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Recent studies have shown that quantitative concepts from quantum information theory can play a role in
analyzing collider physics, including elucidating new physics. In this paper, we study various quantum
information measures including magic, trace distance, and fidelity distance, in generic new physics
scenarios modeled by the standard model effective field theory. We argue that such measures can indeed
show up differences with respect to the pure standard model, and we compare our results with similar
findings for the concurrence discussed previously in the literature. We examine the relative sensitivity of
different measures to new physics in two-dimensional bins of the top pair invariant mass and scattering
angle, finding that the concurrence, magic, and trace distance each emerge as the best measure in at least
some regions of the phase space. This highlights the importance of exploring multiple quantum information

measures in the hunt for beyond the standard model physics.
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I. INTRODUCTION

In recent years, a growing body of work has examined
the use of particle collider experiments to perform funda-
mental tests of quantum theory. The currently operating
Large Hadron Collider (LHC) offers unprecedentedly high
energies at which to verify concepts such as quantum
entanglement, which was first proposed for top quark spins
in Refs. [1,2] (see Refs. [2—4,4—15] for follow-up work, and
Ref. [16] for a recent comprehensive and pedagogical
review). Experimental studies from both ATLAS and
CMS collaborations can be found in Refs. [17-19].

Given this context, one can ask if other ideas from
quantum computation/information theory may prove use-
ful in a collider context. To this end, Ref. [20] examined
a quantity known as magic which, roughly speaking,
classifies whether or not quantum states possess a genu-
ine computational advantage over their classical
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counterparts [21]. Magic has been widely studied in
quantum systems [22-33], not least due to its pivotal role
in the design of potential fault-tolerant quantum computers.
Other applications of magic in high-energy physics and
related quantum systems can be found in Refs. [34-37].
How to produce and manipulate magic quantum states very
much remains an open question, and thus one of the
principal aims of Ref. [20] was to showcase a particular
high-energy quantum system—the same top pair produc-
tion process utilized in previous studies of entanglement—
and show that it provides a natural playground for inves-
tigating magic. Furthermore, the amount of magic in the
(mixed) top quark final state depends upon the kinematic
properties of the top quarks (their velocity and scattering
angle), and is thus tunable via event selection. An addi-
tional hope raised by Ref. [20] is that quantifying magic
may itself prove useful in distinguishing new physics
theories from the standard model of particle physics, and
the aim of this paper is to make this concrete.

We note that the study of magic in collider processes has
also been the subject of other recent works. In particular,
Ref. [38] placed bounds on magic in two-qubit systems,
where the latter naturally arise in a collider setting.
Reference [39] studied how magic is produced in scattering
processes in quantum electrodynamics, and Ref. [40]
quantified magic in various processes other than the top
quark pair production process considered in Ref. [20]. It
also studied other useful measures from quantum
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information (QI) theory, such as the trace distance, fidelity
distance, and concurrence that we will review below
(see also Refs. [41-64] for further work in this area).
Comparisons were made between these different measures
as possible probes of new physics, and our present study is
directly inspired by this approach. Excitingly, CMS col-
laboration has now produced a measurement of magic in
top quark pair production [65], and there are widespread
international efforts to coordinate the community of
researchers working on quantum information applied to
collider physics [66].

In describing new physics, we will consider a relatively
agnostic approach to parametrizing beyond the standard
model (BSM) physics, given by the well-known approach
of effective field theory (EFT) [67]. There, one regards the
standard model (SM) as the lowest-order contribution to a
higher theory, in which new physics is associated with a
particular energy scale, A. One may then supplement the
SM Lagrangian density with a series of effective operators
built from SM fields and their derivatives, each succes-
sively suppressed by higher inverse powers of A, so that the
operators themselves have ever increasing mass dimension.
At any given dimension, there is a finite, irreducible set of
operators permitted by gauge invariance. Any given com-
plete theory of BSM physics would in principle uniquely
fix the effective operators observed at lower energies.
However, leaving the coefficients of the effective operators
(known as Wilson coefficients) undetermined amounts to
being entirely agnostic about the nature of the new physics.
By considering suitable observables, one may then fit the
undetermined Wilson coefficients to data, where a nonzero
result for any such coefficient amounts to the discovery of
new physics.

