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@:@ Problem: Big Bang Scenario and Consequences

1. A cosmic microwave background should exist as a fire-ball

remnant of the Big Bang

1. 1965 Penzias and Wilson observed CMWB with a black body
spectrum of 2.73(1)K, by far too intense to be of stellar origin.

2. Understandable Big Bang nucleosynthesis scenario describes
exactly the observed light element abundances as found in

«cold» stellar nebulae.

3. Using the models which describe 1.and 2.:

bregicion | Wobsercaton |

Baryon/Photon Ratio 1018 Baryon/Photon Ratio 10-°
Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 0.0001

Following the current Standard Model of the Universe our predictions of baryon to
photon ratio are wrong by about 9 orders of magnitude while our
baryon/antibaryon ratio is wrong by about four orders of magnitude.




. WE HAVE A PROBLEM

mechanism which created the obvious
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not understood

One strategy: Compare the fundamental
properties of matter / antimatter conjugates
with ultra high precision

baryon/antibaryon asymmetry in the universe is




@:@ Strategy

AEexotic —

Hy = (HO + Vexotic) Y
(wlvexotic|¢>

proton m

proton magn. moment
hydrogen 1S/2S
hydrogen GSHFS

* Use simple well-understood systems -> provides
high sensitivity with respect to potential deviations

and new physics.

£\

D) | — no_ H)y =
iy*D, — m|—|a,y b,Ysy =0
proton antiproton
spin cyclotron spin cyclotron
Rey, + 2b3) + folB -Z)/2 h(aw, — 2by) — ,&(s -5)/2
_-“_.Hl
(1+U/c?) (14 Gag-2)u/c?)
/: =12

In the matter sector,
measurements with incredible
precision have been
demonstrated

Relative Energy SME Figure
precision resolutlo of merit

Kaon ~10718 ~10‘ ~ 1018

p_p ~10~ -11 ~10—18 ~ 1026
q/m eV
p-p g- ~107° ~10712
factor eV

=102




@:@ Example: the BASE trap - a special place

e A vacuum of 5e-19 mbars
* best characterized vacuum on earth,
* comparable to pressures in the interstellar medium

Antiproton storage times of several 10 years.

Not more than 3000 atoms in a vacuum volume of
0.5l

Order 100 to 1000 trapped antiprotons
A local inversion of the baryon asymmetry

BASE ANTIMATTER INVERSION |

local volume 0.00013 m3

Baryons in local trap volume 1.65*10”7
Antibaryon in local trap volume 100
Antibaryon/Baryon Ratio 5.9*108

Ratio Inversion 3.8*%1012




@:@ CPT tests based on particle/antiparticle comparisons

| R.S. Van Dyck et al., Phys. Rev. Lett. 59, 26 (1987).
Recent antideuterium qlm CE R B. Schwingenheuer, et al., Phys. Rev. Lett. 74, 4376 (1995).
Past H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999).
G. W. Bennett et al., Phys. Rev. D 73, 072003 (2006).

antihelium-3 q[m ALICE M. Hori et al., Nature 475, 485 (2011).
G. Gabriesle et al., PRL 82, 3199(1999).

J. DiSciacca et al., PRL 110, 130801 (2013).

20N A\ S. Ulmer et al., Nature 524, 196-200 (2015).

ALICE Collaboration, Nature Physics 11, 811-814 (2015).

M. Hori et al., Science 354, 610 (2016).

ole o ° H. Nagahama et al., Nat. Comm. 8, 14084 (2017).

M. Ahmadi et al., Nature 541, 506 (2017).

M. Ahmadi et al., Nature 586, doi:10.1038/s41586-018-0017 (2018).

antiprotonic He mg/m, n
antiproton g/m I
antiproton g -
antihydrogen 1S}/2S
antihydrogen GSHFS _
07 1(!)'18: 0 1(!)'12: | 1!0'9: | 1(!)'6 :: 1(!)'3 T

relative precision




@:@ Momentum in the AD community
/" antimatter sector 2013
antiproton lifetime  >03y

antiproton m 120 p.p.t.
matter sector antiproton m. moment 0.002
antihydrogen 15/2S =
antihydrogen GSHFS -

proton m K /

proton magn. moment

hydrogen 15/25 /" antimatter sector 2019
antiproton m 70 p.p.t.
antiproton m. moment 1.5 p.p.b.
* Recent rapid progress towards a antihydrogen 15/2S 2 p.p-t.
better understanding of antimatter. antihydrogen GSHFS 350 p.p.m.

4




2008 (27 km)

x North Area

SPS

antiprotons 25 GeV/c

protons
35GeV/c [ \"=" —/""mm V}V oum
antiprotons ~{
» —— / conversion
-> Degrader -> 1keV Within a production/deceleration
-> Electron cooling -> 0.1 eV cycle of 120s + 300s of preparation
-> Resistive cooling -> 0.000 3 eV time we bridge 14 orders of

-> Feedback cooling -> 0.000 09 eV magnitude

Most of these methods were pioneered and first demonstrated by the TRAP collaboration (Gabrielse et al.)
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@:@ Pioneering Highlights

Production of 11(2) relativistic antihydrogen atoms at
LEAR (PS210) in 1995.

