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Cláudio Lenz Cesar 
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Updates on the 1S-2S spectroscopy of antihydrogen 
 at the ALPHA* experiment at CERN

RENAFAE

Motivation

Making, Trapping  and Laser Spectroscopy of Antihydrogen

Laser cooled data with analytical lineshape: parts in 1013

Proof-of-principle for H in the same anti-H trap: parts in 1015,16…

Brief gravitational fall of antihydrogen

Summary and Perspectives

*ALPHA @ PSAS-2026:  Abbygale G. Swadling (following talk), Edward Thorpe-Woods (talk Monday-ETH), 
Maria Beatriz Gomes Goncalves (poster Monday: Be+ cooling of e+)
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Genesis:

Let there be particles: 

  Matter & Antimatter

but … the primordial 

       antimatter disappeared
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https://www.hmc.edu/physics/research/colloquium/why-are-we-here-matter-antimatter-asymmetry-of-the-universe/

Matter

Antimatter

https://www.hmc.edu/physics/research/colloquium/why-are-we-here-matter-antimatter-asymmetry-of-the-universe/

Mirror Universe ?? (speculation yet) CP violation ?? (not enough seen yet)

  no good scientific explanation for our 
Universe devoid of primordial antimatter
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CPT symmetry (base of the Standard Model)
Symmetry Operations / Background 

“P” - parity, space inversion: -r  <=>  +r 
“C” - charge conjugation: e-  <=>  e+ 

“T” - time reversal: -t  <=>  +t 

P(’57)          CP(‘80)                              Hydrogen (1s-2s)           

C. Yang 
1957 

T.D.Lee 
1957

J. Cronin 
1980 

V. Fitch 
1980

”Two-Photon Spectroscopy of Trapped Atomic 
Hydrogen”, Claudio L. Cesar, Dale G. Fried, 
Thomas C. Killian, Adam D. Polcyn, Jon C. 
Sandberg, Ite A. Yu, Thomas J. Greytak, and 
Daniel Kleppner, John M. Doyle, PRL 77, 255 
(1996) 

2 parts in 1012 resolution 

“Improved Measurement of the Hydrogen 1S–2S 
Transition Frequency”, Christian G. Parthey, 
Arthur Matveev, Janis Alnis, Birgitta Bernhardt, 
Axel Beyer, Ronald Holzwarth, Aliaksei Maistrou, 
Randolf Pohl, Katharina Predehl, Thomas Udem, 
Tobias Wilken, Nikolai Kolachevsky, Michel 
Abgrall, Daniele Rovera, Christophe Salomon, 
Philippe Laurent, and Theodor W. Hänsch, PRL 
107, 203001(2011) 

4 parts in 1015 accuracy
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CPT Theorem 

Quantum Field Theory 
Lorentz Local invariance 

Flat space 
particles  X antiparticles 

opposite charge, but 
same mass, magnetic moment, mean life, ... 

atom X anti-atom 
same quantum structure
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CPT symmetry (base of the Standard Model)
Symmetry Operations / Background 

“P” - parity, space inversion: -r  <=>  +r 
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“T” - time reversal: -t  <=>  +t 
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Hydrogen”, Claudio L. Cesar, Dale G. Fried, 
Thomas C. Killian, Adam D. Polcyn, Jon C. 
Sandberg, Ite A. Yu, Thomas J. Greytak, and 
Daniel Kleppner, John M. Doyle, PRL 77, 255 
(1996) 

2 parts in 1012 resolution 

“Improved Measurement of the Hydrogen 1S–2S 
Transition Frequency”, Christian G. Parthey, 
Arthur Matveev, Janis Alnis, Birgitta Bernhardt, 
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Philippe Laurent, and Theodor W. Hänsch, PRL 
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SM: Any reason to doubt? 
neutrinos’ masses 

µ (g-2) = ? 
(Gravity) 

Dark Matter 
Dark Energy 

Early Universe  
(primordial antimatter) 

Naturalness, fine tuned? 
SM parameters ? 

Why not test H x Hbar? 
- Precision Frontier -
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“CPT and Lorentz Tests in Hydrogen and Antihydrogen”, Robert Bluhm, V. Alan 
Kostelecký, and Neil Russell, PRL 82, 2254 (1999)

Graching/MPQ webpage

MPQ, Garching web page

laser

3 - Main Motivation:  
(Bariogenesis) 
-where is the primordial antimatter?  
-Beyond Standard Model physics? 

beyond models/theory …: 
- neutral, cold antimatter ! 

ATHENA(1997)/ALPHA(2006) Collaboration @ CERN’s: Antihydrogen vs. Hydrogen

Hg
  g - ∆g  ?