Given that the SM Lagrangian density (in four spacetime
dimensions) has mass dimension 4, the first effective
operators appear at dimension 5. In fact there is a single
such operator, the so-called Weinberg operator, associated
with nonzero neutrino masses. A wider spectrum of 59
independent operators appears at dimension 6 [68-71],
where the choice of basis for these operators is not unique.
Fits to data using various bases have been made in, e.g.,
Refs. [72-85], and we will here adopt the choice of
Ref. [86]. As a companion study to Ref. [20], we will
explicitly demonstrate how specific dimension 6 operators
change the magic of top quark pairs at the LHC, and our
general conclusion will be that magic tends to increase. The
latter is not surprising: magic vanishes for states that have a
particularly simple Pauli spectrum (to be reviewed in more
detail below). This typically happens for nonentangled
states, and for those which are maximally entangled. It was
noted in Ref. [4] that SMEFT operators tend to decrease the
entanglement of top quark pairs and this was later con-
firmed at higher orders in Ref. [10]. This in turn makes it
plausible—but not automatic—that the magic should
increase. There are kinematic regions, however, where

the magic can decrease, and it is also true that the pattern
of magic variation can be different for different operators.
As noted above, this opens up the possibility of using
magic as a useful observable to distinguish different new
physics scenarios, in a way that provides links with other
systems studied in QI theory. Given that magic provides
complementary information to entanglement, our results
provide a highly useful accompaniment to those of Ref. [4].

The magic is an intrinsic property of a single quantum
density matrix, and as such may differ between density
matrices obtained from different theories (e.g., the pure
SM and the SMEFT). The QI measures considered in
Ref. [40]—specifically the trace distance and fidelity
distance—are novel in that their definition explicitly
involves a pair of density matrices, so that the observables
are intentionally designed to measure the “closeness” of
two (mixed) quantum states in some prescribed way. One
might then hope that such measures provide a more
sensitive probe of new physics than measures which
are already nonzero in the SM, and Ref. [40] applied
this idea in the context of constraining anomalous cou-
plings of the 7 lepton. The authors found that the trace
distance typically outperforms other observables, but that
does not mean that this will necessarily be true in other
processes. In what follows, we will present results for the
variety of QI measures discussed above, as applied to top
quark pair production in the SMEFT and the SM, along-
side the concurrence which has been previously consid-
ered in Ref. [4]. We study the relative sensitivity of these
measures in two-dimensional bins in the parameter space
of top quark invariant mass and scattering angle, finding
that no single measure outperforms all others across the
board (including the raw Fano coefficients themselves).
Thus, it is important to consider a range of QI measures in
constraining new physics, where the most sensitive
observable depends both on the collider process being
considered, and the kinematic region being probed. Our
results will prove useful for further studies in this area, and
will also serve to strengthen the already prevalent dialog
between QI and collider physics [66].

We begin in Sec. II, by briefly reviewing the concepts
necessary for the ensuing discussion. In Sec. III, we then
show and interpret results for the magic stemming from
different SMEFT operators, at both parton and proton level.
In Sec. IV, we examine the concurrence, trace distance, and
fidelity distance for top quark pair production, and compare
their use in probing new physics to the magic. We discuss
our results and conclude in Sec. V.

II. REVIEW OF NECESSARY CONCEPTS

In this section, we review a number of salient details
regarding the SMEFT, and also the various quantum
information measures that we will use in subsequent
sections. A more detailed review of magic in the present
context may be found in Ref. [20].
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A. Effective field theory and the SMEFT

The framework of effective field theory can be used
whenever the scale A associated with new physics (e.g., the
lowest new particle mass) is much higher than the energy of
a given experiment. One may then supplement the SM
Lagrangian density Lgy with a series of gauge-invariant
higher-dimensional operators composed of SM fields, so
that the full Lagrangian under consideration has the
schematic form

r— ESM + i%chﬂ)oflﬁ (1)
n=1 i

Here the first sum is over increasing inverse powers of the
new physics scale A, and the second sum includes all

possible operators (’),(.")

coefficients "

at a given power which, if the
are dimensionless, must have mass dimen-
sion [(’)5")] =4+ n. A given new physics theory will fix
the values of the coefficients {cl(-")}, such that at energy
scales £ ~ A, one must resum the effective field theory
expansion, given that all terms will be equally important.
At energy scales E < A, the series in n is highly con-
vergent, and is typically truncated at n = 2 (dimension 6).
The n =1 term can be ignored for our purposes: it is
associated with nonzero neutrino masses, and will be
irrelevant for top quark pair production processes.

