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The PS-AD/ELENA complex @
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ALPHA physics program: spectroscopy and gravity

e Repeat on antihydrogen the measurements done on hydrogen over time
o Asmany as it is reasonable, and maybe a few more (we don't have a wide selection of anti-elements to choose from)

e With the best achievable precision

o A mix of old and recent techniques

o  Using today’s state of the art techniques, e.g., in metrology

e Taking into account the special environment constraints imposed by dealing with antimatter
o  Strong inhomogeneous magnetic fields to confine anti-atoms

o To study anti-atoms, we must make them
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The “Antimatter Factory”: two accelerators in tandem
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e AD (Antiproton Decelerator) since 2000
o Decelerate to 5 MeV kinetic energy

e  ELENA (Extra Low ENergy Antiproton) since 2018
o 10 antiprotons at 100 keV per bunch

A Basic AD Deceleration Cycle
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ALPHA-2 and ALPHA-g

_ Magnets . Quter Vacuum Chamber (OVC)
UHV Space OVC (Heat Shielded)
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- Electrodes under UHV . TPC / Silicon Detector Volumes

Catching ALPHA-II Blaar;‘nlilne
Trap Atom Trap odules

European Research Council
Established by the Eurogean Commission

3m

Interconnect
Magnet

INFN

PISA

INNOVATION

nada
for Innovation pour Pinnovation

Superconducting
External Solenoid

ALPHA-g
Atom Traps

e**

Positron accumulator
not shown




ALPHA-1 (2005-2011) and ALPHA-2 (2012-) CNFN

e ALPHA-1 designed to establish anti-hydrogen confinement
e ALPHA-2: upgrade of ALPHA-1, with optical access added, optimized for laser spectroscopy




ALPHA-2 and ALPHA-g

e ALPHA-g (2018-) added to allow gravity studies

o First mention of gravity studies in vertical ALPHA trap in 2008
M. C. Fujiwara (TRIUMF), Pbar08 proc., arXiv:0805.4082

e Designed for 10 ppm control over the magnetic fields
e All the sections share the same working principles




Catching antiprotons: Penning-Malmberg trap
100 keV antiprotons transverse a thin aluminum degrader

Axial confinement from voltages applied to electrodes (up to 5 kV)

o Trap ~2x10° per bunch

Radial confinement from strong magnetic fields (3to 5 T)
Co-trap with electron for sympathetic cooling

After initial cooling, may use lower fields

Uniform Magnetic Field

NN
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Accumulating positrons INFN
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S aNE=msesT . o e+ from “Na radioactive source (peak activity ~2.8 GBq)
P o e formed into a beam in vacuum using a solid neon
moderator (0.5% efficiency)
e lose energy and become trapped through inelastic
collisions with nitrogen molecules (25% efficiency)
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Positrons are evaporatively cooled, then sit there waiting for antiprotons (b)
Antiprotons are gradually moved closer to, and then into, the positron cloud (c)

Anti-hydrogen is formed in a three-body recombination process (1 s mixing)
o Then quickly cascade to the ground state (1< 0.5s)

e The remaining positrons and antiprotons are then cleared by electric fields
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Trapping antihydrogen

o Magnetic potential well U = -u'B
o 1T background field B_,

e Well depth: 0.54 K/ 50 peV

e (Good vacuum
o can keep trapped Hbar for several hours
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Releasing antihydrogen

e As of today, antihydrogen is revealed only by its annihilation
o No analog for hydrogen
e We can count the Hbar in the trap by lowering the magnetic fields

o Asthe trap is lowered, hotter antihydrogen escapes first, then colder atoms
o  The time and z profile of annihilations provide means to estimate Hbar temperature

e Antihydrogen is imaged by position sensitive detectors
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Detecting antihydrogen

e Track annihilation products in a silicon strip detector
(ALPHA2) or a radial TPC (ALPHA-g), self-triggering
o Vertex position tells something about ejection mechanism
o  Hbar escaping the confining fields annihilates on electrodes
o Confined Hbar also annihilates on residual gas in the trap
o Main reducible background is cosmics

e Resolution limited by multiple scattering
o octupole, trap walls, cryostat, vacuum chamber ~

