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Despite quantum theory’s remarkable success at predicting the statistical results of experiments,
many philosophers worry that it nonetheless lacks some crucial connection between theory and
experiment. Such worries constitute the QuantumMeasurement Problems. One can broadly identify
two kinds of worries: 1) pragmatic: it is unclear how to model our measurement processes in order
to extract experimental predictions, and 2) realist: we lack a satisfying ontological account of
measurement processes. While both issues deserve attention, the pragmatic worries have worse
consequences if left unanswered: If our pragmatic theory-to-experiment linkage is unsatisfactory,
then quantum theory is at risk of losing both its evidential support and its physical salience. Avoiding
these risks is at the core of what I will call the Pragmatic Measurement Problem.

Fortunately, the pragmatic measurement problem is not too difficult to solve. For non-relativistic
quantum theory, the story goes roughly as follows: One can model each of quantum theory’s key
experimental successes on a case-by-case basis by using a measurement chain. Somewhere along this
measurement chain it is pragmatically necessary to cross the quantum-classical divide by invoking
a pragmatic Heisenberg cut. Past this case-by-case measurement framework, one can then strive
for a wide-scoping measurement theory capable of modeling all (or nearly all) possible measurement
processes, e.g. our usual projective measurement theory. As a bonus, proceeding this way also gives
us a physically meaningful characterization of the theory’s observables.

But how does this story have to change when we move into the context of quantum field theory
(QFT)? It is well known that in QFT almost all projective measurements violate causality, allowing
for faster-than-light signaling; These are Sorkin’s impossible measurements. It has been argued
in the physics literature that because of this we need a new (or at least refined) measurement
theory for QFT. I will argue, however, that aside from some technical complications, moving into
a QFT context changes essentially nothing regarding how we can and should model quantum
measurements. The story ought to proceed exactly as before: We ought to first use measurement
chains to build up a case-by-case measurement framework for QFT. This will require us to cross
the QFT-non-QFT divide at some point along the measurement chain. From here we can then
strive for both a new wide-scoping measurement theory for QFT and a new characterization of
its observables. This paper ends by briefly reviewing the state of the art in the physics literature
regarding the modeling of measurement processes involving quantum fields.
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I. INTRODUCTION: ANOTHER QUANTUM
MEASUREMENT PROBLEM

It is incontestable that quantum theory has been re-
markably successful at predicting the statistical results of
a wide range of experiments. However, despite its many
predictive successes, many philosophers and physicists
are nonetheless worried that quantum theory lacks some
crucial connection between theory and experiment. Var-
ious dissatisfactions with various theory-to-experiment
disconnects each deserve the title “A Quantum Measure-
ment Problem”: How should we understand/model mea-
surement processes involving quantum systems?

Indeed, there is a wide literature aimed at identify-
ing what the measurement problem is exactly. See, for
instance Maudlin’s “Three Measurement Problems” [1]
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among many others [2–5]. The quantum measurement
problems have also been much-discussed in the context
of quantum field theory (QFT) [6–14]. Adding to these
discussions, this paper will introduce a new set of worries
(which I will call the pragmatic measurement problem)
regarding how measurements are to be modeled. Before
discussing these issues in the context of QFT, allow me
to first introduce them in a non-relativistic context.

In order to differentiate the various quantum measure-
ment problems from each other, it is perhaps best to
start from a version of quantum theory which (hope-
fully nearly) every physicist and philosopher is dissat-
isfied with. I have in mind the parts of non-relativistic
quantum theory which students are urged to focus on af-
ter they are told to “Shut up, and calculate!”. Let us
call this the sophomore’s quantum theory. Students are
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here taught to model quantum experiments as follows.1

The sophomore is first told the following two tautologies:
All measurements are of some observable and, moreover,
all observables are measureable. The sophomore is then
told that quantum theory’s observables are exactly the
self-adjoint operators. In order to model a measurement
of a given self-adjoint operator, Q̂, one begins by com-
puting its eigensystem, Q̂ =

∑
out qout |out⟩ ⟨out|. The

projectors, π̂out = |out⟩ ⟨out|, appearing in this decom-
position define a projection-valued measure (PVM). Next
one takes the given initial conditions, |in⟩, and applies

the given unitary evolution, Û . The sophomore is told
that putting these computations together unambiguously
yield a statistical prediction of the experiment’s outcome
via the Born rule, p(out| Û , in) = |⟨out| Û |in⟩|2.
Many physicists and philosophers are dissatisfied with

the sophomore’s quantum theory, claiming that it lacks
the right kind of connection between theory and ex-
periment, and rightly so. One can broadly distinguish
two types of worries surrounding quantum measurement:
pragmatic worries and realist worries. Pragmatic worries
are methodological in nature and aim at clarifying how
exactly these statistical predictions are to be pulled out
of the theory. Specifically, they ask how should onemodel
real-life measurement processes as a matter of experimen-
tal practice? By contrast, realist worries are aimed at
establishing an ontological account of the measurement
process. Realist worries ask: How should the measure-
ment process be understood? See, for instance, Maudlin’s
“Three Measurement Problems” [1] all of which I classify
as realist/ontological worries.

The sophomore’s quantum theory fails on both the
pragmatic and realist fronts. Its realist failures are well
known, but its pragmatic failures deserve some further
comment. Firstly, the sophomore has misidentified the
observables of quantum theory (see Secs. IID and IIIA).
The deeper issue, however, is that the sophomore’s quan-
tum theory does not, in fact, give us unambiguous (or
even approximate) statistical predictions for real-life ex-
periments. While it is true that statistical predictions are
unambiguously associated with initial states, unitaries,
and projectors, (recall, p(out| Û , in) = |⟨out| Û |in⟩|2)
these themselves have not yet been suitably connected
with our real-life experimental setups. Specifically, the
sophomore has no answer to the following questions:2

Under what conditions is it appropriate to model this
piece of lab equipment using a PVM? If it is appropri-

1 A sophisticated sophomore may also learn about selective and
non-selective measurements as well as post-measurement state
updates via Lüders rule. Moreover, they may also learn about
density matrices, ρ̂, and Positive Operator-Valued Measures
(POVMs), Êout ≥ 0, i.e., non-ideal measurements. In terms

of POVMs, Born’s rule is p(out| Û , in) = Tr(ÊoutÛ ρ̂in Û†). The
pragmatic worries discussed below apply equally well to this so-
phisticated sophomore.

2 The same complaint holds for the sophisticated sophomore dis-
cussed in footnote 1 with POVM replacing PVM.

ate, then exactly which PVMs am I allowed to use and
when? How can one go about determining approximately
which observable this apparatus measures? There may
be ready answers to these questions pre-written on the
sophomore’s problem sheets, but show them a piece of
real-life lab equipment and watch them falter.

Often the sophomore may intuitively guess which PVM
to use and when. It is highly intuitive that in model-
ing a double-slit experiment the right PVM is (at least
approximately) the position projectors, π̂out = |x⟩ ⟨x|.
Moreover, it is intuitive that the right time is (at least ap-
proximately) when the electron hits the detection screen.
For most practical purposes this is effectively what hap-
pens. Indeed, it may often be the case that the sopho-
more’s guesses consistently give accurate-enough predic-
tions. But ultimately, they are nothing more than just
that: guesses. It goes without saying that this method
of connecting theory with experiment is deeply unsatis-
fying.

I should here clarify what exactly the pragmatic mea-
surement problem is asking for. Importantly, it is not an
ontological problem; I am not asking the sophomore to
base their prediction on an ontological account of the
measurement process. Rather, it is a methodological
problem which applies equally well to anti-realist or prag-
matic interpretations of quantum theory: Indeed, every
scientific theory must provide us with a robust account of
how predictions can and should be made from it. Namely,
we need a satisfactory account of how one is allowed to
model both the system in question and the measurement
process. The above critique thus highlights a devastat-
ing methodological failure of the sophomore’s quantum
theory; A theory-to-experiment linkage which relies so
blatantly upon intuitive guessing simply cannot do the
work we require of it.

As I will now discuss, in comparison with the realist
measurement problem, these pragmatic worries have far
worse consequences if left unanswered. It is helpful to
distinguish two senses in which our scientific theories are
about reality [15]. Firstly, they may have ontological as-
pirations of representing and/or describing reality. This
is the domain of the realist measurement problem. But
why should we believe that our scientific theories have
any right to be “about reality” in the first place? Ulti-
mately, our theories earn this right by a process of com-
plex sustained bi-directional contact with experimental
practice. That is, our scientific theories get their right to
be meaningful from their (often messy [15]) connection
to our systems of measurement devices and approxima-
tion techniques. This is the domain of the pragmatic
measurement problem. What is at risk is the linkage be-
tween theory and reality which is mediated by real-life
experimental practice. Without a clear understanding
of this pragmatic connection between theory and experi-
mental practice, quantum theory is at risk of losing both
its evidential support and its physical salience.

Fortunately, as well as having worse consequences, the
pragmatic measurement problem is also much easier to
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address than the realist’s worries. All one needs to do is
to develop a framework for modeling the relevant mea-
surement processes in a sufficient level of dynamical de-
tail [15–17].3 Past this minimal solution to the pragmatic
measurement problem, one can then strive for a mea-
surement theory which is applicable to all (or nearly all)
measurement processes. (For non-relativistic quantum
theory, we have our usual PVM/POVM measurement
theory.) Having such a measurement theory is not only
highly convenient for modeling experiments but is also
theoretically fruitful: It can give us a physically mean-
ingful characterization of the theory’s observables.

Given all of this, it makes sense to address the prag-
matic measurement problem before the realist one. As
compelling as the realist’s worries are, one might say:
Let us first work on bringing home the spoils of quan-
tum theory’s experimental successes; We can then worry
about the ontology of the theory later, once we have bet-
ter footing.

One might here protest that the realist and pragmatic
measurement problems ought to be solved together. In-
deed, this is a possibility: Developing an ontological ac-
count of the measurement process (e.g., Bohmian me-
chanics and GRW) might show us how to model a great
many different measurement processes. Importantly,
however, it also might not; Having a satisfying ontolog-
ical account of the measurement process does not auto-
matically give us a tractable way of modeling quantum
theory’s key experimental successes. For instance, it may
be the case that directly simulating the ontological devel-
opment of an experiment is computationally infeasible.
Alternatively, modeling these experiments may require
us to go outside of the scope of whichever ontological
account we have in mind (e.g., into QFT [18, 19]). In ei-
ther of these cases, we would still suffer the consequences
of the pragmatic measurement problem. Thus, solving
the realist measurement problem does not automatically
address the pragmatic measurement problem. (Nor vice-
versa.)

As the above discussion has shown, the pragmatic
and realist measurement problems are separate problems,
with separate difficulties, consequences, and solution cri-
teria. While one may hope to solve them simultane-
ously, this is far from compulsory. Indeed, given how
contentious the ontology of quantum theory is, it makes
sense to first address the pragmatic measurement prob-
lem in an ontology-neutral way. Even if one is committed
to later give an ontology-laden solution, one can reason-
ably proceed this way thinking: At least in the mean-
time we will have a working understanding of quantum
theory’s measurement processes and observables.

In practice this is exactly what has happened: While

3 There is ample room for discussion regarding the exact standards
to which these models ought to conform; These standards ought
to be high, but contextually reasonable. See Sec. II for further
discussion.

the realist measurement problem continues to be fiercely
debated, the pragmatic measurement problem has long
since been satisfactorily addressed (at least within the
purview of non-relativistic quantum theory).4 Said dif-
ferently, while the ontology of non-relativistic quantum
theory is contentious, its experimental predictions are
clear, as are the allowed methods for extracting these
predictions from the theory. Moreover, we even have an
ontology-neutral characterization of this theory’s observ-
ables. As I will discuss in Sec. II, the key notions here are
measurement chains and Heisenberg cuts; In these terms
one can achieve an ontology-neutral solution to the prag-
matic measurement problem, at least for non-relativistic
quantum theory.

The Pragmatic Measurement Problem in QFT

The main subject of this paper, however, is the prag-
matic measurement problem in the context of quantum
field theory (QFT). Namely, I consider The Pragmatic
QFT Measurement Problem:5 How should one model
measurement processes involving quantum fields? How
must our measurement framework for QFT differ from
our usual non-relativistic measurement framework? Can
we model QFT-involved measurements using PVMs and
POVMs in roughly the ways we are used to? How do the
observables of QFT differ from the observables of non-
relativistic quantum theory?
Much of the above discussion of the pragmatic vs re-

alist measurement problems carries over unchanged into
QFT. Namely, in comparison with the realist QFT mea-
surement problem, the pragmatic QFT measurement
problem has worse consequences if neglected; Quantum
field theory would then be at risk of losing both its evi-
dential support and its physical salience. Fortunately, as
before, it is also much easier to address. In fact, the dif-
ficulty gap between the realist and pragmatic measure-
ment problems arguably widens for QFT; Certain on-
tological issues become notably more difficult in QFT.6

Hence, we have extra reason to seek out an ontology-
neutral approach to the pragmatic QFT measurement
problem. As I recommended above: Let us first work on
bringing home the spoils of quantum theory’s experimen-
tal successes; We can then worry about the ontology of
the theory later, once we have better footing.
This spoils-before-ontology approach raises the follow-

ing question: For quantum theory generally, where were
these metaphorical spoils won? While establishing a de-
tailed answer to this question is not essential for the main

4 The experimental purview of non-relativistic quantum theory
might be notably smaller than one thinks [18, 19]. See the quote
from Wallace in the next subsection.

