—~ AUSTRIAN
OAW A eiEnces SMIO STEFAN MEYER INSTITUTE

Precision experiments and Hadron Physics at
Stefan Meyer Institute

NuPECC Mini Workshop
Vienna, 1 Dec 2022

E. Widmann
Director, Stefan Meyer Institute for subatomic Physics,

Austrian Academy of Sciences, Vienna
Co-spokesperson, ASACUSA collaboration at CERM




AUSTRIAN
OAW A eiEnces SMIO STEFAN MEYER INSTITUTE

Historical note

AuN hulystit@ fur Radiumforschung  ? w

—ﬁ;a\f‘,¢: L < Lo . . ~ .« R
e T Alstinstitute Ol w? * EBDUI UODPET | w OE
“ 6 DUUI OU E BoEzm&hhgasse3 w
& _' 4 ; AStefan Meyer wasfirst director

A2 Nobel prizes

HisToric Sire
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AV. Hess (physics): cosmic rays

AG.v. Hevesy (chemistry): tracer methoo

A987Renamedto Qnstitute for Medium
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Viktor Franz Hess
Nobelnrais 1936
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Institute for Subatomic Physics?

Georg v. Hevesy
Nobelpreis 1943
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Physics program overview

ALow energy precision experiments

AASACUSA @CERN:Antihydrogen hyperfine structure, H and
D beams

AGRASIAN : GRAvity, Spectroscopy and Interferometry with
ultra-cold Atoms and Neutrons

APositron laboratory : molecular states involving positronium doublecusp | covty {sextupoled getector
AVIP-2@LNGS(Violation of the Pauli principle, discontinued)

AHadron physics

AKaon-nucleon interaction (SIDDHARTA -2 K*d atomic X
rays E15@JdPARC K pp nuclear bound state)

AALICE @LHC
AAdvanced Instrumentation
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Matter -antimatter symmetry
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Comparison of CPT tests
AMass & frequency

Mass (GeV/c?)
10727 10724 1072 10°18 10-15 10712 107° 10°® 103 10° 10°

" 10771 107° 10715 10717 100 1070 1077 1C ASynopsis: CPTviolating

B existing results B e <t Interaction appearS at the
current goal — level of Lagrangian
atomic fountain A
H = Relevant scale absolute energy
H precision I pp
maser | - R <k APlot
; _ ALPHA (@B~1T) : :
omic| IR s Nauessr, s eow, ARGt edgervalue
fountain| : Bl v ALPHA Nature 548, 66i 69 (2017). ABar length: relative precision
e B HAv. . ALPHANature 578, 375i 380 (2020). ALeft edge: absolute sensitivity
atomic | - P. Crivelli et al, PRD 94, 52008 (2016). AS . PDG
beAM | I pPaim  BASE Nature 601, 531 57 (2022). ource:
. |

10712 1072 10°® 103 10° 103 10° 10° 1012 10%°

Energy/h (GHz) EW,Phys. Part. Nuclé&i3, 790¢794 (2022).

arXiv2111.0405hep-ex]
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EACUSA Antihydrogen beam for HFS

y
|
V. |

/

double cusp cavity sextupolei detector
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ASACUSA Antlhydrogen pbeam for HFS

A( production 1st time in
2010in nested Penning trap

AThree body recombination
(© Rydberg stateg

double cusp cavity sextupolei detector
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ASACUSA Antlhydrogen pbeam for HFS

A( production 1st time in
2010in nested Penning trap

AThree body recombination
(© Rydberg stateg

Alst observation of beam in
field free region 2014
AnA43: 6 " Q15min
AnA29: 4"Q'15 min

a

— Mixing (n< 43)
[ ] Background

N. Kuroda et al
Nat. Communb5,
3089(2014).

VAN

double cusp

Normalised counts/150 s

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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ASACUSA Antlhydrogen pbeam for HFS

A( production 1st time in
2010in nested Penning trap
AThree body recombination

(© Rydberg stateg

Alst observation of beam in
field free region 2014

AnAd3: 6 'Q15min

AMeasurement of n
distribution 2021

I H candidates per run, 6s
1 l - estimated BG per run

AnA29: 4"Q'15 min

a

— Mixing (n< 43)
[ ] Background

]
]
o« 1
2 :
N. Kuroda etal 2 ! I
Nat. Commun5, & ¢ : i
3089(2014. & ! et pre
%10—1 : . 1 E (V/cm)
= double cusp ! cavity !sextupole! detector B. Kolbinger et al.

