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FREE FALL AT SHORT DISTANCES

& A simple quantum mechanical system & Reactor neutrons at ILL

- A neutron with mass and spin - 25 meV

- falling in the Earth’s gravity potential

& Ultra-cold Neutrons

- and a neutron reflector

- made out of glass - @PF2-ILL:
- v=(7¥1)m/s
- U~ 100 neV, 1...6 peV
¢
UF i
T 100 neV
I Absorber
tmmmmzmmmmmmmemmmooomomoos Neutron
foma, R detector
Collimator Bottom mirrors

~10cm

Nesvizhevsky et al.
Nature 415 299 (2002), Phys. Rev. D 67 102002 (2003).

Abele, Jenke, Lemmel, Nature 2019



gBounce: Quantum States in the Gravity Potential

& Schrodinger Equation

h? d?
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P dv_
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& Characteristic length and energy scale
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& Change of variable  ;__Z%2 _£
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& Airy‘s Equation, and general Solution with AiryAi and AiryBi
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gBOUNCE: Quantum States in the Gravity Potential

& Energy Eigenvalues are given by
the Zeros of AiryAi
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gBOUNCE: Quantum States in the Gravity Potential

& Energy Eigenvalues are given by
the Zeros of AiryAi
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A neutron as an ideal object

& A neutron

is neutral

Hypothetical New Interaction

has small polarizability

probes small distances on the nm ... um — scale | 2

- gives access to gravity-parameters:

) \ ¥,
- couples to scalar fields (if there is a coupling)

- allows constraints on any possible new
interaction at the level of sensitivity

- Examples for hypothetical gravity-like forces or

- has a spin



Gravity Resonance Spectroscopy and Precision Experiments at Low Energy

& |Is Lorentz Invariance violated?

& What about gravity theories based on geometries other than those of
Riemann, Riemann-Cartan, etc. ("beyond-Riemann gravity")

& |s gravity an entropic force (E. Verlinde)



Addressing Quantum States

& State selector: put a neutron in the ground state |1>
& Resonant transition |1> — |x>, | 2> — |x>, GRS
& Two mirror system:

- tune energy levels

- Charge of the neutron, J. Bosina

& Superposition of quantum states, the phase factor

- Investigation of spacetime & cosmology
- Search for hypothetical gravity-like interactions

- By using the techniques of quantum interference via resonance spectroscopy



Frequency: Resonance Spectroscopy

& Quantum System, 2-Level System

& Coupling
E=hv
¢ Example: — 00—
- NMR:
4d E, = Awh T
- Magnetic Moment in
- outer magnetic field
e,

- RF-field drives Transitions

- Rabi— Spectroscopy
- Ramsey Spectroscopy: Clocks, Spin Echo, EDM



The electric dipole moment

& CP violation process: Why do we observe matter
- Theory Standard Model: Baryons/Photons ~ 1018

- Experiment: Baryons/Photons ~ 10~
. @ 6S Paul
& Tool for new physics / \ / \
- EDM is pratically zero in the SM
O @ O O
- Reach for new particles much higher

1.000000001 : 1 1.000000001 : 1
than LHC

- Range for EDM (Virigliano, Ramsey-Musolf)

0 2 4 & 8 10 12 14 | & 18
EVVSE GUT Flanck

Logio [Mi(GeV)]



Gravity Resonance Spectroscopy

& Quantum System, multi-Level System

& Coupling: Oscillating Mirror

E 6 =5.42846 peV

T LE=hv
tr GRS NEUtron E1=1.40672 peV
- Gravity field of the earth —0—

gBounce:
- Oscillating mirror Vibrating mirror

drives transitions

& No lasers, no coupling to electromagnetic potential



gBOUNCE: auantum states

& Schrodinger Equation Hypothetical New Interaction
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& Airy’s Equation, and general Solution with AiryAi and AiryBi
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QBOUNCE as a tool for probing of beyond-Riemann gravity

& Effective non—relativistic potential of beyond-Riemann gravity interactions
- For the experimental analysis of the BRG and LV interactions by using the quantum gravitational
states of UCNs Kostelecky and Li proposed
p*
H=Ho + ®rc + PBrC = > —mg - Z+ Pnrc + PnBRG,

Ppprc = Hy + Hog + Hg + He g,

where the operators H; for j=¢.0¢. g and o g are equal to [6]
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QBOUNCE as a tool for probing of beyond-Riemann gravity

& Effective non—relativistic potential of beyond-Riemann gravity interactions

- For the experimental analysis of the BRG and LV interactions by using the quantum gravitational
states of UCNs Kostelecky and Li propose [6]
=2

p I
H=H{|—|—EDR|:—I—iDEEH:.:ﬁ—mg-E—I—*I‘nRG—Fﬂ?‘nERG.