5 As before, these pragmatic issues ought to be distinguished from
the much-discussed realist/ontological issues within QFT. [6–14]

6 Namely, certain strategies adopted by hidden variable and col-
lapse approaches fail in relativistic contexts [6, 7].
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philosophical points made in this paper, it will help us
to determine what is at stake. Namely, if quantum field
theory is required in order to model some/many/most of
quantum theory’s key experimental successes, then fail-
ing to address the pragmatic QFT measurement problem
is troublesome/severe/catastrophic.

One might feel that the stakes here are significantly
lower than in the non-relativistic context: Can’t one ad-
equately model almost all of quantum theory’s key ex-
perimental successes without QFT? Wallace has recently
argued for the following perhaps surprising claim:

For a quantum experiment to be modellable
entirely within NRQM . . . not only the system
being measured, but the apparatus doing the
measurement, would have to be within the
scope of NRQM. Such systems plausibly ex-
ist . . . But experiments like this comprise only
quite a small fraction of the experiments per-
formed within ‘non-relativistic’ quantum me-
chanics. [19, p. 21]

Importantly, Wallace arrives at this conclusion for fairly
basic conceptual reasons, not a demand for hyper-
accuracy. Ultimately, this would mean that if we cannot
establish an adequate pragmatic link between QFT and
experimental practice then not only quantum field the-
ory but nearly the whole of quantum theory is at risk of
losing its evidential support and physical salience.

Given that the route home for some/many/most of
quantum theory’s experimental spoils runs through quan-
tum field theory, our next question becomes: What novel
issues arise when one attempts to model measurement
processes involving quantum fields? My answer to this
question is as follows: Aside from some technical com-
plications, moving into a quantum field theoretic context
changes essentially nothing regarding how we can and
should model quantum measurements. As anti-climactic
as this answer sounds, it stands in stark contrast to how
this question is typically discussed in the physics litera-
ture (more on this momentarily).

Since I am saying that nothing much changes as we
move into QFT, I must start by discussing how the prag-
matic measurement problem has already been solved for
non-relativistic quantum theory. Sec. II will introduce
the notions of measurement chains and Heisenberg cuts.
I will then show how they can be leveraged against the
pragmatic measurement problem. This section will ar-
gue that it is pragmatically necessary to take a Heisen-
berg cut (i.e., to cross the quantum-classical divide) when
modeling any real-life quantum measurement. This sec-
tion will also begin to correct the sophomore’s mistaken
ideas about observables (n.b., “observables” ̸= “self-
adjoint operators”).

With this story established, I will then argue in Sec. III
that the pragmatic QFT measurement problem ought to
be approached in exactly the same way. By contrast,
much of the physics literature regarding measurement in
QFT tends to focus on how our understanding of mea-

surement must change as we move into QFT. Namely,
they are focused on the fact that most POVM measure-
ments violate the central ‘commandments’ of relativity
(covariance, causality, and locality) [13, 14, 20–35] or
otherwise disrespect the QFT’s local algebraic structure.
See, for instance, Sorkin’s impossible measurements [27]
which enable faster-than-light signaling.
I will argue against what I feel is a natural reac-

tion to the existence of such impossible measurements.
One might be tempted to retreat into QFT-land and
then to develop exact formal criteria to distinguish be-
tween the possible and the impossible measurements.
Some feel that we need to rebuild, from within QFT,
a new relativistically-safe understanding of its measure-
ment processes and observables. As I will argue in
Sec. IIIA, however, this formal exact isolationist ap-
proach goes too far and ultimately robs the observables
of QFT of any physical salience. Instead, we ought to opt
for an informal approximate understanding of QFT’s ob-
servables mediated by Heisenberg-like cuts. (Just as we
must take a Heisenberg cut to cross the quantum-classical
divide, we must take a QFT-cut to cross the QFT-non-
QFT divide). In sum, we ought to proceed just as we did
for non-relativistic quantum theory.
Finally, Sec. IV will review the state of the art in

the physics literature regarding the modeling of QFT-
involved measurement processes. What tools do physi-
cists currently have available to them for making QFT-
cuts? The primary two tools which I will discuss are
the Fewster Verch (FV) framework [23–25, 29, 36], and
the Unruh-DeWitt detector model [20, 28, 35, 37–48]. A
measurement theory for QFT based on Unruh-DeWitt
detectors has recently been put forward [20]. As I will
argue, this is (at least currently) the best approach avail-
able for achieving a wide-scoping measurement theory for
QFT and for identifying its observables in a physically
meaningful way.

II. MEASUREMENT CHAINS AND
HEISENBERG CUTS

This section will elaborate on my above claim that for
non-relativistic quantum theory the pragmatic measure-
ment problem has been solved. Namely, I will discuss how
this problem can be addressed in an ontology-neutral way
in terms of measurement chains and pragmatic Heisen-
berg cuts. Firstly, Sec. II A will introduce the notions of
measurement chains and Heisenberg cuts via some exam-
ple scenarios. Next, Sec. II B will introduce a helpful tax-
onomy regarding the different kinds of Heisenberg cuts
which are available to us. Then, Sec. II C will distinguish
two versions of the pragmatic measurement problem and
show how they can each be addressed using measure-
ment chains and Heisenberg cuts. Finally, Sec. IID will
make some progress towards identifying the observables
of non-relativistic quantum theory (n.b., “observables”
̸= “self-adjoint operators”).
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A. Examples of Measurement Chains and
Heisenberg Cuts

In practice, we often model our experiments in terms
of a measurement chain. Roughly, a measurement chain
models an experiment as a sequence of interactions which
carries the measured information from the systems be-
ing measured to some record-keeping device. To give
an abstract example: System A interacts with system B
which then interacts with system C which then ... which
then interacts with system R, our record-keeping device.
(More will be said momentarily about the freedom one
has in starting and ending measurement chains.)

For a more concrete example, we may be interested in
a certain amplitude associated with an atom in a certain
superposition. Our experiment may proceed as follows:
An atom in a superposition emits a photon which is de-
tected by a photomultiplier which triggers a small cur-
rent which turns on a transistor which ... which displays
a number on a screen which the experimenter writes in
her notepad.

To be clear, throughout this paper the term “measure-
ment chain” does not refer to the linear sequence of physi-
cal systems/interactions which carry the measured infor-
mation, per se. Rather, here, the measurement chain is a
formalization of these systems which the experimenter in-
vents for the purposes of modeling her experiment. There
may be multiple acceptable ways of parsing a given phys-
ical scenario into a formalized measurement chain.

Indeed, given an experiment, it is not always clear
where we ought to place either the start or the end of the
measurement chain.7 Regarding initialization, we can al-
ways ask for the initial conditions of our initial condition.
Regarding the late stages of the experiment, it is unclear
where to stop: the computer screen, the experimenter,
her notepad, etc. One promising way to proceed is to
schematize the observer [15], thereby getting the labora-
tory inside the theory, so to speak. Such considerations
would need to be built into whichever high but contextu-
ally reasonable standards we adopt for our models. The
results of this paper do not depend sensitively on how
this is done.

The above-discussed example of a measurement chain
is laid out horizontally in Fig. 1. It is important to note
that while in this example, moving horizontally happens
to move us into larger, more complex systems with more
degrees of freedom, this is accidental. Horizontal move-
ment in this diagram indicates only that we are moving
from one system to another sequentially towards the end
of the experiment. One can easily imagine experiments
where advancing forward in the experiment temporarily
moves the measured information into a smaller system.

7 There is also an interesting question regarding the middle of the
measurement chain: Where along the measurement chain does
the modeling-burden shift from the theorist to the experimenter?
See Sec. II C for further discussion.

Quantum 
Model

Classical 
Model

Atom Light Photo-
Multiplier

Small
Current

Transistor ... Computer 
Screen

...

Pragmatic
Heisenberg

Cut

...

Figure 1. The measurement chain of a simple atomic exper-
iment. The black lines show two possible types of models:
quantum or classical. The red arrow shows which part of the
experiment we are modeling with which theory. The dashed
blue line shows where we are taking the pragmatic Heisenberg
cut. That is, where we switch from modeling the experiment
in a quantum way to a classical way.

(Indeed, such a scenario is displayed in Fig. 2.) The two
horizontal black lines in Fig. 1 represent two types of
model that we could have for each part of our experi-
ment (here, either classical and quantum). The red ar-
rows indicate how we are going to model each part of the
experiment.
One thing which should be stressed here is that one can

model one’s experiment in terms of a measurement chain
regardless of one’s ontological preferences regarding non-
relativistic quantum theory. For instance, for a Bohmian,
a classical model would mean any model which does not
include the wavefunction (i.e., classical physics) whereas
quantum models do include the wavefunction.
It is also important to note that the path that the

red arrow takes through this diagram is, in large part, a
free choice of the experimenter.8 The location of the red
arrow does not mean that this or that system is quan-
tum/classical. All that this indicates is that, for the pur-
poses of modeling this experiment, this particular exper-
imenter has chosen to model this system as such.
However, importantly, it is not the case that any part

of an experiment can be successfully modeled using any
theory. In practice, there are always going to be some
restrictions. Sometimes for the sake of accuracy it will
be necessary to model a given system in a quantum way.
Sometimes for computational or technological reasons it
will not be feasible to model a given system in a quantum
way (forcing us to model it classically). Sometimes it will
be conceptually necessary to model a given system in a
quantum way. (If one accepts Bohr’s doctrine of classical
concepts, then it is necessary for conceptual reasons to
model the end of an experiment in a classical way.) For
these and other reasons, the possible routes which the red
arrows may make through these diagrams are limited.

8 Towards the end of this subsection, the path of this red arrow in
these figures will be related to the historical notion of Heisenberg
cuts and to Bohr’s doctrine of classical concepts.
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With these restrictions in mind, it may occur that
modeling some part of our measurement chain in a quan-
tum way is both conceptually mandatory and technically
infeasible. For instance, imagine a chemical reaction be-
tween two large biomolecules for which subtle quantum
effects are unavoidably relevant. In this case we simply
cannot (yet) model this experiment satisfactorily. Hence,
we cannot say what quantum theory predicts for this
experiment, although we may have a sophomoric guess.
Even if we do guess right, however, this experiment can-
not in good faith be counted towards quantum theory’s
empirical support.

To better understand how these modeling restrictions
work in practice, it is perhaps best to work through a
familiar example. Consider a double-slit experiment con-
ducted with electrons being modeled by the measurement
chain shown in Fig. 2. Note that two red arrows are
shown. The bottom red line opts for a quantum model
whenever possible, whereas the top red line opts for a
classical model wherever possible.

The experiment begins with many lab operations. As
discussed above, there is some freedom in picking where
exactly the measurement chain starts. However, what-
ever one chooses, the preliminary lab operations can be
described classically. Indeed, it is infeasible to model
these lab operations with quantum theory. Recall that
our purpose here is to provide an actual fully-modeled
account of real-life experiments in order to extract statis-
tical predictions from them. Thus both of the red arrows
in Fig. 2 must start on the top line.

These lab operations set up a current which travels
through a filament in our cathode ray tube. This heats
the filament which begins to thermally emit electrons.
These electrons are then grabbed by an electric field and
accelerated through a small aperture. All of these steps
can be modeled classically without conceptual error or
critical loss of accuracy. Hence the upper red arrow in
Fig. 2 stays on the top row. All of these steps can be fea-
sibly modeled quantumly. Hence the bottom red arrow
in Fig. 2 jumps to the bottom row.

The next part of the experiment (the motion of these
electrons through the double-slit apparatus) must be
modeled with quantum theory. There are both concep-
tual issues and accuracy issues with modeling this part
classically. Hence both of the red arrows must be on the
bottom row here.9

When the electrons reach the final screen, they enter
into a semiconductor. There they are detected by caus-
ing a cascading avalanche of electric discharge. These
electrons jumping over the semiconductor’s band gap re-
quires a quantum model. Hence both red arrows must
be on the bottom row here.

9 Note that there is nothing quantum per se about electrons mov-
ing through an aperture; Whether we can ignore quantum effects
present at this point in the experiment depends sensitively on
what’s coming later. As I will discuss in Sec. II C, this point is
relevant for modeling experiments involving Wigner’s friend.

