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What happens at small r?

What happens at large M?



Electromagnetism
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What happens at small r? Large Q?
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What happens at small r? Large Q?

Small r
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What happens at small r? Large Q?
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U → ↑ as ri → 0

Finite Electron mass - theory wrong at short distance!

Classical theory replaced by quantum mechanics



Electromagnetism
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What happens at small r? Large Q?

Large Q
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What happens at small r? Large Q?

Large Q
<latexit sha1_base64="4zFDaXhdWatbIh5IzLmdgYJSaag="></latexit>
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<latexit sha1_base64="IKFVj5NpvvEgxehaHKreQgz46G4=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkmR6kmKXjxWMG0hDWWz3bRLd7NhdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRangBlz321lb39jc2i7tlHf39g8OK0fHbaMyTZlPlVC6GxHDBE+YDxwE66aaERkJ1onGdzO/88S04Sp5hEnKQkmGCY85JWClwMc3uI5lP2fTfqXq1tw58CrxClJFBVr9yldvoGgmWQJUEGMCz00hzIkGTgWblnuZYSmhYzJkgaUJkcyE+fzkKT63ygDHSttKAM/V3xM5kcZMZGQ7JYGRWfZm4n9ekEF8HeY8STNgCV0sijOBQeHZ/3jANaMgJpYQqrm9FdMR0YSCTalsQ/CWX14l7XrNa9QaD5fV5m0RRwmdojN0gTx0hZroHrWQjyhS6Bm9ojcHnBfn3flYtK45xcwJ+gPn8we0+ZBB</latexit>

U > 2me



Electromagnetism
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What happens at small r? Large Q?

Large Q
<latexit sha1_base64="4zFDaXhdWatbIh5IzLmdgYJSaag="></latexit>
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U > 2me

Pair produce electrons + positrons - neutralize field
Classical theory replaced by quantum mechanics
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F =
GM1M2

r2

Large M
Gravity produces more gravity - 
interacts with itself. Non-Linear

<latexit sha1_base64="njOxTGZsYQ6qzqpgGZL/wdTkD2k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGpLoRii50WaEv6AxDJs20oUlmSDJCGYobf8WNC0Xc+hXu/BvTdkBtPXDh5Jx7yb0nTBhV2nG+rMLS8srqWnG9tLG5tb1j7+61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6H1xO/fU+korFo6FFCfI76gkYUI22kwD64CTKPp9AT6RhewsbPK7DLTsWZAi4SNydlkKMe2J9eL8YpJ0JjhpTquk6i/QxJTTEj45KXKpIgPER90jVUIE6Un01PGMNjo/RgFEtTQsOp+nsiQ1ypEQ9NJ0d6oOa9ifif1011dOFnVCSpJgLPPopSBnUMJ3nAHpUEazYyBGFJza4QD5BEWJvUSiYEd/7kRdI6rbjVSvXurFy7yuMogkNwBE6AC85BDdyCOmgCDB7AE3gBr9aj9Wy9We+z1oKVz+yDP7A+vgEzbpaw</latexit>

Gµω = Tµω
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<latexit sha1_base64="rlrHdznps5pYxWxR6e3ksjghF5E=">AAACAnicbVDLSgNBEOyNrxhfq57Ey2AQPIXdINGLEBTUixDBPCBZw+xkNhky+2BmVgjL4sVf8eJBEa9+hTf/xkmyB00saCiquunuciPOpLKsbyO3sLi0vJJfLaytb2xumds7DRnGgtA6CXkoWi6WlLOA1hVTnLYiQbHvctp0hxdjv/lAhWRhcKdGEXV83A+YxwhWWuqae5foDHU8gUlyhW66tq5ymoj7cto1i1bJmgDNEzsjRchQ65pfnV5IYp8GinAsZdu2IuUkWChGOE0LnVjSCJMh7tO2pgH2qXSSyQspOtRKD3mh0BUoNFF/TyTYl3Lku7rTx2ogZ72x+J/XjpV36iQsiGJFAzJd5MUcqRCN80A9JihRfKQJJoLpWxEZYJ2H0qkVdAj27MvzpFEu2ZVS5fa4WD3P4sjDPhzAEdhwAlW4hhrUgcAjPMMrvBlPxovxbnxMW3NGNrMLf2B8/gCEf5Wf</latexit>

