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Low energy precision experiments to study SM

* Selected topics from LRP www.nupecc.org

- CP

* EDMs: P, T (CP assuming CPT is conserved)
* n: O-term, e: SM CP, SUSY, p, i

« Radioactive molecules (ISOLDE)
* Beta decay

* CPT and Lorentz invariance
- CERN-AD/ELENA
* Thorium clock (stability of fund. constants)

* Neutrinoless double {s decay

 Particle masses: 7~ He, K" He

E. Widmann ECR Workshop Vienna May 2024 3
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Low energy precision experiments to study SM

* Broad variety of experiments: NuPECC Long
Range Plan, to appear in fall 2024

* Tools (AT)
* Exotic atoms:

« H, Mu, Ps: QED and fundamental
symmetries, gravity of antimatter

* Hadronic atoms: low-energy QCD
* Ordinary atoms H, D:

- LIV —> CPT

» Short-range forces

« Cold and ultra-cold neutrons (H. Abele ATI)

* weak interaction, CKM, modified gravity

* Selected topics from LRP www.nupecc.org
- CP
* EDMs: B, T (CP assuming CPT is conserved)
* n: O-term, e: SM CP, SUSY, p, i
« Radioactive molecules (ISOLDE)
* Beta decay

* CPT and Lorentz invariance

- CERN-AD/ELENA

* Thorium clock (stability of fund. constants)
* Neutrinoless double {s decay

 Particle masses: 77 He, K He

E. Widmann ECR Workshop Vienna May 2024 3
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NuPECC LRP 2024 ch. 5
Fundamental interactions
and symmetries

PROSPECTS
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NuPECC LRP 2024 ch. 5
Fundamental interactions
and symmetries
(preliminary)

Box 2: Exotic Atoms: unique probes of the
Standard Model and Beyond

Exotic atoms offer a unique and complementary approach to
extracting fundamental constants, testing all known interactions
including the validity of the weak equivalence principle for
antimatter, searching for new physics while probing fundamental
symmetries. Recent years have withessed an impressive progress
in the field of exotic atoms driven by the development of improved
beamlines and trapping techniques, manipulation of the constituent
particles, quantum logic spectroscopy, and tremendous
advancement of technology (e.g. lasers, microcalorimeters, etc.).
The next decade promises great prospects for this multidisciplinary
research area, which merges different fields such as nuclear,
atomic, particle, laser, quantum information and plasma physics.

Fundamental Constants
Global Symmetries

Discrete Symmetries
BSM Physics

SMI - STEFAN MEYER INSTITUTE

What are exotic atoms? Ordinary
atoms: positive nucleus which interacts
electromagnetically with e

Exotic Atoms: replace at least one of the
two

« an e replaced
by any negatively charged particle
(muonic, pionic, kaonic and anti- proton
atoms)

. negative nucleus and
positive orbiting particle (anti-hydrogen)

nucleus replaced by a positive particle (e*e
positronium (Ps), y*e*muonium

E. Widmann ECR Workshop Vienna May 2024
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Antihydrogen experiments motivation

* Matter-Antimatter Symmetry

* Charge conjugation-Parity-Time reversal:

CPT HYDROGEN WIDOAAYH
* CPTV points to BSM physics —
15-2s : .
2 photon i 5
A=243 nm R -
Af/f=10"14

Ground state / ,

hyperfine splitting
f= 14 GHZ Bohr
Af/f=10-12

Dirac Lamb dmesl 761id

E. Widmann ECR Workshop Vienna May 2024 6
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Antihydrogen experiments

* Matter-Antimatter Symmetry * Antimatter gravity

* Charge conjugation-Parity-Time reversal:

 Weak Equivalence principle: WEP
CPT q P P

HYDROGEN N3ioO0AAYH
]
o S
2 A ZPM
S, I
_——— - 2Pvz -
! S =1
Bohr Dirac Lamb HFS 2iH dmsl 261id

ASACUSA E. Widmann ECR Workshop Vienna May 2024 7
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Antihydrogen experiments

* Matter-Antimatter Symmetry * Antimatter gravity
* Charge conjugation-Parity-Time reversal: » Weak Equivalence principle: WEP
CPT

CPT Symmetric Situation

HYDROGEN MIDOAAYH
Anti-Apple

N
0

Anti-Earth

Bohr Dirac Lamb HFS dmsl 261id

ASACUSA E. Widmann ECR Workshop Vienna May 2024

Not:

