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This Talks Claims

C1. Explaining all but maybe a small corner of quantum theory’s
experimental successes unavoidably involve quantum fields.

C2. Without a satisfactory understanding of how to model measurements
involving QFTs, we risk losing the whole of quantum theory’s
evidential support (and maybe its physicality too).

C3. The textbook models concerning measurement of QFT are handwavy
and deeply unphysical. Fixing this requires QFT-compatible models of
our detector systems.

C4. There are two state-of-the-art detector models being used today:
UDW and FV. Are these enough to restore evidential support and
physicality to quantum theory?
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A Quantum Measurement Problem

Despite quantum theory’s remarkable success at predicting the (statistical)
results of experiments, many philosophers worry that it nonetheless lacks
some crucial theory-to-experiment link.

Various dissatisfactions with various theory-to-experiment disconnects
deserve the title “The Quantum Measurement Problem”:
How are we to model/understand the measurement of quantum systems?

But exactly which measurement problem am I here concerned with?
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Which measurement problem? Pragmatic or Realist?

Pragmatic worries: How exactly are these statistical predictions to be
pulled out of the theory? How exactly should the measurement process be
modeled?

Realist worries: How could the world be such that our experiments have
these statistics? What explains which definite outcomes I see in each
seemingly identical run of my experiment? How exactly should the
measurement process be understood?

Both questions are interesting, but the first one is more important since if
unanswered its consequences are more severe.
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What is at stake?

It is debatable whether or not a physical theory needs to provide us with a
realist narrative.

It is not debatable that a physical theory must provide us with a robust
account of how predictions can and should be made from it.
This is what makes physical theories physical.

Without this robust account, we are at risk of losing any right to claim
evidential support (or worse physicality) for our theory.

Take this on faith for now:
For non-relativistic QM: ✓ (measurement chains, the Heisenberg cut).
For quantum field theory: X Big Trouble Ahead.
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Scope of the Talk

I am going to neglect the realist portion of the quantum measurement
problem. I rather say: let us first work on bringing home the spoils of
experimental success, then let’s worry about what it all means later.

1.✓ A Quantum Measurement Problem

2. Where The Spoils Were Won (QFT-land or NonRel QM-land?)

3. What Blocks Their Way Home (Textbook models don’t work, why?)

4. A Tale of Two Detector Models (UDW versus FV)

5. Measurement Chains and Cuts
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Where The Spoils Were Won

Remember to take this on faith for now:
For non-relativistic QM: ✓ (measurement chains, the Heisenberg cut).
For quantum field theory: X Big Trouble Ahead.

Are the evidential spoils of quantum theory more grounded:
A) in non-relativistic phenomena (and so easy recoverable) or
B) in quantum field theoretic phenomena (and so non-recoverable)?

A) → Perhaps we can’t properly model measurements of quantum
particles moving at relativistic speeds and the exotica of CERN. But we do
still have all other major successes: double slit, spectrum of hydrogen, etc.

This would be a bad situation, but not a foundational crisis.
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Where The Spoils Were Won

Unfortunately, I think we rather have option B) which is deeply troubling.

Explaining all but maybe a small corner of quantum theory’s experimental
successes unavoidably involve quantum fields.

“Quantum field theory is not just for the esoterica of CERN. Quantum field
theory is what we need to understand the scattering of light in the sky.”1

B) → Without a satisfactory link between QFT and our experiments, we
risk losing the whole of quantum theory’s evidential support (and maybe
its physicality too).

1David Wallace talk on YouTube: “The sky is blue, and other reasons physics needs
the Everett interpretation” Time stamp 37:34.
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First Example: The Ultraviolet Catastrophe

One of the first major successes of quantum theory was resolving the
ultraviolet catastrophe.

Planck’s solution was to assume that electromagnetic radiation can be
emitted or absorbed only in discrete packets with ∆Eatom = ∆Elight = ℏω.

However, today we no longer view this as an assumption. Rather it is
result derived from QFT and the light-matter interaction.
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Second Example: The Spectrum of Hydrogen

Another major success of quantum theory: the spectrum of Hydrogen.

The spectrum of Hydrogen can be computed using non-relativistic QM.
Can we say: “I have calculated the energetic structure of Hydrogen. Its
energy gaps line up one-to-one with the readings picked up by my
spectrograph.” Case closed?