Petteri Pusa and Joseph McKenna (U. of Liverpool) with
then TRIUMF grad student Andrea Gutierrez

P. Pusa et al, 2012 JINST 7 C01051

P. Pusa et al, NIM A 732 (2013) 134




Antihydrogen
spectroscopy

C Amole et al, Resonant quantum transitions in trapped antihydrogen atoms, Nature 483, 439 (2012)
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What can we learn?
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e Compare hydrogen and antihydrogen spectra: if GPT holds they should be the same

e CPT should hold in the usual (local, Lorentz invariant) QFT, but may be broken in other cases
e.g., when trying to introduce gravity, Lorentz invariance may be broken

(@)

(@)

or in non local theories [Physics Letters B 699, 177 (2011)]

e Standard Model Extension (SME): effective model with Lorentz violating terms (CPT and CPTV)

(e]

[arXiv:hep-ph/9810269] (i D, —m, — a5y — b5y
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Theoretical guidance @

e (Constraints to SME coefficients from

o Single particle measurements in Penning trap (e.g., in the proton sector, BASE at the AD)
o “Instantaneous” comparison of transition frequencies in H and Hbar
o  Sidereal variation of measured properties

e Framework to classify (and maybe compare and combine) different experiments
o Different systems probe different combinations of (specie-dependent) operators
o f, -f, largely uninteresting
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Studying the hyperfine structure of antihydrogen INFN

PISA

e To study the hyperfine structure, the most promising B e e |
. Hardy et al., ,

approach is looking at the NMR d-c transition 2500\ M. Hayden, LERP 2013

o Broad maximum at 0.65 T, 10-%-107 precision within reach ool
m [ransit time broadening

o Requires a resonator for 654.9 MHz microwave
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e ¢-b and d-a transitions are more easily accessible
o difference of frequencies ~ constant with B
o at high B, these transitions flip the positron spin and push
the atom from the trap
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Studying ground state hyperfine splitting of antihydrogen INFN

PISA

»  Vacuum 3 Mirror coils

e Microwaves are injected from the diagnostic “stick” .
e MCP with phosphor screen for imaging plasma

Annihilation  Electrodes -

detector Microwave
injection horn
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Abrupt onset associated with minimum in magnetic field

o  The difference between onsets is the GSHF (21 cm line) frequency
o The position of the onset can be used to monitor the B-field.
Initially limited by statistics

Long tail is related to temperature

o  Hotter Hbar travel to regions of higher B, where the transition
frequency is larger than at the minimum

The power at the two frequency may be different: the
electrode stack is a waveguide with a

frequency-dependent pattern of nodes
o Lineshape need not be the same for the two transitions
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Electron Cyclotron Resonance to measure magnetic field

PISA
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o | Friesen et al, New Journal of Physics 16 (2014) 013037 doi:10.1088/1367-2630/16/1/013037

<> ED Hunter et al, Phys. Plasmas 27, 032106 (2020) doi:10.1063/1.5141999




Measurement protocol

e Synthesize and trap antihydrogen

e Irradiate with microwaves, cycling between transitions  c» wansiton—
¢-b transition tail may extend under the d-a peak

(@)

e Release and count surviving atoms

(@)

(@)

Transition probability (arbitrary units)

on/off-resonance measurements adjusting B and uw-frequency
turn off microwave to understand loss mechanisms other than
positron spin-flips

e 100 MHz (30 Gauss) safe offset given B uncertainties
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Gateway to antihydrogen spectroscopy

e We can count the residual Hbar after irradiation to show that we are hitting the resonance
o  Not an efficient way to run spectroscopy
e looking at the distribution of annihilations as they happen is a better approach

o  Associate signal to frequency: can run a full scan in one go, avoiding normalization issues
o Provides info about other mechanisms of Hbar losses

o  For PSR, obtain for free a real-time monitoring of the magnetic field variation at the center
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Antihydrogen trapped per hour