Anti-Apple
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Energy range, MeV 53-0.1
Intensity of ejected beam 1.8 x 107
g,y Of extracted beam, 4/4
n-mm-mrad, [95%], standard

Ap/p of extracted beam, 8-10-3
[95%], standard

ELENA operation started Aug. 2021
Currently being discussed:
program after LS3

SMI - STEFAN MEYER INSTITUTE

' _BASE STEP (RN @
ST g N :;nzags N

E. Widmann ECR Workshop Vienna May 2024 8



[N ]
AUSTRIAN

OAW A SCiEncEs SMI - STEFAN MEYER INSTITUTE

Comparison of CPT tests
* Mass & frequency

Mass (GeV/c?)

107#7 107#% 107 107 107*% 1074 107 107° 107° 10° 10° * Synopsis: CPT violating
B <xisting results s interaction appears at the
gurrent goa B level of Lagrangian
atomic fountain
H precision [N - * Relevant scale: absolute energy
: IR <-<° e Richt edee: value
maser | g e ALPHA (@B~1 T) 5 5S¢
| EENNENEENEE HHvis-s gy 7, 71-75 (2018). . .
atomic | : ) alure 957, 71775 (2018)-« Bar Jength: relative precision
fountain| : ] H-H Vs ALPHA Nature 548, 6669 (2017).
e W HAv.,, ALPHANaure578, 375-380(2020).  * Left edge: absolute sensitivity
atomic | P. Crivelli et al, PRD 94, 52008 (2016).
beam * p-p g/m BASE Nature 601, 53-57 (2022). * Source: PDG
. I
10'—12 10'—9 10'—6 10'—3 160 1(')3 1(')6 1(')9 10'12 10'15 EW, Phys. Part. Nuclei 53, 790-794 (2022).
Energy/h (GHz) arXiv:2111.04056 [hep-ex]

E. Widmann ECR Workshop Vienna May 2024 9
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Gravity matter - antimatter (hadron)

g = (0.75 £ 0.13 (stat.+syst.) £ 0.16 (sim)) g

=Bz E-E»H 3 H _ _
Analysis coil ";‘7’ % 3|2 3 8
S [EEfIS L St> $
= Mini-octupole “g' § g s 5 )
Y/ 1 s IEHsIEle M
] e a1 — —e— Normal gravity simulation
ﬁ : Transfer coil = (L€ 0.9 | —e - No gravity simulation 0.8
Upper MCP E --e-- Repulsive gravity simulation
; Viror ool G ¢ 16 0.8 Experimental data - 0.6
: (with bias) | N %4 »
Main solenoid OcB ‘ | \—‘I }' 0.7 /./ -1 0.4
\ — /
Barrel . , - 0.6 ‘ — 0.2 >
scintillator \ Mirror coil F - — | | \.|:| H 8 " £
- c .
Mirror coil E~ | | E Q_-c 0.5 ’ 10 E
Time projection | | k’“ H s 5).,
chamber \ Mirror coil D £ = 0.4 - -02 <
o 3 K .
Mirror coil C | | l] ‘g _8' @
Penning trap 8m | | I] « .g 0.3 - —04
electrodes ™\ Mimor coll B — ‘ | H | 2 0.2 s 4 06
-8
I\;:::jgehelium Mirror coil A — I___ N | Y 0.1 =— . R - - - -0.8
N | 0 | l l L l | | -1.0
16 -3 -2 -1 0 1 2 3
E:i(l:kground — H Bias (9)
Lower MCP and Capture | | -1 -24
electron source solenoid
et ’ | T Anderson, E. K. et al. Observation of the effect of gravity on the motion of antimatter.
enning |
trap - . 1 Nature 621, 716722 (2023).
electrodes | |
| T 1.0 1.4 1.8 2.2
E— - .
Antiprotons O Positrons u-wave, e*, e”and p Aoial field (T)

E. Widmann ECR Workshop Vienna May 2024 10
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Future program

» Laser cooling of H
» Higher precision for spectroscopy & gravity
- Gravity: interferometry 20 % — < 107° | o o

* New species

+ H} = ppe™: trapping, cooling, laser _
spectroscopy o)

‘\\— HD* (v,L):(0,2)>(8,3)

\ ]
§ P He (n,L):(32,31)-(31,30) T

- Key: formation

1 . . h h 10 % 1107

- Antideuteron & Antideuterium > ﬁflg;ie earch N NS
- Low yield, not so interesting (EW) e i
Featured in EXA/LEAP2024 conference 10 N J1o70
SMI/Vienna 25-30 Aug 2024 N |,

0.05 0.10 0.50 1.00 5.00

E. Widmann ECR Workshop Vienna May 2024 ATAl
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Spectroscopic signatures in SME

1
LDE

A

¥, ("id, —m,, + @‘Pw + h.c.

