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Content

* (Anti)hydrogen spectroscopy and CPT / Lorentz invariance
* Status of antihydrogen hyperfine measurement in a beam: CPT

* Hydrogen and deuterium in-beam hyperfine measurements: SME coefficients
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Antihydrogen experiments

* Matter-Antimatter Symmetry

* Charge conjugation-Parity-Time reversal:
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Matter/antimatter symmetry

* Macroscopic: antimatter in the universe * Microscopic: particle — antiparticle

Mass (GeV/c?)
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EW, Phys. Part. Nuclei 53, 790-794 (2022).

arXiv:2111.04056 [hep-ex]
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Comparison of CPT tests
* Mass & frequency

Mass (GeV/c?)

10727 10724 1072 10°18 10-15 10712 107° 10°® 103 10° 10°

~* 1071 10777 1071 107 10 1 * Synopsis: CPT violating
I existing results B e < Iinteraction appears at the
current goal - level of Lagrangian
atomic:fountain
- 5 * Relevant scale: absolute energy
H precision [N p-p
: I <°-<° * Plot
Maser | ALPHA (@B~1T) :
N IENNNNNEEE 4 vis2s Nare 557, 71-75 (2018) * Right edge: value
fountain| : B HF e ALPHA Nature 548, 66-69 (2017). * Bar length: relative precision
e B HAv. . ALPHANature 578, 375-380 (2020). * Left edge: absolute sensitivity
aI;Om'C ; P. Crivelli et al, PRD 94, 52008 (2016). S PDG
— [ J °
eam “ p-B q/m BASE Nature 601, 53-57 (2022). Ource:
: ]
10-12 107° 10°® 10°® 10° 10°® 10°® 10° 10%'? 10%
Energy/h (GHz) EW, Phys. Part. Nuclei 53, 790-794 (2022).
, arXiv:2111.04056 [hep-ex]
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Hydrogen spectroscopy Antihydrogen results

TRANSITION FREQUENCY (Hz)

e VL (B =1.0337T)=
— CLrJ;rCel;Ln 2,466,061,103,079.4(5.4:)1(HZ 1
p * B-field induced shift 310 MHz

* theoretical
uncertainty g—ythshifted , @[ . —12
. * Avis_as [ Vis—2s = 2% 10
v experimental
values for
hydrogen

Do e yHe (B - 0) =0.99(11) GHz 2

H-H H — 0
* Avas_2p/ Vzs—2p = 11%

\ f
"ot 1/420[405751[768](1) " Viips(B = 0) = 1,420.4(5) MHz 7
Acplup) - . | * Avijrs'/ Vips = 4x 107
AcpTfre)
AcpRp) 1Ahmadi, M. et al., Nature 557 (2018): 71-75.

2Ahmadi, M., B et al. Nature 578, (2020): 375-80.

X(antiparticle) — X (particle) ' Jrom V{{_S_ZS and V{I_S_ZP, A
ASACUSA Aepr(X) = p‘X(pamcle)p E. Widmann DISCRETE 11 Nov 2022 3ppmadi M et al. Nature 548 (2017): 66—69.
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Ground-State Hyperfine Splitting of H/H

* spin-spin interaction positron - antiproton

16 M Me L
. . P 3 e 'p o )
. : Vp = _ _ a“c R
Leading: Fermi contact term 2 (ﬂ L +m, M,pun Y
TRANSITION FREQUENCY (Hz)
Hydrogen HFS and QED: finite size effects 012 4 108 03 100 103
| 11 |1 1 1 |1

H: deviation from Fermi contact term: -32.77(1) ppm *

finite electric & magnetic radius (Zemach corrections): —-41.43(44) ppm VHFS 1 4 2 0 4 0 5"7 5 1 '7 6 8 ( 1 )
polarizability of p/p +1.88(64) ppm 1 0 1 -3 -6 10-9

remaining deviation theory-experiment: +0.86(78) ppm ACPT(L lp) o

1 q
C. E. Carlson et al., PRA 78, 022517 (2008) A cpTlie)
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Comparison of CPT tests: SME
e Standard Model Extension SME

CPT & LORENTZ

/ VIOLATION
(iy#*Dy — me — a5, y" — b, ysy"
— %H;VG'“V + ic,,y*D” wyﬁpv W =0.

D. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997)

LORENTZ VIOLATION

2t

x|

d F=1,m=-1 e
—""

* Minimal SME: only HFS o

¢ F=1,m=0

Bluhm, R., Kostelecky, V., & Russell, N., PRL 82, 2254—-2257 (1999).

* Non-minimal SME: 15-2S shows
higher-order CPTV

Kostelecky, V. A. & Vargas, A. J. PRD 056002 (2015). U |

b F=1,m=4+1

a F=0,m=0

=
.
=
S,
LY
=
-
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SME coefficient (GeV)
10-27 10-23 10-1° 10-15 10-11 107 103

H-H HFS

H-H 1S - 2S

K°-K° mass

p-p mass

p-p q/ :

p-p Mmagnetic moment
e~ -e* mass

e~ -e* charge

u* magnetic moent
e* manetic moment
d-d mass

3He-3He mass

1027 1072 107 1071 107 1077 1073
Relative precision

Source: PDG, Kostelecky & Bluhm arXiv:0801.0287
(updated annually)

EW, Phys. Part. Nuclei 53, 790-794 (2022).

arXiv:2111.04056 [hep-ex]
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ELENA @ CERN

Energy range, MeV 53-0.1
Intensity of ejected beam 1.8 x 10
g, Of extracted beam, m-mm-mrad, 4/4
[95%], standard

Ap/p of extracted beam, [95%], 81073
standard

ELENA operation started Aug. 2021

ASACUSA E. Widmann DISCRETE 11 Nov 2022 11
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In-beam HFS spectroscopy :z

0.0

v (GH2)

-0.5
-1.0
-1.5
-2.0

* In-beam measurement of ground-state
hyperfine structure of antihydrogen to
ppm-level and below

» Produce polarized slow (<100 K) H beam

* 1000

ASACUSA E. Widmann DISCRETE 11 Nov 2022

0.

SMI - STEFAN MEYER INSTITUTE

ﬁ ( F, M)=(1 =1 )

1 O1

(F,M)=(1,0)

(F,M)=(1,1)

(F,M)=(0,0)

= N

DI | 062 | IO.I|}4I | Oll}B | IO.ll}BI |
B (T)
* Resolution: line width Av~1/T~;
m/s, 10 cm:

e Av =7x107% for T=50 K
e > 100 H/s in 1S state into 47 needed

e event rate 1 / minute: background from
cosmics, annihilations upstreams

0.10

12
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ASACUSA Antihydrogen beam for HFS

| g gl

double cusp cavity sextupolei detector
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ASACUSA Antlhydrogen beam for HFS

* H production 1st time in
2010 in nested Penning trap

* Three body recombination
(»Rydberg states)

double cusp cavity sextupolei detector

28 | ASACUSA E. Widmann DISCRETE 11 Nov 2022 14
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ASACUSA Antlhydrogen beam for HFS

* H production 1st time in
2010 in nested Penning trap

* Three body recombination
(»Rydberg states)

* 1st observation of beam in
field free region 2014
* n<43: 6 H/15 min
e N<29: 4 H/15 min

a

— Mixing (n< 43)
[ ] Background

N. Kuroda et al,
Nat. Commun. 5,
3089 (2014).

Normalised counts/150 s

double cusp cavity !sextupole! detector

_\II‘III \II‘I\I|\II|I\I|\II|I\I|I\I|I\I
0 20 40 60 80 100 120 140 160 180 200
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* Three body recombination
(»Rydberg states)
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ASACUSA Antihydrogen beam for HFS
* H production 1st time in , v (e )

2010 in nested Penning trap ~ . p

l

d e o

[ B —

-\
y

'L & ’ =
o
. &

e 1st observation of beam in
field free region 2014

e N<43: 6 H/15 min

e Measurement of n
distribution 2021

* N<29: 4 H/15 min _ L e o
: l
a
— Mixing (n< 43) 1 : 1
w 10E [ ] Background : :
=) E ] |
Lt | |
N. Kurodaetal, 2 ! I I
Nat. Commun. 5, § 1E ' i i
3089 (2014). £ E i ! v pis
E. .0 - I I E (V/cm)
o 10 .
2 W double cusp ! cavity !sextupole! detector B. Kolbinger et al.
EPJ D 75, (2021) 91.