However, once enough electrons are moving, we can
describe them collectively as a small (but classical) cur-
rent. This current activates a transistor. Some (but not
all) transistors make use of quantum effects, but let’s as-
sume this one doesn’t. All of these steps can be modeled
classically without conceptual error or critical loss of ac-
curacy. Hence the upper red arrow in Fig. 2 moves to
the top row. All of these steps can feasibly be modeled
quantumly. Hence the bottom red arrow in Fig. 2 moves
along the bottom row.
The sequence of events which follows the activation of

this transistor can all be described classically. Indeed,
just as at the start of the experiment, it is infeasible to
model the end of this experiment quantumly. As dis-
cussed above, there is some freedom in picking where
exactly the measurement chain ends. However, whatever
one chooses this part of the experiment can and must be
described classically. Computer screens and humans and
notepads are simply too large and complicated to model
in a quantum way (at least for now and likely forever).
As this example hopefully makes clear, whenever we

have a measurement chain, part of which requires a quan-
tum model, we will have to at some point after this switch
from modeling the measurement chain quantumly to non-
quantumly (i.e., classically). In connection with the his-
torical term, let us call wherever we happen to make this
switch a Heisenberg cut.10 When the pragmatic nature
of this Heisenberg cut needs to be emphasized, I will de-
scribe it as a “pragmatic Heisenberg cut”.
This example should hopefully also make clear that

there is nothing fundamental about the placement of the
pragmatic Heisenberg cut. Indeed, one can believe the
world to be quantum through-and-through and still make
use of this cut for modeling purposes. Past the cut, we
are no longer modeling the measurement apparatus us-
ing quantum theory; This is very different from the mea-
surement apparatus no longer being quantum past the
pragmatic Heisenberg cut.

10 The view adopted here regarding Heisenberg cuts is compatible
with how Heisenberg himself saw them. Before reading the fol-
lowing quote from Heisenberg it should be noted that for him
the object–instrument divide and the quantum-classical divide
coincide [49]:

In this situation it follows automatically that, in a
mathematical treatment of the process, a dividing line
must be drawn between, on the one hand, the appa-
ratus which we use as an aid in putting the question
and thus, in a way, treat as part of ourselves, and
on the other hand, the physical systems we wish to
investigate. . . . The dividing line between the system
to be observed and the measuring apparatus is im-
mediately defined by the nature of the problem but
it obviously signifies no discontinuity of the physical
process. For this reason there must, within certain
limits, exist complete freedom in choosing the posi-
tion of the dividing line [49, p. 3].

Note that for Heisenberg the location of the cut is not a physical
discontinuity but is rather a free (albeit limited) choice made in
the process of modeling.
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Figure 2. One possible measurement chain of a double-slit experiment is shown. The black lines show two possible types of
models: quantum or classical. Each of the red arrows shows which parts of the experiment we are modeling with which theory.
The bottom red line opts for a quantum model whenever possible, whereas the top red line opts for a classical model wherever
possible. The dashed blue line shows where these two approaches to modeling this experiment place their respective pragmatic
Heisenberg cuts.

At this point one may wonder: if the application of a
pragmatic Heisenberg cut is a matter of non-fundamental
pragmatic concern only, then do we really need it to make
sense of the quantum measurement problem? One may
ask: If we believe that the world is quantum through-and-
through, then why would it be necessary to connect our
quantum model of reality with a (known-to-be-incorrect)
classical model of reality in order to model measurements
within it? Can’t we have a quantum-native understand-
ing of quantum measurements?

This line of questioning conflates the realist and prag-
matic worries about quantum measurements which I have
taken care to distinguish in Sec. I: i.e., modeling ver-
sus understanding. If anyone wants to make such all-
quantum-all-the-time demands on the realist side of the
debate, they are more than welcome to. That is, one’s
ontological account of the measurement process might
happen entirely within quantum theory. However, as the
above discussion has hopefully shown, this attitude is not
tenable on the pragmatic side.

It is no more problematic for quantum theory to de-
pend on classical theory for its empirical support (and
physical salience) than it is for general relativity to
depend upon quantum theory (e.g., to model atomic
clocks). Indeed, it is commonplace for scientific theo-
ries to depend on one another for metrological support;
The biologist may rightfully outsource their metrological
duties to an organic chemist when they are asked too
many detailed questions about their measurement pro-
cesses. What is important is that the scientific commu-
nity collectively can give good models of its measurement
processes.

The situation here is much like proof in mathematics,
we do not require mathematicians to individually give all
of the details of their proofs in terms of elementary logi-
cal operations. We do, however, demand that if we were
to press the issue then they would collectively be able to
give us such a long, detailed proof. Analogously, what we
aspire to here is a computationally tractable connect-the-
dots model-to-model account of real-life quantum exper-
iments. This being possible is necessary in order to claim
them as evidential support for quantum theory. My claim

is that (at least currently and likely forever) a pragmatic
Heisenberg cut is necessary for this.
It is perhaps possible (although I strongly doubt it)

that we will one day be able to model the late parts of
our experiments (including the experimenter) as quan-
tum systems. However, even this possibility would not
necessarily avoid the need for a Heisenberg cut. Suppose
that one can somehow model an experiment up to and
including the experimenter in a quantum way. It could
still be the case that one can only parse the result of
that experiment by means of taking some sort of classi-
cal approximation (i.e., taking a Heisenberg cut) on the
experimenter right at the end [50].11 We cannot have a
quantum-native understanding of measurement without
a quantum-native understanding of the observer. Thus,
in the absence of both tremendous computing capabil-
ities and a quantum-native understanding of observers,
taking a pragmatic Heisenberg cut is necessary for any
satisfactory model of any quantum experiment.
In fact, not only is it pragmatically necessary to take a

Heisenberg cut at some point, we ought to do so explicit
and intentional way. Indeed, a mishandling of the prag-
matic Heisenberg cut is one of the main dangers in trying
to give a satisfactory model of quantum experiments. It
is at the interface between our quantum and classical
models that we need the most care both mathematically
and conceptually. Handling this cut somewhere explic-
itly in the terms of either the dynamics or kinematics
of our models is far superior to the sophomore’s strat-
egy of intuitively guessing. Indeed, as I will discuss in
Sec. II C, the success of the sophomore’s hand-waving
about PVMs/POVMs measurements is largely under-
written in terms of measurement chains and Heisenberg
cuts. Before discussing this, however, it is worthwhile

11 For a historical view of this kind, see Bohr’s doctrine of classical
concepts [51]. It also should be noted that Bohmians may be able
to avoid this last point: No last-minute classical approximation is
needed on their theory since the classical result of the experiment
(i.e., particle positions) is manifestly there in their description of
the experiment’s final state.
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Figure 3. The two possible ways of taking a pragmatic Heisen-
berg cut: diagonally (during an interaction) and vertically (in
between interactions). On the left we have an example of a
diagonal Heisenberg cut: system A is modeled quantumly and
system B classically. Their interaction couples two systems
modeled in different theories. On the right, we have an ex-
ample of a vertical Heisenberg cut: The interaction between
system X and Y is modeled within quantum theory, whereas
the interaction between Y and Z is modeled classically. In
between these interactions we apply some classical approxi-
mation scheme to Y while it is approximately isolated.

to provide a taxonomy of all the ways one might take a
Heisenberg cut.

B. A Taxonomy of Heisenberg Cuts:
Vertical and Diagonal

As defined above, a pragmatic Heisenberg cut oc-
curs wherever along the measurement chain we switch
from modeling our experiment quantumly to classically.
But how might we model our way across the quantum-
classical divide? This subsection will introduce a useful
taxonomy for classifying Heisenberg cuts. Given that a
measurement chain is ultimately just a collection of in-
teractions which are ordered in some way, there are only
two ways to cross the divide: In between interactions,
or during an interaction. Let us call these vertical and
diagonal Heisenberg cuts respectively (for reasons which
will become clear soon, see Fig. 3).

Vertical Heisenberg Cuts

Regarding vertical Heisenberg cuts: Consider a pair of
interactions between three systems: system X (which we
model quantumly) and system Y (which we can model
either quantumly or classically) and system Z (which we
model classically). We model the interaction between X
and Y quantumly and the interaction between Y and Z
classically. In between these two interactions (after X and
before Z) we apply some classical approximation scheme
to system Y in isolation. See the right side of Fig. 3 and
notice that the red arrow moves vertically at system Y,
hence the name “vertical cut”.

Some examples of vertical Heisenberg cuts of varying

quality are:12

1) taking some sufficiently decohered quantum state,
and using the Born rule to map it onto a probability
distribution,

2) taking a quantum state whose Wigner function [52]
(i.e., the state’s quasi-probability distribution in
phase space) happens to be positive and reinter-
preting it as a genuine probability distribution,

3) taking a minimum uncertainty quantum state and
mapping it onto the definite classical state with
matching expectation values.

4) taking a Bohmian state (i.e., a wavefunction plus
particle positions) and discarding the wavefunction
for future calculations.

among many other possibilities [53].
In general, making such vertical cuts will be justified to

differing degrees in different contexts. In order to address
the pragmatic measurement problem, it is crucial that
we understand when such classical approximations are
and are not pragmatically justified. It is by-and-large
experimental practice which grounds our knowledge of
the regimes of applicability of such approximations [15].
Vertical cuts push the quantum-to-classical transition

onto the kinematics (as opposed to the dynamics). To see
this, note that if one’s measurement chain contains only
vertical cuts then every system-to-system interaction is
modeled as either classical-to-classical or quantum-to-
quantum. Somewhere along the measurement chain, the
state of some system must be able to be accurately (and
feasibly) modeled in both ways.

Diagonal Heisenberg Cuts

Regarding diagonal Heisenberg cuts: Consider an in-
teraction between system A (which we model quantumly)
and system B (which we model classically). See the left
side of Fig. 3 and notice that the red arrow moves diag-
onally between systems A and B, hence the name “diag-
onal cut”.
Unlike with the vertical cuts discussed above, diagonal

cuts push the quantum-to-classical transition onto the
dynamics (as opposed to the kinematics). To see this,
note that if one’s measurement chain contains only di-
agonal cuts then every system is modeled as classical or
as quantum. Diagonal Heisenberg cuts occur wherever
there is a dynamical quantum-to-classical interface.

12 We might also have vertical Heisenberg cuts which proceed in the
reverse direction. That is, we may also have principled ways of
mapping classical states onto quantum states. For example, the
reverse of each of the above discussed examples are sometimes
justified.
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As a simple (admittedly artificial) example consider
the following pair of coupled differential equations:

∂t |ψA(t)⟩ =
(

p̂2A
2mA

+ UA(x̂A) + V (x̂A − yB(t))

)
|ψA(t)⟩

mB ∂
2
t yB = −∂yB

UB(yB)− ∂yB
V (yB − ⟨x̂A(t)⟩) (1)

for some potential functions UA, UB and V . Here we have
a wavefunction, |ψA(t)⟩, and a classical position, yB(t),
each evolving under their free dynamics, UA and UB, plus
an interaction term, V .

Note that the dynamics of |ψA(t)⟩ depends on
yB(t). Note also that the dynamics of yB(t)
depends on |ψA(t)⟩ through its expectation value,
⟨x̂A(t)⟩ = ⟨ψA(t)| x̂A |ψA(t)⟩. These equations describe
a two-way dynamical interface here between a quantum
and a classical system (n.b., this model includes back-
reactions). Such a quantum–to-classical coupling is typ-
ically called semi-classical.

Beyond such semi-classical treatments, however, there
has been a significant amount of research into hybrid the-
ories which mix quantum and classical systems in more
substantial ways. For an overview, see [54] and references
therein. To summarizing their findings:

Whereas it is certainly possible to construct
hybrid systems, these constructions typically
ask for the introduction of hybrid concepts
absent in a straight classical-quantum prod-
uct. These hybrid theories are not derivable
from a straightforward purely quantum the-
ory: They incorporate new physics. This ex-
plicitly warns us about the toy-model nature
and heuristic character of the different frame-
works analyzed above. [54, p. 3]

Fortunately, however, for the purposes of modeling exper-
iments heuristic toy-models which introduce new physics
are allowed. Namely, they are allowed so long as the er-
rors introduced by this “new physics” are small-enough,
well-understood, and well-controlled. Roughly, we can
use such toy models so long as the model-induced errors
bars in the theoretical prediction are smaller than the
experimental error bars.

C. Addressing the Core and Extended Pragmatic
Measurement Problems Non-relativistically

Having introduced measurement chains and a taxon-
omy of Heisenberg cuts, we are now in a position to see
how they can help us address the pragmatic measurement
problem for non-relativistic quantum theory. Before this,
however, allow me to distinguish between an easier and a
harder version of this problem. I will call these the core
and extended pragmatic measurement problems respec-
tively.

Introducing and Solving the Core Problem

What the pragmatic measurement problem threatens
is our theory’s evidential support and physical salience.
That is, it puts at risk our theory’s empirically supported
connection with reality. As such any minimal solution
to these worries must give a measurement framework : a
satisfactory account of how to model the measurement
processes of at least the theory’s key experimental suc-
cesses, potentially on a case-by-case basis. The task of
developing such a measurement framework is the core
pragmatic measurement problem. Solving the core prob-
lem would restore empirical support to our theory’s key
experiments.
It is easy to see how measurement chains and Heisen-

berg cuts can be used to solve the core pragmatic mea-
surement problem: Analyzing any given quantum exper-
iment in these terms gives us a road map to guide us in
modeling its specific measurement processes. In partic-
ular, these road maps have the dangerous areas ahead
clearly marked out (i.e., the quantum-classical divide).
Fortunately, these maps also provide us with multiple
possible routes for navigating around these dangers (i.e.,
we have a taxonomy of Heisenberg cuts).
Using these road maps, we can go about giving sat-

isfactory predictions for quantum experiments and gain-
ing evidential support from them, at least on a case-by-
case basis. This already gives us a working measurement
framework for non-relativistic quantum theory. We are
already in a much better position than relying on the
sophomore’s strategy of: 1) hoping that the measure-
ment process in question can be modeled with a PVM,
and 2) hoping that they have guessed the right PVM and
applied it at the right time.