Q,,- sum of all Lorentz invariance and CPT violating terms compatible

with QFT: low-energy manifestation of unknown theory at Mp,

V.A. Kostelecky and M. Mewes, PRD 88 096006 (2013)

Hy == > 1ol oYV, e,

=
[l

kjm

k A NR(0B
—Z|P| Oij(p)ijkm( ),

kjm
- Z Pl Y m(D) (T, wl;Cl:flE) + Twl;;(l:le))
kjm
- ng},{n - aw?},{n,
8W1:;{,,fqp) _ HWkNﬁqP)

NR,lab NR,sun
NR,sun _:
- \/§Re7(w w1 sintcos wg Ty
NR,sun _: .
+V2Im¥k, w1 sindsinwg Ty,

E. Widmann ECR Workshop Vienna May 2024 12
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Spectroscopic signatures in SME

1
‘EDE

A

V.A. Kostelecky and M. Mewes, PRD 88 096006 (2013)

7‘{3 - = Z Iplk OY Jm(f)) (VWNR p: particle momentum

=
[l

¥, (¥ i0, —m,, +@‘Pw +h.c. w-epn

Q,,- sum of all Lorentz invariance and CPT violating terms compatible
with QFT: low-energy manifestation of unknown theory at Mp,

kjm

Jkm

k A NR(0B
—Z|P| Oij(p)Tw]'km( ),

kjm
k A /s~ NR(IE) NR(1B)
- Z |p| +1 ij(p) (lTw]'km + Tw]'km )
kjm g¢ NRlb  _ (. NR.sun cos ﬂ] Orientation dependence
— Cw?}r{n _ aw?}fm Isotropic (spin-independent) wk10 = Mwk10 J: B field - Earth rotation axis
( NR,sun _: )
g NR(qP) _ H NR(qP) Anisotropic (spin-dependent) - \/QRCWW k11 sin ¢ cos wGBTeB
Wk jm Wkjm °
+V2ImK,, " sin @ sin wg T,
\ y,
a, g: CPT odd

Sidereal variations
C, H: CPT even E. Widmann ECR Workshop Vienna May 2024 12
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Simultaneous measurement of ¢ and 7, transition in H

J/ -

(1) hydrogen source lock-in
reference

* Atom optics to create same

trajectories for HF states
involved in ¢ and x;
transitions

- New sextuples made of
permantent magnets

e T~50K, v~900m/s
» Cavity L =10.5 cm (4/2)
» Line width

- Av ~ 1/t; ~ 8 kHz

SMI - STEFAN MEYER INSTITUTE

(2) interaction region RF monitoring

strip-line cavity

r

H-source

chopper
hole wheel

~\

McKeehan

coils

B

stat

(3) beam detection

aperture

channeltron H*
aperture .\3 layer
. magnetic /
15t ring aperture shieldingJ beam rate J

E. Widmann ECR Workshop Vienna May 2024

Hydrogen beam @Bat 275 CERN

13
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Results of B-direction dependence

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v (+B),v, (+B), v, (—B), v,(—B)

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v (+B),v, (+B), v, (—B), v,(—B)
* Result of blind analysis

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14



1
o~ AUSTRIAN
OAW A SCiEncEs SMI - STEFAN MEYER INSTITUTE @

Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v (+B),v, (+B), v, (—B), v,(—B)
* Result of blind analysis

Av — Av_ = (19 £ 51)Hz

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v (+B),v, (+B), v, (—B), v,(—B)
* Result of blind analysis

Av — Av. = (19 = 51)Hz

V3n

cos 6

| (AV! — AV)) | =(0.9+£23)x 107*! GeV

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v, (+B),v (+B), v,(—B), v, (—B)
* Result of blind analysis

