fibers I-~
deflectometer ELIXTITITITT N MPPCs
Fast Annihilation Cryogenic Tracker (FACT) Scintiliating fibers
Particle Tracking resolution = 2 mm i ‘JIUHHW&.WHHHL
4K. 10" mbar

* 4 Koperating temperature, in high vacuum @1 T P = R === H beam
 power dissipation <10 W. PAALIIIIS S0
* 800 scintillating fibers (4 layers 1mm diameter) aK 10° mbar S
* coupled to clear fibers VOSIIIEOEN®
* zsensitivity (beam formation): 2.1 mm resolution I |
* Read out by Multi Pixel Photon Counters (MPPC) Im

 Operatedat4 K, 1Tesla, dissipation 10W

* Volume with vacuum separated from the main trap
vacuum J. Storey et al (AEgIS Coll.) NIMA 732 437 (2013)
FCourntsithousands annihilations in aboltamstests with antimatter... 18



AEgIS: moiré deflectometer

* Direct g measurement with light-pulse atom interferometry
would require sub-mK temperatures
* In AEglS g will be measured with a moiré deflectometer
* grating period: few tens of um
* high resolution position detector: few um
» shift of periodic pattern due to vertical forces (gravity)
* Tested with“slow” antiprotons (~ 100 keV) o | o
» deflectometer prototype on small distances, using Jinstr. 9 (2014) C01061
emulsions for detecting antiprotons
* shift of pbar vs light fringes: ~500 aN force sensitivity

Moi6_ Contaey

Matter moiré

™

| | |
- ———
| 1 | | | | |

ARTICLE
w\ Received 5 Nov 2013 | Accepted 27 Jun 2014 | Published 28 Jul 2014
F. Kb Gravity tests with antimgtte

LGS
COMMUNICATIONS moire deflectometer for antlmatter



Medium- and long-term perspectives

* I[mproved antiproton source: ELENA
* Ps generation in transmission targets

* Ultracold anti-hydrogen
— Antiproton cooling
— Laser cooling of positronium

— Laser cooling of anti-hydrogen



Antiproton cooling

Cold antiprotons to maximize flux
Final goal: T ~100 mK, 1stphase T~ 7 K

Cooling mechanisms
— Radiative electron cooling
— Evaporative / adiabatic antiproton cooling
— Sympathetic resistive cooling of antiprotons with electrons cooled by
resistive cooling
Sympathetic laser cooling with negative ions
— E.Jordan et al., PRL 115 113001 (2015)]
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Sympathetic cooling with C,-
— P.Yzombard et al., PRL 114 213001 (2015)




Conclusions

* Exciting tests of fundamental physics expected
from precision measurements on Hbar

* AEgIS commissioning
— pbar trapping & cooling achieved
— e+ trapping achieved
— Ps produced on nanoporous materials
— preliminary work on Ps excitation
— Hbar detector ready
— moiré deflectometer tested on pbar
— cold Hbar at reach in the near future