Introducing the Extended Problem

It should be noted, however, that solving the core prob-
lem does not allow us to say anything about measure-
ment processes in general. For this, one would need a
measurement theory : a principled account regarding how
to model all (or nearly all) of the theory’s measurement
processes in a holistic and wide-scoping way. The task
of developing such a measurement theory is the extended
pragmatic measurement problem.
As I will now discuss, solving the extended pragmatic

measurement problem allows for the typical division of
labor between theorists and experimenters. To see this
first recall from above that in order to secure empirical
support from an experiment it is necessary to model every
part of the measurement chain in at least some dynamical
detail. Let us briefly consider three cases of how this
modeling burden might be split between the theorists
and the experimenters.
In the first case, the modeling burden falls entirely on

the theorist. They would then need to make full predic-
tions of experimental outcomes: e.g., “After one hour (as
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counted by this specific kind of clock) the gas will have
this pressure (as measured by this specific kind of pres-
sure gauge)”. This does not sound like the sort of thing
theorists typically do. Typically, they share the modeling
burden with the experimenter.

In the second case, the modeling burden is split be-
tween the theorist and the experimenter. In this case the
theorist can talk directly in terms of observables mak-
ing half-way predictions: e.g., “After one hour, the gas
will have this pressure. (Implicitly: I trust that you, the
experimenter, know what I mean and have robust tech-
niques for measuring what I am calling ‘durations’ and
‘pressures’.).” Of course, while the theorist is here omit-
ting many metrological details, they don’t disappear; In-
stead, they must be accounted for by the experimenter.
Namely, it then falls upon the experimenter to set up
an appropriate (and sufficiently well-modeled) measure-
ment apparatus.13 Ultimately, the theorist’s ability to
talk so casually in terms of observables rests upon an
(often under-discussed) mountain of experimental prac-
tice.

A third possibility (and in my view the most realis-
tic one) is that the experimenter takes on the full bur-
den themselves, addressing the whole of their experiment
from its initialization to its final outcome. In this sce-
nario the theorists only play a background role working
on the theories which the experimenter invokes in gen-
erating their models and making their predictions. Oth-
erwise, the theorist is free to theorize. As in the previ-
ous case, the theorist here can adopt a habit of speaking
casually in terms of observable, secure in the knowledge
that “someone, somewhere, knows how to measure some-
thing”.14

As these three scenarios demonstrate, the theorist’s
habit of casually talking in terms of observables depends
upon us having a wide-scoping measurement theory for
the theory in question. The remainder of this section
will be spent developing a measurement theory for non-
relativistic quantum theory. Following this, in Sec. IID I
will then use this measurement theory to help us identify
the observables of non-relativistic quantum theory (n.b.,
“observables” ̸= “self-adjoint operators”).
Before addressing the extended pragmatic measure-

ment problem, however, it is worth briefly reflecting
on the following two questions: Should we expect that
our scientific theories generically have a unified wide-
scoping account of their measurement processes (e.g., our
PVM/POVM measurement theory)? And should we ex-

13 One might want to include among the observables quantities
which are only hypothetically observable. For instance, gravi-
tational waves were hypothetically observable long before they
were actually observed. Talk of hypothetical observables is phys-
ically meaningful insofar as we can reasonably expect that exper-
imenters could, in principle, measure it.

14 This phrase is taken from a talk [55] given by Chris Fewster.
His work on the pragmatic QFT measurement problem will be
discussed further in Sec. IV.

pect this measurement theory to give rise to a nice and
tidy characterization of its observables (e.g., that they
are subset of the POVMs)? Personally, I see no reason
why we should expect either of these in general, (e.g.,
for QFT, or for quantum gravity); The fact that non-
relativistic quantum theory has both of these is remark-
able to me.

Solving the Extended Problem

What would it take to solve the extended pragmatic
measurement problem for non-relativistic quantum the-
ory? As I discussed in Sec. IIA, when modeling ex-
periments involving quantum systems one must in prac-
tice make a Heisenberg cut somewhere along the mea-
surement chain. Continuing the road map metaphor
introduced above, it is as if there is a long river (the
quantum-classical divide) which we are required to cross
somewhere. The above-discussed measurement frame-
work gives us, for each experiment, various routes and
crossing methods: We might ford the river here or we
might swim across there. In order to upgrade this mea-
surement framework into a measurement theory, we need
to identify some way of crossing this river which is near-
universally applicable: e.g., one can always take the ferry.
In order to find a measurement theory for non-

relativistic quantum theory, we need to find some stan-
dardized way of making Heisenberg cuts with near-
universal applicability. We are tremendously lucky that
such a thing is, in fact, possible for non-relativistic quan-
tum theory. Indeed, in terms of wide applicability, one
way of crossing the quantum-classical divide stands out
from the rest:15 namely, by using decoherence theory and
then the Born rule. As I will now discuss, by making such
Heisenberg cuts one can justify (at least pragmatically)
the sophomore’s use of our usual PVM/POVM measure-
ment theory.16

Let us now restrict our attention to vertical Heisenberg
cuts which are facilitated by decoherence theory and the

15 As I mentioned in Sec. II B, there are many other ways of making
pragmatic Heisenberg cuts. For instance, given a Bohmian state
one might be justified in simply discarding the wavefunction from
future calculations, keeping only the particle positions. Such a
Bohmian Heisenberg cut might be justified under a wide range
of conditions within non-relativistic quantum theory. However,
its regime of applicability is limited to non-relativistic scenarios
which do not cover a large portion of quantum theories empirical
success [18, 19]. Hence, Bohmian Heisenberg cuts are insufficient
for my goals of recovering quantum theory’s empirical support
and of learning lessons for quantum field theory.

16 It should be stressed that within my analysis the only thing spe-
cial about crossing the quantum-classical divide in this decoher-
ence way is its general applicability. If one could find another
equally general way of crossing the quantum-classical divide, one
can equally well use that to underwrite a different complemen-
tary measurement theory. This is an interesting possibility which
may shed new light on justifications for the Born rule. Unfortu-
nately, however, this falls outside of the scope of this paper.
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Born rule. Where along the measurement chain are we
justified in taking this specific kind of pragmatic Heisen-
berg cut? Luckily, to this we have a general answer: one
can take such a pragmatic Heisenberg cut once enough
decoherence has occurred that the possibility of sponta-
neous wide-scale recoherence (although not mathemat-
ically impossible) is practically inconceivable. That is,
for modeling purposes, it does not matter where we put
such a pragmatic Heisenberg cut so long as it is at a scale
where quantum effects are (and will forever remain) ir-
relevant in practice.

The above “and will forever remain” caveat is a crit-
ically important one. Indeed, the validity of such a
Heisenberg cut will always depend on the context sur-
rounding the measurement procedure under considera-
tion. In particular, one cannot simply decide in the mid-
dle of modeling a quantum measurement to take such
a Heisenberg cut without knowing beforehand what the
rest of the measurement procedure will be like.

No matter how small quantum coherence effects appear
to be in the middle of an experiment, there is always a
possibility that the coherence effects are brought back to
their full force. (Such a carefully orchestrated large-scale
recoherence is, in fact, exactly what quantum computers
are designed to do.) Moreover, even if within one experi-
ment the quantum coherence effects never again become
relevant, they may once again become relevant in other
future measurements involving correlated systems. The
consideration of measurements made by observers who
themselves live inside of a giant quantum computer capa-
ble of wide-scale (observers included) recoherence, leads
to interesting Wigner’s friend-like puzzles.

As this caveat shows, the strategy of applying decoher-
ence theory and then the Born rule is not applicable in all
conceivable measurement scenarios. With these caveats
noted, however, once enough decoherence has occurred
one can take such a vertical Heisenberg cut by applying
the Born rule. This method of analyzing measurement
processes is near-universal in scope and so hence gives
us, as desired, a measurement theory for non-relativistic
quantum theory.

Let us next work out what measurement theory this
is specifically. One can imagine modeling a generic mea-
surement process along the following lines: The first steps
of the measurement process transfer quantum informa-
tion about the to-be-measured system into the measure-
ment apparatus. This part of the measurement process
can be modeled unitarily. Then decoherence happens, di-
agonalizing the state of the apparatus in whatever basis is
dynamically picked out by the decoherence process (See
Sec. 1 of [56]). This part of the measurement process
can be modeled as projective. One then takes a vertical
Heisenberg cut by applying the Born rule and models the
rest of the experiment classically.

Combining all of these steps together (using Naimark’s
dilation theorem) one finds that the total effect can
be modeled as a Positive Operator-Valued Measure
(POVM). For notational simplicity, let us assume that

there are only a finite possible number of outcomes (in-
dexed by α in some alphabet, α ∈ A). A POVM is then

a collection of operators, {Êα}, with 0 ≤ ˆ̂Eα ≤ 1̂1 and∑
α∈A Êα = 1̂1. When such a measurement is applied to

a given quantum state, ρ̂, Born’s rule says that the out-
come labeled α occurs with probability pα = Tr(Êαρ̂).
One notable fact about POVMs is that they are non-

ideal in the following sense: Repeating the same POVM
measurement twice back-to-back might yield different re-
sults each time. There is, however, a special subset of
the POVMs (namely, the Projection-Valued Measures or
PVMs) for which repeated measurement yields a fixed
result. Such ideal measurements occur when the POVM
operators, {Êα}, are a collection of orthogonal projec-
tors, {π̂α}. While such a PVM treatment of measure-
ment is theoretically convenient, it ought to be thought
of as an idealization, which is strictly speaking impossi-
ble. Indeed, ideal projective measurements have infinite
resource costs and violate the third law of thermodynam-
ics [57].
We thus have some rough answers to the sophomore’s

questions: One is justified in modeling a quantum mea-
surement as a POVM when a sufficient amount of deco-
herence has occurred (and Wigner’s friend isn’t around).
One is moreover justified in using a PVM when one’s
measurement apparatus is sufficiently ideal (even if this
is, strictly speaking, impossible). Let us call these the
POVM and PVM criteria respectively. The sophomore is
next asked: Supposing these criteria are satisfied, which
PVM/POVM is one allowed to use, and how do we know
this? Unsurprisingly, the answers to these questions fol-
low from investigating the dynamical details of the par-
ticular measurement apparatus in question.
Three surprising (to me) aspects of the above story

ought to be stressed. Firstly, it is surprising that such a
uniform treatment of measurement processes arises from
the mathematics of quantum theory (after assuming that
the PVM/POVM criteria are satisfied); Secondly, it is
surprising that there exist such criteria which allow for
such a broad and uniform analysis of measurement pro-
cesses. Thirdly, it is a surprising contingent fact about
the world that these criteria are so very often satisfied
in real-life experimental scenarios. It is these remark-
able facts which underwrites (at least pragmatically) the
sophomore’s casual use of our usual PVM/POVM mea-
surement theory.
Our present results can be summarized as follows: Un-

der minor assumptions, one is justified in modeling nearly
any quantum measurement process as a POVM (with the
specific POVM being determined by detailed dynamical
considerations). Indeed, it is the design of the measure-
ment apparatus and the nature of its interaction with the
to-be-measured system and its environment which deter-
mines what is being measured.
If the sophomore takes this lesson to heart, then all

of their modeling issues are solved. Recall from Sec. I
that the primary issue with the sophomore’s approach
is that they are guessing: Their choice of PVM/POVM
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had no grounding in experimental practice. If, however,
the sophomore were to follow along with the above story,
then they might justify both the form of their guess (a
PVM/POVM) and the specific PVM/POVM which they
have guess; This would makes them guesses no more.

D. Observables in Non-Relativistic Quantum
Theory

Before applying these lessons in a QFT context, let us
first (partially) revise the sophomore’s understanding of
the term “observables”. (A full revision must wait until
Sec. IIIA.) Recall from Sec. I that the sophomore has
been taught the following tautologies: All measurements
are of some observable and all observables are measure-
able. Further, the sophomore has been taught (incor-
rectly) to equate the term “observables” with the term
“self-adjoint operators”. Hence, the sophomore currently
thinks of measurements primarily in terms of self-adjoint
operators.

After a bit of reflection, however, the sophomore can
be convinced that it is better to instead think of mea-
surements directly in terms of PVMs. As I discussed in
Sec. II C, the set of projectors, {π̂α}, which an (idealized)
measurement device implements is fixed by the dynami-
cal details of the measurement process itself. The same
is not true for any real values, qα, which may be asso-
ciated with the measurement outcomes, α ∈ A. To see
this, imagine a measurement of some angle which is ul-
timately displayed by the position of an indicator needle
against some marked scale. This scale is marked in three
ways: in both radians and degrees as well as with a uni-
form marking of sin(θ) ∈ [0, 1]. For this measurement, it
is ambiguous what the values, qα, should be in this case,
but it remains clear what the projectors, π̂α, are.
Indeed, it is not hard to think of measurements whose

outcomes, α ∈ A, cannot be reasonably associated with
any real values, qα ∈ R. For instance, a measurement
outcome might be indicated by some flashing lights which
are labeled with letters not numbers. Alternatively, the
flashing lights could be labeled by complex numbers. In
general, these labels α ∈ A could be structured (or un-
structured) in absolutely any way one wishes. Namely,
these labels may or may not facilitate the computation
of meaningful expectation values.