H

2S( 122 ms)

1S

2P

1 
R

y 
= 

13
.6

 e
V

La

24
3 

nm
24

3 
nm

1 - CPT theorem, base of the Standard Model:

H vs. Hbar

2 - Equivalence Principle: g, or g+-∆g ??
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H (1S-2S): Bohr, R∞, QED, HFS, QCD=proton charged radius rp

(from Randolf Pohl)

-13.7 GHz

-2.7 GHz
+1.06 GHz

𝛿𝜈1𝑆−2𝑆 = 120Hz ⇒

𝛿𝑟𝑝/𝑟𝑝 ≈ 1 × 10−4

if

𝛿𝜈1𝑆−1𝑆 /𝜈1𝑆−1𝑆 ≈ 5 × 10−14

mailto:ccesar@cern.ch
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(how) Penning trapping - pbars (dynamic load)
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(how) Penning trapping - pbars (dynamic load)
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(how) Penning traps - e+ accumulator (Surko type) + Atom atom

(3) Atom trap - synthesis of Hbar

(1) Catching pbars trap
(2) Positron accumulator

(5) Slow merge - synthesis of Hbar

Rotating wall: e+ compressing

(4)

mailto:ccesar@cern.ch
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(new) 2025: e+ sympathetic cooling by Be+ laser cooling

Antihydrogen accumulation

G. Gabrielse et al. Hyperfine Interactions 44.1 (Mar. 1989), pp. 287–293(Before) Be+ cooling

(After) optimized Be+ cooling

*Maria Beatriz Gomes Goncalves (poster Monday: Be+ cooling of e+)
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ALPHA2: Pbar annihilation = pions imaged in a silicon vertex detector

4D tomography

mailto:ccesar@cern.ch
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ALPHA ~ Ioffe-Pritchard 
8-pole + pinch coils

S      N        N       S

Magnetic Trap: spin = small magnet

Ioffe-Pritchard 4-poles
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ALPHA-1 Fields' Configuration: Penning and Magnetic Trap
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CERN’s Antiproton Decelerator (AD)
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Hbar formation, trapping, cooling, spectrum, falling

1997 Founding of ATHENA - AD (pbars @ 5.3 MeV ~ 6x1010 K)   
2002 First synthesis of slow Hbar ~ 100-1000 K 
2006 Founding of ALPHA - AD 
2010 First trapped Hbar ~ 300 mK 
2013 1st limit on charge anomaly Hbar  
2016 AD-ELENA : pbars @ 100 keV ~ 109 K 
2018 First 1S-2S Hbar Spectrum ~ 2x10-12 
2021 Laser cooling (Ly-alpha) ~ 10 mK 
2023 ALPHA-g first gravitational fall of Hbar  
2024 Adiabatic expansion cooling of Hbar 
2025 Laser cooled Be+ (e+ sympathetic) higher production rate 
2026 many results soon in the press

1 eV ~ 104 K

mailto:ccesar@cern.ch
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Hbar laser spectrum

2018

12 significant figures! The most accurate measurement on antimatter!
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Cryogenic Optical Cavity: 
designed & made in Brasil

(ECR)B-field
measure

26. Oliveira, A. N. et al. Cryogenic mount for mirror and piezoelectric 
actuator for an optical cavity. Rev. Sci. Instrum. 88, 063104 (2017). 
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H vs Hbar 1S-2S comparison: 2 parts in 1012

Spectrum and measured frequency: 
2 x 10-12 compatibility: Hbar & H(projected-Garching)

Nature 557, 71(2018) 
ALPHA Collab.

       fd−d(H) = 2,466,061,103,080.3(0.6)kHz 

 fd−d(anti-H) = 2,466,061,103,079.4(5.4)kHz 

Ground Trapped

States - 1Sd,c

Excited Trapped

States - 2Sd,c

mailto:ccesar@cern.ch
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Trapped Hbar (2018) in perspective: trapped H (1996) 
Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Nature 557, 71(2018) 
ALPHA Collab.

Matter, 
Trapped

AntiMatter, 
Trapped

Q(H:1S-2S) ~ 2 x 1015 !

far fr
om being fully

exploited!

mailto:ccesar@cern.ch
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Trapped Hbar (2018) in perspective: trapped H (1996) 
Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Nature 557, 71(2018) 
ALPHA Collab.

Matter, 
Trapped

AntiMatter, 
Trapped

Q(H:1S-2S) ~ 2 x 1015 !

far fr
om being fully

exploited!