Antihydrogen production trends INFN

: i e Avoid depletion issues when scanning a
10° 5 : 5 ; spectrum by keeping power low
=2 o Smaller signal, longer scans, worse S/B
- 82 1 8 = o Improve background rejection
3 i e [rradiate more Hbar
0 =t 52 o achieve precision with fewer iterations
£ = o larger signal for the same power, better S/B

e Adiabatic, evaporative & cyclotron cooling
+ :

P o ®= Be™ cooling 18

2008 2010 2012 2014 2016 2018 2020 2022 2024 16

)

Calendar year

(a)

Pulsed rf heating of positron in ATHENA
Fujiwara et al, PRL 101, 053401 (2008)

e Accumulate Hbar through several synthesis cycle
before physics study (stacking)

e |mprove Hbar production

o Eg. by reducing positron temperature (20K to 7K)
[CJ Baker et al, Nat. Comm. 12, 6139 (2021)]

Vertex counts (arb. unit)
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Counts

Spectroscopy with ALPHA2 @

e PSR is a workhorse of spectroscopy in ALPHA

o Monitor B field variations — :Zﬁﬁi;ﬁ’

o Measure or select d or ¢ population, and/or temperature s,

. . . L2, 1) 28,

e Techniques used in virtually all spectroscopy results e
P2, 4y 2P

o Eg., two-photon 1S-2S spectroscopy
o Used to select d-states
o f(18-23),, = 2,466,061,103,079.4(5.4) kHz [Nature 557, 71 (2018)]
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What lies ahead @

e Study daily and annual variations of transition frequencies | P T
o need to speed-up “gear-up” phase at the beginning of the year ESE e e
. ol B s
o Study (matter) hydrogen in the same apparatus o Q| M UL
o control systematics in H-H comparison ey T LT
o work in progress by several groups of the collaboration. However: g S
o Non-cancelling SME effects in [ f(1S-29), . - f(18-28) ] = i
o measure and compare this to hydrogen td et 8 /_/_\&S o e ayis
o could cancel many systematics without measuring H in ALPHA f AT
o maybe slightly worse reach than NMR S v 11 18,
20? \12“ ' 172, 1y 1S
o NMR(f,)is sensitive to roughly the same SME effects g o SO0 S0l
o  Plans to add resonator in next Long Shutdown et ’
e PSR can serve as control/calibration for NMR A §(18-28), , = 0(a?)
o  Benefits from large volume of flat B field " 1 )
o Ability to shape B field helps AMEA(18-28) = cos(tan” (51 mT/B,))<0(1) + O(a’)

28
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Long+boost octupoles: minimise field errors due to fabrication tolerance
in central (“precision”) region

Symmetrise magnet history to mitigate effect of current loops induced
by field changes

Passive and active shimming to correct non-uniformity of background

solenoid field
o ~20 G non-uniformity to ~4 G non-uniformity, then further correction with coils

A free-fall experiment for antihydrogen is an ideal testbed for magnetic
field control

reflected copy
(same current) mirror
"xfr G F EDCB A coils

boost
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Chukman So (TRIUMF)

https://www.bnl.gov/magnets/alpha/




Free-falling
antihydrogen

EK Anderson et al, Observation of the effect of gravity on the motion of antimatter, Nature 621, 716 (2023)

30



Direct and indirect measurements INFN

e Force measurements with different elements

o constrain WEP violations from varying binding energy
o different proton-neutron fractions and kinetic energies
e Clock (gravitational redshift) measurements on antimatter (kaons, antiprotons)

o  specie dependence of fluctuations: do limits from kaons apply to antiprotons?
o limits vary from 107 to 1% depending on the assumed gravitational potential (Earth, Sun, Local cluster?)