No, firstly spectrographs separate light based on frequency. To connect
this with energies you need Elight = ℏω (i.e., a QFT result).

Secondly, more must be said about the causal mechanism, i.e., the
light-matter interaction. How does spectral emission work? Atoms
absorb/emit individual photons, this can’t be studied classically.
There is such thing as no non-relativistic light.
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Third Example: Double Slit Experiment

Let’s get away from the light matter interaction...

Another major success
of quantum theory: explaining the double slit experiment (with e−/n0).

Can we say: “I have calculated the electron/neutron wavefunction just
before they hit the screen. This lines up one-to-one with the readings
picked up by my detectors.” Case closed? No

How are the neutrons excited?
By fusing isotopes of hydrogen X

How are the neutrons detected?
Neutral so not EM. Not Grav
It’s via nuclear decay. X

How are the electrons excited?
Shining a laser on metal? X
A cathode ray tube? Maybe

How are the electrons detected?
A fluorescent screen? X
Avalanche detection? Maybe
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We need QFT to connect with experiment

While many experimentally relevant calculations can be done in terms of
non-relativistic quantum mechanics...

the route from these calculations to our experimental observations almost
always goes through quantum field theory.

Without a satisfactory understanding of how to model measurements
involving QFTs, we risk losing the whole of quantum theory’s evidential
support (and maybe its physicality too).
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Outline

1.✓ A Quantum Measurement Problem

2.✓ Where The Spoils Were Won (QFT-land or NonRel QM-land?)

3. What Blocks Their Way Home (Textbook models don’t work, why?)

4. A Tale of Two Detector Models (UDW versus FV)
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What Blocks Their Way Home

In most textbooks, measurements of
quantum fields are discussed in terms
of scattering problems. The outgoing
particles are picked up by some
(un-described) detectors.

However, as a growing portion of the physics community is becoming
aware2345, such hand-wavy models of measurement are deeply unphysical.

2H. Bostelmann, C. Fewster, M. Ruep (2021)
3C. Anastopoulos and N. Savvidou (2021)
4J. Polo-Gómez, L. Garay, E. Mart́ın-Mart́ınez (2021)
5L. Borsten, I. Jubb, G. Kells (2021);
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However, as a growing portion of the physics community is becoming
aware2345, such hand-wavy models of measurement are deeply unphysical.

2H. Bostelmann, C. Fewster, M. Ruep (2021)
3C. Anastopoulos and N. Savvidou (2021)
4J. Polo-Gómez, L. Garay, E. Mart́ın-Mart́ınez (2021)
5L. Borsten, I. Jubb, G. Kells (2021);

Grimmer (PoPGL) PoPGL February 11, 2022 14 / 42



Bob’s New Experiment

Suppose Bob has a new quantum experiment which he wants to explain.

Towards the end of the experiment
there is a piece of lab equipment
localized in spacetime region Rbig

which at first glance appears to count
the number of (fast-moving) electrons
in some spacetime region Rsmall.

Rsmall

Rbig

Bob understands how to do projective measurement in non-relativistic QM
but doesn’t know much about QFT. Luckily his friend Alice does.
(Also, Bob really doesn’t want to model his detection system if possible.)
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Bob’s First Thought

Bob’s first thought is that his lab
equipment in Rbig tells him something
like: “There are exactly three particles
in Rsmall at locations x1(t), x2(t), and
x3(t)” and that this exactly determines
what is going on in Rsmall.

Rsmall

Rbig

Bob asks Alice if there is any projective operator in QFT which fits this
description. If so, maybe his measurement device does that?

Alice say no, for many reasons that sort of thing is not possible in QFT.
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No Local Finite Rank Projectors

Theorem6: In QFT, all local projectors are infinite rank (Type III algebra).
Since all human-doable measurements are local, they must be infinite rank.

Refresher) Suppose I measure the angular momentum of an atom and find
ℓ = 1. To update the state I should apply the rank-3 projector:

P̂ℓ=1 = |ℓ = 1,m = 1⟩⟨1, 1|+ |1, 0⟩⟨1, 0|+ |1,−1⟩⟨1,−1|

since m = 1, 0, and −1 are all consistent with this result.

Contrast) Measuring whether a Q.H.O. is in an “even” or “odd” state.

In QFT all local measurements must leave an infinite number of options
open. Nothing can “exactly determine what is going on in Rsmall”.