F =
GM1M2

r2

Large M
Gravity produces more gravity - 
interacts with itself. Non-Linear

<latexit sha1_base64="njOxTGZsYQ6qzqpgGZL/wdTkD2k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGpLoRii50WaEv6AxDJs20oUlmSDJCGYobf8WNC0Xc+hXu/BvTdkBtPXDh5Jx7yb0nTBhV2nG+rMLS8srqWnG9tLG5tb1j7+61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6H1xO/fU+korFo6FFCfI76gkYUI22kwD64CTKPp9AT6RhewsbPK7DLTsWZAi4SNydlkKMe2J9eL8YpJ0JjhpTquk6i/QxJTTEj45KXKpIgPER90jVUIE6Un01PGMNjo/RgFEtTQsOp+nsiQ1ypEQ9NJ0d6oOa9ifif1011dOFnVCSpJgLPPopSBnUMJ3nAHpUEazYyBGFJza4QD5BEWJvUSiYEd/7kRdI6rbjVSvXurFy7yuMogkNwBE6AC85BDdyCOmgCDB7AE3gBr9aj9Wy9We+z1oKVz+yDP7A+vgEzbpaw</latexit>

Gµω = Tµω

Even bigger M

No idea what happens!

Black Hole 



Testing Gravity

M1 M2

r
<latexit sha1_base64="rlrHdznps5pYxWxR6e3ksjghF5E=">AAACAnicbVDLSgNBEOyNrxhfq57Ey2AQPIXdINGLEBTUixDBPCBZw+xkNhky+2BmVgjL4sVf8eJBEa9+hTf/xkmyB00saCiquunuciPOpLKsbyO3sLi0vJJfLaytb2xumds7DRnGgtA6CXkoWi6WlLOA1hVTnLYiQbHvctp0hxdjv/lAhWRhcKdGEXV83A+YxwhWWuqae5foDHU8gUlyhW66tq5ymoj7cto1i1bJmgDNEzsjRchQ65pfnV5IYp8GinAsZdu2IuUkWChGOE0LnVjSCJMh7tO2pgH2qXSSyQspOtRKD3mh0BUoNFF/TyTYl3Lku7rTx2ogZ72x+J/XjpV36iQsiGJFAzJd5MUcqRCN80A9JihRfKQJJoLpWxEZYJ2H0qkVdAj27MvzpFEu2ZVS5fa4WD3P4sjDPhzAEdhwAlW4hhrUgcAjPMMrvBlPxovxbnxMW3NGNrMLf2B8/gCEf5Wf</latexit>

F =
GM1M2

r2

Large M
Gravity produces more gravity - 
interacts with itself. Non-Linear

<latexit sha1_base64="njOxTGZsYQ6qzqpgGZL/wdTkD2k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGpLoRii50WaEv6AxDJs20oUlmSDJCGYobf8WNC0Xc+hXu/BvTdkBtPXDh5Jx7yb0nTBhV2nG+rMLS8srqWnG9tLG5tb1j7+61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6H1xO/fU+korFo6FFCfI76gkYUI22kwD64CTKPp9AT6RhewsbPK7DLTsWZAi4SNydlkKMe2J9eL8YpJ0JjhpTquk6i/QxJTTEj45KXKpIgPER90jVUIE6Un01PGMNjo/RgFEtTQsOp+nsiQ1ypEQ9NJ0d6oOa9ifif1011dOFnVCSpJgLPPopSBnUMJ3nAHpUEazYyBGFJza4QD5BEWJvUSiYEd/7kRdI6rbjVSvXurFy7yuMogkNwBE6AC85BDdyCOmgCDB7AE3gBr9aj9Wy9We+z1oKVz+yDP7A+vgEzbpaw</latexit>

Gµω = Tµω

Even bigger M

No idea what happens!

