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Exotic atoms Beyond SM at Low E
Anna Soter .
asoter@phys.ethz.ch Antimatter https://lepp.ethz.ch/
.. . Includes: Missing:
This light summer course is a short | | J
£ +h ] = Particl - Simple atoms and exotic - UCN physics
extra‘ct o1 the - Low Energy article AtOMS > Atomic, neutron
Physics & Exotic Atoms courses at ~ Spectroscopy methods and EDM
FETHZ ~ Physics in Penning traps - Muon g-2
- Precision decays of the - Electron g-2
: : muon and the pion
With some slides borrowed from Aldo _ Physics using antimatter U DETAILS

Antognini and others
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Standard Model and beyond
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The high energy frontier of particle physics
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~ TeV scale

B Collisions at TeV-scale energies
» Direct production of new particles
B Limited by the collider energy



The intensity- and precision frontier

B Complementary way to search for new physics

B \We are looking for rare events, and small energy shifts
P Indirect search, to see the "footprint” of new physics by
orecise observation of particles, in forms of:

*
......

~1000 TeV

Forbidden decays /
precision decays
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Energy shifts in
interactions



Ingredients for precision particle physics
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(Some) subjects of Low Energy Particle Physics

Bound systems I. - Atoms and Exotic atoms Precision decays / forbidden decays
. u
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Simple atomic systems as precision probes

Hydrogen atom - theory _

En2<1—me> 5
my, ) m

Schrodinger
B T »”

Precise theory, experiment, and

Hydrogen 1s-2s - experiment knowledge of fundamental constants

Dirac Finite size of p ?
e v
fis—2s = 2 4606 0641 113.187 035(10) MHz

QED proton spin (Latest result: Parthey ez a/. 2011)
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The gross energy levels of the hydrogen atom

Solve Schrodinger equation: M, m,
Reduced mass: n =
V? M, + m,
o V)| Wt (1) = Bt i (1) 2
Rydberg: R, = & TeC
1 Ze? 2h
in the Coulomb potential: V' (r) = 02
dmeg T Fine structure: o =
47T8()h€
] [} K@) Hydrogen Wave Function
E) n=3 200 ' = ‘ L '
0 = Energy levels (Bohr) —
b S = Ae) -
SN ® W
E (Za )mc m ROO 210) 3.1,0) (3,1,1)
" 2n2  m, n? .:. -
- . -
n=1 9 - (4,1,1)
h n
(r) = 7 S W
ac m "  Nn

{
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Relativistic effects

>
O n=3
GCJ 2P3 History: Balmer doublet, 3s—2p in the
L Fine H emission spectra
Structure s
25112, 2P112 /;/
10.2 eV 5 P
4. 107 eV _ /
121.6 nm ox e 2~ %
Deuterium Hydrogen

656.1 656.2 656.3
/(nm)

Bohr Dirac / fine structure

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 11



The first terms of the fine structure Hamiltonian

e —————

T~ e ——— . _ \
i (PINST LaviR),
\8mc¥ Nm2c? R dR - o
Wiy Wso
Relativistic treatment of electron kinetic energy: Spin-orbit interaction
2 2 2 o i i ield |
E = C\/p +m’c ~ The moving electr.on in the Coulomb field induces a
magnetic field B’ in the rest frame of the electron:
p_p 1
E=mc’+————5+... B'=-—vxE
2m_, 8mc c

- The intrinsic magnetic moment of the
electron (the spin) Ms interacts with this:

W'=-M,-B'

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 12



Results of the fine structure corrections at n=2

{
-
O n=3
(]CJ =5 2P3/2
LL n=

25112, 2P112

Relative Shifts:

-43.5 GHz
n=1
1S1/2
Bohr Dirac

Low Energy Particle Physics, Zuoz, Anna Soter

n=2 """"""" /S |\ NS
1-1/128 m_c?a
-5/128 m _c? o 2P,
2S
1/2 2 31 P

Now we understand everything!*

*for a short time at least...

ETH:zurich

13



Unfortunately, Lamb’s experiment occured...

- - H atoms in 15-state are excited into the 2.5-state
via electron collisions.
2500° | 1542 2S5/ W-Blech
H- Atrom- / l - If frequency of microwave is resonant with transition
strahl — exXcitation to the 2-state.

Ofen e-Strahl  pMikrowellen- Nachwels . .
resonator des angeregten -The 2P state decays immediately to the ground state
Zustandes whereas the 2S5-state is meta-stable

2Py, @ o @

-If 2S-state reaches the W-plate

2912 - 20ueV 5 eV P

2P+ - — ejection of electrons

10 eV

-If 1.5-state reaches the W -plate

1S5 ¥ v — NO ejection of electrons
R et

e The measured AE(2P;,5 — 25 5) was in disagreement with Dirac prediction

e The measured AE(2F; ;o — 25,,2) # 0 was in disagreement with Dirac prediction
e — I e ————

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 14



Lamb’s experiment initiated the development of QED

21|
‘J_,.J\m\\ a(Zar) 1n(Za

4 EEE——

n=3
2P3/2

Energy

2S112, 2P12 2P1/2
n=1
1S1/2
Bohr Dirac Lamb

Low Energy Particle Physics, Zuoz, Anna Soter

2S1)2

Self energy:

~ Main component of Lamb shift in hydrogen

-~ Splitting the energy levels with the same J but
different L

Vacuum
polarization:

= In H smaller correction - with large Z and some
exotic atoms even level crossing

ETH:zurich
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Hypertine splitting

(

(

(

Nuclear structure effects appear already in the non-relativistic approximation
Has its origin in the magnetic effects due to the electron and proton spin interaction

- As for the fine structure we introduce the hypertine splitting as a perturbation

o 1S state:
3 h’
B,
Coupling of the proton magnetic moment Magnetic B-field created by the proton magnetic moment M,
to the electron orbital momentum L coupling to the electron spin momentum: Dipole interaction

Low Energy Particle Physics, Zuoz, Anna Soter
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The corrected energy spectrum of hydrogen