6M. Redhead (1996);
Grimmer (PoPGL) PoPGL February 11, 2022 17 / 42
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What is the problem exactly?

Bob has learned that in QFT no measurement within a bounded region
Rbig can tell us: “The exact state in region Rsmall is...”.

Is Bob’s problem that:
1) he assumed a mathematical maneuver banned by QFT? or
2) he is hand-wavy about the measurement process?

Bob really doesn’t want to model the measurement process. So let’s
pretend 1) is the problem and look for a loophole.
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No Local Number Operator

Bob comes to Alice the next day asks her if there is any projective
operator in QFT which could tell us “There are three particles in Rsmall

(wherever they may be)” thinking this would leave an infinite number of
options open.

Unfortunately, Alice says that this still doesn’t work. There are no
well-defined local number operators, N̂(Rsmall), in QFT78.

Roughly, this is because N̂(Rsmall) would count +1 particles for all of the
particle-antiparticle pair production events in Rsmall and would
consequently diverge terribly.

7M. Redhead (1996)
8D. Malament (1996)
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Particles Minus Antiparticles

Bob comes back a week later and says, maybe we can fix the divergence if
we count particles and anti-particles with different signs. Then pair
production events will count as +0 and therefore won’t cause a divergence.

Bob say “Maybe when I said ‘There are three particles in region Rsmall’ I
should have said ‘There are exactly three excess un-paired particles in R’ ”.

Alice says that’s very clever, but when you try to define a (signed) local
number operator something goes wrong with the commutators...

Their conversation continues on like this for a long time
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Where is this process going?

Where is this process leading us to?

Bob is looking for a projector defined on the spacetime region Rbig which
fits the description of the behavior he sees in his lab. As this continues,
Bob will learn a lot about QFT and make increasing careful descriptions of
what he is looking for. (Maybe he is forced to stop talking in terms of
localized particles...)

Alice is telling Bob what is and is not well-defined in QFT. The best she
can do is to provide Bob with a full menu of what it is theoretically
possible to projectively measure in QFT.
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Process completion

Suppose this happens. Alice
provides necessary and sufficient
conditions910 for what it is
theoretically possible to
projectively measure in QFT
without breaking causality.

(The risk to causality11 is that
there are some well-defined
projective measurements in O2

will allow for signalling from O1

to O3.)

Bob now has a full menu of projective measurements to choose from.

9L. Borsten, I. Jubb, G. Kells (2021)
10I. Jubb (2022)
11R. Sorkin (1993)
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We need more...

Bob has learned a lot about QFT and Alice has proven a beautiful
interesting theorem outlining the scope of what’s possible in QFT.

Bob now has a full menu of projective measurements to choose from. Bob
can now find the one (or many?) projective measurements which lines up
well with the observed behavior of his lab equipment. Case Closed?

Is Bob any closer to explaining how his lab equipment works? I think Bob
needs to bite the bullet and give us a QFT-compatible model of his
detection process.
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The Root Cause

The root cause of Bob’s issues is an unwillingness to give a concrete
QFT-compatible model of our measurement devices.

Superficially, this shows up as mathematical blunders which either

a) violate the central ‘commandments’ of relativity (covariance, causality
and locality)

b) or disrespect the local algebraic structure of QFT (now a Type III
rather Type I von Neumann algebra).
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Outline

1.✓ A Quantum Measurement Problem

2.✓ Where The Spoils Were Won (QFT-land or NonRel QM-land?)

3.✓ What Blocks Their Way Home (Textbook models don’t work, why?)

4. A Tale of Two Detector Models (UDW versus FV)

5. Measurement Chains and Cuts
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A Tale of Two Detector Models

There are two state-of-the-art approaches to modeling the measurement of
quantum fields12:

• Fewster Verch (FV) framework: a quantum field acts as a localized
probe on upon another quantum field, all formalized within the
framework of Algebraic QFT.

• Unruh DeWitt (UDW) detectors: a non-relativistic atom-like probe is
coupled to the quantum field.

We can compare these on two sets of criteria:

• How well does each model preserve the central ‘commandments’ of
relativity: covariance, causality and locality?

• How well does each model connect with experimental practice?

12For a technical comparison see D. Grimmer, B. Torres, E. Mart́ın-Mart́ınez (2021)
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Fewster Verch (FV) framework

In the FV framework13, one quantum field acts as a probe upon another
quantum field.