Black Hole 

Need new theory - “quantum gravity”
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Small r?
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Testing Gravity

M1 M2

r

Small r?
<latexit sha1_base64="WqoHGLRzQur77kc77pudLskuxe8="></latexit>

U =

∫ rf

ri

d3r

(
GM

r2

)2

→ ↑ as ri → 0

Classical theory replaced by quantum mechanics
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Need new theory - “quantum gravity”
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Testing General Relativity
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Gµω = Tµω

Cosmology

Tests of non-linear nature of gravity



Short Distance Tests of Gravity

M1 M2

r

Small r?
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Short Distance Tests of Gravity

M1 M2

r

Small r?
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F =
GM1M2

r2

How well do we know that this law is correct experimentally? 

Far from quantum gravity regime

What can we find?
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Testing Gravity

No reason to expect deviations from gravity at long distance - but found dark matter!



Testing Gravity

No reason to expect deviations from gravity at long distance - but found dark matter!

What can we hope to find at short distance? 



New Short Distance Forces
Light bosonic particles motivated by BSM Physics 

(e.g. radions, moduli, relaxions)
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New Short Distance Forces
Light bosonic particles motivated by BSM Physics 

(e.g. radions, moduli, relaxions)

How do we find them?
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New Short Distance Forces
Light bosonic particles motivated by BSM Physics 

(e.g. radions, moduli, relaxions)

How do we find them?

Take two objects, measure anomalous forces between them
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New Short Distance Forces
Light bosonic particles motivated by BSM Physics 

(e.g. radions, moduli, relaxions)

How do we find them?

Take two objects, measure anomalous forces between them
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Where are we?
Very strong constraints at long (> µm) distances 

Sensitivity rapidly drops at short (< µm) distances
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Where are we?
Very strong constraints at long (> µm) distances 

Sensitivity rapidly drops at short (< µm) distances

Why?

<latexit sha1_base64="W4dtInNDuOxJQRk2uD98sv2OEoo=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwY5kp9bERioK6rGBboTMtd9JMG5p5kGSEMsyXuPFX3LhQRHClf2P6WGjrgYTDOffe5B4v5kwqy/o2cguLS8sr+dXC2vrG5pa5vdOQUSIIrZOIR+LeA0k5C2ldMcXpfSwoBB6nTW9wOfKbD1RIFoV3ahhTN4BeyHxGQGmpYx5f4XPsAI/7gB1fAEmvcdCJ2+UsFfrCtJ0eTXSRpQ7Xg7uQZR2zaJWsMfA8saekiKaodcxPpxuRJKChIhykbNlWrNwUhGKE06zgJJLGQAbQoy1NQwiodNPxehk+0EoX+5HQJ1R4rP7uSCGQchh4ujIA1Zez3kj8z2slyj9zUxbGiaIhmTzkJxyrCI+ywl0mKFF8qAkQwfRfMemDDkPpRAs6BHt25XnSKJfsk1LltlKsXkzjyKM9tI8OkY1OURXdoBqqI4Ie0TN6RW/Gk/FivBsfk9KcMe3ZRX9gfP0Ao/iiRw==</latexit>

F = ↵
Gm2

p

r2
e�

r
�



Where are we?
Very strong constraints at long (> µm) distances 

Sensitivity rapidly drops at short (< µm) distances

Why?
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Electromagnetism >> New Physics

Short Range => Objects need to be close 

Short Range => Only material within 
λ affected 

Need to deal with thin objects with 
high precision



Where are we?
Very strong constraints at long (> µm) distances 

Sensitivity rapidly drops at short (< µm) distances

Why?