_\II‘III \II‘I\I|\II|I\I|\II|I\I|I\I|I\I
0 20 40 60 80 100 120 140 160 180 200
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Recent milestones

* Quantum number distribution 100 K colder electron plasmas compared to before

of H beam in field-free region * Meshes to block RF interference, better cooling
3-0 — 100 __ T T T T LR T T T T LR I__ ]_ E I I T I I T T I I T I T | T T T T E
I H candidates per run, 6s . - - C . ]
2.5 - { - estimated BG per run o i Compressed " a ~ Eva pOratlve 7
nmax>60 — ] = U]. == 1 . =
S 2.0 u_; . = E Coollng. E
] 1 Nmax=46...62 @ a . " U—?‘ - T=8K ]
E 1o %: ] " [ ] " [ " . E"’ 001 & |
a = " Low density = L E E
S 1.0 i~ = 5 :
J Mmax=29..39 Nepay=15..19 = SDREVC H=— = B ]
0.5 ¥ [T 10 + Low-n F—=—1 | j=] 0.001 E =
[ Trap(6K) === 1 2 ?\ N :
0.0 == ————— —————— I =¥ ‘II [ .
10 10 10 | == mmmm . mmm = - lfd||ll I|'|| §
E (V/cm) 0-0001 | NI TR T 0 A N NN WO NN SR NN SN N N
| . . L 10 100 0.98 0975 097 0965 0.96
B. Kolbinger et al. “Measurement of the principal quantum number Number of electrons {l[}E']
distribution in a beam of antihydrogen atoms” Confinement Potential (eV)
Eur. Phys. J. D 75, 91 (2021)
o TT : . . . E. Hunter et al. EPJ Web Conf. 262 01007 (2022).
15t H interaction with microwaves EXPECted 2023 C. Amsler et al. Physics of Plasmas 29, 083303 (2022).

arXiv:2203.14890 [physics.plasm-ph]
Sl ASACUSA E. Widmann DISCRETE 11 Nov 2022 17
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Hydrogen beam measurements

HFS spectrometer

source faamegs foriikar) detector
|
2 ol |5 2 superconducting quadrupole
. & % ol |2 3 sextupole mass
* Polarized source of cold hydrogen 2l[22] [£8 — spectrometer
* Primary goal: veritfy spectroscopy — =] == Tk
method: hydrogen| @& .
. source | _ |
* reproduce expected antihydrogen e — | r

beam parameters s R S S M e

* Use same spectroscopy apparatus ?'f? % T

| ! S

’t'w’Jf-,‘ A?

5

i
’
\

h
i
i

L

ey L
(= [————} [ Pa—% E——— g 1 [——— e [} E=—" A 1

]

‘L » ! "‘ T
3T oy it
v S|

Malbrunot, C., et al., NIMA 935, 110-120 (2019)

L J
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Excitation frequency v-v, (kHz)

o-transition in H using H setup Plwarcel

25
N
=
= 245 |
@
‘V -E
Frequency standard . =
(rubidium clock)  [P| MW synthesizer (<§ > =g T 24}
1 .
¥ el e Line width ~ 6 kHz: = |
[] . - |
y MW amplifier A A S 0 | | |
- I N 1 1 I 1 I -
B N AN
hi Detector o 4 p p @ E‘ b _|'“'-i - . ;|\ 4
s H IF m 3 O N - I
S| o S U 05 R \ / lﬂ| \ .
. QMSs - o ' K= ! ) Fo \
_ Helmholtz | Magnetic Ifs = N900 e LS e - o . S
z AHFS colls shielding |} g 3 (V m/S s e NN
. spectrometer # ] onization @ = =
R I -
I = “rc
H* (& ! i
Atomic hydrogen source Permanent Superconducting T 04t i :
sextupole Chopper sextupole = ! ! =
magnets magnet b S 02} | i cé. i
= | 1 =
Ifs Channeltron o ol F . T 410 g i
% =TT .
Strip-line cavity § =]
N H 5 [&]
g N 0.2+ | | | | ==
{ g S | 93 94 95
e 2 e 04|
5] Spectrum analyser @ |
e T 06|

Error 2.7 ppb: 18x improvement over

var=1 420 405 748.4(3.4)(1.6) Hz| s phys. Rev. 100, 1188 (1955) of
Received 4 Oct 2016 | Accepted 24 Apr 2017 | Published 12 Jun 2017 DOI: 10.1038/ncomms15749 OPEN DeViation from maser (Af/f~10_12) . 5 3 :
In-beam measurement of the hydrogen hyperfine 3.4 Hz< 1c error M |
splitting and prospects for antihydrogen _ B 4r o -
spectroscopy Extrapolation to H: 8000 atoms needed 2| —H