For example14, one massive Klein Gordon fields ψ̂ probes
another ϕ̂ with joint Lagrangian

L =
1

2
(∇µϕ̂)(∇µϕ̂)− m2

1

2
ϕ̂2︸ ︷︷ ︸

Lϕ

+
1

2
(∇µψ̂)(∇µψ̂)− m2

2

2
ψ̂2︸ ︷︷ ︸

Lψ

−λ ρ ψ̂ϕ̂︸ ︷︷ ︸
LI

.

ϕ̂(t, x) - field being probed,
ψ̂(t, x) - probing field,
λ - coupling constant,
ρ(t, x) - interaction profile
(compactly supported in KA)

There is then a “processing region” NA where the probe field is measured.

13C. Fewster, R. Verch (2020)
14M. Ruep (2021)
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Fewster Verch (FV) framework

Q: How well does the FV framework preserve the central
‘commandments’ of relativity: covariance, causality and locality?

A: Perfectly! The FV framework is formulated entirely within AQFT.

Q: How well does the FV framework connect with experimental practice?

A: In principle well, but practically barely at all: In principle FV can handle
anything that AQFT can handle. But in practice, AQFT cannot handle
much. No interacting bound states (e.g., the hydrogen atom).

Moreover, FV uses one QFT to measure the other QFT. At the end we are
still left wondering how to measure a QFT.
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Unruh DeWitt (UDW) detectors

In the UDW model a non-relativistic atom-like probe is coupled to the
quantum field.

For example15, a UDW detector coupled to a massive Klein
Gordon fields ϕ̂ may have joint Lagrangian

L =
1

2
(∇µϕ̂(t, x))(∇µϕ̂(t, x))− m2

1

2
ϕ̂2(t, x)︸ ︷︷ ︸

Lϕ

+LUDW−λ ρ(t, x) µ̂(τ) ϕ̂(t, x)︸ ︷︷ ︸
LI

.

ϕ̂(t, x) - field being probed,
LUDW - probe Lagrangian,
λ - coupling constant,

µ̂(τ) - probe internal d.o.f.,
ρ(t, x) - interaction profile
(compactly supported in KA)

For a point-like detector with some trajectory, ρ(t, x) = χ(t)δ(x − γ(t)).

15D. Grimmer, B. Torres, E. Mart́ın-Mart́ınez (2021)
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Unruh DeWitt (UDW) detectors

Q: How well do UDW detectors connect with experimental practice?

A: Very well! The UDW model is a very close fit to the light-matter
interaction16 in certain regimes. It improves upon quantum optics.

Q: How well do UDW detectors preserve the central ‘commandments’ of
relativity: covariance, causality and locality?

A: Imperfectly, but with well understood and controllable issues1718.

- For point-like detectors there are essentially no problems.

- For smeared detectors, there are Sorkin-like signalling issues and some
issues with time-orderings. But in regimes where its reasonable to
talk about first-quantized atoms, these issues are managable.

16R. Lopp, E. Mart́ın-Mart́ınez (2021)
17J. Ramón, M. Papageorgiou, E. Mart́ın-Mart́ınez (2021)
18E. Mart́ın-Mart́ınez, T. Perche, B.Torres (2021)
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Outline

Recall that we are trying to establish a better theory-to-experiment
connection. On balance, it seems to me that UDW detectors better
positioned to help with this. But let’s formalize our situation.

1.✓ A Quantum Measurement Problem

2.✓ Where The Spoils Were Won (QFT-land or NonRel QM-land?)

3.✓ What Blocks Their Way Home (Textbook models don’t work, why?)

4.✓ A Tale of Two Detector Models (UDW versus FV)

5. Measurement Chains and Cuts
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Measurement Chains

Earlier, I claimed that for non-relativistic quantum theory these pragmatic
modeling concerns have been sorted out in terms of measurement chains
and the Heisenberg cut.

To review:

A measurement chain is the sequence of steps in our experiment which
carry the measured information from one regime to another.

Ex) An atom in a superposition emits a photon which is detected by a
photo-multiplier which triggers a small current which turns on a transistor
which... which displays a number on a screen.

Grimmer (PoPGL) PoPGL February 11, 2022 33 / 42



Measurement Chains

Earlier, I claimed that for non-relativistic quantum theory these pragmatic
modeling concerns have been sorted out in terms of measurement chains
and the Heisenberg cut. To review:

A measurement chain is the sequence of steps in our experiment which
carry the measured information from one regime to another.

