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The Energy Content of our Universe
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Experiments at the
AD of CERN deal
with matter /
antimatter
symmetry and tests
of CPT invariance,
antimatter gravity,
asymmetric
antimatter dark
matter couling, and
nuclear physics
questions.




Matter / Antimatter Asymmetry

Ordinary matter 4.9%:

Combining the A-CDM model and the SM our predictions of the baryon
to photon ratio are inconsistent by about 9 orders of magnitude

Baryon/Photon Ratio 1018 Baryon/Photon Ratio 0.6 * 107
e | Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 10 000

B - violation
CP violation

Universe Mass Heavy Elements

Composition

Free Hydrogen
and Helium

NASA Figure

CPT violation

Baryon Asymmetry in the Universe (BAU)

One strategy to try to resolve this problem are technology-driven high precision comparisons of the fundamental STEP
properties of protons and antiprotons.



- CPT tests based on partlcle/antlpartlcle comparisons
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Currently six active AL
antiproton g/m I collaborations that perform
CERN precise tests of
antiproton g q fundamental symmetries
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comparisons of the fundamental properties of simple matter / antimatter conjugate systems




- Methods

* This community is performing measurements using quantum technologies at world leading precision...

g I Innovation and Technology
T

2 ‘ 7OmRE e Antihydrogen traps

N spin down

e Advanced multi-Penning trap systems
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) R L YR
Time (min)

* Ultra-stable ultra-high power lasers
* Transportable antimatter traps and reservoir traps
* Non-destructive spin quantum transition spectroscopy

* quantum logic spectroscopy AEgGIS

Non-destructive spin transition Sympathetic Cooling Quantum Logic Spectroscopy
spectroscopy Quantum logic inspired
antiprotons, Hbar +, and

positrons to laser-cooled
~170 mHg] Be+ions

| spinup

77 spindown Improves
| * spin detection fidelity
n yield
* Resolution in test of WEP

Laser Cooled Superconductors Production of Hbar via Charge
Exchange with Laser Excited PS

coupled Penning traps with common SC-LC Deep UV two photon
Ps*+p—->H +e” spectroscopy in

antiprotonic helium

p [ Atomic
Demonstrated reduction of SC-LC circuit il b | | fountain
temperature to sub-1K level i 1.7 15 microwave i

Similar methods to be applied for clocks

Axion detection / precision frequency (€ s production of Hbar+ion / H2+bar

measurements

R

...and is a vital part of the low energy precision physics community...




- Th e A D/ E I_ E N A Fa C | t i collaborations, pioneering work by Gabrielse, Oelert, Hayano, Hangst, Chariton et al.
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Spectroscopy of 15-2Sin
antihydrogen
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e
antiprotons 2

ASACUSA, ALPHA
Spectroscopy of GS-HFS in
antihydrogen

3.5 GeV/c
antiprotons

antihydrogen

-> Degrader -> 1keV Within a production/deceleration

-> Electron cooling -> 0.1 eV cycle of 120s + 300s of preparation % ' 4 ALP HA, AEgIS, G BAR

-> Resistive cooling -> 0.000 3 eV time we bridge 14 orders of % S 3 9 ‘ p ’l i | . .

-> Feedback cooling -> 0.000 09 eV magnitude S o ¥ 7 Yo PR W Sl 0~ Test free fa I I wea k equiva I ence
e Y - o4 < "' >, -~ i )

\ principle with antihydrogen

ASACUSA
Antiprotonic helium
spectroscopy

BASE, BASE-STEP
Fundamental properties

of the proton/antiproton, tests
< of clock WEP / tests of exotic
physics / antimatter-dark
matter interaction, etc...

antiprotons

Germany (apart from MPG)
not strongly involved in this
program

PUMA
Antiproton/nuclei scattering to
study neutron skins STEP

60 Research Institutes/Universities — 350 Scientists — 6 Active Collaborations
M. Hori, J. Walz, Prog. Part. Nucl. Phys. 72, 206-253 (2013).
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Continously increasing community
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- BASE —

radial confinement:

axial confinement:

B

N T
N

»

— r—>
[
=
2
o
3

B
1 [2C,qV,
( - |Zx2i’0
, VeSS on T m
1 1 2 2
l— | vy = 2 ve + _|vi — 2vg
1
Ve— v_== (vc - v - 21/22)
” Q 2 N

Penning Traps - Antiprotons

/Invariance Theorem\

V. o) v, = ’vf +vZ+v2
Axial v. = 680kHz
: Gives undisturbed 1 g,
Magnetron v_=8kHz access to cyclotron | =— LB
frequencies 2rm,,
Modified Cyclotron v, =28 9MHz \ /