4
> L
@) n=3
o |7 n=2 2P32 —_— +0.15 MHz
0] 25 F=1
1/2 —
I Lo Bt ——
25E6 GHZ 2P1/2 F—O
-43.5 GHz +8.2 GHz +1.4 GHz +1.2 MHz
v
n=1 F=1
1S1/2 F=0
Bohr Dirac Lamb hfs-splitting Tp
e~ spin
E = Ry /n? relati?/it QED proton-spin proton size
VNl/?“ _’y_) thsN—’ . le/r
(HfSNL'S) Hp - He

e‘/ .J".M'\“‘L: P/ p‘
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Methods: Spectroscopy

“Never measure anything but
frequency”




Needed: a coherent light source - lasers

. . level 3 m highly excited state
Principles \a

level 2 m metastable state
1. Optical pumping (here in the 3-level example: L1-> L3,

which spontaneously decays to L2)
population inversion

2. Pumped state (L2) is a metastable state: spontaneous

emission is “slow”. stimulated emission

(laser burst)

excitation
laser transition

3. Stimulated emission is triggered by intracavity radiation

(photons coupled back by cavity mirrors), which electrons ‘fast
prompts L2 to deexcite to L1 by emitting photons of the decay
same phase and direction. 'eve"wground state

T R A G —————eecmmmeteERONPTTT
Features
» High spatial coherence: due to point (3) above llllll
output

» Narrow spectral linewidth lasers exhibit large 7 H beam

degree of temporal coherence as well e >
» These features makes possible to carry out precise A |—|

measurements on transition energies highly reflecting TTTTTT output
e — e mirror coupler

pump light

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich 19



Precise frequency measurements - the frequency comb

Time Domain — Femtosecond Pulse Train

A Ao Phase Shift 2d¢ Phase Shift
(I |

Mode locking of
a femtosecond laser

Fourier
Nth comb line is determined by two parameters Tanetomation
— Freguency Domein — Frequency Comb
fn = n rep fceo
ol [ e
- repetition rate via cavity length Lisibhed ! ' I I"
L " . -
- ceo offset via dispersions with error signal from beating: — l(_“ il >
2nf, + f, Frequency

Harmonic
Generation

2fn T f2n — 2(nfrep _I_ fCGO) T (anrep —I_ fceo) — fCGO . Froguincy v T Second- D

2inf, + ) Beat Note

fo=2(nf, = f)—@nf 1 §)
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Usage of a frequency comb

Absolute frequency measurement / frequency
reference.

()pl" M- fr—=p +f0+ Af?

Optical comb

I

0 100 THz 200 THz

Mid IR Short-IR
v [\W-IR
THz

Locking Fabry-Perot cavities to comb lines

Beatnote of comb and laser: intensity modulation
which is slow enough to measure by a photodiode:

Low Energy Particle Physics, Zuoz, Anna Soter
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Near IR
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of atoms with coherent light

Understanding the interaction

» Analogy with parametrically driven coupled and
damped mech osc., see from Frimmer & Novotny:

http://dx.doi.org/10.1119/1.4878621

» Equation of motions:

, k+x Akt K F(1
Xq + VX4 + [ — ():|XA——)(B=L
m m m m
, [k + K Ak(t)] K
Xp + YXp Xp — —XA =
m m
» Introducing carrier, 02 = AL
detuning and coupling o _A,'(n
frequencies: 47
Q="
© m’

» Can be made analogous to the time dependent
Schrodinger for 2-level systems

i 0|¥) = H|¥) with [|¥)=a(r)|g)+ b(1)|e)

where the coupling is: {e|H |g) = hwy/2

Low Energy Particle Physics, Zuoz, Anna Soter

System A

System B
Xp(t)

ETH:zurich
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Two level systems: time evolution on a Bloch sphere

The state of the system can be represented with a vector
s, and an endpoint at the surface of a sphere:

sy = 2l|al|b|cos(¢) - real part
sy = -2|a||b|sin(¢) - imaginary part
s. = |a|* — |b|*. - population inversion

North and south pole: ground state and excited state. With
damping, the surface “shrinks”. Bloch equations:

4|5 -y -0 0 S,
|| = o =y A |]ls
;| 0 A —y] s

Amplitudes |a|, |b| represent state populations in a 2-level system,
A represents the strength of the drive (of the laser field), § the detuning

!

from the energy gap between the 2 states, y is dissipation by decay.

NOTE: only a single decay from this mechanical analogy both damping in contrast to a quantum-mechanical
two-level system that can show different decay rates due to spontaneous emission and dephasing processes.

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich



Rabi oscillations

1/2 and 1 Rabi cycle with no damping

One Rabi-cycle with zero detuning (Wgrive = AQ)
finite damping y=Qg/25.

0 10 20 30 40
Q1

To rotate the Bloch vector by the angle ® the driving field

with amplitude A has to be turned on for a time 7o = ®/A.

Fig. 5. (a) Bloch sphere with trajectory of Bloch vector during resonant Rabi oscillations marked in gray (red online). Starting from the north pole the Bloch
vector rotates around the e,-axis. To rotate the Bloch vector by the angle O the driving field with amplitude A has to be tumed on for a time /g — ©/A. (b) Rabi
oscillations of the populations |a|* and \bl2 for zero detuning (wy,ye =AQ) und damping y = Q/25, The energy [lops back and forth between he two oscilla-
tion mades x, and x . The Rahi frequency Qy defines the flopping rate and is given by the rescaled modulation amplitude 4 of the detuning Ak.