Ex) An atom in a superposition emits a photon which is detected by a
photo-multiplier which triggers a small current which turns on a transistor
which... which displays a number on a screen.

Grimmer (PoPGL) PoPGL February 11, 2022 33 / 42



Measurement Chains

Earlier, I claimed that for non-relativistic quantum theory these pragmatic
modeling concerns have been sorted out in terms of measurement chains
and the Heisenberg cut. To review:

A measurement chain is the sequence of steps in our experiment which
carry the measured information from one regime to another.

Ex) An atom in a superposition emits a photon which is detected by a
photo-multiplier which triggers a small current which turns on a transistor
which... which displays a number on a screen.

Grimmer (PoPGL) PoPGL February 11, 2022 33 / 42



Heisenberg Cuts

At some point along the chain we take a Heisenberg cut and switch from
modeling things quantum-ly to classically.

Quantum 
Model

Classical 
Model

Atom Light Photo-
Multiplier

Small
Current

Transistor ... Computer 
Screen

...

Heisenberg
Cut

There is nothing fundamental about the placement of the Heisenberg cut.
As long as we place it late enough (after the last quantum phenomena) we
will get good predictions.

Grimmer (PoPGL) PoPGL February 11, 2022 34 / 42



Heisenberg Cuts

At some point along the chain we take a Heisenberg cut and switch from
modeling things quantum-ly to classically.

Quantum 
Model

Classical 
Model

Atom Light Photo-
Multiplier

Small
Current

Transistor ... Computer 
Screen

...

Heisenberg
Cut

There is nothing fundamental about the placement of the Heisenberg cut.
As long as we place it late enough (after the last quantum phenomena) we
will get good predictions.

Grimmer (PoPGL) PoPGL February 11, 2022 34 / 42



Do we need a relativistic cut?

I suggest that in modeling the QFT/non-relativistic QM divide that at
some point we need to make a relativistic cut.

Quantum 
Field Theory 

Model

Classical 
Model

Higgs 
Boson ... Computer 

Screen...

Heisenberg
Cut

Non-Rel
Quantum 

Model

Relativistic
Cut

......

Again, there is nothing fundamental about the placement of this cut. As
long as we place it late enough (after the last QFT phenomena) we will
get good predictions.
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Where do the FV and UDW fit?

Quantum 
Field Theory 

Model QFT #1

Non-Rel
Quantum 

Model

FV Probe
QFT #2

QFT #3

UDW
Detector

QFT #4

Non-Rel
Approx.

FV models the interaction between two QFTs and so moves us along the
bottom rung.

UDW models a non-relativistic probe coupled to a QFT and so it makes a
diagonal jump.
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What’s Missing?

Quantum 
Field Theory 

Model QFT #1

Non-Rel
Quantum 

Model

FV Probe
QFT #2

QFT #3

UDW
Detector

QFT #4

Non-Rel
Approx.

What is missing from this picture is a way to cross the divide vertically.
That is, to take an isolated quantum field theory system and use some
approximation scheme to map it onto a non-relativistic state.

While this is possible for some low-energy free massive QFTs, we cannot
yet do the same for interacting bound states (e.g., the hydrogen atom).
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Can we do enough with these tool?

Quantum 
Field Theory 

Model QFT #1

Non-Rel
Quantum 

Model

FV Probe
QFT #2

QFT #3

UDW
Detector

QFT #4

Non-Rel
Approx.

As I see it, these are the only three tools we have available currently.
Each have their limitations.

Are these three tools enough to bring home the spoils and restore
evidential support and physicality to quantum theory?
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Conclusion

1. I have argued that to bring home a majority of the experimental spoils
of quantum theory, we need to better understand how to model
measurements involving QFTs.

2. This unavoidably means talking about how to model detectors in
QFT. Otherwise, at worst we accidentally make moves banned by
QFT. At best we find a qualitative match, but don’t really explain
anything.

3. There are two state-of-the-art detector models being used today:
UDW and FV. Together with non-relativistic approximations, these
may (or may not) be enough to guide us across the relativistic cut
which I claim is necessary.
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Questions/Comments

Quantum 
Field Theory 

Model

Classical 
Model

Higgs 
Boson ... Computer 

Screen...

Heisenberg
Cut

Non-Rel
Quantum 

Model

Relativistic
Cut

......
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