10" Fg ! ’ 3 ; T v T =
102 ® Bevatron (p discovery) (a)
-3 L
& 5 CERN m (exotic
S 104 BNL g atoms)
S 105t
@©
® 10° ¢}
S 107
5 10 TRAP| @
‘}: 10'8 b
10° TRAP I @
10-10} TRAP Il (this work) g -
1960 1970 1980 1990
year

Together with the discovery of antiprotonic helium by T. Yamazaki / R. Hayano / lwasaki et al. ...

G. Baur et al., Phys. Lett. B 368 (1996) 251

2000

‘DER SRIEGEL

Comparison of the proton to antiproton charge to mass

ratio at fractional precision of 90 p.p.t.

9 /D __0.999'999'999'91(9)
M,/ M,

p

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

Convinced CERN to start the AD program.
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The AD/ELENA-facility

Six collaborations, pioneering work by Gabrielse, Oelert, Hayano, Hangst, Charlton et al.

BASE, ATRAP,

of the antiproton
ALPHA, ATRAP,
antihydrogen
ASACUSA, ALPHA

antihydrogen

BN ASACUSA
DB AV Antiprotonic helium

. SR\ spectroscopy

= ALPHA, AEgIS, GBAR

M. Hori, J. Walz, Prog. Part. Nucl. Phys. 72, 206-253 (2013).

Spectroscopy of 1S-2Sin

4 Spectroscopy of GS-HFS inAL

Test free fall/equivalence G
principle with antihydrogen

Fundamental properties

ATRAP

AEgIS




@:@ Antihydrogen .

* Idea: Investigate the electro-magnetic spectrum of antihydrogen .|

* Problem: antihydrogen does not exist -> needs to be synthesized

Trap electrodes for
antiproton preparation

Annihilation detector
(three layers)

fractional frequency uncertainty
4 4 a4
mo@p o mo@mo W
& X © B 3 B
. . . .
323
o 2
25
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ge
[0}
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7
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[ J

1E-16

) < Positron
antihydrogen production ,wmw/;',\,;a y et
First Demonstration: M. Amoretti, Nature 419 (2002) 456, ATHENA collaboration
* Problem: ...and trapped...being the difficult part because
E
electric force: F=q-V¢ 7. = 1000K to 100000K
. B
typical trap depth
magnetic force: F=u, -VB E — 01K to 0.5K

kg
* Alternative: Produce antihydrogen by antiproton/positronium interaction




@:@ Antihydrogen Physics

* Electronic Structure of Antihydrogen

Measured by G. Gabrielse (Harvard) and Holger Mueller (Berkeley)

'

1 me lée t*“mic a
Enim = Roo(— =5 H frum a'm_:xxx +
D

ATRAP

I Measured by BASE / ASACUSA
T

2,.2,2

%)

3n3h2

Properties of the positron ):( >g< >«><

Antimatter interactions

QED tests with antimatter M >M<§ >M<
Antiprotons charge radius >”< >”“< >w<

l n
a’ Tests / Measurements of
hc .

. Rather insensitive to the properties of the antiproton

- W 1.42 GHz

F=0

16 my,
3 \m, +m,

3
) Mme Ue Up me(a®c)?
Vg =

my, Up Uy h B'SE
X (14 Agep + Bpap + Asr)

Sensitive to antiproton substucture




@:@ ~&Y, antihydrogen milestone — trapping (2010)

e After almost 10 years of R'n’D LETTER

* plasma compression Trapped antihydrogen

G. B. Andresen’, M. D. Ashkezari®, M. Baquero-Ruiz®, W. Bertsche®, P. D. Bowe', E. Butler*, C. L. Cesar®, S. Chapman®,

e eva p O rat ive p I a S m a -CO O I i n g M. Charlton?, A. Deller®, S. Eriksson®, I. Fajans®®, T. Friesen’, M. C. Fujiwara®’, D. R. Gill%, A. Gutierrez’, J. S. Hangst',

W. N. Hardy”, M. E. Ha}*deng..a\, J. Humphries®, R, Hydomako’, M. J. Jenkins®, S. Jonsell'’, L. V. Jorgensen*, L. Kurchaninov®,
N. Madsen?®, S. I\fienar;(1 , P. Nolan®™, K. Olchanski®, A. Olin®, A. Povilus®, P. Pusa'?, F. Robicheaux'?, E. Sarid', S. Seif el Nasr?,

°® a u to re S O n a n Ce eXC i tat i O n D. M. Silveira'®, C. So”, . W. Storey®, R. I. Thompson’, D. P. van der Werf*, J. S. Wurtele™® & Y. Yamazaki'>'®

F . HBAR simulation s
T 203— A _f [Jl-l\flﬁlc"q
e E left bias
n right bias
o — no bias
e E N PBAR simulations

Axial positon (z) [mm]

At that time, about 0.7 hbar atoms per mixing cycle




@:@ ~&Y, antihydrogen milestone — spectroscopy

* since 2010 -> trapping rate increased by a factor of 20

* But how can experimentalists perform optical spectroscopy in 20 to 100

particles?
1 T | Type Number of detected | Background Uncertainty
Vi events
T Off resonance 159 0.7 13

Pl 2 Y On resonance 67 0.7 8.2

o No laser 142 0.7 12
A, 7 e Single-sided constrain:

-t | 200 p.p.t.
Dgluning at gfgnm (kHz)
a 1.2 T

O Disappearance, r,(D)

e 2016/2017 -> trapping rate further increased

| * Improved detector code & more time

Visys = 2 466 061 103 080.3 (0.6) kHz

. » Additional headroom — laser cooling / laser waist / O-
field measurements etc...