Low Energy Particle Physics, Zuoz, Anna Soter
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Example of spectroscopy

Find centroid (AFE)
Dissipations in atoms: due to decays from both states, )
0.00
and dephasing from e.g. collisions Simulation, laser 219 K
0.08 mJ/cm? ———
0.14 mJ/cm?
0.003 0.2 mJ/cm? -----

Application: studying the necessary laser power
to carry out a transition, and the effects of power
broadening on the lineshape

Width from fit:

0.002

Dephasing in simulation:
I'. = 200 MHz

Can be extended to multiple levels 0.001

<l

Anplitude [peak - Popylation in daugter

0 I I |
| | | | Simulation, laser:
= 1 597 no spinflip — |- 15 0.08 mJ/cm? — —— 213K
. \ iy — | | 14 mJ/cm? —.

o) 597 spinflip | 0.003 1 001;1 j/ : .
E 726 no spinflip —|4 12.5 & . 2 mJ/cm? ----- | 5
g 0.75 - 726 spinflip — g Width from fit:
= Laser profile —| | 10 E Py = 2.0 + 0.14 GHz
% =, 0.002
(@
2 0.5 - = 7.5 2 Dephasing in simulation:
= =

@) ', =70 MHz
% = 0.001 C
# 45 B -
2025 E
<)
=z - 2.5
A 0

0 I I I I 0 501848 501850 501852 501854 501856 501858
0 10 20 30 40
Time [ns] Laser frequency [GHz]

Laser frequency

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich 25



Alternative: Ramsey interferometry

10 20 30 40

Separated oscillatory fields method

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 26



Ramsey interferometry

- A and B are state selector regions

z/2  Free precession /2
HF 1 in B-field HE?2 - HF1 and HF2 have same phase
. . v
and both are adjusted to provide a E-pulse

- Central peak does not depend on v

10 e '
- i1
litissit o
particle 15 sesl el 1t '11;
ensemble £ 5{ } . .
?-Et 1.0 -1, : 1 v -
- s 1
Woee= W, ase=sin(@, £) By =sin(w,t) sl IR R 1.?
external r' |'| ||\' 'rll |'| ||\| 'r|' “ﬂ' |'| |" lﬂl |'| |" {ll I'l |‘| 'ﬂ' |'| |“ lﬂ' |'| |“ |ﬂ| " 'ﬂl l’l |“ 'n' |'I & i
oscillator 'J VIVYUY I\ |‘| I\ |‘| I\ |,| I\ |,| I\ |,| J il l,' Il |.| % o1 5 56 & 70
inital ; P— » | Frequency [Hz)
inita ree ina
state /2 -fip precession n/2 -flip state
Py, — Pioyn = cOs P = cos((wL — a)HF)T)
with detuning ZAw = Eo — E| — hw
Phases matters: _ . _ _ S
Coherence between between Aw with a precisionof 1 /T (T~ 1s,w~ 10" s™1)
the two /2 pulse is required Aw 1 [Tc [1
w wT T N

ETH:zurich
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Bound systems 1
Atoms and exotic atoms

5 + EDirac T QED(CV,me...)
n

Schrodinger /ML

e spin, relativity

+ emrs + kmiR. + ...

4 ¢

P spin p finite size

+ €BSM




Natural linewidth

h

fields

Experimental challenges
Effects of collisions and external

Amplitude

Heisenberg uncertainty AE > >
T

Sometimes limited by exotic
particle lifetime!

1 e e

Doppler broadening

v\./‘

AVAVAVAVAVIR IR
g "

Amplitude

Transition Frequency

Lorentzian

Gaussian

Transition Frequency

Thermal motion of atoms broadens the spectral lines.

W

Two-photon spectroscopy

Amplitude

A L Two-photon signal

Doppler tail
AVAYAVAVE SVAVAVAVA
AVAYAVAVE SVAVAVAVA

Transition Frequency

Collisions perturb the energy levels:
broadening and lineshift

Wy

»
»

-

lineshift |

Amplitude

broadening
AN

Transition Frequency

\ 4

External EM fields: Stark shift,
Strong laser fields: power broadening

Cold atoms,
low density

ETH:zurich
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The ultimate spectroscopy in hydrogen

Why 1s-2s spectroscopy?

» Strong Binding
ROO
TL2
» Smallest wave functions
B h n?
) = Zoacm
» Long lifetime - narrow linewidth

E, =

» Suited for 2-photon
spectroscopy
(Doppler-free spectroscopy)

Low Energy Particle Physics, Zuoz, Anna Soter

Natural linewidth

h
AE > — o
27 2
£
Heisenberg
uncertainty |
Transition Frequency
= A
ns E
V\:?.T l FZS=1HZ
V.
e i F2P=3' 109 HZ
=Ny | | .
42 3y 3
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Doppler - free two-photon spectroscopy

e For one-photon spctroscopy: even though each single atom has small
transition width, the measured line is broadened due to Doppler effects
because of atoms v-distribution

-~ 4
< \»§~\]¢

T
= — 7 x 10" Twoy/ —
]/\‘\“_) v 5D 7% 10 wo M

e Two-photon spectroscopy is Doppler free

&

Lorentzian

Y
\J

Gaussian

Amplitude

\/

Y

Transition Frequency

— 4 4
w_
i AVAVAVAVAV:S NAVAVAVAVAV
P [ -
O . Vv V
S NN [« NN\ Two-photon signal w_ = w <1 _ _> 60_|_ w, = W, <1 + _>
= C C
o
£ .
< Doppler tail
AVAVAVAY S <« N\N\NN W '®; w
AVAVAVAV. = D VAVAVAVA .
R But wy, + wp = 2wg does not depend on the velocity

Transition Frequency
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Hydrogen 1s-2s measurement at MPQ Garching (DE)

integrating
sphere

\ mirror

uv photodiode

PMT

i

electrodes

2S detector

Faraday cage

excitation region

L

Cool down H(1S) cold nozzle

Cut the laser beam to define t=0

vV ¥V V¥V VvV V¥

Produce atomic H(1S) from H2 dissociation in discharge
Excite the 15-2S transition with 2 x 243 nm photons

The atoms enter in a region with strong E-field

» Stark mixing [25) — %(\25} + |2P))
» The 2P component decay to 1S emitting La photons

to cryopump

» Counts number of La photons versus laser frequency

L

Low Energy Particle Physics, Zuoz, Anna Soter

laser RF discharge

cryostat with
nozzle chopper
wheel

243 nm

48 GHmW
quench ’:C-‘_

Hz—E;
D2 —»Z[SE

2 466 061 413@7035 10) MHz

% (Parthey ef al. 2011)