. T L . L . L . L
M. Diermaier’, C.B. Jepsen?, B. Kolbinger!, C. Malbrunot"2, O. Massiczek!, C. Sauerzopf', M.C. Simon', tO aChleVe 1 ppm —0.02 0.00 0.02 0.04 0.06
J. Zmeskal' & E. Widmann! Hyperfine transition frequency v, -v;, (kHz)
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Non-minimal SME & HFS o = = 20 oY) 750"
jm
» Extension to coefficients of arbitrary mass order ~ Hve = =, Ipl V@) G750 = 7,50,
kjm

p: momentum, k=2q, Y: spin-weighted spherical harmonics, w=e,p

CPT odd CPT even

* Hydrogen HFS
NR(0B NR(0B NR(1B) NR(1B
2T, = 2\/_ Z My ‘Zq (14 4042) Z 9'10(2(})(10 J Hw(zq)(lo ) — 29“*‘(2@)(10 — QHw(Qq)(m ],
w=e,p, m,: reduced mass
e Transformation to sun-centered frame Humphrey, M. A. et .

Siderial variations: constrained by maser to mHz 68, 063807 (2003).

NR,lab NR.S NR,Sun - NR,Sun . -
I, ot — {}kam' o cosﬂ][\/? Re Ky sind coswaTg + V2 Im Ky sindsinwgTs J

wEk10

Orientation dependence: unconstrained

. . A(27mr.) = 27 (B) — 27 (—B Kostelecky, V. A., & Vargas, A. J. PRD, 92, 056002 (2015).
* e.g. inversion of (#mvm) = 2mvn(B) = 2mve(~B)
. . . cos v NR,Sun(0B NR,Sun(0B NR,Sun(1B NR.Sun(1B
direction of B field = ——= > (ame) (1 +402) 3 [9uagiro ©B) _ f,,pssun(08) 4 gq, NSon(LE) _ gpy, NiSun(1E),
q=0 w
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H-beam and non-minimal SME

* 11, transition
* Better field homogeneity needed
* Inproved coils, shielding
* SME: effect only in m;
* Non-minimal SME: direction dependent

coefficients accessible by beam experiments
* Conditions

* Invert direction of B-field — data taken
* Rotate B-field — not yet
* Measure o, (no CPTV) as reference

ASACUSA E. Widmann DISCRETE 11 Nov 2022 21
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ASACUSA hydrogen beam line @ CERN

hydrogen beamline: — -_I_

Vi,
:"% sextupoles sextupoles

==
e 2l 2

20K hydrogen beam

-y

’_

atomic
—_— ~
» ! ...'
"l

teflon tube
“/ - |
aluminium

skimmer - ‘ block
beam axis

Permanent sextupoles
for focusing
B(r=18mm) =0.27T

[ gs(z)dz = 85 T/m
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Current status of B-direction dependence

e Extensive series of measurements in * SME coefficients
]an - Mar 2022 A2rv;) = 27nv,.(B) — 27v.(—B
(
* Sequence VO' (-I_B)’ VT[ (-I_B)I VO' (_B)I VT[ (_B) - cos v = 2q c NR,Sun(0B) NR,Sun(0B)
. . ~ Ar Z(“mr) (1 *4%2)2 [gwmq)w = Huag)10
e Data still blinded a=0 w
* Systematics investigation ongoing + 20w e D) = 2Huy e ]

 Current status

* First estimation
Error Av, (+B) — Av, (-B) ~ 210 Hz (10)
* Current status of analysis

* cos 9~ — 0.26 (angle B, earth axis)

+ g=0, both p,e: o' < 6.4x10720 GeV
< 2.1x107%° GeV

(preliminary)
Error Avy, (+B) = Avy (=B) ~ 71 Hz (10} « dto. gNRSUN(iB) [ NRSun(0B) 1 NRSun(1B)
close to final 0. 9p10 ,Hyqo ,Hyqo

2te | ASACUSA E. Widmann DISCRETE 11 Nov 2022 23
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Polarized Beam State Analysis & Detection
hfs