At a given mass dimension, there is a finite number of
possible operators, which are not unique given that one may
use the equations of motion to redefine the basis. Here, we
will adopt the basis of Ref. [86], which is particularly well
suited to new physics corrections in the top quark sector,
and is itself based on the seminal analysis of Ref. [71]. Of
the 59 possible operators at dimension 6, only a subset
contribute to top quark pair production. To reduce their
number, we make the same simplifying assumptions as
Ref. [86], namely that of a unit Cabibbo—Kobayashi—
Maskawa matrix, and retaining only the third-generation
Yukawa couplings (see Sec. IV.1 of that reference). Then
the list of contributing operators comprises first those
involving the gluon,

Oc=yg fABC GAM GB‘u GC,p
Oy = <¢T¢ - —> Gy Ga,,
O, = 9,(00"T1)¢ G, + H.c. (2)
Of these operators, the triple gluon coupling c; is the most
highly constrained currently, due, e.g., to the possibility of
probing it in multijet processes and top pair production
[72,73,82-84,87].

In these expressions capital letters denote adjoint (color)
indices, Gﬁ,, is the gluon field strength, ¢ the SM Higgs

doublet with charge conjugate ¢ = ic>¢* (in terms of the
Pauli matrix ¢?), v the Higgs vacuum expectation value, Q
the doublet of SM heavy quark fields, 74 an SU(3) color
generator with associated structure constants fA2€, and ¢
the top quark field. To Eq. (2) we must add various four-
fermion operators involving the top quark, subject to the
simplifying assumptions mentioned above. One may dis-
tinguish the color octet operators

(OLr T 0L)(qLr*TAQy),

= (QLru Tt QL) (qLr* T 2%, ),
(Trru T tr) (py* T ug),

(try, T 1) (dgy*Tdp),
(5
(5
G

TAQL)(”RV”T ”R)
7, TA0L) (dry* T dp).

/7T 1R) Ly T qy). (3)

from their color singlet counterparts {(’)Qq ,(’)(Qlf), (’)EJU}
which are obtained from analogous formulae with the
SU(3) generators removed. In these expressions we have
further used Q; to denote the SU(2) doublet of the left-
handed heavy quark fields, and R to denote a right-handed
singlet. Finally, 7 denotes an SU(2) generator. Taking into
account both octet and singlet operators and combining
with Eq. (2) gives a list of 17 operators, whose Wilson
coefficients can be labeled similarly to the operators

themselves [e.g., cg, cg) ]. We will furthermore define
the normalized coefficients

c
= A_]z’ (4)
which have the cutoff scale divided out, given that it is only
this combination that is directly constrained by experiment.
Note also that not all operators in Eq. (3) are constrained
individually in top quark pair production at the LHC.
Rather, only specific linear combinations are constrainable,
collected here in Eq. (A6). Current bounds on relevant
Wilson coefficients can be found in Refs. [88-90]. While
quantum information measures can be used to constrain
such coefficients in a global fit, as explored in [90], the
values used in the following sections will be chosen for
visualization purposes.

B. Top pair production and the density matrix

The most common production mode for top quarks at the
LHC is that of pair production, in which a top quark is
produced alongside an antitop. Quantum field theory tells
us that all possible final states will be produced, weighted
by appropriate probabilities. We then say that the (anti-)top
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pair is in a mixed state, rather than a uniquely predicted
pure state. Given that top (anti-)quarks are spin-1/2
particles, the top pair forms a two-qubit system in the
language of quantum information theory. The particular
mixed spin state of the top pair will depend upon the
kinematics (e.g., the top quark velocity and scattering
angle), and may include configurations in which the top
spins are entangled by quantum effects.