Uncertainty due to proton
charge radius on these digits

— S

ETH:zurich



The hydrogen 15-2S measurement at MPQ

16000
o] ™ { Verzégerung: Main systematic:
_ 0 ps second-order Doppler effect
200
12000 — m
| 1001 W = W T —
10000 m | 100 ps 0 C | 202
8000 O- .
| -10 0 10
6000 200 ps
4000 .
_ 1000 e \ 400 ps Longer delay:
2000 - | = select slower atoms
_ ——%{.ﬁé\ '
0 PR = Sri W0 S = smaller systematics
-30 -20 -10 0 10 20
Verstimmung [kHz @ 121 nm]

15_925 = 2466061413187035(10) Hz PRL107.203001

3
hvis—zs & 7§ Roo + QED + kR,

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 33



Modern experiments on the hydrogen atom Il - the Lamb shift

PHYSICAL REVIEW LETTERS

Measurement of the Lamb Shift in Hydrogen, n =2

S. R. Lundeen and F. M. Pipkin
Lyman Labovatory of Physics, Havvard University, Cambridge, Massachusetts 02138
(Received 7 August 1980)

A measurement based on the fast-atomic-beam separated-—oscillatory-field method of
S lwgwidth spectroscopy gives, for the Lamb shift in hydrogen, 8(n =2)
=1057.845(9) MHz

The result is not in good agreement with theory.

9 part-per-million
measurement of Lamb shift

Determines the proton size to an
accuracy of 3%

Low Energy Particle Physics, Zuoz, Anna Soter

N. Bezginov, T. Valdez, M. Horbatsch, A.
Marsman, A. C. Vutha, E. A. Hessels,
Science 365, 1007-1012 (2019)

muonic H_)(_ H Lamb Shift
Lamb Shift ® —
Lundeen & Pipkin
H Lamb Shift
—o— = CODATA
Present Work
1S-3S & Ry
(2018)
25-4P & Ry
(2017 )—e—+
0.80 0.85 0.90 0.95

proton rms charge radius (fm)
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Modern experiments on the hydrogen atom Il - the Lamb shift

H» gas f-of f+of

70-cm deflector
plates
55-keV protons

-

VIHzZ
10 MHz
3 1088 MHz

8 MHz
B 910 MHz

17 N
4/
9

!
e

H atoms ‘ —C

= Proton beam, charge excange on
H2 gas, all four 2S1/2 sublevels are
populated equally

= Two microwave cavity transfers
the unwanted (F=1) states to the
short lived P states

= The green transitions (910 MHz)

can be then probed with 2810 B
separated oscillatory fields
(Ramsey-technique!), and the 23S =1 o T |T F=0
atoms measured after mixing £ T LA |2 |2
2s-2p states with an e-field in a - E ol § g
Lyman-a detector El 8 Olo |~ |-

= Phase offset to the drive field 5P ", -y = \J F—1

. ) /2 _
cancelled by rotating the apparatus Y _—
mp——1 mp =0 mp—1 B

Low Energy Particle Physics, Zuoz, Anna Sote

lLyman-a detector

Anode

Acetone
electron molecule

Lyman-a photon
- © ®

MgF , window
=l 0

Metastable
hydrogen beam

ETH:zurich



Exotic atoms as simple atomic probes

E, ~ 5 - QED(C\{, ) + kngZZ + €hadronic T EBSM---

Negative exotic particle Positive exotic particle Both exotic

Leptonic atoms

Muonic atoms

Nuclear charge radii No finite size J ot
1 effects, QED .
7 test, symmetry gy Antihydrogen
+ €
Hadronic atoms test, p” mass... i Produced and
: : Muonium ,
Pions: hadronic effects, measured in traps
kaons strangeness... < . Sensitive CPT probe
T ,K ,p
He'™ + many others
Antiprotonic helium e’ OE Eo
@ Mass determination, 3- Positronium
e~ p body QED, CPT test, QED test, large recoil correction E.g. Coulomb- pairs in
fifth force matter-antimatter accelerators

(protonium, pion-kaon...)

Low Energy Particle Physics, Zuoz, Anna Soter . ETHzurich 36



Spectroscopy of exotic atoms

X-ray spectroscopy of atomic cascades

Measuring the energy of characteristic X-rays
emitted during cascades

» only negative exotic particles 4

» MeV-scaled energies with highZ 3

» broad resonances (short lifetime),
low instrument resolution

S A——

Low nergy Particle Physics, Zuoz, Anna Soter

X . p, K

Laser- and microwave
spectroscopy

Resonant laser beams or MW radiation transfer
the populations between atomic states

» only if state lifetime > ns (ground 4

state or metastable states), 4
» accessible by lasers 3
» challenging: only a few atoms
are at hand
» can lead to measure the ultimate
precision 1

e ———e
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Hadronic and leptonic exotic atoms

ground states live long
enough to be studied by
laser spectroscopy

Leptons do not

participate in the
strong interaction

fe ) ey ey

muonium
positronium
/
-
Hadrons, on the other hand interact strongly! Zy
This results in short lifetimes when wave o
functions of bound states overlap [j,_/
X P Kopo

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich 38



Muonic H, He




X-ray spectroscopy of high-Z muonic atoms

* H-like atoms

- MeV transition energies @ @
* AEsize: MeV finite-size effects

« AEqep: easy QED corrections

« AEe: small atomic electron corrections

« AEpqi: difficult nuclear polarisability correc.

MuX

Knecht,
Wauters

Probability density
0.10¢
0.08;
0.06¢
0.04;

0.02}

* For the lightest muonic atoms, some transitions are in laser frequencies!

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich



Muonic hydrogen

measure
(1) The stopping p transition
replaces the 10 oom
electron of a H atom (10 ppm)
*,
(2) The p cascades to orbits ES}EP_QS

~200-times closer to the proton

AFEg,e = 271‘(3204) RI2) ‘\Ijnl(o)|2

2(Za)? 3 P2

This exotic atom is extremely sensitive to
the finite size of the nucleus!