Lol bt v b bbb v bald b by b bbby EPJDS,(ZOZ:DQ].
0 20 40 60 80 100 120 140 160 180 200
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Recent milestones

AQuantum number distribution
of ( beam in field-free region

A100 K colder electron plasmas compared to before
AMeshes to block RF interference, better cooling

3-0 - 100 __ I a 1 E T T T T | T T T T | T T T T | T T T T E
I H candidates per run, 6s . W - - C - ]
2.5 1 - estimated BG per run — Compressed - . - Evaporatlve ]
} Nimax>60 % » TE 0.1 g Cooling: =
E 2.0 1 u_; . 5 : E
] 1 Nmax=46...62 = - . - oL - T :8 K i
E 2 %L L} . ] " y . E"‘ 001 & _
5 £ " Low density = VLE E
S 1.0 — g= - ]
J Mmax=29..39 Nriay=15...19 E SDREVC = = - -
0.5 max max EE = 10 b Low-n —=— _| E 0001 = ™ E
) ) ) ) Trap (6 K) = = = = ]{\;\ N ]
00 102 10° T T ™ A _‘ '. o I'E;HII i
E (V/icm) I : L 0-0001 L1 I|| I || J'd‘llli {1 I T TR N N AN SN S
! 10 100 0.98 0975 097 0965 096

B. Kolbinger et atiMeasurement of the principal quantum number

distribution in a beam of antihydrogen atois
Eur. Phys. J. b, 91 (202])

15t ( interaction with microwaves expected 2023

WWW.oeaw.ac.at/smi

Number of electrons (10°
(109 Confinement Potential (eV)

E. Hunter et alEPJ Web Conf. 262 01007 (2022).
C. Amsler et alPhysics of Plasma&$, 083303 (2022).
arXiv:2203.14890physics.plasnph]
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Excitation frequency v-v, (kHz)

= m m ] b A
S—tra SItIO I USII l 8 Setu —|5 ilj |5 1|0 1|5 2|0 2.5
I l I l I l I I o5 | 8@ |
N |
E .
= 245} |
2
v m
Frequency standard . =
(rubidium clock) ==P| MW synthesizer |<& > = 24|
. iInewi ’ |
8 d Linewidth ~6 kHz: |
. 23.5 | |
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.c_rs - 1 .____l-'-: 1 - 1 ._-I ,-l\ 1 I
e Detector « 4 ppl I l s = b |"$| f,’| \ p
z > = . A .
H ES E8 o5 - A% N K %I \ f;“ :
. ams = o 9 S PE g Sogl N
- Helmholtz | Magnetic Ifs g .900 m / o Lo 1, .
z H HFS coils shielding § (V S % a 1 e I\_, | | | \J/I
X Ape e 9 lonization o = s
';j . » I/- I_.' - I
N H (& ! i
Atomic hydrogen source Permanent Superconducting T 04t i :
sextupole Chopper sextupole = . ! .
magnets magnet b S 02} | i c%_ i
| 1 '
Ifs Channeltron _g ol ; o Fasr— 410 g |
Bl . T S
rip-line cavity 8 . v
° MEET 18
2 —
{ 2 S | 93 94 95
: < £ 04|
% Spectrum analyser @ |
e T 06|

Error2.7 ppb: 18x improvementover

VHFZl 420 405 7484(34)(16) HZ Kush PhySReV 100, 1188(1953 12:
Received 4 Oct 2016 | Accepted 24 Apr 2017 | Published 12 Jun 2017 DOI: 10.1038/ncomms15749 OPEN DeViationfrom masermf/f~ 1612) : 5 3 :
In-beam measurement of the hydrogen hyperfine 3.4Hz<1s error M
splitting and prospects for antihydrogen _ B 4r o -
spectroscopy Extrapolatiornto ( : 8000atomsneeded 2| ]

. 1k |
M. Diermaier’, C.B. Jepsenz'T, B. Kolbinger!, C. Malbrunot"2, O. Massiczek!, C. Sauerzopf!, M.C. Simon, tO aChIevel ppm _()I_og | ::)_g{) | 0_:3.2 | 0_;]4 | g_los
J. Zmeskal' & E. Widmann! Hyperfine transition frequency v, -v;, (kHz)
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Further beam experiments

AB-field orientation dependence of H HFS  AD HFS: siderial variations

APredicted by Standard AResonance at 300MHz: split ring
resonator

Model Extensiont?