ALPHA collaboration, Nature 541, 506 (2017) AEng

Normalized signal




@:@ ASACUSA CUSP — Beam of Antihydrogen

* Apparatus * Signal on antihydrogen detector

— Mixing (n < 43)
[ ] Background

MUSASHI trap
(ultra-low energy p beam source

Normalised counts/150 s

1071 E

ow e a : ‘
TR B e b v b v b bl s bl b b

\1‘/v 0O 20 40 60 80 100 120 140 160 180 200

E (MeV)

* Basic idea is to conduct a Rabi type measurement of antihydrogen GSHFS ===

oroduction polarized beam very successful measurements on hydrogen

Wi, beam demonstrated in SMI group (Widmann

. N e etal)
. v ))_;@OWT) . vyrs = 1,420,405,748.4 (3.4)Hz (2.7 p.p.b.)

o }'/u']!‘n"-‘.i” \’ Cavity Magnet  detector

CUSP trap M. Diermaier et al., Nat. Commun., 8 (2017) ARTN 15749 . AEng




@:@ Penning trap

radial confinement: B = B,2

2 "
axial confinement: D(p,z) =V,C, (22 —'07]

,‘__7f |
;‘ | 7T~ |
[ (I [
- ‘ fl‘ \\ “J \ | / \ | | I‘\‘
/ oV [
{

. Médlfled Cyc|otr0n _: \ “,‘ ‘\I“' “.‘ I
\\ Motion ===

Magnetron Motion

V_ ‘:‘
Axial v, = 680kHz I—
Magnetron v_=8kHz |
Modified Cyclotron v, =28,9MHz

Invariance-Relation Cyclotron Frequency

Axial Motion Vk°\—

VZ VO._

Vyo—

Cyclotron frequency relates

1 measurable quantity to
Vv, = \/v+2 +v° +VZ2 vV, = 2—h B fundamental properties of
72 Mion trapped charged particle

Signal (dBm)

Low Noise
Amp

Resonator

FFT

Axially excited, trapped
antiprotons

T T
645500 645600

Frequency (Hz)

T T
645300 645400

T
645700

Resonator Toroidal coil

N =950-1200
Q =200k — 500k
L=2-3mH
Rp>1GQ

/




@:@ Measurements in Penning traps

Cyclotron Motion

1 W% E r}\m '
3 III"'|:- H ﬂl.I

= Llf i 1

s LR

<L VoV, YV, VLV

S. Ulmer et al. PRL 107, 103002 (2011)

g: mag. Moment in units
nuclear magneton

uy 2 eplmy,

Vep  ep/Mp

of

w =

Hp _geplmp v

Ve

Vep  €p/My

g—~B

2m

p

Larmor Precession

—O
1 5

ho,
difficult
T.f 0is
T
- 024 .
g 1 #®™spinup T4 .
BT e
' - 3 m
5‘ 0.0+ | T il [ ] :. Lt
%-ﬂ.i- ]
i =P ' .
o2l E spin down 1
é 0.3 T T T T T T
1] 20 40 &0 &0 100 120

Time (min)

S. Ulmer, A. Mooser et al. PRL 106,
253001 (2011)

Determinations of the g/m ratio and g-factor reduce to measurements of frequency ratios
-> in principle very simple experiments
—> full control, (almost) no theoretical corrections required.




P@ the BASE trap
RT

Degrader

Reservoir Trap: Stores a cloud of antiprotons, suspends single antiprotons for

measurements.

Trap is “power failure save”.

Precision Trap: Homogeneous field for frequency measurements, B, < 0.5 uT / mm?

Cooling Trap: Fast cooling of the cyclotron motion, 1/y<4s

Analysis Trap: Inhomogeneous field for the detection of antiproton spin flips, B, = 300

mT / mm?2

s
AR

Lifetime measurement

HV Electrodes
Electron gun

Spin flip coil

Pinbase

PP S U B R U B T T T ] P
16 I S S R Sl
45
B T .
= 4
L 12 pEmmmr g e T 4 =
g )
o 10F--i--- iR A e
[S) 43 ¢
5B R g
=2 a
E 6Lb--s-- TR Lo B
B o)
Al ETEEN T e
41
EY 0 R A S E R i §
0 | | | | | l | | | l l 0
O 40 40 40 40 (A0 A0 40 40 40 40 40
Q\.‘\X Q’L‘\.XQ'B‘\X Qi ‘\XQ’JJ "lx Qo \Xg'l ‘\X 0%\'& I\ ‘\X'\Q "l\ x&\x{?,‘\x

trapping of antiprotons for
> 400 days

antiproton lifetime limit
t,,>10.22a

Sellner, S. et al., New J. Phys. 19,

083023 (2017). —
el AEGIS




@i@ magnetic moment measurement

e Larmor frequency measurement by spin quantum transition spectroscopy —
QND measurements using the continuous Stern Gerlach effect