Prospects B I s o=

Ifs

* Current limitation:
* Low sensitivity of v, at low B (few Gauss)

* Improvement: magnetrometry

* Improvement of precision
* Current H beam (50 K, 1 km/s): ~ Hz
* Angle B, Earth axis: / 3
* Colder beam (6 K, 250 m/s), Ly.,=10—30 cm: / 10
* Ramsey-method: / 10+

n=5

* Best: gravitational quantum states

* Reflection by Casimir Polder potential
* also applicable to H

\
° E~ V ; : ; e ;
pe E[pe‘ﬂ

Zs
n=4
73
n=3
\
Z n=2
\
n=1
71 Potential well — .
- GR/ \SI/ N

a9 | ASACUSA E. Widmann DISCRETE 11 Nov 2022 24
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Deuterium HFS and SME

0.5 - ] o1 3/2+1/2 > 1/2+1/2 7
1] 021 3/2-1/2 > 1/2-1/2 K
0.4 - — - = - N 3/2+3/2 --> 1/2+1)2 o )
oo Mal 3/2+1/2 > 1/2-1/2 L7 e
0.3 - ] S oMbt 3/2-1/2 > 1/2+1/2 ¢ P
0.8 - - - - n3 3/2-1/2 ->3/2-3/2 .~ Lo

Kostelecky V. A., Vargas A. J. Phys. Rev. D 92, 056002 (2015)

Se(F, mp) = ——

0.2 - o)
0 /i,_  3/243/2 (u+1) s | T
o 01 =< s — 3/2+1/2 (u, 0) 9
8 i ~ — 3/2-1/2 (u,-1) 5 06 o i
@ 0 o1 |o2 T~ - fﬁig Eg'é)) L g « (T NR(0B) | 57 NR(1B)y (123)
% -0.1 | 1 /241/2 (d',+1) . E P - e[Z2gq)10 E{Zq)10 -
~ o2l | G 04 - -
03| I : * 0, and o, show sidereal variations
o4r : 2 |+ Enhanced sensitivity of q=1 (10°)
0.5 - ] .
: - - - N and 2 (10'®) : relative momentum p,d
Magnetic Field Strength (mT) 0 10 20

 Also oscillations at twice the sidereal

Nafe, J. E. & Nelson, E. B. The hyperfine structure of hydrogen and deuterium. EeNncy occur
Physical Review 73, 718~728 (1948). * Plan: sit in-minimum of o, and look for

siderial variations

Magnetic Field Strength (mT)
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Double split ring resonator

mm

-200 -100 0 100 200

1Resonator width

’, 50
Inner radius (1) " "
s (th) - - 10 mm
_ . -50
Shield Radius (R) d
0
mm
1/2 y
A2 (noth VP e (1482
w0=27rf0= (1+A—1) <n ) £ AZw l_» -
2 Tw ) o \ 1+ 4% z — ——< 10
-2 -1 0 1 2
Ay = and Az = 7[R? — (ro + w)?] Eigenmode B field

M. Mehdizadeh, et. al., Loop-gap resonator: A lumped mode microwaveresonant structure. IEEE

Transactions on Microwave Theory and Techniques, 31(12):1059-1064, Dec 1983. A N a n d a (S M I)
‘ 2
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Resonator, static B-field, magnetic shielding

» [Vlain solenoid

» CF150 chamber

» Graded turns

» Side solenoid

» Resonator half
= shells

Suco box
housing for
external
capacitive
tuning

» Aluminium tube

]— 3 layer shielding

v vy

/ » Resonator gap
/ » Pin connection: Feedthrough to Resonator

I » Resonator mount inside chamber

ASACUSA E. Widmann DISCRETE 11 Nov 2022
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Expected resolution

* H beam * Lineshape simulation
* T=50K, v~1km/s, cavity length d=10 cm: * optical Bloch equations
* AVFWHI\/I ~ 1/ TOF = 10 kHZ State occupation of High Field Seekers vs. Frequency
7Tl transition
¢ D B,=3.9 mT, T=6 K

v24, o2
0.35 I

s mp=2my: vN2 o l

+T=6K*  ©/,/50/6 ~0v/2.9 ﬂ
3

ed=30cm v/ % : | — FwHM <573z
+ AVeyp ~ 0.8 KHz i
» Start of experiment ~ fall 2022 S ol
005 /\ | /\
N

* Cooper et al. Review of Scientific Instruments 91, 013201 (2020).