<latexit sha1_base64="W4dtInNDuOxJQRk2uD98sv2OEoo=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwY5kp9bERioK6rGBboTMtd9JMG5p5kGSEMsyXuPFX3LhQRHClf2P6WGjrgYTDOffe5B4v5kwqy/o2cguLS8sr+dXC2vrG5pa5vdOQUSIIrZOIR+LeA0k5C2ldMcXpfSwoBB6nTW9wOfKbD1RIFoV3ahhTN4BeyHxGQGmpYx5f4XPsAI/7gB1fAEmvcdCJ2+UsFfrCtJ0eTXSRpQ7Xg7uQZR2zaJWsMfA8saekiKaodcxPpxuRJKChIhykbNlWrNwUhGKE06zgJJLGQAbQoy1NQwiodNPxehk+0EoX+5HQJ1R4rP7uSCGQchh4ujIA1Zez3kj8z2slyj9zUxbGiaIhmTzkJxyrCI+ywl0mKFF8qAkQwfRfMemDDkPpRAs6BHt25XnSKJfsk1LltlKsXkzjyKM9tI8OkY1OURXdoBqqI4Ie0TN6RW/Gk/FivBsfk9KcMe3ZRX9gfP0Ao/iiRw==</latexit>

F = ↵
Gm2

p

r2
e�

r
�

Electromagnetism >> New Physics

Short Range => Objects need to be close 

Short Range => Only material within 
λ affected 

Need to deal with thin objects with 
high precisionProgress?
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1. Mossbauer Effect 

2. Setup  

3. Backgrounds 

4. Sensitivity 

5. Synchrotron Light Sources? 

6. Conclusions 



Mossbauer Effect
E1

E0

Excited nuclear state decays via γ emission
Can the γ be reabsorbed?

????
E0

E1



Mossbauer Effect
E1

E0

Excited nuclear state decays via γ emission
Can the γ be reabsorbed?

????
E0

E1

Issue: Small nuclear cross-sections 
Efficient reabsorption only possible on resonance



Mossbauer Effect
E1

E0

Excited nuclear state decays via γ emission
Can the γ be reabsorbed?

????
E0

E1

Issue: Small nuclear cross-sections 
Efficient reabsorption only possible on resonance

Isn’t emitted γ at transition energy? Automatically Resonant?



Mossbauer Effect
E1

E0

Excited nuclear state decays via γ emission
Can the γ be reabsorbed?

????
E0

E1

Issue: Small nuclear cross-sections 
Efficient reabsorption only possible on resonance

Isn’t emitted γ at transition energy? Automatically Resonant?
No : Recoiling nucleus takes energy, γ outside narrow width 
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Mossbauer Effect
E1

E0

????
E0

E1

Small enough Eγ, entire lattice recoils! 
Negligible lattice kinetic energy - monochromatic Eγ 

Resonant Reabsorption possible! 

Narrow Nuclear Lines => High Sensitivity to energy shifts 
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Backgrounds

Electromagnetism? 
Needs to change nuclear transition energies 

Suppressed by small nuclear moments, 
electron shielding 
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Backgrounds

Electromagnetism? 
Needs to change nuclear transition energies 

Suppressed by small nuclear moments, 
electron shielding 

Unpolarized nuclear spin => effects average 
down 

Signal from new scalar and tensor 
interactions are not suppressed! 
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Backgrounds

Electromagnetism? 
Needs to change nuclear transition energies 

Suppressed by small nuclear moments, 
electron shielding 

Unpolarized nuclear spin => effects average 
down 

First order effects irrelevant 
Leading Background: Chemical Shift from Casimir 

Signal from new scalar and tensor 
interactions are not suppressed! 
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Sensitivity
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shortest distances 

Mitigate using differential measurement? 
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Synchrotron 
Light

Ground State 
Nucleus

E0

E1

All the nuclei 
are coherently 

driven to 
excited state

Short Pulse << Lifetime of State
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Excited  
State 

E0

E1

In phase decay 

Well after pulse, state starts to decay  
Coherent initial excitation => decays in phase

Decay along forward direction amplified by in phase addition

Collimated 
decay Beam 

Resonantly Excite 
absorber
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Mossbauer at Synchrotron Source

d

Send Synchrotron Pulse
Well after pulse, collimated emission 

Measure resonant reabsorption as a function of d
Why?

Clean excitation unlike radioactive decay 
May enable new class of ultra narrow Mossbauer 



Conclusions

1. Mossbauer Effect seems well suited to probe short distance forces 

2. Natural electromagnetic background suppression  

3. Ideal for scalar and tensor forces 

4. Synchrotron light sources may enable new Mossbauer sources 
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Non Linear Quantum Mechanics?