Magnetic bottle adds a spin dependent quadratic axial B B
. . . . pH2 2
potential -> Axial frequency becomes function of spin state Av,~ v O
pVz z
° 1FF3 .
/Frequency Measuremenm Extremely difficult for the proton due to u/m scaling
o _ * Extremes:
Sp.m is detected and analyzed via an +  Strongest magnetic bottle ever superimposed to a Penning trap
axial frequency measurement * Smalles precision Penning trap
Lowest rms-noise ever measured
a .3 p
T spin down 03 .
= | ™ o Single trap
= d ' spin up measurements are
s 27 o limited to the p.p.m.

Time

1
Q
N

8

o
N

v, - 674855.05 Hz (Hz)
o
o

¢ oy
- [ } ﬁ } ! !P[ l‘:,« E ! U | ~170mHz  |evel,
B | \ L. I’N | Y AY o leJ
50 IR 0 [ e I I I I Spin down
401 X ] P02 : N gl_)/z = 2.792846 (14)
o] ﬁ J
g Jk INALELESLISRELERLLSL ATRAP 2013

Time (min) gﬁ/z = 2.7928465(23)

 dive roguency (MHo) Smorra, C. et al., Phys. Lett. B 769, 1 (2017).
kulmer, A. Mooser et al. PRL 106, 253001 my BASE 2016 AEng

o
w
A ——

spin flip probability (%)




&L

7?7 Can we overcome current limitations ?7??

?P7

spin flip probability
spin flip probability

oooooo




@:@ Invented: Two-Particle/Triple-Trap Method

e ...single spin quantum resolution gives possibility to measure g in an

advanced scheme

( Spin
analysis

Transportl || |

Larmor
particle

vL"
\

( . ,

Transport ||

Cyclotron
particle
—

Y

890 s

Initialize Measure
the spin frequencies in
state homogeneous

trap

Analyze
the spin

* Two particle scheme reduces measurement time

by a factor of 5

e 350-fold improved measurement of the
antiproton magnetic moment

% =2.792847 3441 (42)
_ Smorra, C. et al., Nature 550, 371 (2017).
Sp
== =2.792 847 350 (9)
- 2 Mooser, A. et al., Nature 509, 596 (2014).

* At that time the antiproton magnetic moment
was more precise than the proton magnetic
moment.




@ The Antiproton Magnetic Moment

CERM Swarimr  Wiaosa 20IS

BASE

LLETTER oo, Experiment of the moment

doi:10.1038/nature24048

A parts-per-billion measurement of the antiproton

I'he ensgma of why the aniverse contuias more matter than
antematter has been with us foe moee than half o century. Whike

.
magnetic moment Chrgeprky (CP bt o o picphe. st o e
exisience of such i lenbaliince, the obecrved matter excess is about

nine onders of meguitude lurger than whie isexpected fromknoun

C. Smorra®, S. Sellner!, M. I. Borchert!?, J. A. Harrington?, T. Higuchi®, H. Nagahama', T. Tanaka'®, A. Mooser!, G. Schneider"®, g e R it £l s LA MICERN S (o
M. B(’)]"IT‘HH“1 ’4, K. B]aumA, Y. Ma[Sleas, C. OSpCIkaUSH‘T, W. Quin[g, 1. Walzﬁ‘g, Y. Yama?,aki] &S. Ulmcr] the umm»cst‘ur‘um asyemetry, amceg which are espeniments  two-particle measarement method and, foe a shost perkod, rep-

that test fendamental charge—parity-time (CPT) lnvariance by resented the first time that areimister had been measured more
comparing mattes and antimatser with great precision. Any mees-  precisely than metes,
ured difference hetween the two would constitiee a dranses sign