ABases CPTV on Lorentz
Invariance variation
B

-200 -100 0 100 200

-

ID. Colladayand V.AKostelecky PRb5, 6760(1997)
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Ionggﬁctor A
Positron Lab at SMI 0
X <] | | X U X
AA new Ne moderated positron beam and mfpd oI ]| - ; I
buffer gas trap are under construction at SMi e o Semeihont o T S b
ABY the end of 2022 we will be producing pulses |

of positrons with thermal energy spreads for
experiments here at the institute

AThe first planned experiments will look for the
formation of molecular states involving
positronium such as positronium hydride
(PsH), positronic water (PsHO) and
positronium sulphide ( PsS

AThe binding energy of these systems will be
Investigated using ion spectroscopy to identify
the production of dissociation fragments
below their formation energy

www.oeaw.ac.at/smi E. Widmann SMI NuUPECC Mini WS Widri Dec 2022 13
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G RAS IAN GRAVvity , Spectroscopy and Interferometry with ultra -cold Atoms and Neutrons

AQuest for coldest hydrogen source I
ALonger interaction time © higher precision in
aser or microwave spectroscopy = |
ALowest energies: gravitational quantum
states (analogy neutrons):v~cnis ool

AQuantum reflection from van der
Waals/Casimir-Polder potential

AHighest reflectivity: superfluid He

ABouncing H: Ramsey hyperfine spectroscopy,
1s-2s laser spectroscopy

AAlso possible for antihydrogen
AOther applications: short-range forces

ﬂ“ﬂSl/\" /\i https://grasian.eu/

Silicon
Gold

1 2 L 1 " L
1075 0.01 10

Height (m)

&'}
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Atomic cloud
before relesase\

Crépin P. Pet al EPL119, 33013301 (2017), |

Squid detectjon
coils

Superfluid helium

Radial trapping
/ coil

Bolometers/

L+ UV detectors

T2 upper
pinch coil

| |-

RF coils for
HFS (1420 MHz)

excitation and detecti

Bolometers/

L™ UV detectors

T2 lower
pinch coil
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Antikaon -nucleon interaction
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SIDDHARTA -2@LN Frascati: Kd X-rays

n=
s d f
a 1
3
shift and width of states
2 E 2p n > 1 are negligible
K, ~ 63 keV
€15 = E’Zp-ls (meas.) — E’2p-15 (e.m.)
gls
1 -
‘ Els

due to the strong interaction kaon-proton
the 1s level is shifted and broadened
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Kip & K td: isospin -dependent scattering lengths

K p — K p forward scattering amplitude
- » subthreshold amplitudes not yet well determined

> — . -
e € Geantd simulated K=d X-ray spectrum oF
™ B ! -
B B =
£ 550 - E b
= [
o — 2 [
(4] — u_z L
- e 0
500 ; -/,
- ———dp R O 1500
450 s'? (MeV) s'2 (MeV)
— — Kyoto-Munich ----- Murcia1 —-—-Prague
— e Bonn 2 — ——Murcia2 —--—Barcelona
400: --=--Bonn4
‘ : K™n — K™n forward scattering amplitude
| . 107
350 it | i . E s
: [ . ] 0'5 :- 7&\
_ { E | A T ——
300 - ! = ook :\-;\—//— - e
= SN S N TN T U T N T T N W NN TN TN TN SN NN TN T TN U N TN TN TN NN Y N SN TN S A N B R Tl e B —
5000 6000 7000 8000 9000 10000 11000 12000 c o5k P
energy [eV] [ e d
1.0F [
1400 1450 1500 T 1800 1450 1500
s'? (MeV) s'? (MeV)
—— Kyoto-Munich  ----- Murcia1 —-—-Prague
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E15 at JIPARC ¢ search for K-pp bound systems

(o)

P ity P 80—
|
K injection = 70} |
G 1GeV/c He § —_ EE
Y 4 & 60f 1S
o S~
_— = : S =
= |
QY Mior > s
% ::'-’ |
K recoil at " Sg 5 Q A40F |
q=0.3~0.6GeV/c 0 neutron emission | < —_— |
ON-CI E E 30F
L . 1.3~1.6GeV/c £ 33 |
. g s
G \ MK'pp £ '8 20 E
"Kpp" formation | s ! |
¢ 10[ |
el | |
momentum transfer |
q=0.3~0.6GeV/c neutron emission g 5

O q
1.3~1.6GeV/c

www.oeaw.ac.at/smi
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by

¥
HH

2.2

+H+ BG

2.4 2.6
M[GeV/c?]

