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Motivation
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Confirmation vs. testing

• QM has been confirmed in a wide range of experiments, but
actively looking for where it might fail (testing) is rare.

• Precision test of fundamental QM
1
: Deviation from the Born

rule Pψ = |ψ|2 ≈ 10−3

• Precision test of SM
2
: Muon g − 2 ≈ 0.20 ppm.

Strategy: Find a framework that modifies the aspect
of QM you want to test by introducing new parame-
ters. Then confront it to experiments and constrain
the allowed deviation.

1
Kauten et al New J. Phys. 19 (2017) 033017

2
Phys. Rev. Lett. 131, 161802 (muon g − 2 collab)
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Scope of this work

• There are reasons to believe that eventually both QM and GR
will turn out to be approximations.

• However, this work is not meant as an empirical competitor
to QM but as a tool to test it precisely and at most, serve as
a toy model for pheno beyond QM.

GR is also being tested actively. Ex. This morning’s DESI plenary
talk by Prof. Hee-Jong Seo.
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Physics beyond quantum mechanics
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Double-slit experiment

a

time

1

2

b

Classically, P12 = P1 + P2

In QM,

P12 = |Ψ1 +Ψ2|2 =⇒ P12 −
[
P1 + P2

]
︸ ︷︷ ︸

I (2)(1,2)

̸= 0
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Higher-order interference
3

a

time

1

3

2

b

P123 = |Ψ1+Ψ2+Ψ3|2 =⇒ P123 = P12+P23+P31−P1−P3−P2

Define

I (3)(1, 2, 3) := P123 − P12 − P23 − P31 + P1 + P3 + P2.

3
Sorkin, Mod. Phys. Lett. A, 09, 33, pp. 3119-3127 (1994)
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Hierarchy of “quantumness”

Classical prob.

Quantum probab
ilit

y

M
ore general prob. t

heo
ry?
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Current status of I3

Exp. bounds
4
on

|I3|
|I2|

≈ 10−3

• I3 small but not ruled out conclusively.

• Frameworks exist
5
but not complete dynamical models against

which to test QM in experiments.

4
Kauten et al New J. Phys. 19 (2017) 033017

5
B Dakić et al 2014 New J. Phys. 16 023028
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A toy model with I3 ̸= 0



11

Canonical QM

|ψ⟩ =
∑
n

ψn |n⟩ =⇒ ψn = Nn e−iEn t/ℏ

ψ⃗n := Nn

[
cos (ωnt)

− sin (ωnt)

]
︸ ︷︷ ︸

x⃗(ωnt)

, ωn =
En

ℏ
.

ψ⃗n
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Deformation of QM

Replace the “x-ponent”

x⃗(ωnt) =

[
cos (ωnt)

− sin (ωnt)

]
−→ X⃗ (ωnt) =

 cos ξCn(ωnt, k)

−
√

c2ξ + k2s2ξ Sn(ωnt, k)

− sin ξDn(ωnt, k)



Ψ⃗n = Nn X⃗ (ωnt, k, ξ)

Figure: ξ = 0 (Black), ξ = π/8 (Blue), ξ = π/4 (Orange), ξ = 3π/8 (Green), and ξ = π/2 (Red).
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Observable consequences

Modified “phase” =⇒ different oscillation pattern

(a) CP-asymmetry data (I. Adachi et al. (Belle), PRL.
108, 171802 (2012)) fitted with modified QM (black
solid) and canonical QM (red dashed). (b) 1σ, 2σ, and 3σ deviations.

New predictions?
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Area and volume

Recall ψ⃗n := Nn x⃗(ωnt)

P(ϕ, ψ) = |⟨ψ|ϕ⟩|2 =
∑
n

|ψ⃗n|2|ϕ⃗n|2︸ ︷︷ ︸
Pn

+
∑
n ̸=m

(ψ⃗n · ϕ⃗n)(ψ⃗m · ϕ⃗m) + (ψ⃗n × ϕ⃗n) · (ψ⃗m × ϕ⃗m)

︸ ︷︷ ︸
Imn

(
ψ⃗n × ϕ⃗n

)
·
[(
ψ⃗m × ϕ⃗m

)
×

(
ψ⃗k × ϕ⃗k

)]
= 0,︸ ︷︷ ︸

Imnk

in QM.

x⃗(ωnt) evolves along a circle =⇒ no non-zero “volume” term
possible.

X⃗ (ωnt, k , ξ) evolves in 3D =⇒ can be made non-zero in our
formalism!
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Reasonable requirements for I3

ψ

time

1

3

2

ψ, ϕ, χ

• Consistency with observations: I3 ≪ I2 ✓

• Reduction to QM: I3 = 0 for k = ξ = 0 ✓

• Unitarity: I3(ψ → ψ) + I3(ψ → ϕ) + I3(ψ → χ) = 0 ?
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Conclusion



17

• Precision tests of QM are important because even
empirically small deviations might lead to something

conceptually significant. Think of ℏ and
1

c
.

• A formalism predicting third-order interference can serve as
a toy model for the non-relativistic limit of a more complete
theory.

• Or, conclusively ruling it out will turn I3 = 0 to a constraint
on Nature, which all future theories will have to obey.
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Thank You! Questions?
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Backup slides
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Dynamics

• Harmonic oscillator −→ Asymmetric top. Two conserved
quantities:

E =
q2n
2I1

+
p2n
2I2

+
s2n
2I3

, and L2 = q2n + p2n + s2n .

• Time evolution along the intersection of ellipsoid E and
sphere L2. Equations of motion:

dqn
dt

=

(
1

I1
− 1

I2

)
pn sn, · · ·
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Asymptotics of Jacobi elliptic functions

Cn(u, k) = cn

(
2K

π
u, k

)
, · · ·

Cn(u, k) = cos u − k2

16

(
cos u − cos (3u)

)
+ · · ·

Sn(u, k) = sin u +
k2

16

(
sin u + sin(3u)

)
+ · · ·

Dn(u, k) = 1− k2

4

(
1− cos(2u)

)
+ · · ·
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