of new physics. Moceover. experiments wih unter systems — No physics
: provade anague tests of hy podhetical processes beyced the SMttat The BASE result relies o u quantum measurement scheme 1o
Maan effort Started cursot be uncovered with andisary muttes sysienms. observe spin trassitions of o single stiprooa s o e-destructive
The Baryoa Antibaryon Symesetry Experimess (BASE) ot manser, In experimental pliysics. noa-destructive abservativas A L
BASE approved CERN, in additxe to several other callubarutions it the Anti-  of quantum effects are usaakly accompanied by & tremesdous
pp \ proton Decelerator (AD), probes the universe theoagh exclusive  increise In meesurement preceson. Foe example. the soa. destruc-
E T T T T T T T T I T T T I T T 3 antimeeter “microscopes” withever higher resolution. In 2017, 508 tive oteervition of electronic trumsitaons in seoos of kes ledso the
E E korwing many years of effoct i CERN and the Universiy of Makee  development of aptacal frequency standunds that achieve frctional
- - in Genuany, the BASE 1eam measared the nignetic momem of — preciacas on the 10" leved. Anceher example, albowing one of
E ] [ i @ ASACUSA the antiprotoa with a precision 330 times betier than by any other  the maet precise sests of CPT imvariance g0 date, is the consper-
1 E 3 ] ] experiment bedore, reaching a relative precesca of 1.5 pants per scaof the ehecton and positron 2-faceoes, Based oo guantum non-
-0 H = ATRAP billka (Hgare 1), The resah tollwed the develop-  demolithon detection of the spin stite, such studies during the
E exotic atoms E u ment of 2 multi- 1990 reached i tracthional sccuracy o the parts. pes-trilkson leved.
1 ] [ ] BASE Henmusg-tnp 1he Lest BASE measurement folknes the sume scheme bt tar-
‘5 'E -E system and  gels the magnetc moment of protoes and anbipeotons instead of
o ] h amovel  electrons and pastiroas. 1his opens sests of CF1 i totally dit-
[<% -~ - lesent particle system, which coukd behave ergirely dil ferently. In
U) E - - E practace, however, the trasster of quantum measurement methods
+ ] : : 3 trom the electron/pasitron to the protonantipeo-
O_)D. 1E-6 3 Smgle Pennlng traps [ ] b 0 SYSIE CONSERINES 3 conskierahke
E E — - chalienge owng to the
= ' 1 >3000 Vi,
L | -~
8 ] ]
o E 3
(@) E . . [ E
i 1E-9 ] BASE multi-Penning traps ] The mti-
o)o' 7 E Pessing-tragy
E — - 3 syatem aesed by BASE 10
~ 1 reached proton limit (BASE Mainz) ] detvcr the spis-fhies of single trapped peonans and antiprosws
1 principal limit of current method 1

20I00 20I05 2OI1O 20I15 2020
year CERN COURIER, 3/ 2018.

T T
1985 1990 1995

C. Smorra et al., Nature 550, 371 (2017).




@:@ Measurement configuration

Extract antiprotons and H-ions, compare cyclotron frequencies

Downstream Reservoir . .
d park electrode trap Park Precision Park Reservoir

M t
£ ’/"1\\ Upstream oo electrode trap electrode trap

jb::T' w park electrode T Radio-
s f on
gun
b= [\, =

noise 6 @

ifier } e
= Measure v, & v, = v, AL

antiproton H-ion -
> ® >

o Yep _ (a/myp B/2m_ (9/m)p T = \/—\’/

Antiproton
beam

Degrader %
structure

Low-noise
amplifier

P

— — X = e
veu-  (@/m)u- B/2m (q/m)u- - - - -
Measure v, & v, = v, S —
Me Eb Ea apol,H_ Bg _ - . B E
my- = mp(1 + 2 T + = ) Comparison of H-/antiproton cyclotron frequenue'&:l.RAP

P P P P One frequency ratio per 4 minutes with ~ 6 ppr

R, = 1.001 089 218 754 2(2) uncertainty ﬂ

Pioneering Ideas: G. Gabriesle et al., PRL 82, 3199 (1999). This work: S. Ulmer et al., Nature 524 196 (2015) AEgIS




@:@ Results and interpretation

Result of 6500 proton/antiproton Q/M comparisons:

a 20
° Repc=1.001 089 218 755 (64) (26)
= (a/m)p v
| _ . Ulmer et al.
« ————1=1(69) x 107** Nature 524 196 (2015
0:% (q/m)p ature ( )
20 Consistent with CPT invariance
O 5 10 15 20 25 30 35 0 005 0.1 Limit of sidereal (diurnal) variations < 0.72 ppb/day
Time (days) Fraction
Constrain of the gravitational anomaly for antiprotons: Progress:
Graviation Potential '
w = —3(a, — 1) U/c? ] Next step:
id 5 ] 018] Spectroscopy on
4 N3 ‘ g L . ticles i
Our 69ppt result sets poon b ] . wo particles in one e
a new upper limit of RO R R trap.
|ag -1 | < 8.7X 10_7 - ] = o e mw a
\_ -/ Measuremeant

Potential CPT/WEP compensation to be performed by AEgIS, ALPHA-g and GBAR in the ELENA era




antiprotonic Helium spectroscopy

electron in 1s state
pbar in «long-lived» (us) circular state

2 @) Fo) i
o o . . ; 7 ‘ ! ',,' : L.‘.‘ pld
and watch annihilation signals e

Induce transitions to non-circular state

Laser frequency offset (GHz)

Signal intensity (arb.u.)
o = N W A
i
i

Direct (Farnham 95)

| El | 12C5+ (Beier 02)
- f 1607+ (Verdd 04) Antiproton-to-electron

®  12C5* (Sturm 14) mass ratio
H HeiBe 2017
f ® { HD* (Biesheuvel 16)
1 836.152 673 4 (15)
i @ { pHe*
0.152665 0.15267 0.152675 Hori, M. et al., Buffer-gas cooling of antiprotonic helium to

(Anti)proton-to-electron mass ratio -1836 1.5to0 1.7 K, and antiproton-to-electron mass ratio, Science
354, 610 (2016).