L — e ce——

Low Energy Particle Physics, Zuoz, Anna Soter

st
25

1§ =

known

v

QED + TPE + kR’

E Lé

88

*,
extract Rp
5Rp
—— =5x%x10"*
Rp
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Produce many u- at keV energy

Experimental method

Detect the 2 keV X-rays from 2P-1S decay

N— —
Form pp by stopping y- in 1 mbar H2 gas
N
Fire laser to induce the 2S-2P transition
N—
N—
up formation Laser excitation
N~ 14— E— 2P
1% 99 % - Laser.
2P
2S—
2keV 2keV vy
15— 1S

Low Energy Particle Physics, Zuoz, Anna Soter

e’

Plot number of X-rays vs laser frequency

delayed / prompt events [10™]

¢

laser frequency [THz]
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The CREMA experiment at PSI

Fion beam lire

I‘ %
Momentum Filter ‘

Cyclomron trap
5T so enold

cedl
’ T Sa amplﬁer

HG
! D.Ode - 5_

Disk-laser Disk-laser

wotons

Cetarget

r Ti Sa cw laser

' ¢ Raman cell !
| P cavity
Water va por q,

11 SC osclliztcr

Pohl et al., Nature 466, 213 (2010)

» Produce many u- at keV energy
» Form pp by stopping p~in 1 mbar H2 gas
» About 1% ends up in metastable 2S state

Low Energy Particle Physics, Zuoz, Anna Soter

decay

2P
» Fire laser to induce the Laser.
2S-2P transition 28
2 keV
» Measure the 2 keV X- A
rays from 2P-1S
1S
" our value

delayed / prompt events [10™]

H—

» Predicted

49.75

49.9 49.95
laser frequency [THz]
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The proton charge radius puzzle

Electron //fr Hydrogen wﬂ"/\
scattering e |, D spectroscopy
2 .
‘.

6.70
S|
—o—— CODATA-2010
2010 P 2013 1
® + scatt. JLab
up 2010 e ® scatt. Mainz
® - H spectroscopy
P AR S S M NN T S I O S S S N S S S S NN SO SO W N I

1 1 1 1 1 | 1 1 1 1 1 1 1 1
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9
Proton charge radius [fm]

Muonic hydrogen
spectroscopy @
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Whirlwind of new analysis, measurements, theoretical advances

2016 Experiments
BSM
Reanalysis of scattering data
New force
) d, 2016 -
carrier? § Horbatsgh, 2016
Higinbotham, 2015
Hessels, 2015
Griffionen, 2015 ®
——e—— Sick, 2015
! Lee, 2015
up 2013 «
Few-Nucleon EFT dispersion 2012 —e—— — e e-p, JLab, 2011
—e— CODATA-2010
up 2010 » —e—— e-p, Mainz, 2010
dispersion 2007 —e— -—e— —— H/D
2N Force 3N Force R T T N H O N R T
LO 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94
(Q/A,)° >< + Proton charge radius [fm]
NLO X‘ii::H:::J et ——————eEEEEERRRI
R
B » New scattering experiment started to run
NNLO H H }H » Several spectroscopy experiments taking data

O % Q@ T }X >K (mainly H but also H, molecules, Rydberg states)

from A. Antognini

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 45



Present status and outcome

Muons Old value

H&D (1539 Prefm. 2020 S new experiments
Garching T R e e
T ETI E—— The ETH/PSI experiment
H (25-2P) . seems to be confirmed
Toronto 2019
H (1S-38)
H (25<P) ° . — —
Garching 2017 e Paris 2018
CODATA-2018 A I SODATA 2014 The new Rydberg constant
1D 3016 -—0—"_._; 5.6 C R. — a’mec
UH 2013 . ‘e 2016 o0 2h
uH 2010 o , o— e;g-icuaft4
T T T T T T T A Y T T O B |||p|~\1|| %:1.9X10_12
082 083 084 085 08 087 088 (.89 =

proton charge radius Rp [fm] L —— e —

Beyer et al., Science 358, 79 (2017)

Pohl et al., Nature 466, 213 (2010 | .
et al, Natire (2010) 2S-2P N. Bezginov et al., Science 365, 1007-1012 (2019)

Antognini et al., Science 339, 417 (2013)

Xiong, W., Gasparian, A., Gao, H. et al.Nature 575, 147-150 (2019)
Fleurbaey, et al. PRL 120.18 (2018)

Pohl et al., Science 353, 669 (2016)
ETH:zurich 46
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Hypertine splitting of pyp - HyperMu experiment

Pl: A. Antognini

Energy

N

2P

_ 7osop
2S

if 1S-HFS

* From 25-2P
— charge radii

« 25-2
+ 28-2
« 25-2
* 15-H
* 15-H

* From HFS
— magnetic (Zemach) radi

q

P Mp
Dud

FS pp
FS u3He

Low Energy Particle Physics, Zuoz, Anna Soter

P u3He, ptHe

—
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Goal of the HFS measurement in muonic hydrogen

Goal: Impact:
Measure the 1S-HFS in pp » Two-photon-exchange (TPE) with 3x10-4rel. accuracy
with 1-2 ppm accuracy » Zemach radius and polarizability contributions

AE! = 182.819(10) — 1.301Ry + 0.064(21) +--- meV

N————
TPE

—_
/

Ry :/d3f\ﬂ/d377’pE(77—77’)/)M(7“)

» Zemach radius » Polarizability

1 1

from A. Antognini
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The HyperMu experiment at PSI

laser
Experimental setup:
MP -
u "» ¢ o § = » up atoms thermalises and de-
)| \ o= excite to the F=0 level of the
e B § ground state
H,qgas
50 K > A laser pulse excite the transition
————— up(F' = 0)+y — up(F = 1)