6H = (K§R),§ -7 + (KR)16/g - 7 + (KR)} o/ g*

FERFECT
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HIEUTRONS

1 1 _ |
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0 B Ay \/i({—H' +< |:) \/E(E |+): + e | >)
H (kNR)H‘ " ;. B
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QBOUNCE as a tool for probing of beyond-Riemann gravity

& Effective non—relativistic potential of beyond-Riemann gravity interactions
For the experimental analysis of the BRG and LV interactions by using the quantum gravitational

states of UCNs Kostelecky and Li proposed

& gBOUNCE + GRS

NR
% —1_ (kqt- n
g my

SH = (KNR),5-Z + (kNR)io/G - Z + (KXR )i ol gt

Original Spin-independent Spin-dependent
levels correction correction
:
' e E.
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E, E{
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FIG. 1. Splitting of the neutron energy levels.




Verlinde: Gravity as entropic force

Ax AS =2rk,, Az = n

& Black holes m me e
AS =2rk, -7Ax, FAx =TAS

& Relationship between temperature and acceleration
1 &
ET=—"" =F=m-a
21w ¢

& Entropy and i3nformation, N (Bits)

N-~4 N=AC
Gh

& Ene{gy E is equally distributed, Bits N:
E= 5N/fBT, E =M, A=4rxR?
Mm

F=G—




gBOUNCE and decoherence-free entropic gravity

& Problems:

- entropic forces are by nature too noisy
and thus destroy quantum coherence

- it could be modeled as an environment 1-2; | |
in an open quantum system. Small g 1.0¢f
objects must be very strongly coupled @ 0.8 i [
to the gravity environment. g : \f 1
g 0.6/ v
- But the strong coupling must lead to &= 0 4: y
ample wave function collapse and ‘3 T
quantum decoherence. 0.2
0.0"—

0 100 200 300 400 500 600 700
Frequency [Hz]

V13 = 463.747 10 Hz
V14 = 648.247_L%‘_‘§2Hz

- However, such decoherence is not
observed in cold neutron experiments.
Thus, entropic gravity cannot be true.




gBouncE and decoherence-free entropic gravity
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qBOUNCE and Lorentz Violation (LV), mgSME

& Lorentz violation must arise spontaneously in such a way that the LV coefficients are
treated as dynamical fields that acquire nonzero vacuum expectation values.

& Schrodinger Equation
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qBOUNCE and Lorentz Violation (LV), mgSME

& lvanov
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GQBOUNCE and Lorentz Violation, the CANONICAL SUN-CENTERED FRAME

& For the transition of unpolarized UCN
(e 2 -n -n 2. =n —1 -3
’5111 X (C%x +Ty) +2 cos® xTh, + COO’ <22x10
(1 + sin? y) Ch+hmiey,| <2.2x 10m

6% | < 4.4 x 107*

& Transition of polarized UCN

] . ‘ E, - E,
ovpg = {[sin® x(Cx x + y) +2 cos® x &%, + o] + sin x (% 0y — Trox) <SJ>} —p6fr ! Hy,
/
. L ‘ . - - E,—F
Svpg = {[sin® x(Gx x + Fy) + 2 cos® x &%, + o] + sin ycosx (T%ox + 9"yvoy — 29" z0z) <Sy>} % Hz,
7

- : ‘ - - E,—FE
Svpg = {[sin® x(Fxx + &y ) + 2 cos? X &%, + 0] — cosx(4di, +2d) <Sz)} - — L Hy,
% — m (d% — gxvo) — Hyy| < e 10724 GeV
. . Svgr = 229.624 {(1 + sin® x) &) +5mey, +sinx m (G%oy — G5 ox ) (Se)} Hz,
& Example of numerical analysis: L, S '
dvgr = 229.624 {[(1 + sin®x) ¢ +Hmey, +sinx cosx g (Sy)} He,




qQBOUNCE and Lorentz Violation, the CANONICAL SUN-CENTERED FRAME

& For the 2019 sensitivity of gBOUNCE we get

’5 mcy, + sinym (Q}(UY - g;ﬁox) (Sl)’ < 2.1x107*GeV,
|5 m 5 + sin x cos x g, (Sy)| < 2.1 x 1072 GeV,
|5 mcy,; —cosy (4 d% + 2 Hyy ) (Sz)’ <21%x 1073 GeV.