AED ELENA

e Antiprotons are caught in Penning traps using .
degraders — 99.9% of particles are lost. m ELENA Gain Factor

* ELENA provides antiprotons decelerated to 100keV AL 100
— compared to the AD — at improved beam ATRAP 100
emittance.

ASACUSA 10

* Degrading at low particle energies is much more
efficient AEgIS 100

‘ ——— _— BASE .
GBAR GO

* ELENA will be able to deliver beams almost
simultaneously to all experiments resulting in
an essential gain in total beam time for each
experiment. This also opens up the possibility
to accommodate an extra experimental zone

Provides bright future perspective for antiproton-physics at CERN




P@ Future AD Program — old collaborations

Antihydrogen Experiments Penning Trap Experiments
| BASE approved
1E-5 3 + . . . . T T T T | T | T %
: f'achleved fractional precision of 2 p.p.t. 1 _ Jmrsmousn 20-fold
1E-7 4 oq ~7 exotic atoms Tl ATRAP .
I in 1S/2S ] o jmsse  improved
Measurements conducted with 7. s, T inea;urement
S Ee hydrogen define the next steps = 1) 7000 O pbar g-
g o . n factor is
e | . "o 1E-9 ] BASE multi-Penning traps { ] .
: Work on further increase of 2 T T EASE V) possible
= 11 ] N production yield and prepa ration Of 1E121 principal limit of current method
R COIder antlhyd rogen 985 1990 1995 2000 2005 2010 2015 2020

6
1920 19‘40 19‘60 19‘80 20‘00 20‘20 year

PIB Quantum Logic Spectroscopy of pbars @

\

/ sympathetic cooling of positrons and pbars \

Rate oc;r?z+ / T:fz

\_ %

ALPHA: Overlap AEglS: Cool antiprotons L4 1. Recentdramatic progress:

positrons with laser by sympathetic = = ¢ Detection of asinglelaser cooled

cooled Be ions interaction with laser = * =. °Be*ion, ina Penning trap system
cooler C2-ions (Doser / i '©  which is fully compatible with the
Gerber / Borealis) 1 1  BASE trap system at CERN

J. M. Cornejo, M. Niemann, T. Meiners, J. Mielke C. Ospelkaus et al. /

Antiprotonic Helium group is optimistic for 10 to 100 fold improved measurements in the future




P@ Future Projects

/ GBAR - Test of the weak egivalence principle with hbar \

Idea:

in a hollow beam.

@ihyd rogen atom

1.) Produce the antihydrogen ion (pbar / 2 positrons)

2.) Cool the system sympathetically to the Doppler
limit using Be ions in an rf-trap based Coulomb lattice |

3.) Laser-ionize the system and drop the neutral

/ ALPHA-g \

6 m instrument
constructed to test weak
equivalence principle with
antihydrogen

Apparatus can be
upgraded to fountain
spectroscopy

gnd atomic beam interferometry /

Transportable Traps (Smorra)

Scheme to extract single antiprotons
from a reservoir has been developed
recently

Trapping of antiprotons for > 1 year has
been demonstrated

First step towards transportable
antiproton traps.

C. Smorra et al., Int. Journ. M.S. 114 213001 (2014)

/Molecular Spectroscopy \

Penning trap experiment for
spectroscopy of the
antihydrogen molecular ion

Positron magnetic moment

Mass ratios from ro-vibrational
spectroscopy.

MS

w12

o

K E. G. Myers et al. MAX Project (in GBAR?) /

Space for more experiments

See contributions by

PUMA Project

A. Obertelli et al.




@:@ Summary

 Since the startup of the AD program, CERN’s antimatter collaborations
made excellent progress towards their experiment goals.

* 1000 antihydrogen atoms can now be trapped and investigated routinely
 First spectroscopic measurements were performed.
 ALPHA is prepared to further advance their ultra-high precision measurements.

* Antiproton parameters have been measured to
 Magnetic Moment: p.p.b. level has been achieved, 100 p.p.t. level in reach
* Q/M: 70 p.p.t. measurement completed, 10 p.p.t. to 20 p.p.t. possible

* CERN continues supporting this branch of physics by the dedicated
new machine ELENA, which opens up a bright future for antimatter
physics at CERN.
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@:@ Possibilities

charge-to-mass ratio

free < fundamental
t
antiprotons < magnetic moment PropErHes
bound
pbarHe antihydrogen antihydrogen ions
fundamental .
properties and spectroscopy gravity

e/m interactions




@:@ Strategy

potential deviations.

matter sector

proton m

proton magn. moment
hydrogen 15/2S
hydrogen GSHFS

(i y”@u — mX)lp =0

* Precise comparisons of the fundamental properties of simple baryonic
matter/antimatter conjugates at low energy and with high precision.

* Such comparisons provide stringent tests of CPT invariance.

e Simple systems are well-understood -> provides sensitivity with respect to

(i V”au —my — a[,)t(y” - b,l)t()/S)/” + f(H;i(v: C,l)t(V' difv))lli =0

antimatter sector

antiproton m 70 p.p.t.

antiproton m. moment 1.5 p.p.b.
antihydrogen 1S/2S 0.8 p.p.b.
antihydrogen GSHFS 350 p.p.m.