This is an important lesson as some physicists mistak-
enly think of observables as maps from quantum states
into real numbers. Namely, Q̂ : ρ 7→ ⟨Q̂⟩ := Tr(Q̂ ρ̂)

with ⟨Q̂⟩ ∈ R being the expectation value of the mea-

surement of Q̂.17 This understanding of measurement
is incorrect for two reasons. Firstly, it is far too narrow;

17 It should be noted that a set of POVMs {Êα} can be thought of
as a set of maps from quantum states into real numbers. Namely,
Êα : ρ 7→ pα := Tr(Êα ρ̂) with pα ∈ R being the probability of
outcome α. Thus, there is a sense in which real numbers have

Not all measurements admit expectation value. Secondly,
while one can in general extract a unique PVM from a
self-adjoint operator Q̂, one cannot do so in general for
POVMs; multiple distinct sets of POVMs, {Êα}, might

sum to the same Q̂ =
∑

α qαÊα and hence yield exactly
the same expectation values.
Taking the above lessons into account, the sophomore

might now revise their view to equate the term “ob-
servables” with POVMs instead of self-adjoint operators.
This is a step in the right direction, but as I will dis-
cuss in Sec. III A, this is still not quite right: Not all
POVMs are measureable, some are dynamically forbid-
den on grounds of symmetry, thermodynamics, and/or
relativity.18 Further discussion of these impossible mea-
surements and how we ought to respond to them, how-
ever, is best delayed until after we moved into a QFT
context.

III. APPROACHING THE PRAGMATIC QFT
MEASUREMENT PROBLEM

The previous section has reviewed how measurement
chains and Heisenberg cuts can be leveraged in order to
solve the pragmatic measurement problems (both core
and extended) for non-relativistic quantum theory. The
rest of this paper will be spent applying the lessons we
have learned so far to the The Pragmatic QFT Mea-
surement Problem: How should one model measure-
ment processes involving quantum fields? How must our
measurement framework for QFT differ from our usual
non-relativistic measurement framework? Can we model
QFT-involved measurements using PVMs and POVMs in
roughly the ways we are used to? How do the observables
of QFT differ from the observables of non-relativistic
quantum theory?
As I discussed in Sec. I, I believe that the pragmatic

QFT measurement problem ought to be addressed in
largely the same way as it was in the non-relativistic
context. I claim that: Aside from some technical com-
plications, moving into a quantum field theoretic context
changes essentially nothing regarding how we can and
should model quantum measurements. Namely, we ought
to begin by using measurement chains and cuts to es-
tablish a case-by-case measurement framework for QFT.
From here, we can then strive for a wide-scoping mea-
surement theory (analogous to our PVM/POVM mea-
surement theory). This will allow us to achieve a phys-
ically meaningful characterization of the observables of
QFT.

a special place in measurements. This is not because measure-
ment outcomes, qα, must be real but rather because measure-
ment probabilities, pα, must be real.

18 Moreover, even if a given POVM is dynamically allowed, it does
not give us the full story. If one cares about post-measurement
state update then one must additionally specify operators, {M̂α},
with Êα = M̂†

αM̂α.
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My approach ought to be contrasted with how much
of the current physics literature approaches these issues.
This literature is by-and-large focused on the techni-
cal differences between QFT and non-relativistic quan-
tum theory. In strong contrast with my view articulated
above, they tend to stress that our understanding of ob-
servables and measurement processes must change sig-
nificantly when we move into a quantum field theoretic
context. Namely, it has been much-discussed [13, 14, 20–
35] in recent years that one cannot naively transplant
our usual PVM/POVM measurement theory from non-
relativistic quantum theory into QFT.

The novel issues which arise around measurement in
QFT can be traced to certain non-trivial mathemati-
cal differences between QFT and non-relativistic quan-
tum theory (e.g., new causal and algebraic structures at
play). Proceeding naively, one is led to make mathe-
matical blunders which either violate the central ‘com-
mandments’ of relativity (covariance, causality, and lo-
cality) [13, 14, 27, 31–35] or otherwise disrespect the
QFT’s local algebraic structure. For these reasons, it
has been argued we need a new (or at least refined)
measurement theory for quantum field theory, see for in-
stance [20, 21, 24].

What I find dissatisfying about this way of approach-
ing the pragmatic QFT measurement problem is that
it seeks too directly a fully-formed measurement theory
for QFT analogous to our usual measurement theory for
non-relativistic quantum theory. Relatedly, it seeks too
directly a characterization of the “observables” of QFT.
Ultimately, my issue with such approaches is that they
are attempting to proceed directly to the end of the story
rather than starting at the beginning. As I discussed
in Sec. II, our ability to casually invoke observables and
PVMs/POVMs in non-relativistic contexts is the end of a
long story which begins with a discussion of measurement
chains and Heisenberg cuts. The main message of this
paper is that in order to properly address the pragmatic
QFT measurement problem one ought to start from the
beginning of this story, not the end. Namely, one ought
to start by investigating measurement chains and cuts in
a QFT context.

I will begin to address the pragmatic QFT measure-
ment problem in terms of measurement chains and cuts
in Sec. III B. Before this, however, allow me to briefly
discuss some of the technical differences which arise
when one attempts to model QFT-involved measure-
ments. Namely, Sec. IIIA will briefly introduce some of
these causality-violating measurements, namely Sorkin’s
impossible measurements.

One common reaction to Sorkin’s impossible measure-
ments is that one ought to retreat back into QFT-land
and then develop exact formal criteria to distinguish be-
tween the possible and the impossible measurements.
Some feel that we need to rebuild, from within QFT,
a new relativistically-safe understanding of its measure-
ment processes and observables. As I will argue in
Sec. IIIA, however, this formal exact isolationist ap-

O1

O2

O3

Figure 4. The impossible measurement scenario considered in
Sorkin’s [27]. Notice that regions O1 and O3 are space-like
separated from one another. There is a mathematically well-
defined local POVMs in the algebra associated with O2 which
enables faster-than-light signaling fromO1 toO3. Thus not all
mathematically well-defined local operations are dynamically
allowed.

proach goes too far and ultimately robs the observables
of QFT of any physical salience. Specifically, I will argue
that the existence of impossible measurements in QFT
is nothing new: non-relativistic quantum theory already
has its own impossible measurements. I claim that these
impossible measurements ought to be understood and
managed identically in either case.

A. More Sophomoric Issues:
Impossible Measurements and Observables

Let us return to where we left our sophomore in
Sec. IID. The sophomore knows the following tautolo-
gies: All measurements are of some observable and
all observables are measureable. Further, the sopho-
more currently equates the term “observables” with the
term “POVMs”. Given this, the sophomore would be
shocked to learn that some measurements are impossi-
ble (or, equivalently, that some observables are unob-
servable). A much-discussed example of impossible mea-
surements in the context of QFT are Sorkin’s impossi-
ble measurements. Sorkin [27] was the first to notice
that naively implementing PVM/POVM measurements
in QFT results in faster-than-light signaling. See Fig.
4. Roughly, there are some mathematically well-defined
local PVMs/POVMs in region O2 which will allow for sig-
naling from region O1 to region O3. Importantly, how-
ever, not all measurement operations yield faster-than-
light signaling.
An intuitive way to respond to such impossible mea-

surements is to first formally categorize them, and then
remove them from our official list of observables. Note
that these impossible POVM measurements are well-
defined in QFT and, moreover, the relativistic principles
which they violate can also be formulated within QFT.
Hence, the task of identifying exactly which POVMs are
relativistically safe can be conducted entirely within the
formalism of QFT. Indeed, working entirely within QFT
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one can strive for an exact formal criterion which distin-
guishes the relativistically safe POVMs from the unsafe
ones. We do, in fact, have such criteria (at least for real
scalar QFT in a globally hyperbolic spacetime [21, 22].)
Let us call this the formal exact isolationist approach to
identifying QFT’s observables.

One may be tempted to call these relativistically-safe
POVMs the “observables of QFT”. This would be wrong,
however, for several reasons which I will now discuss in
turn. Firstly, knowing that such measurements do not
allow for faster-than-light signaling, does not guarantee
that they are dynamically possible; They might violate
other laws of physics (e.g, conservation laws, thermo-
dynamics, etc.). Indeed, the fact that some POVMs
are dynamically impossible can already be seen in non-
relativistic quantum theory. As I mentioned in Sec. IID,
some POVMs (namely, the PVMs) are impossible on
thermodynamic grounds. They have infinite resource
costs and violate the third law of thermodynamics [57].

Another way in which some POVMs might be dynam-
ically impossible is if they violate our conservation laws
and/or super-selection rules. Under certain dynamics it
may be impossible for states with different charges (e.g.,
|q⟩ and |q′⟩) to be put into superposition. Consider the

self-adjoint operator Q̂ = |q⟩ ⟨q′| + |q′⟩ ⟨q|. The eigen-

states of Q̂ are disallowed by such a super-selection rule
for charge. Hence, state update under the corresponding
PVM is dynamically impossible.

Let us suppose that we have identified every possi-
ble way in which POVMs might be dynamically impossi-
ble. Removing these from our consideration one would be
left with only the dynamically-safe POVMs. Presumably,
one could derive some formal criteria which exactly iden-
tify these dynamically-safe POVMs. Conceivably, these
formal criteria could be found through an isolated inves-
tigation of QFT (without connecting it to non-relativistic
quantum theory or to classical theory). Thus, the formal
exact isolationist approach seems to be alive and well (so
far). Might the set of dynamically-safe POVMs arrived
at in this way then be called the “observables of QFT”?

First let me say that such exact formal criteria are
definitely worth having in our tool belt. However, as
tempting as it is to call these POVMs “the observables
of QFT”, I think that formal exact isolationist approach
is fundamentally wrong-headed. One hint that something
has gone wrong here is that, on this approach, all of our
usual PVMs will be deemed unobservable on thermody-
namic grounds. A deeper issue is that no purely formal
characterization of a theory’s observables can be physi-
cally salient.

As I have discussed in Sec. IIA, our theories get
both their empirical support and their physical salience
through (unavoidably messy) contact with experimental
practice. Any physically meaningful notion of observ-
ables must come into a similarly messy contact with ex-
perimental practice. Indeed, as I discussed in Sec. II C,
casual talk of observables gets its right to be physically
meaningful through its connections with experimental

practice. Hence, a completely formal characterization of
a theory’s observables cannot be physically salient. Given
such a formal characterization, we would then be (just
like the sophomore) left to guess which observable our
lab equipment measures. Chasing a theory’s observables
in this way is like a dog chasing a car, we would have no
idea what to do with it once we caught it.19

Applying this conclusion to quantum theory (including
QFT) reveals two other issues with the formal exact iso-
lationist approach. As I have discussed in Sec. II A, quan-
tum theory (and hence QFT) depend upon classical the-
ory for both their empirical support and physical salience.
Hence, no isolationist approach to identifying observables
is tractable. Moreover, crossing the quantum-classical di-
vide is unavoidably an approximate business. Therefore,
we must (and, hence, are allowed to) pick out the ob-
servables of QFT in an inexact approximate way. This is
what makes it okay for PVMs to sometimes be counted
among our observables even though they are thermody-
namically impossible. As I will discuss in Sec. IV, this
is what makes it okay to sometimes model experiments
using POVMs which allow for faster-than-light signaling
(so long as these modeling errors are well-understood and
well-controlled).
In sum, as laudable as the formal exact isolationist

approach is, its three attributes each come into con-
flict with a demand that our notion of “observables” is
grounded in experimental practice. Instead, a physically
meaningful notion of observables must be informal, ap-
proximate, and arrived at through careful consideration
of Heisenberg-like cuts. While the above discussion has
been targeted at identifying the observables of QFT, the
same conclusions also hold for identifying the observables
of non-relativistic quantum theory. Thus, moving into
a QFT context does not introduce any discontinuity in
our how ought to approach observables and measurement
processes.

B. Returning to the Pragmatic QFT Measurement
Problems

We are now in a position to address the pragmatic mea-
surement problem in QFT along the same lines as we did
in the non-relativistic context. Let us begin, as before,
with a sophomoric approach which (hopefully nearly) ev-
eryone finds dissatisfying. How are sophomores taught
to model measurements involving quantum fields, for in-
stance, in high-energy particle physics experiments? A
sophomore might be taught to model such experiments
as follows: One is first given some input states (e.g., spin-
states, kinetic energies, relative phases) of some inbound

19 Indeed, the authors of [21] recognize that “it would be useful
to construct an explicit dictionary between update maps and
specific probe models”. A further connection would then need to
be made between these probe models and real-life experimental
practice.
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particles. From here, one can use the given dynamics to
compute the scattering amplitudes which emerge from
their collision. Specifically, one computes the amplitude
which is outbound within some solid angle (namely, in
the direction of the experiment’s particle detector). Fi-
nally, one applies the given PVM/POVM measurement
(of particle number, or phase, or quadrature, etc.) to
determine the detector’s response rate.