Vep — Vep 3P

= o, — 1
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ag,D — 1 \ < 003
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= (ag,p — 1) - time (d)
Ravg c? ’ O(f)
[S. Ulmer et al (BASE), Nature 601, 53 (2022)] ' » data taking periapsis
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Virtual antimatter @

Virtual antimatter in elementary particles that are their own

antiparticles [arXiv:1207.7358] _ G R
_ o _ V=-=mm,(1¥ae +be )
o rely on a particular form of WEP-violating interactions (e.g., vector and scalar r

o evaded by models in which corrections only depend on flavor but not on the mass
(some limits of SME, fifth force)

Virtual antimatter content of matter particles with structure

combining force and clock measurements [arXiv:0907.4110,
arXiv:1303.2147]

o rely on CPT (to some extent, e.g., to model the behavior of antimatter in the
system under study) and most (all?) of the above

Indirect evidence suggests discrepancy between matter and
antimatter is <1% [arXiv:0808.3929]
With some assumptions these limits may reach the 10-5-108 level
33




2022 experimental campaign

b) alysis Coil dg

o Motion of antihydrogen is due to a combination ... 2
of magnetic-trap and gravitational field org ot
Transfer Coil —|=_|

e Use the magnetic field difference between top
and bottom mirrors to compensates gravity

o For hydrogen: m, g Az/ u,~4.53G
o  Compare to trap depth of ~ 4 kG

e [n 2022 only the lower trap was used:

o  Deeper trap, fewer manipulations, larger statistics
o  Worse accuracy, larger history-related effects
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Measuring the potential unbalance

After synthesis and trapping, the long octupole is
ramped down, leaving only the shorter trap

(@)

O

Set a difference between top and bottom mirror fields

Some fraction of antihydrogen is lost in this step
We assume this fraction is constant in all runs

Mirrors gradually lowered to release antihydrogen

(@)

o

Common mode power supply to control the ramp
Second power supply to keep the difference between mirrors

10A

Bulk current
supply

=20 0 20 40

Iimg+sh0rt octupole:
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Measuring the potential unbalance @

Uncompensated Over-compensated

e Antihydrogen explores the trap until it finds a way out
o Short octupole remains on: atoms escape from the axial ends
o  Magnetic field at saddle points must be well characterized

potential/ G

e [f barrier is asymmetric they prefer escaping on one side

o  Relative proportion of atoms escaping up and down depends on
Hbar dynamics on the timescale of the mirror ramp-down

e Study the asymmetry of annihilations
o  Must correct yields for detection efficiencies
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Measure magnetic fields in dedicated control runs
o rely on reproducibility
ECR maps static field along axis (at different ramp stages)
+ method based on phase of ExB drift to study varying fields
o less accurate, but faster, than ECR [A. Christensen, UCB]
Results are integrated into a 3D field model
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Temperature and simulation | INFN

o Simulate the trajectory of single atoms

e The asymmetry curve gets steeper

o  for slower ramps
o  for colder atoms

e (Colder atoms exit last

potential/ G

No-gravity simulation
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Detection efficiency asymmetry

Events
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Antihydrogen released during long-octupole ramp-down assumed to be a reproducible fraction

of the total number of trapped atoms

Assume all other losses are negligible/reproducible across all mirror-field configurations
Derive efficiency from ratio of yields during long-octupole ramp-down and mirror-release

o Should exhibit a linear trend with the asymmetry observed during the mirror-release

Simulated annihilation location
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Data @

2 calibration sets with large mirror-field asymmetry in either direction
o  Force all antihydrogen to escape from a single side

Physics data at 11 different values of magnetic field
o ~200 events over 6-7 runs for each set (50 stacks)
o Not fully chosen beforehand: feedback from analysis (not blind)

Fit the efficiency-corrected asymmetry of counts in up-down regions
No hint of annihilations on background gas in z distributions
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Fit to model from simulation

e a =[0.75+0.13 (statistical + systematic) + 0.16 (simulation)] g

1.0

—e— Normal gravity simulation
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Result