@:@ Methods: Workhorse Penning Trap

radial confinement: B = B,Z

scheme.

2
axial confinement: @(p, Z)=V0C2(22—%] /

e accumulation and compression of
antiproton / positron plasmas

e antihydrogen formation using a nested trap

Proposed: G. Gabrielse, Phys. Lett. A 129 (1988) 38.
First Demonstration: M. Amoretti, Nature 419 (2002) 456.

Trapped T number

. 10.000.000-

Stacking number

N. Kuroda, Phys. Rev. ST 15 (2012) 024702.

N J.‘/\\. \
Iw“l \ / \‘. ‘."‘I \
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\ Modified Cyclotron = Axial Motion
N Motion FE= || v,
A VoSS s

Measurements
_ € B charge-to-
W = m_ mass ratios
p
e o
o, =g B magnetic
2mp moments
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ﬁ@ Physics Measurements

Mirror coils

o o * Antihydrogen 1S/2S laser spectroscopy in
-~ == i magnetic trap.

from catching
trap

* Hydrogenin trap: 5 p.p.t.

* Trapping via atomic magnetic moment,
Challenge: shallow trap (0.5 K)

] Positrons from
Annihilation  Elect accumulator

= detector

C. L. Cesar, Phys. Rev. Lett. 77 (1996) 255.

e Antihydrogen beam spectroscopy (ASACUSA Scheme)

1ppb
16 1\ e | ,, R
VHF = _T-Ry- ole. (q) .m_p : i H—; (1 3QED) j' P ] /i /; —
<1ppb £ | “
* extract antiproton magnetic moment ﬁ s o
e probe antiproton substructure T eecrean

e Test SME coefficients

Achieved 3.3 p.p.b. using hydrogen beam (Widmann Group in ASACUSA) A. Mohri and Y. Yamazaki, Europhys. Lett. 63 (2003) 207.




@i@ghlights — CPT Sector

trapped antihydrogen

«rf-spectroscopy»

~

-2

w
o

—e— On resonance (103 runs)

1 1 1 1 1 L L
0.152664 0.152666 0.152668 0.15267 0.152672 0.152674 0.152676

E ] . | Direct (Farnham 95) ﬁ Off resonance (110 runs)
g 20— - | vgs (Beier ) % No microwaves (100 runs)
= - o O i B
o L ]
£ o ]
& 10F B - 15071 (Verdi 04)
E 4 £ 1
r B l® 127G (Sturm 14) © T
@
z ]
2 m
] &
] I pHe* 8x10° & ]

(Anti)proton-to-electron mass ratio -1836

TTTT o oF [T

N
-100 0
Axial position, z (mm)

Axial position, z (cm)

ALPHA, Nature 468, (2010) 674.
sim. res. ATRAP, PRL (2012)

~

ALPHA, Nature 483, (2012) 442. /

Antihydrogen Beam

Table 1 | Summary of antihydrogen events detected by the

0.50
antihydrogen detector.

0.25 a
0.00 Scheme 1 Scheme 2 Background 5
’ Measurement time (s) 4,950 2,100 1,550 i
2‘5 ('J 2‘5 5‘0 7‘5 "“0 05 0 5 10 15 Double coincidence events, N; 1,149 487 352 L\t%
) Events above the threshold €

fd -221075.5 kHz fd - 79 152.5 kHz (40 MeV), N 40 99 29

Z-value (profile likelihood ratio) (a) 5.0 32 s 0 15 20 2 a0 = o o o4
Z-value (ratio of Poisson means) (o) 4.8 3.0 Time (days) Fraction

69 p.p.t. measurement using two

VROl S ek plellise particle Penning trap technique

antihydrogen spectroscopy.

ASACUSA, Nature Comm. 3 (2014) 475. BASE, Nature 493 (2014) 502.




@:@ Tests of the weak equivalence principle

ﬂEgIS Scheme (Moire Defl.)
S . orrg %%%;ws target

| St
\t Double laser pulse
an
[ 1\
‘ v ‘ Accelerating
Ps* Q o) electric field

p+Ps* >H* +e¢

Demonstration: AEgIS, Nature. Comm. 5 (2014) 4538.

precision goal: order %

{oal: First gravity measurement beforeﬂ

Production of the antihydrogen ion is highly promising

/GBAR Scheme

p+Ps —>H+e
H+Ps > H +e

precision goal: order %

Qatus: Under construction / beam in 2017

s
hEgls




ﬁ@ Potential of the antihydrogen ion

Charged particle

Sympathetic cooling has been
demonstrated in Paul traps

Doppler temperatures can be
reached easily

Stripping by «resonant» lasers
is a routine.

Scheme has been demonstrated for two co-trapped laser-
cooled Be-ions.

Is planned to be established and applied to antihydrogen
ions by the gbar collaboration and to antiprotons by the
BASE collaboration.