» The F=1 state is quenched to F=0
pup(F = 1) + Hy = up(F = 0) + Hy+E,;,

l _
L V-4 l F=1 » The up having larger kinetic

‘N; y e energy reach the target walls and
Vi-14 Eo produce X-rays

m=— m= m=+1

Low Energy Particle Physics, Zuoz, Anna Soter

» Cylindrical cavity

10

z position (mm)
(@]

—-10
-10 0 10
X position (mm)

» By plotting the number of X-
rays versus laser frequency we
obtain a resonance

numper or X-rays

A
resonance
:{ LI i
background
>
laser frequency

ETH:zurich
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Muonium

+
~~ N~ (P @ AN
Fundamental constants /(‘e_ Test of QED and

Re, @, My, fundamental symmetries

My /Hp qQu/Je




Physics motivation for

Exp.acc. H(1S-2S)+up
4x107Y 6 x 10712

E(ls —25) ~ SRy, (1 —
Exp. acc.
Future 4 % 10-12

Present

Application in muon g-2 experiments

Mu spectroscopy

Muonium HFS 1s-2s - V. Meyer et al., PRL 84(6) (2000)
2 % 10~8 HFS - W. Liu et al 82, 711 (1999)

/
mﬂ)+QED(a,me...)

bn

2 with 1 x 107 rel . acc .
m

Me

e

Muonium HFS (22 ppb) From storage ring
or future Mu-Mass 1 ppb [~200 ppb]

v ¥ "

_ Hp My e Wa

Storage

- A
TAY,
. FAYAY ;
10 B

. L Yy VvV VYV W/ 7\ NAA A g - m
w 5y \ f '-_ AW AW AR & \ A~ i ' N ' v v V Y \Jv
210"l VVVAANANAANAAAA A A e VA 2 u Wa
8 E v v o Vv Vv ',)- .-,,-" \ .‘, ~_‘ )" \ AY \ Y "_--, A A A ~ D —_—

A A A A ¥ v V V UY\\S i\ /
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» ]

¥ Uy 'u.‘ W ‘Y; .-,‘,.\""Z,h(.ﬂ’-, e PN . YV
v v AR YT RTE) :,'.,',.,.‘.r“)ﬁﬁh'&‘y

SEALRVROETYY
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| | L | 1 | L 1 | I 1 | I

-
o

Time (ug) modulo 100 s

Hydrogen maser Electron g-2 + momentum

Ring

_,uem€2wp

+ 4 =

[3 ppb] QED
[0.26 ppt]

L
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Muonium - probing the SM and beyond

. Bosons _ _
Fermions Antifermions
+

H . . . H L. IL L

e

Free fall of Mu

Test of the Weak Equivalence Principle by
measuring the coupling of gravity to:

!

% 'Ordinary Antihydrogen

N N3 C )?nét’_c-er' + ALPHA collab.
» fundamental parameters of SM, in the e =] ), < prii
absence of masses generated by the strong
Interaction Hadron mass Muonium mass Binding 13.7 eV
» second ggneratlon (antl)fermlons of the SM - o —— “ u* mass:  105.6583745(24) MeV/c
only possible probe of this sector @-trong interaction e mass: 0.5109989461(31) MeV/c

Low Ignergy Particle Physics, Zuoz, Anna Soter
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Disclaimer on “exotic gravity”

» Causes more problems than it solves

» Many indirect constrains exist on matter/antimatter (kaon

oscillations, gravitational redshift) Short summary: SciPost Phys.
Proc. 5,031 (2021)

» No constrains exist yet with muons or in general second vs
first generation, in the absence of strong binding energies

» Not needed to invent exotic gravity for an anomaly

[ M operimena o) |

1|
= [ Combined astrophysical
=z < _wl and terrestrial bounds
Q| <
% /
-~ =30
_ Muonium (free—fall) » Y. Stadnik PRL 131, 011001 (2023)
40 : .
~ » assuming 10% precision on g of Mu
22.5 20.0 17.5 15.0 125 10.0 1.5

Low Energy Particle Physics, Zuoz, Anna Soter

» Potential originates from virtual ultralight scalar bosons

ETH:zurich
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Disclaimer on “exotic gravity”

» Causes more problems than it solves

» Many indirect constrains exist on matter/antimatter (kaon

oscillations, gravitational redshift) Short summary: SciPost Phys.
Proc. 5,031 (2021)

» No constrains exist yet with muons or in general second vs
first generation, in the absence of strong binding energies

» Not needed to invent exotic gravity for an anomaly

[ M operimena o) |

Combined astrophysical

r'.;’, ’: ol and terrestrial bounds
S| < ™
5 _
- -30}F
! Muonium (free—fall) » Y. Stadnik PRL 131, 011001 (2023)
40 . .
~ | » assuming 10% precision on g of Mu
wEB0 e e e e » Potential originates from virtual ultralight scalar bosons

i
Y

Low Energy Particle Physics, Zuoz, Anna Soter
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Tests of the weak equivalence principle (WEP)

Foundation of GR. Many formulations
since Galilei:

Usually describing that he outcome of
any local experiment conducted in
gravitational field (local g
acceleration) must be the same than
in an accelerating lab, where a=g.

LA LAD
® 7
§

<—
oQ

ot

—

vt

T o=
t% \l/ (P
D7 L TIITTI777 7777777777 /777
Eavtn
*

Various experimental
consequences:

|81 — g2l

» Universality of free fall: n(1,2)=2""°>=

y 181 + &2l

» Local Lorentz invariance

» Local position invariance:
» universality of clocks,
» lack of variation of fundamental
constants

B Needs to be tested tw different e)q:erimewts sensitive to one of the above!