Hopefully, this approach to modeling measurements
is just as unsatisfying as it was in the non-relativistic
case. Indeed, it fails for exactly the same reasons that
the sophomore’s quantum theory does (see Sec. I). While
the relevant mathematical objects may be given to the
sophomore on their problem sheets, they will have no
good answer to the following questions: Under what con-
ditions is it appropriate to model this particle detector
as implementing a POVM on the field? If it is appro-
priate, then exactly which POVMs am I allowed to use
and when? How can one go about determining approx-
imately which observable this apparatus measures? As
before, if the sophomore is to do better than guessing,
they will need to model in some detail the relevant mea-
surement process. But how exactly should one go about
modeling measurements involving quantum fields? This
is the Pragmatic QFT Measurement Problem.

To make things concrete, let us suppose the sophomore
is confronted with an experiment in which β-radiation is
picked up by a Geiger counter. The sophomore might
intuitively guess that the Geiger counter is doing some-
thing like a local particle number measurement. Indeed,
for most practical purposes, this is effectively what hap-
pens; This, despite the fact that there are no well-defined
local number operators in QFT [13]. Recall from the dis-
cussion in Sec. III A that just because a POVM is, strictly
speaking, impossible doesn’t mean that we can’t use it
to model an experiment. Indeed, we might reasonably
invoke “local particle density” as an observable. The
issue then is as follows: If we are going to invoke a mea-
surement which we know is strictly speaking impossible,
then we need some careful justification and re-assurances.
In a non-relativistic context, we would need to justify
the use of a thermodynamically impossible PVM. In just
the same way, the sophomore owes us a justification for
their choice (i.e., their guess) of relativistically impossible
POVM. How might the sophomore justify their guess?

If pressed on this question the sophomore might give
the following answer: “You are asking the wrong person.
The details regarding which quantum measurement the
particle detector implements (including its fidelity and
error rates) can be found written on the box in which it
was delivered. Moreover, this tomographic information
itself was painstakingly gathered by the manufacturer as
a part of their quality control measures.” As I discussed
in Sec. II A, such an outsourcing answer is allowed. We
must then follow up with the manufacturer. At some
point, however, somebody is going to have to give us a
satisfactory model of this Geiger counter as it sits in some
measurement chain.

Theory #1

Theory #2

Diagonal
Generalized

Cut

Vertical
Generalized

Cut

System A System B System X System Y System Z

Figure 5. The two possible ways of taking a generalized cut:
diagonally (during an interaction) and vertically (in between
interactions). On the left we have an example of a diagonal
cut: system A is modeled in Theory 1 and system B in Theory
2. Their interaction couples two systems modeled in different
theories. On the right, we have an example of a vertical cut:
The interaction between system X and Y is modeled within
Theory 1, whereas the interaction between Y and Z is modeled
within Theory 2. In between these interactions we apply some
approximation scheme to Y while it is isolated.

Thus, we are led as before to address the pragmatic
measurement problem in terms of measurement chains.
In Sec. IIA I argued that in modeling quantum experi-
ments it is pragmatically necessary to make a Heisenberg
cut (i.e., to cross the quantum-classical divide) at some
point along the measurement chain. By the exact same
reasoning, it is necessary to make a QFT-cut (i.e., to
cross the QFT-non-QFT divide) whenever part of the
measurement chain must be modeled using QFT.

The notion of a QFT-cut has already been introduced
in [28] although it was there called a relativistic cut. How-
ever, this name is apt to cause confusion because it is not
relativity per se which we must cut away from. To clarify
this terminology, a QFT-cut occurs anywhere along the
measurement chain where we switch from a QFT model
to a non-QFT model. As I will discuss further in Sec. IV,
there are a variety of ways in which one might go about
making a QFT-cut. In addition to the vertical vs diago-
nal distinction introduced in Sec. II B, one can jump from
QFT into a wide variety of different theories. See Fig 5.

A few other related cuts deserve mentioning and nam-
ing at this point. If one feels that the particularly trou-
blesome part of QFT measurements is the fact that it
describes things as a field, one might be interested in
a field-cut. This is where we switch from modeling our
measurement chain as a field (e.g., a relativistic quantum
field, a non-relativistic quantum field, or a classical field)
to not as a field (e.g., a qubit, a collection or classical
point particles, or a nuclear spin degree of freedom).

Alternatively, one might feel that the troublesome part
of QFT measurements is the fact that things are relativis-
tic, i.e., that our models are set in a locally Lorentzian
spacetime. In this case one might be interested in a rel-
ativistic cut. If that name is already taken, we might in-
stead call this a Lorentz-cut where we switch from model-
ing our measurement chain in a locally Lorentzian space-
time to something else, e.g., a locally Galilean spacetime.
For instance, we might move from relativistic QFT to
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non-relativistic QFT.

Finally, one might feel that the troublesome part of
QFT measurements is the fact that its algebraic structure
is that of a Type III rather than a Type I von Neumann
algebra [58, 59]. In this case one might be interested in a
Type III algebra-cut where we switch from modeling our
measurement chain with a Type III algebraic structure
to anything else, e.g. a Type I algebraic structure. For
instance, we might move from relativistic QFT to non-
relativistic quantum theory.

One might be interested in all of the above, or many
other subtle variations thereof. However, if we are begin-
ning from a QFT then all of the above are examples of a
QFT-cut (or in the terminology of [28], a relativistic cut).
As such, for the rest of this paper I will focus on QFT-
cuts generally, where we switch from using a QFT model
to using anything else. Of particular interest, however,
are cases in which we switch from QFT to anything we
know better how to model measurements of (e.g.: classi-
cal physics, special relativity, general relativity, or even
non-relativistic quantum theory).

However exactly it is to be implemented, it is pragmat-
ically necessary to make a QFT-cut somewhere along the
measurement chain for any QFT-involved experiment.
Indeed, just as in the non-relativistic context, one ought
to do so explicitly and intentionally. It is at the inter-
face of our QFT and non-QFT models that we need the
most care both mathematically and conceptually. Han-
dling one’s QFT-cut intentionally and explicitly is much
better than the sophomoric strategy of guessing which
measurement is being implemented.

As in the non-relativistic case, one can use these no-
tions of chains and cuts to solve the core pragmatic QFT
measurement problem. Recall that the core problem de-
mands that we produce a measurement framework for
QFT which is capable of modeling its key experimen-
tal successes on a case-by-case basis. Continuing the
road map metaphor introduced in Sec. II C, a good un-
derstanding of measurement chains and QFT-cuts would
give us a road map for modeling any given QFT-involved
experiment. Namely, these road maps would have the
dangerous areas ahead clearly marked out (i.e., the QFT-
non-QFT divide) as well as multiple routes around them
(i.e., various possible QFT-cuts).

Sec. IV will discuss some of the tools which physicists
have available for making QFT-cuts. As I will discuss,
the tools which we currently have available are collec-
tively of wide enough scope to give us a measurement
framework for QFT. This addresses the core pragmatic
measurement problem. I see nothing which would pre-
vent the engineer at the LHC or experimenters work-
ing in quantum optics from giving satisfactory models of
their QFT-involved measurement apparatuses on a case-
by-case basis. (This is not to say that I am validating cur-
rent experimental practice; Past highlighting the need for
QFT-cuts, I am not qualified to evaluate their method-
ologies).

As in the non-relativistic case, however, we may want

to go beyond solving just the core pragmatic measure-
ment problem. A case-by-case measurement framework
does not allow us to talk about QFT’s measurement pro-
cesses generally nor does it allow us to characterize QFT’s
observables. To do either of these we would need to
construct a wide-scoping measurement theory for QFT.
Namely, the extended problem asks us to find a near uni-
versally applicable way of crossing the QFT-non-QFT di-
vide. This raises the following question: Do we have such
a wide-scoping tool for making QFT-cuts?
This concludes the philosophical portion of this paper.

The next section will next review the state of the art in
the physics literature as it applies to QFT-cuts. Those
uninterested in these technical details can skip ahead to
the conclusion. The purpose of this review it to give us
a better handle on what types of QFT-cuts are available
to us, and what their scopes are, both collectively and
individually. As I will discuss, the current front-runner
for getting us a wide-scoping measurement theory [20] for
QFT is the Unruh-DeWitt detector model [28, 35, 37–48].

IV. THE STATE OF THE ART

Hopefully the above discussion raises a great many
question for you: Do physicists have good tools for mak-
ing QFT-cuts? What are the current possibilities and
limitations for various kinds of QFT-cuts? Diagonal or
vertical cuts? Crossing over into non-relativistic quan-
tum theory or into classical physics? Are these tools
collectively good enough to broadly cover all of quantum
theory’s QFT-involved experimental successes? More-
over, is any one of these tools of sufficient generality to
allow us to induce a wide-scoping measurement theory
for QFT from it? In order to answer these questions, I
will need to review the current state of the art in the
physics literature.
Supposing that a theoretical or experimental physicist

was interested in using an explicitly formalized QFT-cut
in their modeling, what tools are currently available to
them? What follows is an (incomplete) catalog of the
various well-developed ways of approaching and crossing
a QFT-cut in the physics literature. This catalog will be
organized into three sections: horizontal moves, diagonal
QFT-cuts, and vertical QFT-cuts. See Fig. 6. Following
this I will briefly discuss the scope of experiments that
these tools cover collectively. Additionally, I will briefly
discuss whether any individual tool has the wide-scoping
applicability needed to induce a measurement theory for
QFT.

A. Horizontal Moves

Before discussing how one might make a QFT-cut, al-
low me to first talk about how to approach one horizon-
tally. The general shape of a horizontal move is shown
on the left side of Fig. 6. Essentially, one QFT (QFT#1)
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Figure 6. This figure shows the three ways that one can ap-
proach and cross a QFT-cut: horizontal moves, diagonal cuts
and vertical cuts. Exemplars of these three types of moves
are the Fewster Verch (FV) framework [23–25], the Unruh-
DeWitt (UDW) detector model [20, 28, 35, 37–48], and vari-
ous approximation schemes [53, 60] respectively.

couples to another QFT (QFT#2). Clearly, this is not a
QFT-cut and so no collection of moves of this kind is the
whole story.

However, of course, such moves may still be helpful in
advancing us along the measurement chain until we are
in a better position to make a QFT-cut. There is no issue
with using a horizontal move as part of our measurement
chain. The issue comes when one models an experiment
involving QFT using only moves of this kind while ne-
glecting to mention where exactly they take a QFT-cut.
Or worse such an account might implicitly dismiss the
need for a pragmatic QFT-cut altogether.

Before discussing what possibilities there are for de-
scribing interactions between QFTs, let’s first talk about
what sorts of isolated systems we know how to describe
well with QFT. Neglecting momentarily their interaction,
what types of systems QFT#1 and QFT#2 might go into
the open slots in Fig. 6? (Or QFT#3 and QFT#4 for
that matter?) Firstly, it should be said that we know
well how to describe a wide variety of free systems us-
ing Lagrangian QFT: free scalar fields with or without
mass, free electrons, free neutrinos, free photons, free
Higgs particles, free gravitons (in the linearized gravity
regime), etc. We can even model systems like a free pro-
ton or neutron as a free massive spinor field (assuming, of
course, we ignore their quarky internal structure). Bose-
Einstein condensates and some other condensed matter
systems can also be treated within QFT. We can also
include any small perturbative interaction term between
any of these and calculate their joint evolution within
perturbation theory.

What is much more difficult to do within QFT is to
describe strongly interacting systems, including bound
states such as atoms, or bound quark systems, or atomic
nuclei. In principle, one ought to be able to consider the
electromagnetic field interacting with the electron field
and the proton field (pretend such a thing exists). We
then ought to be able to find bound state solutions to this
strongly interacting QFT which correspond to the various
energy states of a first-quantized Hydrogen atom. How-
ever, these bound states of QED are remarkably difficult
to treat analytically. This is difficult for such systems in

isolation, let alone interacting with an external field.
One appealing option is to simulate such strongly cou-

pled QFTs via a lattice approximation (or, equivalently,
via a hard UV cutoff). One can, for instance, model
some QFT scenarios accurately as a lattice of coupled
harmonic oscillators. Removing the UV degrees of free-
dom from our QFT in this way can make them tractable
to simulate [61]. Careful work however is needed in re-
lating the observables of the continuum QFT with the
observables of the lattice QFT.
To summarize: even when we are just moving along the

bottom line of Fig. 6 we have a rather limited mobility
here currently. We have feasibility restrictions in terms
of both what systems we can consider (i.e., QFT#1 and
QFT#2) as well as how they might interact with each
other.
Suppose that within computational feasibility, we have

two QFTs in mind and an interaction between them.
What mathematical formalisms do we have for model-
ing this interaction? As is typical in physics, one can
begin from either a Lagrangian or from a Hamiltonian
formulation. However, in the case of QFT some opt to
put the theory on even more secure mathematical footing
by formulating it in algebraic terms, namely in Algebraic
QFT [59]. For a recent philosophical debate about the
differences in these approaches see [62–65]. A significant
trade-off between these approaches are their differences
in mathematical rigor and in practical utility.
As discussed in Sec.III, there are many technical issues

which arise when one tries to apply our projective mea-
surement theory to QFT, see Fig. 4. As fraught as this
area is with mathematical stumbling blocks, some have
looked to Algebraic QFT in hopes of a more secure way
to approach modeling (at least parts of) measurement
processes of quantum fields. In particular, the Fewster
Verch (FV) framework [23–25] does this. Allow me to
provide a brief overview.