INEN

PISA
e Demonstrated sensitivity to gravity effects on antihydrogen in the magnetic trap
e Main systematic uncertainty from octupolar perturbations with zero component on axis
o As much as allowed by tolerances of the winding, and critical current of NbTi
e Some systematics scale either with statistics, temperature, or improve in precision trap
o Other will require improvement in the characterization of the apparatus, or a better technique
Table 2 | Uncertainties in the bias determination Table 3 | Uncertainties in the determination of ag
Uncertainty Magnitude (g) Uncertainty Magnitude (g)
ECR spectrum width 0.07 Statistica_l and Finite data size 0.06 Elm ramp:
Repeatability of (B;—B,) 0.014 SEtematio Calibration of thg detector efficiencies inthe 0.12 slow ramp:
Peak field size and z-location fit 0.009 Hpiand d.own reglons 0.03
Field decay asymmetry (A to G) after ramp 0.02 correlated _ _ Gihee rTwlnor e — . 0ot
Bias variation in time 0.02 Simulation Modelllng‘of the magnetic fields (on-axis 0.16
model and off-axis)
Fisld motdelling 865 correlated Antihydrogen initial energy distribution 0.03

Summary of the uncertainties in the derived bias values, expressed in units of the local
acceleration of gravity for matter (9.81ms™). See Methods for definitions and details.

Summary of the uncertainties involved in the determination of the gravitational acceleration
ag. The uncertainties are one standard deviation and are expressed in units of the local
acceleration of gravity for matter (9.81ms™). See Methods for the details.
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Does it say anything about antimatter-matter gravity? INFN

PISA

Proton Quark e Protons and antiprotons have a structure
~ s Antiquark o  Valence quarks account for a small fraction of the proton mass
© "‘ © | o Virtual quark-antiquark pairs is almost ~10x more
P! f' COC My o % of the proton is kinetic energy of confined quarks and gluons
® "%
Og \L'-ﬁ':\__ . . . . .
© 7 e® & .4 e Different forms of energy in (anti-) atoms and nuclei could gravitate
A A8 .
$o il differently. In each model:
o2 @o % o How does gravity couple to binding energy? (constrained by torsion pendulum exp)
cluci e o How does gravity couple to virtual particles? (inside the nucleon and in cosmology)
Sea o  What’s the role of flavor content of the valence particle?
quarks
43
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Outlook for gravity measurements @

e Moving from antihydrogen to antimatter is not straightforward
o  Sensitivity to antimatter effects is reduced: require better precision
o  Requires a thorough analysis that could provide some light on these questions
o Proposals to study lepton systems exist (e.g., muionium)

e 1% precision is a reasonable target for first measurements
o  Similar to initial AEgIS goal

e further precision may require upgrade to allow fountain spectroscopy and atom interferometry
o Could allow to address 106 range

e Also clock-tests with spectroscopy (e.g., annual variations) by pushing precision there
o  Need to setup the experiment quickly after long year-end shutdowns
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Trap field for radial confinement @?\1
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Run by run reproducibility: 2 MHz
Background solenoid field value accurate to 10 Hz (3 Gauss)

o 40 MHz systematic uncertainty in B_. : discrepancy between measurement and model of
magnetic trap contribution

Table 1 | Series summaries for the ‘disappearance mode’ analysis

Series Relative microwave Relative magnetic field Number of attempts Antihydrogen detected Rate Comment
frequency at trap shutdown

1 OMHz OmT (B = B4 79 1 0.01 +0.01 On resonance (Fig. 3b)
2 OMHz +3.5 mT (B2 = BP) 88 16 0.18 + 0.05 Off resonance (Fig. 3c)
3 +100 MHz +3.5 mT (B4 = B®) 24 1 0.04 = 0.04 On resonance (Fig. 3d)
4 0 MHz +3.5 mT (B2Xis = B®) 22 7 0.32+0.12 Off resonance (Fig. 3¢)
5 Off OmT (B2s = BA) 52 17 0.33 +0.08 No microwaves