Torsion pendula

Most recent (Edt-wash
group, Washington, US)

Original setup of Edtvos
(1910, Hungary)

N(Be,Ti) = [0.3 + 1.8] x 10-13

Phys. Rev. Lett. 100, (2008)

Satellite experiments

MICROSCOPE
experiment
e

N(Ti,P) = [-1.5 £ 2.3(stat) + 1.5(syst)] x 1015

Phys. Rev. Lett. 129, 121102, 2022

Tests on the largest and smallest scales

Lunar Laser

Ranging
Experiment

= e

Atom - 2

interferometry - o
P

1n(85Rb37 Rb) = [1.6 + 1.8(stat) = 3.4(syst)] x 1012

Phys. Rev. Lett. 125, 191101, 2020

Low Energy Particle Physics, Zuoz, Anna Soter
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The challenges of measuring Mu gravity

Not possible with
existing Mu sources

Mu lifetime of 2.2 ps

Superfluid
He

Why it might be
DOssible now

Low Energy Particle Physics, Zuoz, Anna Soter

We developed a
novel Mu beam

amenable to

«— ©

interferometry

Y
‘
- S B B BN BN B B B B B B - . .

- O O O O e . -y EE O EE O Em .
AY
Y
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Characterisation of the new superthermal muonium

t=6.00 us . . t=6.00 us
. » Lowest mean velocity muonium source .
20 Superthermal ever made: v, ~ 2175 m/s 30 Thermal 50 K
75 1 . . . . 75 1
» Velocity distribution much narrower than
£ Maxwell-Boltzmann: ¢, ~ 70 m/s £
X —_—
N 15 - N 15 -
- » Ballistic diffusion v ~ 50 m/s 101
. » Yields similar amounts to the best 0
-20 -15 -10 =5 ©0 5 10 15 20 300 K sources R(,M — Muvac) =10% -20 =15 -10 =5 © 5 10 15 20
y [mm] y [mm]
Reconstructed velocity distribution Time spectra of fly-by Time spectra of target emission
';‘ . x103 70X103
s r B, data g c 77 %
S, b Mu from SFHe ~ A e ssertorml ¥ o /// //
e e %_ - MCth:rmaI 50 K O 6OE %
S - X 3f % 500 /m{;
L - B ® E "7”'/
S b 3 3 30
2. '_ 50 K © 1= o E —— data: SFHe target
/ 300 K E 20 E —— data: emtpy target
— - C — MC: directed, eff 0.0
\¢\'\ﬁ+‘+ g 0 5 10? —— MC: directed, eff 0.3
25575101251517520 T T e T s s 1o 0*0/*”2“*:1*“23* 8 10
Velocity[km/s] t [us] t [us]
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LEMING Principle

et trackers

S F H e : : .......................................................... :1 """"""""""""""""""""""""""""
— (=,
: g v :

Horizontal cold Mu beam Interferometer Detection
WP WP3-4 \WP?

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich 58



Main design parameters of LEMING

o
NO

SFHe d{"

&
.
N

Ly(1p) L(T) L(T)

Grating period
1 d d~100 nm

2aT? C\/N0€7’]3e_(t0+2T)/T
Interaction time
~4-5 ps, L~10 mm
Contrast C~0.3  Atom yield Ny>105/s
e eSS ————ss—

Ag

Sensitivity

Losses

Low Energy Particle Physics, Zuoz, Anna Soter

et trackers

E field

Sign of g in ~1 day
overall 1% sensitivity
@ PSI

world’s highest
intensity cw muons

ETH:zurich



Hadronic exotic atoms

Experimental methods depends a lot on the lifetime

Coulomb pairs Pionic, kaonic, Metastable hadronic
Final state interaction antiprotonic atoms helium
—© @ &
7T ,K ,p e P
lifetime: ~fs ~PS = NS
~NS = US
R e R —eam—t e et
Particle detection X-ray detection Laser spectroscopy

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich so



Antiprotonic helium

et
= P
c

Mp/Me and CPT testto ~ 8 x 10-10



He e 3 26
Formation D — -
© & >
\_/ o)
5 2.8
: ©
, >
(0))
3 | L
-3.0

Slow radiative
cascades

Auger
ijonization

Annihilation

Precision laser spectroscopy of antiprotonic helium at CERN

{
v 3
He++ :
@ e Nuclear -
absorption -3.8
p
¢
-

Stark
mixing

«——>
T —e—e—e—e—s—0—0 A

———  Metastable p He'

W/ WWWWw
wwww  Auger-dominated p He'

—~£_ 32 —e—e—s lonized P He"

| =30 31 32 33 34 35 36 37 38 39 40 41

Low Energy Particle Physics, Zuoz, Anna Soter
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He e
Formation

Laser
excitation

1

Auger
ijonization

v

He : )
\
¢

Annihilation

&
o ﬂ Detection
v

Averaged PMT signal [V]

0.0 4

-0.1 ~

-0.2 -+

Precision laser spectroscopy of antiprotonic helium at CERN

§ 26
~ - ionic states
> i _ _ _
o
p -
m —
5 2.8
> e .
q>) 32
- i
-3.0 —
31
Stark WWWWWY
mixing Auger
______________ £ WMWY

Nuclear - -

. 28
absorption -3.8 | =30 31
laser induced
annihilations
2:0 2:5 3:0

Elapsed time [us]

32 33 34

———  Metastable p He'
wwww  Auger-dominated p He'

. lonized p'He™

35 36 37 38 39 40 41

Induced annihil. [arb. u.]
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\./’
AVAVAVAVAV RN DRl IR AVAVAVAVAY

JI " .
a)+=a)0<1+—>

Doppler
broadening

>
>

. Lorentzian

Voigt

Thermal Doppler motion
of atoms broadens the

spectral lines.