As detailed in Refs. [1,2], we can describe a general
mixed state of top quarks using the well-known density
matrix formalism. Let |/4) denote a particular initial state
with particle content / (e.g., gg, uii, etc.) with associated
quantum numbers 4 (e.g., denoting colors and spins). If
Al (M, k) is the scattering amplitude from the state |/2) to
a final state with top pair invariant mass M, top quark unit

direction vector k, and (anti-)top spin indices a (f), then we
may define the so-called R matrix for this process as

RM

gy (M k) = AL [AL (M) (5)

This can then be averaged over A to produce the production
(spin) density matrix for the channel I,

A 1 .
! _ 1
Ripop(M k) = N, % Ros oy (M. k). (6)
Using this, it is convenient to define a normalized pro-

duction density matrix with unit trace, via

I _ RI
p= Tr(Rl) : (7)

Given that one does not always consider final states fully
differentially in kinematics in experiment, it is also con-
venient to consider the R matrix averaged over the angular
directions of the final state top quark,

Rl = (47)"! / AQR!(5, k), (8)

where d€2 denotes the element of solid angle. From this one
may then construct an angularly averaged normalized
production density matrix p’ similarly to Eq. (7).

Returning to the fully differential R matrix of Eq. (6),
this can be generically decomposed as

Rl = AII4 + Z(Elprﬁi ® 12 + BI[»_IZ ® Gi)
i

+ Zé’{jai ®o;, )
i.J

where /,, is an n-dimensional identity matrix, and o; are the
Pauli matrices. The various quantities {A’, B'*, C};} are
known as Fano coefficients, and will depend in this case on

the kinematics of the final state. Substitution of Eq. (9) into
Eq. (7) yields

RI

IZT
4A""

p (10)

which thus has a form similar to Eq. (9), but with
normalized Fano coefficients,

1+ Bi* I Cl{j
Bi - AI 5 C’J :T (11)

Physically, the coefficient A’ in a given partonic channel /
is related to the overall cross section, and B'* measures the
polarization of each individual top (anti-)quark. The coef-
ficients C! ; quantify the spin correlations between the two
top particles, and are thus the relevant quantities for
discussing quantum entanglement. In order to fully fix
the Fano coefficients, we must define a basis, correspond-
ing to aligning the (1, 2, 3) directions in spin space with a
given set of orthonormal spatial vectors. A common choice
is the helicity basis, in which one defines the 3-vectors'

. P —cos 0k YA
r sin(0) " xr (12)

in terms of the first incoming beam direction p and
scattering angle cos @ = k - p. Since this is a 2-to-2 scatter-
ing process, the kinematics is fully defined by two

variables. We will mostly use the top quark velocity, and
the cosine of the scattering angle,

4 2
ﬂ:\ll—ﬁ, z =cos6. (13)
3

At leading order (LO) in QCD, the top polarizations
vanish, as do certain components of the spin correlation
matrix,

B =Cl, =Cl,=0. (14)

Furthermore, the remaining spin correlation coefficients are
symmetric,

The various properties listed here are potentially modified
by BSM contributions, and it is thus useful to keep them in
mind in what follows.

The above Fano coefficients are defined at the level of
individual partonic channels, /. For fully realistic proton

'Note that some references make the definition f = 7 x k.
Our choice was made to match that of Ref. [4] which we rely
upon for expressions for the SMEFT contributions to the Fano
coefficients.
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initial states, one must combine these, weighting by the
appropriate parton luminosity function

L) = [ e (e B). (16)

Here a and b denote the two partons in the partonic channel
I, f.(x,Q) is the parton distribution function (PDF) for
parton a with momentum fraction x and factorization scale
0, and \/§ is the partonic center-of-mass energy, which is
in turn equal to the top quark invariant mass M at LO. The
parameter 7 is defined as

g-q
i
U | L

: (17)

where +/s is the hadronic center-of-mass energy of 13 TeV.
The averaged Fano coefficients then take the form, e.g.,

oo~ Wi(2.A)C; _ L(PA(z.p)
%_Z i TSGR (p)

(18)

It should be emphasized that for initial states involving a
pair of quarks, the (anti-)quark could come from either
proton, and both cases, which we denote via ¢g and ggq,
need to be explicitly accounted for in the sum. As discussed
in Appendix A 1, when working fully differentially in the
helicity basis, the Fano coefficients for the ¢g and gg
processes are different as a result of interchanging the
directions in which the quark and the antiquark are
travelling. It is thus essential to treat these two cases as
distinct channels in the sum, albeit weighted by the same
luminosity function, L99 = L9, When working with the
angularly averaged Fano coefficients however, the expres-
sions for the gg and gq processes are identical. As such,
many works combine these into a single channel for the
purpose of computing the sum, working with a redefined
quark luminosity function L9 = L9 4 L399 = 2199 which
already symmetrizes over the gg and gg channels.