Av — Av. = (19 = 51)Hz

V3n

cos @

- @CERN: cos @ = — 0.26 (angle B, earth axis)

| (AV! — AV)) | =(0.9+£23)x 107*! GeV

AQ2mvg) = 2mve(B) —27r1/7r(—B)

cosz9 2 NR,Sun(0B) NR,Sun(0B)
— Z amr E 1 =i 4Oq2 Z w(2q)10 o Hw(Qq)lO
q= w

NR,Sun(1B) NR,Sun(1B)
+ 2«‘7w(2q)10 - 2Hu’(zq)m ]

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v, (+B),v (+B), v,(—B), v, (—B)
* Result of blind analysis

Av — Av. = (19 = 51)Hz

V3
| AV — AvD) | —=
Natural units COS

» @CERN: cos @ = — 0.26 (angle B, earth axis)

= (0.9 +23)x 107° GeV

AQ2mvg) = 2mve(B) —27r1/7r(—B)

cosz9 2 NR,Sun(0B) NR,Sun(0B)
— Z amr E 1 =i 4Oq2 Z w(2q)10 o Hw(Qq)lO
q= w

NR,Sun(1B) NR,Sun(1B)
+ 2«‘7w(2q)10 - 2Hu’(zq)m ]

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence

* Series of measurements in Jan — Mar 2022
* Sequence v, (+B),v (+B), v,(—B), v, (—B)
* Result of blind analysis

Av — Av. = (19 = 51)Hz

| i(AV! — AV)) | V3 =(0.9+£23)x 107*! GeV
Natural units /COS
» @CE 0.26 (angle B, earth axis)
AQmry) = — 27v-(—B)

2
_ 2 N NR,Sun(0B) NR,Sun(0B)

» NR,Sun(1B) NR,Sun(1B)
== QQw(Qq)lo o 2Hw(2q)10 ]

ASACUSA E. Widmann ECR Workshop Vienna May 2024 14
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Results of B-direction dependence
* Series of measurements in Jan — Mar 2022
* Sequence v, (+B),v (+B), v,(—B), v, (—B)
* Result of blind analysis
Av — Av. = (19 = 51)Hz

V3nr
| l(AVF — AVY) | = (0.9 +2.3)x 107 GeV
Natural units /COS
« @CE 0.26 (angle B, earth axis)
AQ27mvg) = — 27 (—B)
cos v 5 NR,Sun(0B) NR,Sun(0B)
- VBT & Z (ame)*1(1+4502) 3 [9wizgiio — Hegago
Kostelecky, V. A., & Vargas, A. J. PRD, 92, 056002 (2015).  + 2%255?3 =~ g wl(\;i{)’fg =E2]

ASACUSA E. Widmann ECR Workshop Vienna May 2024
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Coefficient K Constraint on |K]|
proton
NR(OB),Sun _NR(OB).Sun Y
010 5010 <12x107%" GeV
H P gNRORS 5 8 % 10722 GeV
p p
NR(0B),Sun ~ NR(OB),Sun -11 -1
210 210 <84 107" GeV
NR(1B),Sun _NR(IB).Sun _11 1
2210 2210 <42 x 107" GeV
HNfl(é)B),Sun Nfl((())B),Sun <12 GeV-3
p p
NR(IB),Sun NR(1B),Sun -3
H 1o » 8 5410 < 0.6 GeV
electron
HARODSI NROBSI 7.7 10719 G
NR(UB).Sun - NR(B).Sun 3¢ 10719 GeV
e010 e010
HYOBSun | gNROBSMI < 5.5 % 1078 GeV™!
NR(IB),Sun NR(IB),Sun -8 -1
H,, 210 <2.8x%x107° GeV
NROB).Sun - NROB)Sun — _ ¢ s 102 GeV-3
410 e410
NR(B).Sun  NROIB)Su — _ 4 05 102 GeV-3
410 410

First limits on this type of coefficients
Nowalk, L. et al. arXiv.2403.17763

14
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Results: data wrapped into one sidereal period

v, —VU Vg, T Vs

”m&\ v1 — v (Hz) in Combined Campaigns ’:g 2 vy + 1o (Hz) in Combined Campaigns

™ : _ - — 1 o = - [A, = 2.486 + 4.878. A, — 5.057 + 4.963

< 200] fls = 8,672 = 1518, Ao = 1276 = 4,956 ‘f 200 {|Ap, = 2.344 + 4.919 Ape = 5.000 + 4.927|l
®

< S 1 1

2 2 - [ !