350 < g <650 MeV/c ]

acceptance
corrected

¢ data

Kpp
e QF

+ all -
h ++++ taatt t -
¢ +§+ ¢ $

2.8 3

Physics Letters B 789 (2019) 6201 625

0
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Dielectron Production in Diffraction
pPb and PbPb Central Exclusive Production

rrTrTTTT T T T T T T T T

ALICE, pp s Datz

5= G5.02TeV, jp|<08 = Cockiel sum

02« p «10GaVC — Lignt Nwar

. P =B GEVE -- £ &g [POWHEG)

g|_§' + 3.2% norm. uncanainy  -— B —8'e (POWHEG)
— 'y e, My = yee

Paul Buehler

Elisa Meninno
+PhD/Postdoc

FWF project

www.oeaw.ac.at/smi

ALICE

SMIO STEFAN MEYER INSTITUTE

UPC New Junior Group

Measurement of a-

A Start in 2023

e A QGP physics in close
R contact to theory
- . groups in Austria
" " A ALICE will become

focus of strong
Interaction activities
at SMI

Roman Lavicka

Joint FWF & RFBR project

E. Widmann SMI NUPECC Mini WS Wien 11 Dec 2022

Fast Interaction Trigger:

A ALICE upgrade in LS2
(2019/2020)

A Detector for multiplicity,
centrality, event plane

A Need fast timing
detectors GIPME X 0

A R&D at SMI

)
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Dielectron production in nuclear collisions
(FWF stand-alone project P 34881)

Project leader: Elisa Meninno

Post-Doc: Daniel Samitz
* Photons and leptons experience no strong interactions,  ciecton N N
can therefore directly probe the inner regions of collision [~ OUION 8 B Gatp, <0G <05 oo OWNES < A7) T
penetrating probes, information from earliest Light .0 %l% R 00 <Py <0GV woesee " Y
= b cve [POWHEG <+ -
stages well preserved e . T ey ) e
---bb — e'e” (POWHEG x <N _,> = A ) 3
107" —
* Dielectrons emitted from many sources during 02 .
all stages of the collisions -

iInvestigate the whole history of the medium

i
 Want to measure the temperature of the quark gluon plasma s
with dielectrons from thermal radiation with the ALICE detector 3
dNee 3/2 —mee/T g
q ~ Mg 7 £
Mee 0 0.5 i 5 2 25 3 3.5
. . . m,, (GeV/c?)
* Focus in this project: Invariant mass spectrum of dielectrons in Pb-Pb
use machine learning techniques to distinguish signal from collisions compared to known hadronic sources

background from leptonic decays of heavy flavour hadrons

WWW.0eaw.ac.at/smi E. Widmann SMI NuUPECC Mini WS Widri Dec 2022
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. . © 22000~
D Iffra Ctl On > O > E 20000F- ‘ :"1 ALICE Performance
e b o pp, VS = 13 TeV
(SM' aCtIVIty) ]ID Ewnmi_ v, ' Double gap selection
L £ 16000}~ W ly, | <0.8
Scientist: Paul Buhler X Wia00f D
12000 L, '
> / - 10000F { H L I C E
o . . BDUUE— '\’f
» Proton-proton collisions at LHC energies dominated by soft processes. 6000} ‘
* pQCD not adequate — Regge theory. 4000}~ :
* With rising v/s Pomeron p appears. 2“““;,-" | T
. N D 1 1 1 1 1 1 1 1 1 1 1 1 1 t T i
* Pomeron exchange — Diffraction. 05 1 15 ? 25 3
| A A AA A A m,, (GeV/c")
§ 3 B2% 8
» Central Exclusive Production * ¥¥§ ¥
* Characteristic signal in pseudorapidity — Double Gap events. & si0t
2400
E 2900 ++ ALICE Performance
@ | T g ' | ' 2 2000 pp, ls=13TeV
= = $1 Double gap selection
gap ¢ gap @ 1800
=g . ® = - } Iy, <0.8
. 5 1600— "
= i
. | T T N TR M I RN 1400: T4
ALICE advantages. 10 5 0 5 10 1200F- +
* Large n coverage. 1 1000E- [
* Good resolution and PID at low momenta. 800" i
600— 1 Y
4001 A *,
» ALICE results o & e
* Run 2 results showed CEP events spectra rich of features. A S R N TP S M
* Run 3 data look promising, software filter still under development. c AA A A 2 My (GRV/C?)
RE = & =
T = = o
g2 N = o

www.oeaw.ac.at/smi
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Ultra Peripheral Collisions \ll Pb Pb
1Rl
(Joint FWF, I 5277-N, and RFBR project) ] ’ 2 y e
i — h ) T
Project leader:  Paul Buhler n - H §;
Post-doc: Roman Lavi¢ka PR\ e ]|
(A e ALICE
» Collisions when the impact parameter is larger i “ 3 - o
than the sum of nuclei radii b > 2 Rpy,. I
» Strong interaction is suppressed. ALICE Simulat
» EM field of ultrarelativistic charged particle ~ flux of photons. ob-Pb U::; ag::= 5 02 TeV

« Intensity increase with Z? — heavy-ions produce a lots of photons! —

Anomalous magnetic moment of tau lepton ar.
* High T mass — high sensitivity to New Physics.