Cyclotron Motion Larmor Precession

g: mag. Moment in units of

L

nuclear magneton

S. Ulmer, A. Mooser et al. PRL 107, 103002 (2011)
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S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)

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

High Precision Magnetic Moment




- BASE Measurements — Proton to Antiproton Q/M

o ot Result of 6500 proton/antiproton Q/M
£ .
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S T e p— Consistent with CPT invariance ~ S.Ulmer et al., Nature 524 196 (2015) | AEGIS
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e Set differential constraints on the weak
equivalence principle by measuring charge-to-

q ncep f pie by . ring 8 _ AR®) _ 3GMun —1)[ 11
mass ratio as a function of gravitational potential Ruvg o2 @gp 00 "0y
at surface of earth.

* Final data analysis is work in progress.
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-3000—fo|d Improved Antiproton Moment Measurement

New idea: divide measurement to two particles ear __Proton s, Antproton §,.,/2__ Collaborata thod
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. i . STEPp
first measurement more precise for antimatter than for matter...
Smorra et al. (BASE), Nature 550, 371 (2017) Schneider et al. (BASE), Science 358, 1081 (2017) Smorra et al.(BASE), Nature 575, 310 (2019)



To make these experiments better....

e BASE experiments limited by fluctuations
imposed by the CERN accelerator chain

Magnet cryostat

Electronics

\
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1.8 m

* Antiproton transport to dedicated precision |
laboratory space at HHU Dusseldorf.

New chair to support BASE Physics created at HHU in 2022 — clear long-term perspective of BASE Physics program
SFB-TR (DFG), with several BASE-related projects involved, in preparation (HHU/Mainz).




Overview — PUMA Collaboration

* General: Low-energy antiprotons to probe the
neutron-to-proton content of the radial density
tail of stable (ELENA) and unstable (ISOLDE) nuclei T

@ Captured

antiproton

* Main tools: transportable Penning trap and time

projection chamber for tracking of charged pions ®
D :
Aﬁgg?'lelectrons
100keV pbar Pulsed Drift Tube Transportable @) Pion er_nission“ and X rays
from ELENA decelerator ~4keV PUMA frame (electric charge conserved)
® ® [ } \ PS | ° 7. S BRUER . ‘ = :
= iyt
QIE - = 3 cryostat (50 K)

= 1 | » cryostat (4 K)

] J !’ 1 ball transfer unit
einzel lens o 1

\ it e— ) 1
‘A—"ﬁ—',;?——( S ————
ol

—y—

collision trap storage trap

v cylinder shutter
gate valve

conductance reducer

turbomolecular pump

rotatory motion feedthrough

Offline ion-source eV

 ADUC hopes to see trapped antiprotons in PUMA in
the 2024 run.

* Rich physics program beyond LS3 ==
explained in detail by Norbert Pietralla




- Laser spectroscopy of antiprotonic/pionic helium

b c
= o b
2 &
3 e . o
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E system beam transport Q°\°
: ¢ - «
> v L T
< 20 25 30 Cc';"':;’kov
Elapsed time (us) 2l
a (n, 1) = (36, 34)
pHe™: antiprotonic helium v, laseraa -
Virtual state
)
I ‘Avd
E (a.u) v, laser \AVAV\~
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2003: Laser spectroscopy with 80 keV beam of radiofrequency quadrupole decelerator PRL 91, 123401 (2003)

2005: Synthesis of cold two-body Rydberg antiprotonic helium ions PRL 94, 063401 (2005)
“HE 30 2006: First accelerator experiment to use femtosecond optical frequency comb PRL. 96, 243401 (2006)
2011: First sub-Doppler two-photon laser spectroscopy of antiprotonic atom Nature 475, 484 (2011)

2016: Gas buffer cooling of two billion atoms and antiproton-to-electron mass ratio Science 354, 610 (2016)
2020: First laser spectroscopy of an atom containing a meson: pionic heliumatoms ~ Nature 581, 37 (2020)
2022: Narrowing of spectral lines of antiprotonic atoms in superfluid helium Nature 603, 411 (2022) Y= P

2023: Dedicated group established in Mainz and Imperial College London to carry out research to around 2040.