= 100 1 g ol | | I [

= I = - ¢ ] { ?

g 1 ® | 8‘ % ¢ ? [ ] o ]

L;:: Or - : ﬁ 1t t"' ! [, | _

2 t 4 ! = Or i {

E or= ( ] ]

g - | I a L I 14t ] ¢ |

E —100r 1 £ , | 1 | 1 ! !

S [ t 1 T 100} |7 $ I

5\‘ —200 } = fit upto 15! harmonic . § - —— fit|upto 2™ "harmonic

é ¢ data : g 00l }  data

= 0.0 0.2 0.4 0.6 0.8 10 = 0.0 0.2 0.4 0.6 0.8 1.0
Sidereal WrappedPhase: 0 — 1: 0 — 27 (rad), Tg = 23 h 56 min Sidereal WrappedPhase: 0 — 1 : 0 — 27 (rad), Tg = 23 h 56 min

E. Widmann ECR Workshop Vienna May 2024
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Results: data wrapped into one sidereal period

Mean corrected transition frequency v — v (Hz)

v —U Al ~ 5 Hz v +U
g 02 1y — v, (Hz) in Combined Campaigns \\ ’:g 0] 02 1 + v, (Hz) in Combined Campaigns
i _ = _ . N [As = 2.486 + 4.878, A, = 5.057 + 4.963 | | |
200 | As = 8.674 £ 4.875, Ac = -1.276 i ‘f 200 {|Ape = 2.344 + 4,91 Ape = 5,000 + 4.927|l
L ® S - ® L
J Sy I [ ®
100 + Q
l 2 100} 4 $ t $
l I =3 - ¢ v ! ?
1 4 | 1 g [ ! 2Ll ¢ o o
A | o s L 0 L |
Ut } I t g ¢ fTLSTERTTE t
_ | ) a L I 4% } ¢ |
—~100 + ¢l e 4 B i L L] | o l o
[ o ? T —100f t T $ ¢ 1
+ L
¢ 3 .
r —
—200 F = fit upto 15! harmonic - § - —— fit|upto 2™ "harmonic
+ data 5 —200 _ + data
00 02 o4 08 08 10 < ~o00 02 o4 o6 o8 10

Sidereal WrappedPhase: 0 — 1: 0 — 27 (rad), Tg = 23 h 56 min

Sidereal WrappedPhase: 0 — 1 : 0 — 27 (rad), Tg = 23 h 56 min

E. Widmann ECR Workshop Vienna May 2024
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Results: data wrapped into one sidereal period

v —U Al ~ 5 Hz v +U
’E“ 01 %) vy — vp (Hz) in Combined Campaigns \\ ’:3 01 02 1 + v, (Hz) in Combined Campaigns
o | — 5 — : N |As = 2.486 + 4.878, A. = 5.057 + 4.963 | | |
TS 200 | As = 8.674 & 4.875, Ao = -1.276 i f’ 200 {[A5e = 2.344 & 4919 Ape = 5.000 + 4.927|l
Ny - 1 3 _ & o
S 100 | & - t b
5 I : 1 £ 100F ¢ 0 1 P 4
=3 . ' t t ‘ 1
O 1 .I [} 1 ‘I 1 1 g [ Ll ¢ o o
= L I & : : [ $
R 1 - ] | & LB et L |
LUbbRe (A |
Z - T3 &
= - ? { | & t t $
2 100 ¢4 ]l =B _ | 3 | : | 0
T [ ? 1 ! | T 100} T $ ‘1
2 - ¢ 12 I
’:5\‘ —200 } = fit upto 15! harmonic . § - — fit|upto 2" *harmonic
; ¢ data ] 5 200 _ ¢ data
< . 1 . . : 1 . . . 1 . : . 1 : . . 1 . . : 1 . & . 1 . . . 1 . . . 1 . . . 1 . . L I L . A 1 .
= 0.0 0.2 0.4 0.6 0.8 10 = 0.0 0.2 0.4 0.6 0.8 1.0
Sidereal WrappedPhase: 0 — 1: 0 — 27 (rad), Tg = 23 h 56 min Sidereal WrappedPhase: 0 — 1 : 0 — 27 (rad), Tg = 23 h 56 min
|
Ay = 0: data normalised to mean since B, was omor'?) 4 A + AW cos(weTr) + AW sin(weTr)
i i 0 0) . _
Different for two campaigns + Agzc) cos(2wg T ) + Ags) sin(2we17) Vargas, A. J. Phys. Rev. D 109, 055001 (2024).
E. Widmann ECR Workshop¥rermraiviay2624 15