Publication: K. R. Brown, C. Ospelkaus, Y.
Colombe, A. C. Wilson, D. Leibfried, D. J.
Wineland, Nature 471, 196 (2011).

See also: M. Harlander, R. Lechner, M.
Brownnutt, R. Blatt, W. Hansel,
Nature 471, 200 (2011).

Production of a high-quality beam

Cool particles sympathetically.
Accelerate particles with electric field.

Strip one positron.

1S/2S spectroscopy at improved
temperature distribution

Apply the «classical» ideas by
ALPHA and ATRAP however with
drastically improved initial
temperature distribution

Smaller gradient traps, higher

e
precision 15 10 -5 0 5 1

Laser Defuning (kHz)




RED ANTIMATTER

* The prediction of the existence of antimatter is one of the great
successes of theoretical physics in the 20t century

RELATIVITY [ QUANTUM MECHANICS }

(i Yo, — m)t/) =0

MATTER [ ANTIMATTER }

IT WAS NOT THAT EASY




@:@ The process of cognition

since half the solations must be rejected as referring to the charge |- e on the
electron, the correct number will be left to account for duplexity phenomena. 1928

would fill it, and will thus correspond to its possessing a charge - e. We are
therefore led to the assumption that the holes in the distribution o ative- 1930
energy electrons arethe protons. When an electron of positive energy drops into

nearly all, of the negative-energy states for electrons are occupied. A hole,
if there were one, would be a new kind of particle, unknown to experimental 1931

physics, having the same mass and opposite charge to an electron. We may
call such a particle an _anti-electron. We should not expect to find any of

Presumably the protons will have their own negative-energy states, all of
which normally are occupied, an unoccupied one appearing as an_anti-proton.

there is a strong reason that this process took 3 years....




@:@ Il In our current universe the baryonic antimatter is gone !!!

* Quantitative: Baryon asymmetry in the universe (BAU)

_ Ng Ng —Nél Ng — Ng
T=3K

y T=3K N)/ NB +N§

n = 0.580(27) - 107°

]T>1GeV

* Obvious conclusion: It is a bit too simple minded to define matter and
antimatter to be “symmetric”

Need sources which produce BAU: e.g. CP violation / B-violation / T-arrow

: : N
-> known SM-CP violation produces 7 =—= ~ 10718 BISE

Vir=3K
more CP violation

Need additional sources which produce BAU: | CPT violation )
[ ...other BSM physics ]




@:@ SME coefficients constrained by BASE

Using BASE proton g-factor measurements, possible to constrain the following b coefficients:

Previous Limits

Coefficient or Limit BASE Limit BASE
combination (Smorra 2017) (Nagahama 2017)

Minimal SME
Minimal SME

Non-minimal SME
Non-minimal SME
Non-minimal SME

Non-minimal SME

|by|
* byl
|BXX 4+ BYY)
A
“ |BAE + b
= [BA2

< 1.8 x 1024 GeV
<3.5x10% GeV
<1.1x10% GeV?
<7.8%x10° GeV?
<7.4x10° GeV?
<2.7x108 GeV?

3 orders of magnitude improvement in limits

<2.1x10?%2GeV
< 2.6 x 1022 GeV
<1.2x10°GeV?
<8.8x107 GeV1!
<8.3x107 GeV!
<3.0x10° GeV?

(DiSciacca 2013)
<2 x 102! GeV
<6 x 102 GeV
<1x10° GeV
<1x10° GeV!
<2 x10° GeVt
<8 x10° GeV?

A. Mooser et al., Nature 509, 596 (2014).
J. DiSciacca et al., PRL 110, 130801 (2013).

Y. Ding and V. A. Kostelecky Phys. Rev. D 94, 056008 (2016).
V. A. Kostelecky, N. Russell, arXiv:0801.0287v12 (2019).

C. Smorra et al., Nature 550, 371 (2017).
H. Nagahama et al., Nat. Comm. 8, 14084 (2017).




ﬁ@ Progress towards a better g/m measurement

_ — T - ) N 04
= 55 L e Better stabilisation of %Os
a experiment ] cryoliquid pressure, £
= o / . O 02
= 404 temperature Improves g
Q . ‘er- = 0.1
=R 1 100mHz ¢ magnetic stability Q| ~.Jan2018
9 3.0 m 9% 200 400 600 800
> o \_ b) time (s)
C B : T | /#' =
@ 154 sdebandimit18ppb. - 55mHz 1 [ ]
a ]
o 1'0__ AD-noise-level (S5C 60 to 100) MeChan|Ca| Upgrade
D o5 more stable and
0.01— | | | | | | superconducting magnet

lower heat load ..

means fewer e
\vibrations

time (h) e e
~ D — ——

= | VLT

/ peak measurement technique

_ ‘ J. Harrington, M
— - [t | _ I orcher Next step:
= WWWWWWM _ Also, tunable axial | _ er p ATRAP
g = _,H‘ «-— | £ detector removes |2 w et Spectroscopy o
g» 25Hz 3 dominant 2014 - two particles in &
B L TR systematic e trap.

. ol \." - “ru ; 11 z
Frequency(Hz) 45 -10 -05 00 05 10 15
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