Daniel Kleppner (1933-2025)

H-Maser (w/ N. Ramsey)

Inhibit spontaneous decay: cavity-QED

Rydberg H/Li in high fields: Q.Chaos

H+ ’BEC father’ (w/ T. Greytak)

Evaporative Cooling (w/ H.Hess)

biggest BEC ever
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Laser cooling of Hbar : hours of cooling!!
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Laser cooling of Hbar: tables

9+6 ~ 15 hr
laser cooling
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Laser cooling of Hbar: tables

9+6 ~ 15 hr
laser cooling

(new) ToF fit (Levi Azevedo):
thermal transverse
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.𝑎(𝑡′ ) = 𝑖ΔΩ𝐴𝐶(𝑡′ )𝑎(𝑡′ ) ⇒

𝑎(0)(𝑡) = Exp
𝑖 8𝜋𝑃𝛽𝑎𝑐

𝑣𝐿𝑤0
𝑒−2 𝜌2

𝐿
𝑤2

0 1 + Erf( 2𝑣𝐿

𝑤0
𝑡)

ℏΔΩ𝐴𝐶(𝑡)

.𝑐𝑖(𝑡) = − 𝛾𝑖(𝑡)
2 𝑐𝑖(𝑡) ⇒

𝑐(𝑡) = 𝑐2(𝑡)Exp − 𝜅𝑖𝑤0 𝜋/2
4𝑣𝐿

1 + Erf( 2𝑣𝐿

𝑤0
𝑡)

Quasianalytical Lineshape for (anti-)H 1S-2S spectroscopy 

dress with laser field: ac Stark

include ionization

( |𝑎⟩ → |1𝑆⟩)

⃗𝑣𝑣𝐿

( |𝑐⟩ → |2𝑆⟩)

some extra approximations

Doppler-free 2 counterpropagating photons

time-of-flight broadening:  F. Biraben

Magnetic trap: shift + broadening

𝑤0

mailto:ccesar@cern.ch
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Thermal sample in the trap: 𝐵(𝑧) → 𝛿𝜔𝑐𝑎(𝑧), 𝑛𝑎𝑡(𝑧)

Quasianalytical Lineshape for (anti)H 1S-2S spectroscopy 

Lineshape theory: Levi Azevedo & CLC, PhysRevA.111.012807 (2025)

Validity

mailto:ccesar@cern.ch
https://journals.aps.org/pra/pdf/10.1103/PhysRevA.111.012807
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Comparison to OBEs ("gas in box”) Comparison to OBEs in trapSingle atom crossing laser head-on

ρL = 0

Quasianalytical Lineshape for (anti-)H 1S-2S spectroscopy 
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1S-2S Hbar Spectroscopy - Simulation for blind analysis of 2023 data - laser cooled sample
1S-2S Hbar spectroscopy ⇒ parts in 1013-14 (2023 data)!! 

here only simulation, no meaning of central freq.!

High-statistics MC Simulation (OBEs) : F. Robicheaux (ALPHA) 
Lineshape Fitting theory: Levi Azevedo & CLC, PhysRevA.111.012807 (2025)

typical ALPHA-2 laser cooled conditions

initially blinded

±40Hz
⇒ ± 3 × 10−14

ALPHA manuscript under preparation:keep an eye for it!

mailto:ccesar@cern.ch
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Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Phys. Rev. A 59, 4564 (1999) 
C. L. Cesar, D. Kleppner

Hbar Spectroscopy Objectives: resemblance of trapped H!?

 2s - metastable state (122 ms) 

2-counterpropagating photons: Doppler-free 
time-of-flight & Zeeman

mailto:ccesar@cern.ch
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Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Phys. Rev. A 59, 4564 (1999) 
C. L. Cesar, D. Kleppner

Hbar Spectroscopy Objectives: resemblance of trapped H!?

 2s - metastable state (122 ms) 

2-counterpropagating photons: Doppler-free 
time-of-flight & Zeeman

reinterpret time-of-flight 
as momenta exchange 

laser <-> atom+trap
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Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Phys. Rev. A 59, 4564 (1999) 
C. L. Cesar, D. Kleppner

Hbar Spectroscopy Objectives: resemblance of trapped H!?

 2s - metastable state (122 ms) 

2-counterpropagating photons: Doppler-free 
time-of-flight & Zeeman

𝛿𝑊 /𝛿𝐵 = 14GHz/T

Phys. Rev. A 64, 023418 (2001) 
C. L. Cesar

1s

2s

𝛿𝜈2𝑆−1𝑆 = (1/2)(186kHz(B/1T) + 387kHz(B/1T)2)
Zeeman+Diamagnetic (e B r)2/(8 me)

𝛿𝜔res ≈ 200rads−1

𝛿𝜔res/𝜔 ≈ 1.3 × 10−14

reinterpret time-of-flight 
as momenta exchange 

laser <-> atom+trap

mailto:ccesar@cern.ch
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Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Phys. Rev. A 59, 4564 (1999) 
C. L. Cesar, D. Kleppner

Hbar Spectroscopy Objectives: resemblance of trapped H!?