AUSTRIAN
OAW A SCiEncEs SMI - STEFAN MEYER INSTITUTE

SCIENCES

Results for SME coefficients

* Results for p coefficients

* ¢, n: better limits exist
Preliminary: systematic error evaluation ongoing from other experiments
(except in linear boost)

Cocfficient Re K| Error | Re K| [Im K| Error | Im K|  Units

HYROB)Sun - NROB).Sun 7 00 90-23 976 x 10722 4.83x 10722 2.71x 10722 GeV Inferior to H maser results
g S - NROB)Sun 3 105010728 123 x 10722 216 x 10722 121 x 10722 GeV
FOGOB)Sun - NROB).Sun g 99 5010720 167 x 10720 2.93x 10720 1.65 x 1072 GeV—1 ") By 4 O.M.
FORAB)Sun - NRAB)Sun - ) 5010720 391 x 10720 684 x 10720 3.84 x 10720 GeV~! > mprovement over limits set
gNROB).Sun - NROB).Sun - 54 510720 483 x 10720 846 x 10720  4.75x 10720  GeV—? by H-Maser results
Ho iP5 g P> 3,00 x 10720 120} 1071 210 x 1079 118 x 1071 Gev P By 14 O.M.

o g oun 175 x 10720 1.72x 10720 862x 10721 1.69x 1072  Gevl T\

Nsun - NI Sun 3.02x 10720 297 x 10720 1.41x10720 296 x 10720  GeV! New results for proton

hioun g NiLSun 9.76 x 10720 958 x 10720 48 x 10720  942x 10720  GeV—? > coefficients

IS - NS 168 x 107 1.65x 1071 786 x 1072 164 x 107 GV

E. Widmann ECR Workshop Vienna May 2024 16
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COmPal‘iSOn Of CPT tEStS SME coefficient (GeV)

10—27 10—23 10—19 10—15 10—11 10—7 10—3

H-H 15 — 2§
KO-KO wfaas
p-p mass
p-p g/m
p-p mMagneric mormer
e -et Emas.s :

e~ -e* chafge

u* ma netic moment

eT magnet - mometr

d-d mass

3He-3He mass

1027 10-23 10~1° 10~1° 10-1! 1077 10~3
Relative precision

D siderial H orientation
Variations Dependence

E. Widmann, Phys. Part. Nucl. 53, 790 (2022)

E. Widmann ECR Workshop Vienna May 2024 Source: PDG & arXiv:0801.0287v17
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Box 1: Radioactive molecules: powerful tool and
unique laboratory

Nuclear astrophysics

The production and study of radioactive molecules is quickly
acquiring momentum at radioactive ion beam facilities across

Fundamental symmetries Nuclear structure

Europe and beyond. The motivation for studying the structure and \ e
dynamics of molecules containing short-lived radioactive nuclei is Radioactive moleculesk
multi-faceted and covers areas of both fundamental and applied

science in regions of the nuclear chart where molecular studies

have so far been too challenging. Quantum chemistry Nuclear energy

Nuclear medicine

For heavy species, gas-phase spectroscopy provides powerful
benchmarks of the predictions of ab initio quantum chemistry in
regions where relativistic effects are crucial, the chemistry of 5f-
electrons is not fully understood, and experimental data is scarce.
Meanwhile, producing isotopically pure compounds of the early
actinides is important for understanding the isolated molecular
dynamics of relevance to nuclear engineering and radioactive waste
management. Simultaneously, the optimization of the ISOL
production of molecular beams that are purer and more intense than
the constituent atomic beams is also of direct importance for the
future of ISOL as a production plan for medical radioisotopes. Finally,
some of those radioactive molecules may prove ideal laboratories for
searches of physics beyond the Standard Model.

