LN
AUSTRIAN
OAW
SCIENCES

X-ray spectroscopy of hadronic exotic atoms and
application in foundations of quantum physics

J. Marton, SMI, Vienna, Austria

https://www.Ings.infn.it/en/pagine/vip-en
8th Meeting GHP- APS P g pagine/vip-eng

April 10-12, 2019 ; LL| F

Denverl COI USA Project P25529-N20
Project P30635-N36

Project 2473620




Introduction

In experiments at DAFNE (SIDDHARTA?2) and J-PARC (E57) we are
studying kaonic atoms by X-ray spectroscopy to probe the strong
interaction with strangeness at lowest energies - i.e. in kaonic
atoms.

The most simple cases of these hadronic atoms (and of high
interest by theory) are kaonic hydrogen and deuterium.

The observables are the energy shift and width of the atomic
transitions to the 1s ground state — measurable by x-ray
spectroscopy (energy range 6-8 keV).

Special semiconductor detector arrays are employed in the
experiments providing large solid angle, high efficiency, high energy
resolution and background reduction by timing application.

GHP 2019



Connection to experiments on
foundation of (quantum) physics

* |In experiments (VIP2, VIP2-lead) in the
underground laboratory Gran Sasso (INFN-LNGS)
we are searching for forbidden transitions -
testing spin-statistics - which has as direct
consequence the Pauli-Exclusion Principle

* The energy region of this forbidden transitions in
chosen elements are in the range of transitions
in exotic atoms. Therefore, we can apply the
same detector technology.
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Simplest kaonic atoms (Z=1)

Atomic capture in high n state = subsequent e.m. cascade
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I due to the strong interaction kaon-proton
the 1s level is shifted and broadened
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Kaonic hydrogen and deuterium

Principal interaction = electromagnetic

Strong interaction manifests in hadronic shift and width of the 1s state 2
energy displacement from the electromagnetic value of the 1s state and
broadening due to K absorption
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__ prmeas. e.m.(calc.)
@_ Els - EIS
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Els — EKG T EVP T EFS 1

calculated solving the Klein-Gordon (KG) equation and taking into account
vacuum polarization (VP) and final size (FS) effect (accuracy ~1eV).

Strong interaction effect on 2p state is weak (meV) and experimentally
undetermined, nevertheless has severe consequences for the x-ray yield.
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X-ray detectors for exotic atom spectroscopy

X-ray detector Si(L1)

Effective area [mm?] <300 724 100
Thickness of depletion [mm] 4 0.03 0.26
Energy resolution [eV] ~300 ~150 ~ 150

at 6 keV

Time resolution [ns] ~280 - ~700
Experiment KpX DEAR || SIDDHARTA
Number of detectors 60 16 200
Application K=p. K=*He | K™p K=p.

K—34H
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Chiral SU(3) theory of antikaon-nucleon interactions with improved threshold constraints
Y. Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A881 (2012) 98-114.
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Fig. 4. Real part (left) and imaginary part (right) of the K~ p — K™ p forward scattering amplitude obtained from
the NLO calculation and extrapolated to the subthreshold region. The empirical real and imaginary parts of the K™ p
scattering length deduced from the recent kaonic hydrogen measurement (SIDDHARTA [15]) are indicated by the dots
including statistical and systematic errors. The shaded uncertainty bands are explained in the text.
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Lightweight cryogenic target (used for KH)

working T 22 K
working P 1.5 bar

Alu-grid
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Side wall:
Kapton 50 um
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Kaon entrance
window:
Kapton 75 um
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Cryo-Target - SDD geometry

Working temperature: 30 K
Working pressure :

0.3 MPa
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Final test during summer 2017:
Pressurised for 16 days
with P = 0.3 MPa (overP)

Cooling/pressure test
* 25 weeks 30 K/0.19 MPa
* 35days 30K/0.31 MPa

» Target cell wall is made of a
2-Kapton layer structure
(25 pm + 25 pum + Araldit < 100 pm)

» HP Deuterium generator



SDD X-ray detectors

* JFET integrated on the SDD

- lowest total anode capacitance
- limited JFET performances
- sophisticated SDD+JFET technology

» external CUBE preamplifier
(MOSFET input transistor)

- larger total anode capacitance
- better FET performances
- standard SDD technology

Metalofé\s Ring #1
Strip

[L1]

radiation entrance window

SDD

g
_Jﬁ_

CUBE
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Used in
Siddharta

Proposed for
kaonic deuterium
measurement



SIDDHARTA2 @DAFNE
DAFNE — ideal for kaonic atoms
Kaon source (O decay in KK*)

Kapton target wall with
Alu support structure

SDD array
start counter TO

Kaonic deuterium (E57) @J-PARC
Kaon beam
Kaons at higher momentum (660-1000

Low-energy kaons (127 MeV/c) ideal MeV/c)

for stopping
No tracking

With 10 pb per day

1.5 107 K- per day isotropically
2% per kaon pair stopping in gas
144 SDDs from SIDDHARTA

needs degrader
Tracking

With 30 kW beam power
430 107 K- per day
0.03% per kaon pair stopping in gas (660 MeV/c)