@D Short/medium term goals

 Use cooled antiproton beam of ELENA instead
of uncooled beam of RFQD

5
. . . 10 T T
« Determine the antiproton-to-electron mass ratio
1836.1526734 (15).
« Test QED of antiprotons with 100x higher o 10°}
precision than before. (trap precisionlevel) & »
« Determine upper limits on beyond Standard 2 cormectionsa, .
Model fifth forces and spin-dependent forces. E 17 | " AD construcion ‘
o V \‘\ 7
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- Antihydrogen Production and rappmg

c Amoretti et al., Nature 419 (2002) 456
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ALPHA collaboration: Nature 468, 673 (2010)



- ALPHA — 1S2S Spectroscopy

Spectroscopy idea: Annihilation as a function of laser frequency. s
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Tests hydrogen/antihydrogen CPT invariance with a fractional precision of 2 p.p.t.
Future perspective: Laser cooling of antihydrogen just demonstrated

STEP

ALPHA collaboration, Nature 592, 35 (2021)



* Repulsive anti-gravity is an essential part of some
alternative cosmological models, such as e.g. Dirac
Milne, etc...

e Direct gravity measurements with antimatter waited
since the substance was discovered.

* Dropping charged antimatter inconclusive due to 38
oom difference in gravity/em interaction strength.

* Clock-WEP tests done by TRAP collaboration are model
dependent.

* First differential clock-WEP tests by BASE in 2022.
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BASE-Collaboration, Nature 601, 53 (2022)
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D Achievements Since the Start of the Program

AEIS
CEnEe——.-

* Advanced charged
plasma control
techniques

* Advanced magnetic
trapping

* High power UV-
laser technology

* Non-destructive
quantum-transition
spectroscopy

* Ultra-low-noise
trapping techniques

* Sympathetic
cooling and
guantum-logic
spectroscopy

Start of antihydrogen physics

letters to nature

Production and detection of
cold antihydrogen atoms

M. Amoretti*, C. Amsler?, G. Bonomi 15, A. Bouchta:, P. Bowell,

C. Regentus:
7%, Rouleaut2, . Testera, A, Varota-
. L Watsons & D. P. van der Werfs

u.-nui-o H, I.unm.

1, P. Riedler ,

PARTICLES AND INTERACTIONS | NEWS

Physics World reveals its top 10 breakthroughs for 2010
2

ALPHA
ASACUSA

BREAKTHROUGH

Resonant quantum
transitions in Hbar
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Fundamentality of CPT Invariance

* A relativistic theory which conserves CPT requires only five basic ingredients (Axioms):

symmetry
Lorentz and translation invariance READ: R. Lehnert, CPT i
Symmetry and its violation,
Symmetry 8 (2016) 11, 114
‘ Energy Positivity
Micro Causality (Locality) ‘

A stable without
momentum nor angular momentum

Parameterized in the Standard Model Extension

ynp iy Wyt Py yhy Yol dy

C +1 e =il s =il +1

P H 1 (-1 —(-1D* (DD D

. . o T +1 = (— 1) D* SCDAEDY DM
Unitary Field Operators Interpretation cpr + + » » + .




The Standard Model Extension

Which type of measureable signatures of these
«BSM» theories would be imprinted onto the
structure of the vacuum-box of relativistic
quantum field theories.

L =?

e Construct effective field theory which features:
* microcausality

KK and String theories

Loop-Quantum Gravity

Non-commutative FT

=Y CPT-V

c
o
=
©
>
=
o
=

Brane scenarios o
* positivity of energy

. * energy and momentum conservation
Random dynamics &Y

* standard quantization methods

models

photon energy (GeV)
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e SME contains the Standard Model and General Relativity, but adds
CPT violation

Expectation value / Mass Scale / Coupling strength

A _
L' W(T) - YT (i0)* + h.c.
Lorentz bilinear frequency (GHz) —

. . . Kostelecky, V. Alan; Samuel, Stuart (1989-01-15). "Spontaneous breaking of EBEB=
¢ Eg k=2 prOd uces attractive ba ryogenesis scenario Lorentz symmetry in string theory". Physical Review D. 39 (2): 683—-685.