Fewster Verch framework

Suppose that we can break at least a part of the mea-
surement process down into a series of local interactions
between QFTs. In particular, suppose that each of these
interactions is localized in space and time, i.e. with one
QFT acting as a local probe on another. The Fewster
Verch (FV) framework [23–25, 29, 36] provides a model
for such interactions within the mathematical rigor of
Algebraic QFT. By doing so, one can be assured to be
completely respectful of the central ‘commandments’ of
relativity for at least part of the measurement chain. In
particular, by describing this part of the measurement
process entirely within Algebraic QFT, no causality vio-
lations of the kind shown in Fig. 4 are possible; Algebraic
QFT has the fundamental principles of relativity built
right into it.
To have something concrete in mind, let us consider a

simple example (taken from [23, 29]) which just so hap-
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pens to have an equivalent representation in Lagrangian
QFT. Consider a scenario where one massive Klein Gor-

don field (“the probe field”), ψ̂(t, x), acts as a local

probe another (“the system field”), ϕ̂(t, x). The joint
Lagrangian for our simple example is,

L =
1

2
(∇µϕ̂(t, x))(∇µϕ̂(t, x))− m2

1

2
ϕ̂2(t, x)︸ ︷︷ ︸

Lϕ

(2)

+
1

2
(∇µψ̂(t, x))(∇µψ̂(t, x))− m2

2

2
ψ̂2(t, x)︸ ︷︷ ︸

Lψ

− λ ρ(t, x) ψ̂(t, x) ϕ̂(t, x)︸ ︷︷ ︸
LI

.

The first and second terms are the free Lagrangians of

the system field, ϕ̂(t, x), and the probe field, ψ̂(t, x), re-
spectively. The third term couples these two fields to-
gether. In the third term, λ determines the strength of
the interaction and ρ(t, x) is a spacetime function which
determines the interaction profile. That is, ρ(t, x) deter-
mines where in space and time the two fields interact.
For the purposes of modeling localized interactions, we
can take ρ(t, x) to be compactly supported in some space-
time region K, (i.e., ρ(t, x) = 0 outside of K). See Fig.
7. Here N is some “processing region” in the future of
K where the probe field undergoes further measurement
processes.

It is important to note that the scope of interactions
considered by the FV framework is much more general
than this simple example. I have only specified the above
interaction Lagrangian to have something concrete in
mind for later comparison. In general, in the FV frame-
work, one quantum field acts as a local probe upon an-
other quantum field. The nature of these two fields is left
completely open so long as they can both be formulated
within Algebraic QFT. The nature of their interaction is
left open, except that it all happens within a bounded
spacetime region, K, see Fig. 7. The spacetime back-
ground for such an interaction is even left open, i.e., it
could be curved.

By using these sorts of local QFT-to-QFT interactions,
one might be able to describe a part of a QFT-involved
measurement chain. Of course, as discussed above, we
cannot hope to provide a complete modeling of any real-
life measurement process exclusively in terms of QFT-
to-QFT interactions. This is for two reasons. Firstly, as
discussed above, we currently have a rather limited tech-
nological and computational capacity for describing in-
teracting bound states within Lagrangian QFT (let alone
Algebraic QFT). Thus, the FV framework suffers here on
grounds of computational feasibility, at least currently.

Secondly, once one QFT acts as a probe on another,
we are still left with the problem of how to model the
measurement of the second QFT. Indeed, the FV frame-
work does not claim to solve the quantum measurement
problem (pragmatic or realist) but rather their interest

is “describing a link in the measurement chain, in a co-
variant spacetime context” [23]. In particular, they “take
it for granted that the experimenter has some means of
preparing, controlling and measuring the probe and suf-
ficiently separating it from the QFT of interest” [23] or
put more simply that “someone, somewhere, knows how
to measure something” [55].

In total therefore the FV framework is potentially use-
ful (within its presently limited computational feasibil-
ity) for modeling parts of the QFT-involved measurement
chains for real-life experiments. In combination with the
yet-to-be-discussed diagonal and vertical cuts, it may be
helpful in solving the core pragmatic measurement prob-
lem for QFT.

But what about the extended pragmatic measurement
problem? Our goal there is to give a unified wide-scoping
account of measurements in QFT, i.e., to identify its ob-
servables. In this extended problem we care less about
computational feasibility. One might therefore expect
the FV framework (and horizontal moves generally) to
be more useful in the extended problem.

For instance, recent work claims to have used the
FV framework to provide an “Asymptotic measurement
schemes for every observable of a quantum field the-
ory” [36] in order to “determine the set of system ob-
servables that can be measured by FV measurement
schemes”. Concretely, their objective is “to analyze
how information about one physical structure (system)
is transferred to another physical structure (probe) that
is controlled by an external experimenter” [66]. In par-
ticular their interest is in the case where both the system
and field are QFTs and the information is transferred via
a local interaction. This is exactly the sort of thing that
the FV framework is good at: working out how informa-
tion moves between quantum fields which interact with
each other in localized regions.

The principal limitation in [36] however is that (as
is always the case with the FV framework) it explic-
itly assumes that the experimenter has full control over
the probe field. In particular, it is assumed that they
know how to extract classical information from the probe,
i.e. “someone, somewhere, knows how to measure some-
thing” [55]. While this is potentially a step in the right
direction, these results ultimately end up assuming that
we know what the observables in the probe field are. Con-
trary to this methodology, I argue that the only physi-
cally meaningful way to identify the observables within
QFT is to connect them with observables outside of QFT
by some measurement chain which includes a QFT-cut.

Allow me to briefly give the technical details of [36]
by first introducing some terminology. Within Algebraic
QFT, each bounded region of spacetime R is associated
with an algebra, commonly called the “algebra of observ-
ables”. However, this remains to be justified as what is an
observable is exactly what is at question here. This alge-

bra includes the field operator ϕ̂(t, x) integrated against
all smooth functions compactly supported over R. Addi-
tionally, the algebra includes products and sums of these
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N

K

Figure 7. The bounded spacetime regions considered in [29].
The two quantum fields interact only within the coupling re-
gion K. In the future of this interaction is the “processing
region” N where the probe field undergoes further measure-
ment processes.

smeared field operators. An FV measurement scheme for

a field ϕ̂(t, x) (“the system field”) specifies four things: a

probe field ψ̂(t, x) labeled P, an initial state for the probe

field, ρP , a unitary interaction, S, between ϕ̂(t, x) and

ψ̂(t, x) localized in some region K, (e.g., Eq. (2)) and fi-
nally an element of the probe algebra, B, associated with
a processing region N in the future of K, see Fig. 7.

While the results of [36] are proven in terms of Alge-
braic QFT, it here suffices to give their translation into
the usual language of Hilbert spaces. A FV measurement
scheme gives a way of indirectly addressing elements of
the system algebra associated with the regionK. Namely
for every FV measurement scheme we have

TrSP(ρS ⊗ ρP S
†11⊗B S) = TrS(ρS Bind) (3)

for some induced Bind in the system algebra associated
with K.
Ultimately, the question addressed by [36] is: Which

elements of the system field’s algebra at K can be in-
directly measured via an FV measurement scheme (as-
suming we can measure any element of the probe algebra
at N)? Their answer is roughly that for every element
A of the system algebra at K there exists a sequence
of FV measurement schemes which indirectly measure it
arbitrarily well in the limit. Namely, for every A in the
system algebra associated with K, we have [66]

TrSPα(ρS ⊗ ρPα S
†
α11⊗Bα Sα) → TrS(ρS A) (4)

for some sequence of FV measurement schemes indexed
by an integer α ∈ Z. Thus, given full control over the
probe system in the region N there is some sequence of
probes, probe states and local interactions such that we
can address any A in the system’s algebra arbitrarily well.

In summary, the FV framework is a great tool for work-
ing out how information moves between quantum fields
which interact with each other in localized regions. How-
ever, to solve either the core or extended pragmatic mea-
surement problems for QFT it alone is not enough. We
need to at some point take a step outside of QFT via a
QFT-cut.

B. Vertical QFT-cuts

Let’s next consider what vertical QFT-cuts are avail-
able to us currently. The general shape of a vertical
QFT-cut is shown on the right side of Fig. 6. Essen-
tially, we begin with something being modeled as a QFT
(QFT#4) and then take some sort of approximation on
this to arrive the very same thing now modeled as some-
thing other than a QFT (Something#2). Our freedoms
in designing a vertical QFT-cut are: which theory we
approximate into, what kind of QFT we begin from and
relatedly what kind of non-QFT system we land on, as
well as the details of our approximation scheme.
We have discussed already in the previous subsection

the sorts of systems which we have a grip on how to model
in QFT: free systems plus perturbative interactions and
some condensed matter systems but not strongly inter-
acting systems or bound states. Our options for QFT#4
are fixed to be among these. As for which theory to cross
into, the “nearest” theory to QFT would likely be non-
relativistic QFT (i.e., QFT with c → ∞, or rather QFT
in a Galilean spacetime). For such an approximation to
work our initial QFT#4 must be massive, i.e., not light
nor gravity. Massive fields may limit onto particles in a
non-relativistic limit, but massless ones will not [53, 67].
For massive free states, taking such a limit gives us non-
relativistic quantum particles. This alone is not enough
unless we understand well how to model the measure-
ment of non-relativistic QFTs. I am not aware of any
research in this direction, but it could be a fruitful way
forward.
The next nearest theory we could cut into is non-

relativistic quantum theory. The question then is what
we should take as Something#2? An obvious experimen-
tally relevant system would be a first-quantized Hydro-
gen atom. However, this would mean that QFT#4 needs
to be some second quantized description of the Hydrogen
atom. As I have already discussed, describing such bound
states in QFT is difficult. More research in this direction
is warranted.
Another intriguing option for what non-relativistic

quantum system to put for Something#2 is an Unruh-
DeWitt (UDW) detector [20, 28, 35, 37–48]. These will
be described in more detail in the next subsection, but
roughly they are atom-like non-relativistic quantum sys-
tems which can be coupled to a quantum field in a way
motivated by the light-matter interaction. In fact, recent
work [60] has developed a “second quantized UDW de-
tector”, i.e., a QFT which reduces to a UDW detector in
the non-relativistic limit. This an interesting avenue for
future research, worthy of further development.
Finally, we can consider the possibility of approximat-

ing a QFT as a classical state of some sort. For instance,
one might have a state of light described as a QFT and
then switch to describing this as a classical electromag-
netic field in Minkowski space. Vertical cuts of this kind
seem to be experimentally relevant and deserve to be de-
veloped further.
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In summary, vertical QFT-cuts are a promising possi-
bility deserving of further research. If technical limita-
tions surrounding second quantized atoms can be over-
come, then these could have a substantial scope including
many experimentally relevant systems.

C. Diagonal QFT-cuts

Finally, let’s next consider what diagonal QFT-cuts are
available to us currently. The general shape of a diago-
nal QFT-cut is shown in the center of Fig. 6. Essentially
one QFT (QFT#3) couples directly to something which
is not being modeled as a QFT (Something#1). As is
the case for any diagonal cut, the direct coupling be-
tween system’s described in fundamentally different the-
ories poses conceptual challenges. Here, there is an inher-
ent risk that coupling to a non-QFT system will end up
breaking one of the central ‘commandments’ of relativity.

However, on the bright side, since quantum field theory
itself provides us with no prescription for how such sys-
tems ought to interact, we have a great deal of freedom
in how one might model such an interaction. In partic-
ular, our freedoms in designing a diagonal QFT-cut are:
what kind of QFT we begin from, which theory we cut
into, what kind of non-QFT system we cut into, and the
nature of the interaction between the systems.

We have discussed in the previous subsections the sorts
of systems which we have a grip on how to model in QFT:
free systems plus perturbative interactions and some con-
densed matter systems but not strongly interacting sys-
tems or bound states. Our options for QFT#3 are fixed
to be among these. As for which theory take a QFT-
cut into, the “nearest” theory to QFT would likely be
non-relativistic QFT (i.e., QFT with c → ∞, or rather
QFT in a Galilean spacetime). As far as I am aware,
not much work has been put into the study of sensible
dynamical couplings between QFT and non-relativistic
QFT. One immediate concern is the possibility of un-
controlled faster-than-light signaling. We might have a

relativistic field ϕ̂Rel(x) couples to ϕ̂Non-Rel(x) which can

then send an instantaneous signal to ϕ̂Non-Rel(x+a) which

is coupled to ϕ̂Rel(x+ a). This seems problematic. More
work may be needed in this direction.