Gaussian

Amplitude

Transition Frequency

TWO-phOtO n Y W A Two-photon
signal
spectroscopy 0] [0}
- '5 NN\ |« NN\NN
20)0 COTPY \COE TE;,_ Doppler
< broadened tail
@, AAAAS <“NANN
AVAVAVAVY - - \/\ N\

Transition Frequency

R S —— I S ————»

Low Energy Particle Physics, Zuoz, Anna Soter

Sub-Doppler 2-photon laser spectroscopy

Effects of collisions and
external fields

Collisions perturb the energy levels:
broadening and lineshift

A P
|
|

lineshift

-
i

Amplitude

broadening

\ 4

Transition Frequency

External EM fields: Stark shift,
Strong laser fields: power broadening

W—w

» Low temperature, low density
» Doppler-free spectroscopy

ETH:zurich




Doppler-reduced pHe spectroscopy at CERN

(n, £)

Two-photon
experiment

~ A v, laser J | Cryogenic and p
13K 1| e g ' beam

__virtual state cryostat | developments

(n-1,2-1) IAVd

v, laser ANNAN~

Electrostatic
quadrupoles

The Doppler width:

AVyrs = 2V 2102 1 B > Pr Oto
Me
can be reduced by a factor: | \
.
v — g
V1 + 1o Nature 475, 7357 (2011).
Science 354.6312 (2016).
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Improvement in pHe lineshapes over 7 years

El
S
St 1.5 K
C —
£ 2-photon
‘_g r
o f I t
7 ¢
B _i 1 \LI\L .{I. { |J.A.L 1 1
El K.
8 L
_B\ [ ]
e [ F =
IS i
C o - ;
% Py =F \l/ \L el w é:' ITI 3
+ TeHd TT=@ L ' o uil L iy =
¢ - ¥ T e X Y S
| | | | | | | | | %
Ells T T
3 T T ¢ T e ¢ .
= /:L/T/ s - I - < T3 7
2 ¢ * I 1 L e
c |
qJ -
S
g L W ¥
N | | | | | | | | | | | | |
—1 0 1

Laser frequency offset (GHz)

15K
2-photon

15 K, 1 photon

Low Energy Particle Physics, Zuoz, Anna Soter

ETHzurich 66



Antiproton mass, CPT test, new phycics

: 11
AE~ PR Q(—5 — —) + 3-body + QED+Tadronic
Me n n

mp/me = 1836.1526734 (15)

Comparison of p and p mass & charge
(CPT test) with trap resultsto 5 x 10-10

Assuming CPT, m.. to rel. Me
precision 8 x 10-10 Mp

moyp
mc

Best result from trap: 3 x 101" frac. precision

. Om; 0Q)5
+
pHe Wo ~ mﬁQ% —r =-2"F Sturm et al. Nature 2014
oms; 005
. p p . .
Penning trap: We 7 Qﬁ/mﬁ T = Constrain on exotic forces
iz D
m: (keV;c’)
. 1000 100 10 1
S. Ulmer, Nature, 524,(2015) endcap - fifth forces on sub- ' S ]
— T~ 10 10"
, L O angstrom length ‘
5Q/Q e g w0t J10®
Penning SCa | €S é i B
Traps p 0z = 107 e F
/ LN A\ : = &
LT N/ Y A T R i e
/{ ~ W/ ¢ I 157 1™
g ' - WaNAT 4 20, (2018
Bm/m ' \‘\:/ Zi‘ij;; - Ofvc-lllé!lon PRL 1 ! ( 1 ) 14 !F ‘ 10’"
,,\"mg,,——-i-‘.‘ov.m T J. Mol. Spect. 300, 65 (2014) o001 0.1 1
pHe “haton \é\\\ __.-"",’j A (A
o - eﬁacap
R ———— ———nmsstERAN
e ————tamseSSERRNNLT
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Pionic helium

mr/Mmeto 10 ppb



Pionic atoms

Pion: simplest (lightest) Forms short lived exotic

@ hadronic system Zy , ,
o atoms, ending up in the
@ I\/Iediates the nuclear force nudeug after fagt Cascades

at low energy /f
r T

1

2) + QED — ¢1[ W0 (0)[

Me n

: 1
B SIRZ? (— -
"y

Medium n, I=n-1 Low n (np to 1s)

4
/ 5g-4f 3

Pion mass Pion-nucleon
determination coupling constant

AR
|

4p-1s
3p-1s
- N 2p'1 S

nuclear capture
N
nuclear capture

|
: 1 hadronic shift
A N ,'\f”i\’ . £ ..... and broadening
| O ‘

— T
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Measurement of the pion mass

Pion mass from pionic X-rays

Present results listed by PDG —e-

Expected precision of PiHe —«—

139.572 —
5 139.57
Method: Bragg )
>
spectroscopy and S 130.568 -
calibration with = {
. 3 B
muonic atoms. = 139.566
-
. -
Limited to few ppm 2 a0 e |
139.562 —
1980

Low Energy Particle Physics, Zuoz, Anna Soter

1990 2000 2010
Year published

2020

Laser spectroscopy?

He"
&
»

Lifetime already bad (26 ns), and needs
the existence of metastable states

— 7S

T
/,

Y
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Pionic helium spectroscopy experiment at PSI

1.5 K home-made & ' Pionic helium
T cooler \ atomns o —
Laser WV L .8
- 0.5 mm Al T—
10 mJ N chambers / /
AN
AN
Superfluid He 8 415
e =14 15 16 17 18
140-channel  _ ———% t 1
barrel scintillators | L |
Background, nolaser
Signal withlaser + | -
T 104 & +++=++++
,,,,,,,,, - £000 t'l'[2
A 1 Tlaser *
S0 f " ‘
» Bunched pion beam stopped in LHe target < L - 5
» Drive transition between metastable to short-lived (7 ns) 5;102:;“ |
E' +

» Measure laser-induced pion absorption i e
(low energy nuclear fragments, including neutrons) '

» Plot number of nuclear absorption events vs laser frequency
R e e —————————

1 =
10 _gr0+1.07

C pttyi=1934+0.13

Low Energy Particle Physics, Zuoz, Anna Soter
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First laser excitation of a mesonic atom

2.5

Laser induced pion abs. [arb. u.]

Calculated by Korobov — -
Measurement in Hell -@-

Lorentzian fit on data —

1631 1632 1633 1634
Wavelength [nm]

» three transitions tried - one found! (17, 16)—(17,15)

» Next steps: repeating experiment in low density targets
» find narrow narrow transition (17, 16)—(16,15)

(Accepted by Nature)
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N A
8053 > / >
™~
/ N
R 2 gy
S5

NN / 7 *He*

=14 15 16

17 18

ETH:zurich