Transition frequency v [GHZ]

a9 | ASACUSA E. Widmann DISCRETE 11 Nov 2022
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Summary and outlook
LLIF )

* ELENA@CERN-AD started operation verwssenschatisonds. | N [
* new results on spectroscopy and gravity expected f d kH L_/ |

e In-beam HFS measurement of H

* H formation rate and temperature being improved ...;-,-..
* First microwave experiment expected in 2023 .'-:-g

........
L [ ]

* H and D beams for testing SME

* vyrs(H) for different B-field orientations: experiment finished, data analysis ongoing

* vyrs(D) : experiment in preparation

ASACUSA E. Widmann DISCRETE 11 Nov 2022 29
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The end
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Setup ASACUSA Pl A2

22Na positron source

Antihydrogen
detector

Positron accumulator

MUSASHI

Double cusp magnet

N B 7Y, %
Positron source @& 3%
A Ty

N .
- ’> 3
" P
a7
P
¥
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First observation of H beam

—_ a _
* H beam observed with 5 0 significance : — Miing (n< 49
. 10E [ ] Background
* 1543 (field ionization) -
= -
[ ) _E —
* 6 events / 15 min s L
[ =
E =
[ ) [ ) [ ) [ ) [ ] t_ﬂ :
* significant fraction in lower n :
S 1071 &
e n<S29:3 0 -
® _I 1 1 | 1 1 1 | I | | 1 1 1 | 1 1 1 | | | 111 | 1 1 1 | I 1 | | L] |
e 4 events / 15 min 0O 20 40 60 80 100 120 140 160 180 200
E (MeV)
* T~ few ms
Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.
Scheme 1 Scheme 2 Background
Measurement time (s) 4,950 2,100 1,550
N. Kuroda', S. Ulmer?, D.J. Murtagh3, S. Van Gorp?, Y. Nagata®, M. Diermaier?, S. Federmann®, M. Leali®’, | Double coincidence events, N 1,149 487 352
C. Malbrunot®¥, V. Mascagna®’, O. Massiczek? K. Michishio®, T. Mizutani', A. Mohri3, H. Nagahama', Events above the threshold
M. Ohtsuka', B. Radics?, S. Sakurai®, C. Sauerzopf?, K. Suzuki4, M. Tajima', H.A. Torii', L. Venturelli®/, (40MeV), N- 40 99 29 6
B. Wiinschek?, J. Zmeskal®, N. Zurlo®, H. Higaki®, Y. Kanai3, E. Lodi Rizzini®’, Y. Nagashima®, Z-value (profile likelihood ratio) (o) 5.0 3.2 —
Y. Matsuda!, E. Widmann? & Y, Yamazaki3 Z-value (ratio of Poisson means) () 4.8 3.0 —
MATURE COMMURNICATIONS | 5:3089 |DOI: 10.1038,/ncomms 4089 | www.nature.com/naturecommunications
n<43 n<29
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Improving the rate of ground-state H

* Increase production rate * Stimulated deexcitation

[ ) [ ] [ ] (] [ ) [ ] *

* Positron temperature, density * Being studied using excited H* beam
I\"_|H—: I I T T TTTI | | i:': | | | I I
= Ny T4 —| [ 2 N(1) oxn2 —
E:F_ 107 ta_.) N(1y oc T-29 —--[7] é:ﬂ 109 |- N(1) oxnl? --- (b)_ o
% ne=1x10%m= 0|| 4 I =40K O na [ 2
% 10t m < T.=100K m lLas = 50 W/mm

e (1 THz and RF i
S inT L =1 IO“ ??"1"_'-‘t O n o inT L T'A =200K © N 205n£30 mixing 0.8 |-
o 10 m:wm” =3 . g 10" H7.=300K e ' guies- ,
= ne—1x 10U m=3 A|| & O [ " las = 30 W/mm
= " = < s
E 105 - — E 105 L O o rstim stimulated deexitation § = 2
% o "'é O with narrowband laser 5 - _ ILas =10 W/mm
7 ° R °© [
'-5 103 H“I: 103 O T o n'<< Ninit /
g 1071 12 10°F O " | 0.2 - las =0 W/mm?
- — . r fast spontaneous decay I
S A = o spont  to ground state /
53 | "-..,‘ 33 R -/
T gl s 15 e il .m0
N 10° - vy - 100 o 7 0 10 20 30 40
‘_5 ) B i E ! Time in microseconds
= =
= L Lol /% = 2
= 10— V=1 =1 T | S 1| _
< 0 102 <~ 107 T 145 15 155 16 165 17
T [K] logio(ne) [m™]
Radics, B., Murtagh, D. J., Yamazaki, Y. & Robicheaux, Phys. Rev. A 90, 1-6 (2014). Wolz, T., Malbrunot, C., Vieille-Grosjean, M. & Comparat, D. Stimulated decay and formation of