 Theory built on observations in the 1900s 
Why should it be “the absolute truth”?

What?
Two Postulates of Quantum Mechanics

Probability Linearity

Which?
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Probability
Finite system has a finite set of energies

Continuous observables and symmetries
Deterministic 
Observables?}

Could an electron in an atom have a well defined position?

Rotation

Infinite 
Degeneracy  

Quantum Mechanics 

Sacrifice Determinism.  
Preserve finite set of energy states, continuous symmetries and observables

Bell Inequalities, Kochen-Specker, SSC Theorems 



Causality and Entanglement
Trial Non-Linear Term
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Causality and Entanglement

Entanglement is fundamental to quantum mechanics
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Causality and Entanglement

Entanglement is fundamental to quantum mechanics
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 (x, y; t) =
X

i,j

cij (t)↵i (x)�j (y)

Trial Non-Linear Term

Apply some local operation on x: αi(x) -> U αi(x) 

Does it instantly change the time evolution of y?

YES  
Not causal 
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Linearity
Electron Coupled to Electromagnetism

Electron paths do not 
interact via 

electromagnetism

Paths of two electrons 
interact causally (QFT)

Why can’t path talk to itself?

Natural Language: 
Quantum Field Theory



The Framework
The Schrodinger Picture of Quantum Field Theory

Quantum State of Fields 
(e.g. in Fock states)
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Applies to all orders : To compute term of given order, only need lower order terms 
Lower order terms enter as background fields
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Perturbation Theory
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At zeroth order, this is just standard QFT

At first order, use zeroth order solution - expectation value is simply a background field

Perform standard QFT on this background field to compute first order correction

Applies to all orders : To compute term of given order, only need lower order terms 
Lower order terms enter as background fields

Causality: Non-linearity enters via expectation value. At lowest order, causal from QFT. 
Causal background field for all higher orders
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Single Particle 

Suppose we have a ψ particle - how does its wave-function evolve?
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Suppose we have a ψ particle - how does its wave-function evolve?

To zeroth order, ψ just sources the Φ field
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Schrodinger Equation

Single particle equation derived from field theory  
Equation depends upon theory (Yukawa,  Φ4 etc)
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Schrodinger Equation

Single particle equation derived from field theory  
Equation depends upon theory (Yukawa,  Φ4 etc)

Fixed Central particle 

Self interaction of wave-function breaks degeneracy of levels
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Schrodinger Equation

Single particle equation derived from field theory  
Equation depends upon theory (Yukawa,  Φ4 etc)

Fixed Central particle 

Self interaction of wave-function breaks degeneracy of levels

Hermitean Form of Hamiltonian implies conserved 
norm
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Constraints
What does this do to the Lamb Shift?

Proton at Fixed Location 

2S and 2P electron have different charge distribution 

Different expectation value of electromagnetic field 

Level Splitting!
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Constraints
What does this do to the Lamb Shift?

Proton at Fixed Location 

2S and 2P electron have different charge distribution 

Different expectation value of electromagnetic field 

Level Splitting!

BUT: Cannot decouple center of mass and relative co-ordinates 

Proton wave-function  spread over some region (e.g. trap size ~ 100 nm)  
Εxpectation value of electromagnetic field diluted 

In neutral atom - heavily suppressed, except at edges!  

ε < 10-2 

Similarly, kills possible bounds on QCD and gravity
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Experimental Tests

Interferometry - interaction between paths

Take an ion - split its wave-function
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Coulomb Field of one path interacts with the other path

Gives rise to phase shift that depends on the 
intensity p of the split

Use intensity dependence to combat systematics



Conclusions
1. Quantum Field Theory can be generalized to include non-linear, state dependent 

time evolution 

2. Conventional tests of quantum mechanics in atomic and nuclear systems do NOT 
probe causal non-linear quantum mechanics 

3.  Straightforward set of experimental tests possible to probe non-linear quantum 
mechanics  

4.  Motivation to test other extensions as well - e.g. Lindblad Decoherence 