NuPECC LRP 2024 ch. 5 Fundamental interactions and symmetries (preliminary)

E. Widmann ECR Workshop Vienna May 2024
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1st spectroscopy of radioactive molecules

CF, 1 lonization
High-resolution potential 223RF s2tpiar
a
Activated uranium Mass separator L Tip=114d T,,=36d “*RaF 226
carbide target 3 Tip=149d_ “RaF oF
0 600 00 -1 T”2=1’600yT =57y]100

RaF - 16,667 cm 1p=01Y

lon source RFQ cooler and buncher (600 nm)
- 12,820 cm™!
3 (780 nm)
RaF at 40 keV 1
1.4 GeV 0
proton beam Neutralizati b g
eutralization umpe _
cell remaining ions ::1 2m (TOF =6.7ps)
600-780 nm
‘ RaF 0° mirror
E—

EIectros%

deflectors
. Na
355 nm Ra RaF(
(Step 2) & &

Garcia Ruiz, R., Berger, R., Billowes, J. et al. Spectroscopy of short-lived radioactive molecules. Nature 581, 396—400 (2020). https://doi.org/10.1038/s41586-020-2299-4

CERN Proton Synchrotron
Booster (PSB)

R5F+
&

E. Widmann ECR Workshop Vienna May 2024 19
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GRAS IAN GRAvity, Spectroscopy and Interferometry with ultra-cold Atoms and Neutrons

* Quest for coldest hydrogen source

* Longer interaction time — higher precision in laser or
microwave spectroscopy .

0.6F

%E dissociator
[ |

. —
IPTH
[ | [ |
cloud
coils
IPT2
afl —— fim
E:‘,Zl cavity

0.4

* Lowest energies: gravitational quantum states
(analogy neutrons): v~cm/s

* Quantum reflection from van der Waals/Casimir- e
. el m
Polder potential Crépin, P. P. et al. EPL 119 33013301 (2017).

0.2F

0.0t

* Highest reflectivity: superfluid He

* Bouncing H: Ramsey hyperfine spectroscopy, 1s-2s
laser spectroscopy

» Also possible for antihydrogen
» Other applications: short-range forces

PV
/\/\4

V(z), ly(z)P

7
Magnetic shielding

Comparat, D., Malbrunot, C., Malbrunot-Ettenauer, S.,
Widmann, E. & Yzombard, P.
‘ Phil. Trans. R. Soc. A.38220230089

ﬂn [\SI/\" [\ https://grasian.eu/ E. Widmann ECR Workshop Vienna May 2024 20
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Short-range forces

1. Antoniadis et al. / C. R. Physique 12 (2011) 755-778

- mimy _r
Vir)=aG e
-

*n,H: compare GQS transition
frequencies to theory

*5: n gravitational quantum states

Interaction strength, o (normalized to gravity)

*0,10,11: future n experiments

10" 10°" 10™° 10° 10° 107
interaction length A, m

GRASIAN collaboration E. Widmann 14 Mov 2022 21

Interaction strength, g2
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Experiments in dilution cryostat

30 cm diam.
50 cm |length

Additional IPTs .
Normal conducting -

Experimental
volume

50 cm diam.
100 cm length

Superfluid He —
Mirror —

—_—

Bottom vacuum
shields

Height top flange — bottom: 215cm
Space to remove vacuum shield: 70 cm
Space needed above top flange 150 cm
Min. room height 435cm

GRASIAN collaboration

*Insert cryogenic solenoid magnet
* 9T, ID 150 mm, 500 mm length

e Alvarez Melcon, A., Arguedas Cuendis, S., Baier, J. et al.

v, [GHz]

10° 101
10—9 | | | F . | | | | | [ R B | | ] ] ] Ll
10710
— - > 9 2
— 1011 = 5 § ;z>
| E 9
> 12 ] g
QL 10 % 5 - =
: 5>
U 1 = 2 w)
— 1013 o 5 § N~ T
S E @ 2 o
¢ ] 2 z 2 % 10-12
S 10-14 o
00 3 = KsVZ 10-12
1015 2 - 6x 10-1
3//' d 4x10°1
10—16 1 | | — : : : : I34.1674l l34.675 34.676I 34.67f
Ib l5 ! [ta [peV]
\ s\ AQ”

my, [eV]
RADES: Alvarez Melcén, A. et al. J. High Energ. Phys. 2021, 75 (2021).

E. Widmann 14 Mov 2022 22
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H-beam and non-minimal SME

» 7T, 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 ECR Workshop Vienna May 2024 24
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Spectroscopy with bouncing H (H?)

* Needs big 3He/4He dilution fridge

* Trap H, evaporative cooling
* T1 superconducting trap
* T2 normal conducting: turn off fast

* Velocity ~ cm/s, 107-108 atoms
* Height 20 cm

* time per bounce O(0.1s)
* Up to 100 bounces (theory)

* Need to worry about lateral drift

* HFS: Precision may reach mHz

GRASIAN collaboration E. Widmann 14 Mov 2022

Atomic cloud N
before relesase

/.