antihydrogen atoms. Phys. Rev. A 101, 043412 (2020).
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* Stripline cavity

[ L ¥ see
Experimental constraints issceaiy o

» Different B-field dependence ¢, m, "'I" ‘

* 77, more sensitive to homogeneity e o i 4 e 3

= 3 b B o 2 R

* Selection by orientation of B, B,,, il % i

transverse field: o

20 homogeneous longitudinal field:

.5 H (FM)=(1,-1) 4000 ‘ Je— | cos(z)

—h
o
IIII|IIII|IIII|IIII

<
Z 3000 |
I Q =
¢ 0.0- g 2000 B £
> 05" (F.M)=(1,1) = oo | 1420.7 | g ©  Line shape by
~r 2 i o . .
Jof % 1000 | 1420.6 | < s Solving optical
B 0o E 14205 1 E 2 Bloch equations
1.5 - (F,M)=(0,0) 500 + 1420 4 I I L . O 0.5 8_ f . I I .
- 0 0 2 4 6 8 10 £ 2 or single velocity
_ T T T T I I I 1 c B
000 002 004 006 008 0.10 0 200 400 600 800 1000 = 0
Magnetic Field Strength (Gauss) )
B (T) £

0

-10 -5 0 5
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1, measurements and zero-field frequency

* Two ways:
* Extrapolate v, ;(B;) for various B;
* Measure v,(B;) and v;(B;) at same B; and

extrapolations to zero-field

—— —— — 0.410
. . . 20 gt n-transitions —_— gt o-transitions ~ ------ <
t P t P
solve Breit-Rabi equation for vy and B, 5 ata ata loa0s 3 _
SN16 | ST
5= {0.408 §
5 9 5 9 =Q12r , =S
2 2 23 . 3 23
gn/givz: —4g v + 49 v, + g2 (20, — Vy) =t _ . E 0407 27
Vo = E @ © s
2 2 = a L (C 5 i =
9% +9- Y T e - 0408
— q; + 2ol I . 13
9+ = 91 = 4gJ 8380 : : e SUREEEEEEE AR EELEELEEEES S «1 028
c P -1 F + 1-1 © @
s pf® e fd |55
: o -0.5-0.4 -0.3-02 -0.1 0.0 0.1 0.2 0.3 04 0.5 -0.5-04 -0.3-0.2-0.1 0.0 0.1 0.2 0.3 04 0.5
vo [Hz] Relative error vo — viie [Hz] current in McKeehan-like coils (A) current in McKeehan-like coils (A)
o extrapolation 1 420 405 767(15) 1.04 x 1078 15
71 extrapolation 1 420 405 760(34) 238 x 1078 8 > | > |
Mean value of the two extrapolations 1 420 405 766(14) 9.96 x 107 14
v, and vy determined at same static 1 420 405 753(8) 5.60 x 1077 | 8 Hz
magnetic field
E. W. et al., Hyperfine Interact (2019) 240: 5
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First results on B-field direction dependence

*Vv;(B) — v;(—B) by inverting coil current e Av, = vdata _ v,erxpecwd for B, —B
* Ensure same B-field: v,
- e positive current negative current ]
* From Breit-Rabi formula > f
0 1]
® 'S
B\? 5 — 7900 l : -
Vy = V02-|- M; —>BG=\/V§—V§*— 5,:-1000~ + ]
\ h K- 4 1s00f A | 7
g Preliminary!
- 2000 -
2 5 !
1 B _B -2500 - ]
2 h \ h
. Current [A]
* Test run, issues with frequency reference
te = 1gelustgpin * Offset arbitrary
* High quality & statistics data under blind
analysis
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Test setup DSRR

ASACUSA
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