 2s - metastable state (122 ms) 

2-counterpropagating photons: Doppler-free 
time-of-flight & Zeeman

𝛿𝑊 /𝛿𝐵 = 14GHz/T

Phys. Rev. A 64, 023418 (2001) 
C. L. Cesar

1s

2s

𝛿𝜈2𝑆−1𝑆 = (1/2)(186kHz(B/1T) + 387kHz(B/1T)2)
Zeeman+Diamagnetic (e B r)2/(8 me)

𝛿𝜔res ≈ 200rads−1

𝛿𝜔res/𝜔 ≈ 1.3 × 10−14

reinterpret time-of-flight 
as momenta exchange 

laser <-> atom+trap

1s-2s superspectroscoy 
possible with harmonically  

trapped cold atoms

mailto:ccesar@cern.ch
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ALPHA Frequency Metrology
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CLC,  J. Phys. B 49 (2016) 074001 (antiH issue)

27

H in the same anti-H trap: direct comparison to parts in 1015-18

Proof-of-Principle with 
antihydrogen: 

towards parts in 1015+

Lineshape theory:  
Levi Azevedo & CLC: PRA(2025)

ALPHA (Steven Jones - Groningen) manuscript under revision

20 kHz

Laser Excitation & 
Photoionization

Pbar/Proton 
Detection

Re-establish  
Penning Trap

X O

X O

X O

X O

X O

X O

MCP
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H-

Matrix Isolation Sublimation (MISu):  
(PRELIMINARY) proposal: H- for ALPHA Hbar trap

mailto:ccesar@cern.ch
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ALPHA-g : observe antimatter fall down 
CLC, Hyperfine Interactions 109 (1997) 293–304 

g

𝑚𝑔h = 𝑘𝐵𝑇

300mK ≈ 250m
𝜇𝛿𝐵0.5m = 𝑚𝑔0.5
𝛿𝐵0.5m ≈ 9gauss

in 1 T bias

mailto:ccesar@cern.ch
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19. Cesar, C. L. Trapping and spectroscopy of hydrogen. Hyp. Interact. 109, 293–304 (1997). 

ALPHA-g observation of antimatter fall

https://www.nature.com/articles/s41586-023-06527-1

𝑎𝐻 = (0.75 ± 0.13(stat + syst) ± 0.16(sim))g

mailto:ccesar@cern.ch
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19. Cesar, C. L. Trapping and spectroscopy of hydrogen. Hyp. Interact. 109, 293–304 (1997). 

ALPHA-g observation of antimatter fall

https://www.nature.com/articles/s41586-023-06527-1

𝑎𝐻 = (0.75 ± 0.13(stat + syst) ± 0.16(sim))g
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ALPHA-g observation of antimatter fall

https://www.nature.com/articles/s41586-023-06527-1
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ALPHA @ CERN 
1S-2S spectrum (2018 @ 10-12, 2026 @ 10-13,-14):  

(E&M, QED, QCD: rp ⇒ 1.2 MHz  while  ∂ƒ  ~ 300 Hz) 

⇒ very high precision 10-15…-18 : Hbar & H in same trap (proof-of-principle) 

laser cooling, µW spectroscopy, hyperfine, … 

ALPHA-g gravity fall: 

  
will CPT hold ? WEP ? Nature has the answer !? 

Conclusions/Perspectives/Acknowledgements

𝑎𝐻 = (0.75 ± 0.13(stat + syst) ± 0.16(sim))g
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Team UFRJ - moved into new lab in Rio

ALPHA-g ALPHA-control room AD hall
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LASER-IF-UFRJ 34

Ne or H2 solid film 

Implant species with laser ablation 

Sublimate the matriz at cryogenic 
temperature

Deposition Process

Ne
LiH

~ 4 K
Sapphire 
mirror

UFRJ - Matrix Isolation Sublimation (MISu):  
a general technique for cryogenic atoms, molecules, and ions

PH2

PNe

4 6 8 10 12 14 16 18
10!9

10!7

10!5

0.001

0.1

10

Temperature !K"

P
!T
or
r"