/”

Squid detectjon
coils

SMI - STEFAN MEYER INSTITUTE

Figure 4. HF'S spectroscopy e.

xperiment at

[
L H—" UV detectors

L~

(o)

Radial trapping
coil

Bolometers/

T2 upper
pinch coil

I \/

A‘l
Superfluid helium

\

RF coils for
|_HFS (1420 MHz)
excitation and detection

_ Bolometers/
UV detectors

I_ T2 lower
pinch coll

ultra-low energies of H(D)
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CPT symmetry & cosmology

E. Widmann ECR Workshop Vienna May 2024 26
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CPT symmetry & cosmology

* Mathematical theorem
* not valid e.g. in string theory, quantum gravity

E. Widmann ECR Workshop Vienna May 2024 26
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CPT symmetry & cosmology

* Mathematical theorem

* not valid e.g. in string theory, quantum gravity

» Problem: antimatter absence in the universe

E. Widmann ECR Workshop Vienna May 2024 26
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CPT symmetry & cosmology

« Mathematical theorem Ny — N

n = b~ 6.1x10710  WMAP

* not valid e.g. in string theory, quantum gravity

» Problem: antimatter absence in the universe

» Big Bang -> if CPT holds: equal amounts of matter/
antimatter

» Standard scenario for Baryogenesis (Sakharov 1967)
* Baryon-number non-conservation
* Cand CP violation
* Deviation from thermal equilibrium

* Generate Baryon asymmetry during evolution

E. Widmann ECR Workshop Vienna May 2024 26
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CPT symmetry & cosmology

« Mathematical theorem Ny — N

b.6.1x10"10 WMAP

* not valid e.g. in string theory, quantum gravity n=

» Problem: antimatter absence in the universe

» Big Bang -> if CPT holds: equal amounts of matter/
antimatter

» Standard scenario for Baryogenesis (Sakharov 1967)

* Baryon-number non-conservation
* Cand CP violation
* Deviation from thermal equilibrium

* Generate Baryon asymmetry during evolution

* Currently known CPV not large enough

. ?
Other source Of baryon asymmetIY° \, Bertolami, O., Colladay, D., Kostelecky, V. A. & Potting, R.

CPT violation and baryogenesis. Physics Letters B 395, 178-183 (1997).

E. Widmann ECR Workshop Vienna May 2024 26
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Comparison of CPT tests particle-antiparticle: SME
- Standard Model Extension SME

CPT & LORENTZ
4/ VIOLATION
. e e
(”’MDM — Me — a,u,')"u - b,;,’YSY”

— %waa”‘” + ic,,y*D” +id,,ysy*D")¢ =

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

2

* Minimal SME: only HFS
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).

o

-2

0.00 0.02 0.04 0.06 0.08 0.10

ASACUSA E. Widmann ECR Workshop Vienna May 2024
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Comparison of CPT tests particle-antiparticle: SME

» Standard Model Extension SME B ) __ SME coefficient (GeV) .
10~27 10723 10719 10715 10711 1077 1073
CPT & LORENTZ ! ' ' ; ; '
4/ VIOLATION H-H HFS
. M _ e _ 1€ I H-H 1S —2S
(Vy Du Me a,y b,.LYSY Ok mass
_ l e nv . € 7% a4 o I 7% a4 —_ p-Emaés
H,, 0" +ic,,y"D" +id,,ysy"D )¢y = 0. ol |
LORENTZ pP-p manetic moent
D. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997) VIOLATION e~ -e* mass 5
il ) e~-e* charge :
* Mlmmal SME Only HFS U= manetic moment
i e* magnetic moment
Bluhm, R., Kostelecky, V., & Russell, N., PRL 82, 2254-2257 (1999). d-d maic,s 5
» Non-minimal SME: 15-2S shows higher- “He-*He mass ; ,

b F=1,m=+1 10—27 10I—23 101_19 10;—15 10I—11 10—7 10—3
order CPTV

Relative precision

Kostelecky, V. A. & Vargas, A. J. PRD 056002 (2015). - Source: PDG, Kostelecky & Bluhm arXiv:0801.0287
o} (updated annually)
0.00 0.02 0.04 0.06 0.08 0.10 EW, Phys. Part. Nuclei 53, 790-794 (2022).
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