In|] < 0.8, p. > 0.3 GeV/c
TT — e+ o/ events

1o 20

ent imits
w DELPHI

» Short lifetime — cannot be stored — ag poorly known.
» Can be studied via yy—r.

ALICE 13 nb™, 5% sys \, e t————

» ALICE advantages. - Q{\

« Strong flux of quasi-real (g% — 0) photon ’Q"\

9 “quasi- q P : ALICE 13 nb", 3% sys & e
* Good resolution at low momenta. %)
| Q{‘

* ALICE predictions. ALICE 13 1, 1% sys -

« Pb-Pb runs in upcoming years deliver a lot djla/ 008 006 004 002 0 o002 o004

* Expected improvement of current limits 2-8 times! iy

E. Widmann SMI NuUPECC Mini WS Widri Dec 2022
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Advanced instrumentation
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JRA 8 ASTRA Advanced ultra -fast solid STate detectors for high

precision RAdiation spectroscopy

ALow energy CdZnT! detector up to100keV
APixel structure:
Avery good timing (drift time 20ns)
Ahigh rate capability

cathode

pixel 9 & guardring

pixel 8 | M pixel 1
pixel 7 | pixel 2

pixel 6 pixel 3

pixel 5 pixel 4

STRENG-y1]

www.oeaw.ac.at/smi

Time resolution - LED - Anode 8 - Sr90

200+ b

.........................................

1504

Counts/ns
=
o

amadmaadensdon e and

*  Anode 8 Fod
Double Gaussian fit  [-3=-7-7+|-

1| FWHM = (4.81 +/-0.25) ns |-ttt

.........................................

v '
.................

77777777777777777777777777777777777777777

————————————————

50—

Amplitude [ns]

Time resolution

[ns]

4.81 5.32 4.89

E. Widmann SMI NUPECC Mini WS Wien 11 Dec 2022
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Advanced Instrumentation

A3D

Al aser sxstem for hydrogen
detection

AASACUSA cold bore, | |
hodoscope - —

AALICE FIT | * c
AStrong2020 |

cubicure

Www.oeaw.ac.at/smi E. Widmann SMI NUPECC Mini WS Wien 11 Dec 2022 25
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Thank you
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Funding

LLI I Der Wissenschaftsfonds.

Horizon 2020
European Union funding
for Research & Innovation

STRON@&020

European |
Commission
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Laser system for H/D detection
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ASACUSA Antinydrogen beam for HFS

A( production 1st time in

2010in nested Penning trap
AThree body recombination

expectedto produce Rydberg
states

AMeasurement of n
distribution 2021

Alst observation of beam in il ST
field free region 2014 - |
AnAd3; 6 "Q'15min |
AnA29: 4"Q15min ;

162 163 l(I)“
E (V/cm)

B. Kolbinger et al. EPJ D75, (2021) 91.
A2022major improve -ment

: of temperature, stability of

a

— Mixing (n< 43)
[ ] Background

N. Kuroda et al

Normalised counts/150 s

Nat. Communb5, double cusp cavity !sextupole| detector
3089 (2014). plasmas
——r 107 =
www.oeaw. ac. AU W E. Widmann SMI NuPECC Mini WS Wi Dec 2022 30
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VIP 4 Violation of thr Paull

ATeststhe Pauli Exclusion Principle (PEP) andthereby the Spin-
Statistics connection

APEPgoverns the behaviour of fermions

ASearchfor atomic statesin copper, which violate PEP

AThesestatesare_not completely antisymmetric , but have a
symmetric admixture with respectto the exchangeof two
particles

AThe statescan be identified by PEP-forbidden transitions,
which have aslightly different energy than normal transitions

APhotons form thesetransitions are recorded by Silicon Drift
Detectors

AThe VIP2 experiment will lower the upper limit on the
probability that the PEPIs violated by two orders of magnitude
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Advanced Instrumentation

AAsacusahodoscope
AScintillators, scint. Fibers, SiPM

ACentral BGO disk

AMachine learning:

ACosmics rejection
99, 0

AFalse positive rate:
0.0039s'1

AP efficiency ~ 80%
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