The next “nearest” theory we could try to take a QFT-
cut into is non-relativistic quantum theory. Significant
work has been done in this direction, which will be dis-
cussed momentarily.

The last option which comes to mind is to couple our
QFT to a classical system (e.g., something modeled in
special relativity or general relativity). This doesn’t seem
terribly problematic, we could for instance have a clas-
sical Klein Gordon field interacting with the expectation
value of a quantum Klein Gordon field, perhaps without
back reaction. More work would need to be done moti-
vating why such an interaction is an accurate reflection
of some part of a real-life experiment, but there don’t
seem to be insurmountable technical difficulties here.

Unruh-DeWitt Detector Models

Let’s return to the possibility of diagonal cuts into non-
relativistic quantum theory. We have a lot of freedom
here in designing this interaction. Of course, there are
also certain things we want from this diagonal theory-to-
theory coupling if it is going to be a productive part of
an experimental prediction. So what ought to guide us
in designing this interaction? As a first guide, we may
rely on a desire to preserve the central ‘commandments’
relativity (covariance, causality, and locality) as much as
possible. Moreover, as a second guide we may rely on a
desire to accurately model parts of real-life experiments.
For instance, we might take the Something#1 system

in Fig. 6 to be something atom-like and we might take
QFT#3 to be the electromagnetic field (or some scalar
analog thereof). In this case, under such guidance, one
is quickly led [68–70] to something very much like the
Unruh-DeWitt (UDW) detector model first introduced
in [37].
Alternatively, we might take QFT#3 to be a gravi-

ton field (in the linear gravity regime). In this case, one
is quickly led to a certain variant of the Unruh-DeWitt
detector model [71–73].
One can also take Something#1 to be a fermionic

quantum system which interacts with QFT#3 being a
neutrino field. In this case one is led to another variant
of the Unruh-DeWitt detector model [74, 75].
The possibilities for which real-life interaction we

might attempt to mimic here are very general. In each
case, the resulting interaction model is within the fam-
ily of Unruh-DeWitt-like models. Moreover, much of the
above can be done in arbitrarily curved spacetime back-
grounds as well [71].
Enough discussion of abstract possibilities, concretely

what do these models look like? To have something con-
crete in mind, let us consider a simple example (taken
from [28]). Consider a simple example in which a UDW
detector µ̂ coupled to a massive Klein Gordon fields

ϕ̂(t, x) with joint Lagrangian,

L =
1

2
(∇µϕ̂(t, x))(∇µϕ̂(t, x))− m2

1

2
ϕ̂2(t, x)︸ ︷︷ ︸

Lϕ

(5)

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

.

The first term is the free Lagrangian of the field. The
second term LUDW is the free Lagrangian of the non-
relativistic probe system, the UDW detector. We have
total freedom to pick the internal dynamics of the non-
relativistic probe system. For instance, it could be a
qubit, or a quantum harmonic oscillator, or a first quan-
tized Hydrogen atom.
In the third term, λ determines the strength with

which the non-relativistic probe and field couple to each
other. In the third term, ρ(t, x) is a spacetime func-
tion determining the interaction profile. In this con-



21

text, ρ(t, x) is often called the probe’s smearing function,
and is taken to describe the size and shape of the probe
through time (more will be said about this later). Just
as in the FV framework, for the purposes of modeling
local measurements, we can take ρ(t, x) to be compactly
supported in some spacetime region, K, (i.e., ρ(t, x) = 0
outside of K). In the third term, µ̂ is the degree of free-
dom of the non-relativistic probe which couples to the
quantum field. For instance, if the probe is a harmonic
oscillator, µ̂(τ) might be its number operator n̂ or one of
its quadrature operators q̂ or p̂.

The major difference between the FV and UDW ap-
proaches (Eq. (2) and Eq. (5)) is just that in the first

case the probe system is a quantum field, ψ̂(t, x), and in
the second case it is a non-relativistic quantum system,
µ̂. For a more in depth comparison of the UDW detector
model and the FV framework, see [28].

It’s important to note that the UDW detector is not
designed as a Von Neumann “pointer” measurement de-
vice, i.e., one which translates a “needle” proportional to
some targeted operator in the probed field. Rather, the
UDW detector is designed to be atom-like. If one mea-
sures the UDW detector after its interaction with the
field, one ought to interpret this roughly as one would
if an atom had coupled to the field. For instance, if the
UDW probe is initially in its ground state and then is
later measured to be in an excited state, one might infer
that it absorbed a photon from the quantum field.

More complexly, one can use UDW detectors to
model an entanglement harvesting experiment [29, 42–
48]. Roughly, in such an experiment two initially uncor-
related probe systems interact locally with a quantum
field in such a way that they do not have time to signal
to each other. Despite this, these two probes become en-
tangled because there was already entanglement present
between the two space-like separated regions they inter-
acted with. The benefit of such an experiment is that the
entanglement in the field has been transferred into more
accessible systems, both physically and mathematically.
We cannot associate a Hilbert space to bounded regions
in QFT and as such cannot straightforwardly compute
the entanglement between these regions. The final en-
tanglement of these probes is a witness to the initial en-
tanglement in the field.

A great many theoretical investigations of this sort
have been carried out using UDW detectors [42–48]. Such
studies can even be done in curved spacetimes: one can
study the entanglement structure around a black hole
near the event horizon for instance.

Thus, in addition to providing a good model for
many experimentally relevant systems, the UDW detec-
tor model covers a wide range of interesting hypothetical
experiments, all while remaining computationally feasi-
ble.

How well do UDW-like detectors preserve the cen-
tral ‘commandments’ of relativity: covariance, causality,
and locality? Do they for instance lead to uncontrolled
faster-than-light signaling in the QFT? Before answering

these questions, a distinction needs to be made between
two modes of applications of the UDW model. It was
mentioned above that we will often wish to localize the
probe’s smearing function ρ(t, x) within some bounded
spacetime region. For instance, when the UDW detector
model is derived from the light matter interaction [68–
70], the smearing function ρ(t, x) turns out to be deter-
mined by the overlaps of certain atomic orbitals. That
is, ρ(t, x) is a near-literal description of the shape of the
atom in space and time.
When the size of the UDW is much smaller than all

other relevant scales and the detailed shape of the de-
tector doesn’t matter much, we can also approximate
the detector as being point-like. Consider a point-like
detector traveling through spacetime on some time-like
trajectory, z(t). We can localize the interaction to this
trajectory by taking ρ(t, x) = χ(t)δ(x− z(t)). Here χ(t)
controls where along the trajectory the probe couples to
the field (it may turn on and off) and the δ function local-
izes the interaction to the detector trajectory, z(t). Let
us call these the point-like detectors.
With this established, let us return to the question

of how well do UDW-like detectors preserve the central
‘commandments’ of relativity. In brief, they do so im-
perfectly, but with well understood and controllable is-
sues [30, 76]. For smeared detectors (i.e., non-point-like
detectors) there are some slight faster-than-light signal-
ing issues. Essentially, the issue is that if some infor-
mation is taken up by the left half of the detector it
can “immediately” jump to the right half of the detector
and then back into the field. Basically, signals can jump
across the detector instantly. This breaks no-signaling
and causes some issues with the relativity of simultaneity
(this coupling does not treat all relativistically compati-
ble time-orderings equally).
However, these issues are ultimately minor [30, 76].

The time ordering issues do not appear at the lowest
orders of perturbation theory. If the light-matter in-
teraction is weak enough, then the time-ordering issues
are strongly suppressed. Moreover, the size of the no-
signaling violations is set by the size of our detector. Re-
call ρ(t, x) might have compact support. If the UDW
detector has a width of 3 nm then signals can only ar-
rive at most 10 atto-seconds early. Ultimately if we care
about such time-scales (of the order of the light crossing
time for the atom) then we shouldn’t even be allowed to
talk about first-quantized atoms in the first place. In-
deed, all of these commandment-breaking issues go away
when we use point-like detectors.

D. The Scope of these Tools

Having reviewed the state of the physics literature, for
feasible ways of crossing the QFT-cut, what ultimately
are the scope of these tools? In my assessment while each
tool has its limitations and more development of each of
them is needed, collectively these tools have a substantial
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scope. Thus, I believe that collectively these tools give us
a good handle on a case-by-case measurement framework
for QFT. That is, collectively they can give us a solution
to the core pragmatic measurement problem for QFT.

But what about the extended pragmatic measurement
problem for QFT? Can these tools help us identify the
observables of QFT? As discussed in Sec. III, in order to
get a wide-scoping unified measurement theory for QFT
we would need some near-universally available way of
making QFT-cuts. In particular, we would need for at
least one of these tools to have a sufficiently wide range
of applicability such that nearly all QFT-involving ex-
periments can be modeled using it. Which of the above
discussed tools has the widest scope?

As I have discussed above, at least currently the UDW
detector model by far has the widest scope of applica-
bility of any of the tools currently available. Thus, if
one wants to develop a wide-scoping measurement theory
for QFT and to identify its observables, this is currently
the most promising way forward. Indeed, a recent paper
claims to have used the UDW detector model to establish
a detector-based measurement theory for quantum field
theory [20].

V. CONCLUSION

This paper began by distinguishing between the prag-
matic and realist portions of the quantum measurement
problem. Of these, I have argued that the pragmatic
worries have worse consequences if left unanswered. If we
lose the pragmatic connection between theory and exper-
imental practice, the quantum theory is at risk of losing
both its empirical support and its physical salience.

Fortunately, these pragmatic worries are not too hard
to address. The core pragmatic measurement problem
can be solved by developing a case-by-case measurement
framework for modeling quantum theory’s key experi-
mental successes. Past this, one can strive for a wide-
scoping measurement theory capable of modeling all (or
nearly all) possible measurement processes. This would
solve the extended pragmatic measurement problem and
help us achieve a physically meaningful characterization
of our theory’s observables.

In Sec. II, I discussed how one can solve the pragmatic
measurement problem in this way for non-relativistic
quantum theory. Namely, thinking in terms of measure-
ment chains gives us a road map for modeling each ex-
periment’s individual measurement processes. As I have
argued, it is pragmatically necessary that we model our
way across the quantum-classical divide at some point
by invoking a Heisenberg cut. There are a wide variety
of pragmatic Heisenberg cuts available to us. We can
achieve a wide-scoping measurement theory by finding
a near-universally available way of making such prag-
matic Heisenberg cuts. As I have discussed, this can
be achieved by appealing to decoherence theory and the
Born rule. This justifies (at least pragmatically) our use

of the canonical POVM measurement theory. Impor-
tantly, however, one’s choice of POVM must follow from
a careful dynamical investigation of the system at hand.
This analysis must include a pragmatic Heisenberg cut.

In Sec. III, I have argued that we ought to approach the
issue of modeling QFT-involved measurements in much
the same way. Namely, we ought to first use measurement
chains to build up a case-by-case measurement frame-
work for QFT. This will require us to cross the QFT-
non-QFT divide by using a pragmatic Heisenberg-like
cut (what I call a QFT-cut). From here we can then
strive for both a new wide-scoping measurement theory
for QFT and a new characterization of its observables.

My approach stands in strong contrast to what I have
called the formal exact isolationist approach to identify-
ing QFT’s observables. This approach proceeds roughly
as follows. “Given that there exist impossible measure-
ments within QFT (see Sorkin [27]), we ought identify
them and get rid of them. Note that these problem-
atic POVMs and the principles they violate can both be
formalized within QFT. Hence, it should be possible to
achieve an exact formal characterization of them within
QFT. Removing these impossible measurements from the
set of all possible POVMs ought to yield the observables
of QFT.” As I have argued in Sec. III A, useful as such
an approach might be, it cannot deliver us a physically
meaningful characterization of QFT’s observables. Con-
necting QFT with experimental practice requires us reach
outside of QFT as we cross the QFT-non-QFT divide.
This requires us to make some approximation, namely
a QFT-cut. The ultimate justification for the validity
of such an approximation is experimental practice [15].
Hence, our understanding of QFT’s observables must be
informal, approximate, and arrived at through careful
consideration of QFT-cuts.

In light of this conclusion, it becomes important to
understand what tools physicists have for making QFT-
cuts. As I have discussed in Sec. IV, physicists do have
several good tools for approaching (the Fewster Verch
(FV) framework [23–25, 29]) and crossing the QFT-cut
(UDW detector model [28, 35, 37–48], and a handful of
approximation schemes [53, 60].

But are their tools collectively good enough to secure
evidential support for quantum theory? In my assess-
ment, collectively these tools have a substantial scope.
Thus, collectively these tools give us a good handle on a
measurement framework for QFT solving its core prag-
matic measurement problem. I see nothing which would
prevent engineers and experimenters from satisfactorily
modeling their QFT-involved measurement apparatus on
a case-by-case basis.

But is any one of these tools on its own sufficient to give
us wide-scoping unified measurement theory for QFT? As
I have discussed, the UDW detector model by far has the
widest scope of applicability of any of the tools currently
available. Thus, if one wants to develop a wide-scoping
measurement theory for QFT or to identify its observ-
ables, this appears to be the best way forward. Indeed,
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a recent paper claims to have used the UDW detector
model to establish a detector-based measurement theory
for quantum field theory [20].
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