UHV
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a general technique for cryogenic atoms, molecules, and ions
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Matrix Isolation Sublimation Apparatus

mailto:ccesar@cern.ch


Claudio Lenz Cesar - PUCRio-StoneLab - 2025 - 
Universidade do Brasil

LASER-IF-UFRJ 36

Matrix Isolation Sublimation Apparatus

Sapph @ 4K

s-Ne

Fresnel : RNeVc = ( nNe − 1
nNe + 1 )2, RNeSa = ( nNe − nSa

nNe + nSa
)2

T =
RNeVc + RNeSa + 2 RNeVcRNeSa cos(2πnNelNe2/λ + ϕ)

1 + RNeVcRNeSa + 2 RNeVcRNeSa cos(2πnNelNe2/λ + ϕ)
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LASER-IF-UFRJ 37

Spectra of Li-7 (D2 line)

3 spaced ablation pulses

unresolved 17 MHz
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Spectra of Li-7 (D2 line)

0.8 GHz ground  
state hyp. split

3 spaced ablation pulses

unresolved 17 MHz
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LASER-IF-UFRJ 38

Heteronuclear Molecules: 
(magnetic dipole moment/electric dipole moment) 

Formation in the matrix: possibilities for exotic and weakly bound

Gas Tube 
(Ne,H2) 

Matrix 
(Ne, H2) 

Ablation 
Laser 

LiH 
LA 

≈4 K 

Copper 

NiCr film 
Sapphire 

Ca 

Li Ca  H! CaH, LiCa, …

Matrix Isolation Sublimation and Molecular Formation
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LASER-IF-UFRJ 39

Matrix Isolation Sublimation (MISu):  
cold anions: H-, Li-, …

B_sapphire = 293.2 mT
L = 493.366 m Rext = 35.8174 mm

Length = 10.15 mm
BSap

BTrap
= 0.92925

Reflected H ∼ 12.1859 %

B_trap = 315.523 mT
R_trap = 150.732 mΩ

L = 58.1528 m
mass = 3.45708 Kg
Length = 34.878 mm
RExt : 65.6972 mm
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First ion-trap in Brasil (nobody got interested before!?) 
• technique to generate cold cations and anions 
• main interest: H- for ALPHA 
• but also: Ca+ atom-chip-clock & Q.Computing
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LASER-IF-UFRJ 40

Matrix Isolation Sublimation (MISu):  
trapped cryogenic (mostly e-,  …)

Commun Phys 6, 112 (2023)

far-from-ideal ToF 
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LASER-IF-UFRJ 40

Matrix Isolation Sublimation (MISu):  
trapped cryogenic (mostly e-,  …)

H- to e- ratio

Commun Phys 6, 112 (2023)

far-from-ideal ToF 
different catching time
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LASER-IF-UFRJ 41

Matrix Isolation Sublimation (MISu - Rio) : cryogenic ions

preliminary

no trap
ping:

~ kelvins

to do:  
Accumulation of H-  / Li-  (?? 40 dB# ??) 
Axial access for Ca+ laser spectroscopy (Tions = ?) 
Two CEM’s: detection (-) and (+) simultaneous 
Molecular formation (triple well) => interesting cases?  
(C++ + A- => CA+ ?) 
H- (& other) Photodetachment (in magnetic field ?) 

-> H- (& other) evaporative cooling / scale up numbers and trap time

retarding ions (kelvins)?
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Matrix Isolation Sublimation (MISu - Rio) : cryogenic ions
New version: 2026

ETH- Zurich

Source: © IQOQI / M. R. Knabl

The quantum computer uses trapped calcium ions as qubits

Inspirations:  
Zurich and Innsbruck

laser
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UFRJ: H(e D e T):1S-2S spectroscopy: getting ready!

laser
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UFRJ: H(e D e T):1S-2S spectroscopy: getting ready!

Te_2 (@486 nm) 
Saturated 
Spectroscopy

ULE  

Cavity

WS-7 Wavemeter
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ALPHA @ CERN 
1S-2S spectrum (2018 @ 10-12, 2026 @ 10-13,-14):  

(E&M, QED, QCD: rp ⇒ 1.2 MHz  while  ∂ƒ  ~ 300 Hz) 

⇒ very high precision 10-15…-18 : Hbar & H in same trap (proof-of-principle) 

laser cooling, µW spectroscopy, hyperfine, … 

ALPHA-g gravity fall: 

  
will CPT hold ? WEP ? Nature has the answer !? 

LASER @ UFRJ 
MISu technique: => ions, H (D,T) : 1S-2S spectroscopy & trapping 

Application: robust & compact Optical Gravimeter 

Conclusions/Perspectives/Acknowledgements

𝑎𝐻 = (0.75 ± 0.13(stat + syst) ± 0.16(sim))g
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