& With |[c77] <44x107%  we get

’!?7)1(0}/ - Q%X’ <1074,
o] < 1.3 x 107" GeV,

. Combination Result
4y + 5 Hiy| <23 107° GeV, ¢ <44 x1077
‘ &% x <22x%x 107
c <22x 1077
¢ Neutron ozl Eal
eutron Secto P 02
96| < 1.3x 107* GeV
|d% + 2 Hxy|| < 2.3 x107° GeV
b < 1.4 x 107 GeV




Motivation for high precision tests with neutrons:

extreme sensitivity or precision

& Energy AE = 1021 eV & Energy AE =4 x 1018 eV, ACME
- Search for an electric dipole moment, - Search for an electric dipole moment,
neutron electron (ThO), d, <9 x 102° ecm
- d,<3x10?%°ecm & Energy AE=2 x 1015 eV
- of - by GRS

Separated Oscillating Field by NMR

& Energy AE = 1016 eV

- of
Separated Oscillating Field by GRS

- (Jenke, Rechberger, Bosinar, Micko,
Sedmik, HA)

27



Jakok Micko + Tobias Jenke: experiments in 2020/21

Wi,




Micko/Jenke: first Results, Transition 1> — 6> @ 972 Hz

S
N
2 S
En W)
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Ow\u
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7

- Measure in phase (blue)

Region | Region Il Region 111 Region IV Region V
=-flip ~-fiip
ultracold = = :.:-EE:I;?
reutnoens 7
T tube
LE L] v v L] ¥

initial ascillating coferent osciliating final

energy state  mirror suparposition of E 6/7ib42846 peMnergy state

preparation enargy states analysis

Reflect on all sufaces

— velocities in range [4;11] m/s (2021)
Movie: R. Neubacher — Neutron mirror pseudo potential: 100 neV
— Length of setup 0.948 m

- Measure out of phase (ye”OW) — Distance between mirrors ~ 30 pm

— Steps in height between mirrors < 0.5 um

- Measure, where gradient is largest — Typical count rates (no oscillation): 7 ~ 20 mcps

— Alignment relative to g: 10 prad



J. Micko: Cycle 2 in 2021 @ILL:

* Frequency sweep with  phase
* Highest sensitivity: points measured at
highest slope (and in the central dip)

‘ ‘\1>‘e\6>‘&2‘>e‘\7> -

T SR A R R
Qo= "y WA o
5 X)) Ay )\ A A

2 Y

- Vig = 972.81 +0.12 Hz




—/
J. Micko: Systematic effects (included) —~—~

3 |\ h2m2g2
E;; = \/h Zzlg (AiZ() — AiZ())
& Spectator shift (numerical):

Avig =~ +30 mHz 2 + 4.5 - 10~* m/s?
& Bloch-Siegert shift (numerical):

Avgs =~ +15mHz 2 + 2.3 - 10~* m/s*
& Mirrors close to neutrons:

Ag ~ +53-107%m/s*=® 3.5-107° Hz

& Rotating Earth: Ag ~ —0.0165 m/s? £— 1.2 Hz



J. Micko: More effects?

& Misalignment? g decreases e
& Corlolls/sagnac are Sma“ FOR SOCETY ATOMINSTITUT

& Steps between regions? Lowers contrast, induces spectator shift
small for |1>->|6>

¢ Tidal forces?z 10°

& Time base off? Using Rb clock since 2020 (cross referenced with second
clock referenced to GPS, agree to < 1071Y)

© Magnetic field gradient? Measured in situ and would eliminate
resonance curve

& Finite mirror potential? 1 = 14 nm, AE;; < 1 aeV
& Stat. Energy Sensitivity AE = 101 eV




René Sedmik: Storage Solution

Ramsey GRS Outlook
current setup
no Al
- T 70 ms
Development Steps: Shpatar
T~—_crown glass —
proposed steps
Future storage setup: ’ V\;"
T TS

Hypothetical improvement
In sensitivity: 104

Measurement options:
(spin-polarized or not)
9%, 959, 9> Gv»> Ga» 97

4, €n + WEP

= j | =t | s i |
Crrs 9xTy — 9vTx

il §

_rjr{g1 {I%‘l l\/]'.:j” )1‘1'. fi"!:.::t_l-j }I{



gBounce Collaboration /Support

& TU Wien Experiment © TU Wien Theory
- René Sedmik - Mario Pitschmann
- Joachim Bosina - Andrey lvanov
- Jakob Micko - Manfried Faber
- Joachim Bosina, Atominstitut TU Wien - Martin Suda
- Sandeep Suresh Cranganore - Christian Kading
- HA - Ben Koch

& TU Wien

- lvica Galic

& ILL Grenoble

- Tobias Jenke

- Stephanie Rocchia - Roman Gergen

- Thomas Brenner
€ TU Munich / U Heidelberg

- Peter Fierlinger

- Ulrich Schmidt

& Tulane University

- Denys Bondar
- Alex Schimmoller

- Gerald McCaul

- Torsten Lauer
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