Vis—2s

3.5x107*

17 x10-*

LOIIN|OSal |RUOIDEY)

6.9 x 1074

102 10-° 10~* 1072 10° 102 10%

(V)]
—
m
gel




D Laser-cooling of Antihydrogen (ALPHA-collaboration)

Culmination point of several decades of work by the ALPHA

collaboration Article . .
Laser cooling of antihydrogen atoms

* Laser (doppler)-cooling is one of the the workhorses in AMO

p yS I CS . https://doi.org/10.1038/541586-021-03289-6  C. J. Baker', W. Bertsche™, A. Capra®, C. Carruth®, C. L. Cesar®, M. Charlton', A. Christensen®,
Received: 21 July 2020 R. Collister®, A. Cridland Mathad', S. Eriksson', A. Evans’, N. Evetts®, J. Fajans®, T. Friesen’,
M. C. Fujiwara®™, D. R. Gill*, P. Grandemange®’, P. Granum®, J. S. Hangst®™, W. N. Hardy®,
Y I d e a . Accepted: 26 January 2021 M. E. Hayden'?, D. Hodgkinson?, E. Hunter®, C. A. Isaac', M. A. Johnson??, J. M. Jones',
o " 2 ' . ' 1
. Published online: 31 March 2021 S. A. Jones®, S. Jonsell", A. Khramov**?, P. Knapp', L. Kurchaninov’, N. Madsen', D. Maxwell',

J.T.K. McKenna®?, 5. Menary®, J. M. Michan*?, T. Momose**'*<, P, 5. Mullan', J. J. Munich™,
H H H H H H H H o] K. Olchanski’, A. Olin"*, J, Peszka', A. Powell", P. Pusa®, C. . R; "7, F. Robich e,
* Directional absorption, unidirectional emission of red-detuned e S . Seaath e D M s et S et
T.D. Tharp®, A. Thibeault*®, R. I. Thompson™*, D. P. van der Werf' & J. S. Wurtele®
photons

* Cools particles to a recoil «Doppler temperature»
* 3-D cooling by parasitic coupling of motional modes in trap
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Reduction of 1S/2S transition line width by a factor of 4. Heralds antihydrogen CPT tests at the sub p.p.t. level



Antiprotonic Helium (ASACUSA) . -
AW\ 6 NV
e Helium atom W|th one of the electrons replaced by an antiproton

pHe" atom
o | Direct (Farnham 95)

Frecueney ), : " www * Elegant and technically challenging
(ntmm o) = RaZ A2 <—,2 5 E) e . (") experiments on circular states lead to

i | measurements of the antiproton-to-electron

P (p) - € mass ratio Theory Pt % ] pHet : O 6 b

1 oy mass ratio (0.6 p.p.b.)
0.1 5:2665 0.1 5I267 0.1 5:2675 > pé!

* For exotic spin-1 bosons: general approach assuming rotational
invariance -> 16 spin dependent interactions (Moody- W|Iczek-
Dobrescu-Mocioiu formalism)
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* First limits on exotic antimatter/axion coupling derived



@D Interpretation

 Differential test of the weak equivalence principle AR(t) _ 3GM,, _ 11
. . - 2 ({Ig D 1)
comparing a matter and an antimatter clock Ravg ‘ o(t) O(ty)

o
~

e Derived limits for global and differental
considerations

0 100 200 300 400 500 600 700

agp — 1 < 0.03

apoapsis periapsis ALQ%
3rd of July

Rexp - Rtheo

3rd of January

* Constraints set limits similar to goals of f§
experiments that drop antihydrogen in t\g
gravitational field of the earth.

* Looking forward to these results, rapid

progress in ALPHA-g and GBAR, stay tunasia
for beamtime 2022 / 2023.

o

Rexp - Rtheo —

Broad band time base analysis is under evaluation



BASE STEP — C. Smorra — ERC HHU

April 2020: April 2022: April 2023:
Project start Starting at CERN ine Operation

Magnet procurement

Commissioning in Mainz

paJapJo sl 1ouse

Commissioning at CERN

Under development at
University of Mainz

kBASE magnetic moment measurement

Expected delivery AE§|S
window 12/21 to 03/22

&

e Apparatus has been developed, currently in the workshop,
likely operational late 2021 / early 2022.

Image-current
detelctors

Approved by CERN

C.Smorra Py L’



- BASE Measurements — Proton to Antiproton Q/M

Constrain of the gravitational anomaly for antiprotons:

w — W,p
—F P = —3(a, — 1) U/c?
wc’p

~ tests WEPCcc, in
aspects (vectors)
different to WEPff

/
Our recent result sets

an upper limit of

la; —1]|<19%x1077

Graviation Potential
A A

Distance

proton

antiproton?

Direct experiments planned by Aegis, GBAR, ALPHA

Planned Longer Term Measurements

0.2 0.4 0.6

time (d)

time'(d)

_ periapsis

apoapsis
3rd of January

3rd of July

e
Set differential constraints on the weak equivalence BISE
principle by measuring charge-to-mass ratio as a [ 5,
function of gravitational potential at surface of earth.
Final data analysis is work in progress. —
! Pros STE D

S. Ulmer et al., Nature 524 196 (2015)
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