340 SDDs
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X-ray Detection Systems

DEAR at DAFNE CCDs SIDDHARTA2 at DAFNE SDDs

APD Cryo-
Cooler

= TMP
CryoTiger

//"
cco
Electronics 7
CCD Cooling

Fl 1o = |

Vacuum Cham \

cco
Pre-Amplifier

TargetC —

T CCD55-<Chips

VIP at LNGS CCDs VIP2 at LNGS SDDs
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VIP-2 tests the Pauli Exclusion Principle (PEP)

(spin-statistics) for electrons in a clean environment
(LNGS) using a method which respects the Messiah-

Greenberg superselection rule.
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Messiah —Greenberg superselection rule

Superpositions of states with different symmetry are not allowed —
transition probability between two symmetry states is ZERO

Forbidden by Superselection rule!

Initial state Final state
>
Closed system — — Stable system transition
Open system — 4 —> Formation of a new state

A. M. L. Messiah and O. W. Greenberg, Phys. Rev. 136 (1964) B248.

O. W. Greenberg and A. M. L. Messiah, Phys. Rev. 138 (1965) B1155.

G. Gentile, NuovoCimento 17, 493(1940)

H. S. Green, Phys. Rev. 90 (1953) 270.

A. Y. Ignatiev and V. A. Kuzmin, JETP Lett. 47 (1988) 4.

V. N. Gavrin, A. Y. Ignatiev and V. A. Kuzmin, Phys. Lett. B 206 (1988) 343.

O.W. Greenberg, Phys. Rev. Lett. 64, 705 (1990)

R.N. Mohapatra, Phys. Lett. B 242, 407 (1990) 5
0.W.Greenberg, R.C.Hilborn, Fund.Phys.29, 397(1999)
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— Principle of VIP2

PEP allowed PEP forbidden

normal | PEP-forbidden AE =300 eV
8048 eV 7747 eV resolvable by X-ray
spectroscopy

Cu Kaj transition energies.

()
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Requirements for VIP2

Due to the anticipated very small PEP violation effects
(if any) strong requirements for experiments
are obvious:

@ Large number of fermions probing the PEP
€ Characteristic signal (i.e. unique indicator)
@ High efficient detection

€ Low background
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Exclusion principle

Putting the Pauli exclusion
principle on trial
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Testing models of non-commutative Quantum Gravity?

Commonly retained there is no bound on quantum gravity models
because the typical energy scale (Planck scale 10® TeV) is out of

reach of present and future accelerators

Due to the extreme (upper) bounds in experiments testing spin-
statistics it is feasible to test the validity of some specific
Quantum Gravity approaches like 6 Poincare based on the

Goenewold-Moyal plane algebra,.

See e.g. A. Addazi et al., arXiv:1712.08082v1 [hep-th] 21 Dec 2017
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PEP violation in quantum gravity

A. Addazi, A. Marciano, Fudan University

VIP-2 underground experiment as a Crash-Test of Non-Commutative Quantum Gravity

Pauli Exclusion Principle (PEP) violations induced from non-commutative space-time can be
searched VIP-2 experiment set-up. We show that the limit from VIP-2 experiments on non-
commutative space-time scale A, related to energy dependent PEP violations, are severe: k-Poincaré
non-commutativity is ruled-out up to the Planck scale. In the next future #-Poincaré will be probed
until the Grand-Unification scale! This highly motivates Pauli Exclusion Principle tests from un-
derground experiments as a test of quantum gravity and space-time microscopic structure.
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Several proofs exist in the context of QFT which differ in clarity and in their quality of
physical insight.

Liiders and Zumino lay out a very clean set of assumptions in their 1958 proof:

l. The theory is invariant with respect to the proper inhomogeneous Lorentz group
(includes translations, does not include reflections)

Il. Two operators of the same field at points separated by a spacelike interval either
commute or anticommute (Locality)

lIl.  The vacuum is the state of lowest energy

IV.  The metric of the Hilbert space is positive definite
V. The vacuum is not identically annihilated by a field

(G. Luders and B. Zumino, Phys. Rev. 110 (1958) 1450)
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SDD detectors

4 ar ays of 2x 4 SDDs
Smmx8mmeach

wuw 8T

Liquid argon closed
circuit cooling

-170°C
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VIP-2 with final 4 SDD arrays

Shielding installation in November2018:
A~
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Spectrum subtraction in the ROl yields a new upper limit on the
probability for a violation of the PEP of:
1.87 x 10~%°
Improvement compared to the VIP experiment by factor 2.5
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Toward the final result

1

@ VIP result
2
@ VIP2 current result

1e-29 | .

3 ]
VIP2 final result - ]
no upgrade .

beta2 /2

1e-30 | =

4
VIP2 final result -
with upgrade
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"The special place enjoyed by the Pauli principle in modern
theoretical physics does not mean that this principle does not
require further and exhaustive experimental tests. On the contrary,
it is specifically the fundamental nature of the Pauli principle which
would make such tests, over the entire periodic table, of special
interest."

Lev Okun
1929-2015

Thank you
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Kaonic deuterium with SIDDHARTA2 at DAFNE

Geant4 simulated K-d X-ray spectrum
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