6 Off +3.5mT (B2 = B®) 48 23 048 +0.10 No microwaves




INFN

PISA
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p = fractional ramp progress INFN

Magnetometry results are integrated into a 3D field model

B(zap) = Bbabcock(z> + BSOCt(z)

Wire model field, from currents we provide

+Bymag(2)IvaB(p)+Byvcs(2)IvaB(P)

- ) Exponentially saturating component
+ A("’)(l o exp(—p/O 1346)) from magnetron results B
don’t control
- BreSO (2) (1 - p) + Bresl (z )p Residual to account for ECR

O(1 Gauss) precision, much better around the saddle points

Particle pusher uses field to evolve anti-atoms through the entire experimental sequence
— Obtain the expected escape bias as a function of gravitational acceleration
— Field model is critical as antiatoms escape off-axis
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Electrostatic clearing of antiprotons

fihzya Lett B 695 95 (2011) & New J Phys 14 015010 (2012)

o
g
=

of p, -qV (eV)
o

on-axis mag.

Field, B (T)
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potential energy

—
n
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5
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The Si Vertex Detector

Uniform field Full H trap field

SOOIUEA 1O JOquINN
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projections of
annihilation event
distributions during p/e*
mixing (H synthesis)

Phys Lett B 685, 141 (2010)
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The CERN accelerator complex
Complexe des accélérateurs du CERN

CMS

'North Neutrino |
LHC ! Area :
: T
ALICE S Gl B LHCb
TT40 141
SPS S
e £ AWAKE
[ 2016 |
HiRadMat A o
T
= MEDICIS
AD ELENA
ISOLDE
BOOSTER 1 B . ieeeans ,
K RIBs REX{HlE- : East Area 5
= ¢ ISOLDE ' :
¥ - W aa.
n_TOF T2 M - > <t :
2 PS H :
X 3 ProTmmmeemeeeee !
LNAC 4
> LEIR CLEAR
Bues -
D H™ (hydrogen anions) b p (protons ) ions ) RIBs (Radioactive lon Beams) ) n (neutrons) ) p (antiprotons) ) e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE-ISOLDE - Radioactive

EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //

n_TOF - Neutrons Time Of Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform

) p (muons)

INFN

PISA

56




o Tofirstorder f -f,_does not depend on the magnetic field
e Equal to the ground state hyperfine splitting (21 cm line)

e We can compare our measurement to the value in hydrogen
o orany other feature of the spectrum

e |f CPT holds they should be the same

A AN .
E = FE, 00 — Z— + \/(5-) - (/J,BB)z_ ___ full calc.

- — —- weak field
........ strong field
A A
E:EnOO+ZiMBB

ol




Brief history @

et e

e First antihydrogen - with GeV
energies - produced at LEAR
(now LEIR) in 1996

e Followed by Fermilab in 1991
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The PS-AD/ELENA complex

A.:‘., &

Gdld antihydrogen produced at
ATHENA and ATRAP in 2002

ALPHA succeeds to ATHENA in 2005 E
Hbar confinement in ALPHA in 2010
and in ATRAP shortly afterwards

B Vi =
N‘” ;_.kﬁ_ -
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ELENA (NN

e Kinetic energy goes from 5 MeV to 100 keV, efficiently
o 107 antiprotons per bunch (every 2 minutes)
o Goncurrently provide beam to several experiments
o Allow 24/1 operations over the full beam season

e [ncrease number of experiments:
o AEgIS (antihydrogen)
ALPHA (antihydrogen)
ASACUSA (antihydrogen, exotic atoms, scattering)
BASE (antiprotons)
GBAR (antihydrogen)
PUMA (otg antiprotons)
ACE (antiprotons for cancer therapy - completed)
ATRAP (antihydrogen - completed

O O O O O O O

o INFN (2 staff + 2 junior) participates under the
umbrella of sigla LEA in CSN3