Throughout, we use the NNPDF4 .0 Next-to-Next-to-
Leading Order (NNLO) PDF set [91], as implemented in
the parton Python package, based on the LHAPDF
project [92]. The factorization scale is set to up = /3,
and strong coupling constant a;, = 0.118.

C. Magic in bipartite qubit systems

Given a pure quantum state |y) of an n-qubit system, we
can consider its Pauli spectrum

spec(|w)) = {(y|Ply). P € P,}. (19)

namely the set of expectation values of Pauli strings,

P,=P,®P,®...®Py. P,e{c\".6\" 6" .10}, (20)

composed of Pauli or identity matrices acting on each
individual qubit a. The Pauli spectrum is useful in that there
is a set of states known as stabilizer states whose Pauli
spectrum is particularly simple. It consists of 2" expectation
values equal to =1 and the rest zero, and such states can be
made in quantum computers by operating on the state

0)®[0)® ... ®0), (21)

with particular quantum gates.2 The importance of stabi-
lizer states for quantum computation stems from the
Gottesman-Knill theorem which, roughly speaking, says
that quantum circuits featuring only stabilizer states offer
no computational advantage over classical computers.
Stabilizer states can include maximally entangled states,
and thus this tells us that entanglement by itself is not the be
all and end all of quantum computation. It is then useful to
have quantities that efficiently characterize the Pauli
spectrum of a given quantum state, and which can encode
its “nonstabilizerness.” The word magic has been adopted
in recent years to refer to nonstabilizerness, and various
concrete definitions have been proposed and studied [22—
33]. Magic is crucial in the development of fault-tolerant
quantum computation algorithms, thus how to produce and
manipulate magic are highly topical research questions.

Motivated by developing research links between quan-
tum information theory and high-energy physics, Ref. [20]
examined the role of magic in top pair production. Given its
status as a two-qubit system, the top pair final state provides
a natural playground for studying magic, which also allows
to study how magic can be enhanced by going to certain
kinematic regions. This may in turn be useful for examining
magic in other quantum systems, but it could also be (as
mentioned above) that magic is a good observable for
distinguishing new physics from the SM. As its definition
of magic, Ref. [20] adopted the so-called second stabilizer
Renyi entropy, given (for a mixed quantum state with
density matrix p) by

ZPEP,,Tr4(pP))
ZPG’P,,TrZ(pP) ‘

Substituting Egs. (9) and (10) yields
L+ 30 ((BiY)* + (BIN)*] + E,,,-(C,‘,)“)

1+ 37, [(Bi)* 4+ (B + Zi,j(czlj)z
(23)

m@=4%< (22)

Mz(ﬂ')——10g2<

which we will use repeatedly in what follows.
It is helpful when introducing nonzero Wilson coefficients
for SMEFT operators to separate out the contributions to the

*The particular quantum gates are the CNOT, Hadamard, and
phase gates. These details will not be necessary in this paper.
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normalized density matrix that arise from the SM and BSM
contributions (which we label as “EFT” to follow the
notation of Ref. [4]),

1,SM 1.EFT
oo R +R . (24)
Tr(R"SM) + Tr(R'EFT)

To study the impact of new physics on the magic, we expand
Eq. (23) in the Wilson coefficients, to both linear [O(A™?)]
and quadratic [O(A™)] order.’ Analytic expressions for the
SMEFT contributions to the Fano coefficients in the helicity
basis [as defined in Eq. (12)] were obtained in Ref. [4], and
are collected here in Appendix A 2. In Appendix A1 we
present expressions for the pure SM contributions to the Fano
coefficients in this basis, working with the appropriate
normalization to consistently combine them with the
SMEFT contributions. Expressions for the angularly aver-
aged Fano coefficients, working now in the beam basis, are
provided in Appendix B, taken again from Ref. [4].

D. Other QI measures

As already discussed in the introduction, magic is not the
only QI observable that is relevant for collider physics
applications. Another commonly analyzed criterion is the
concurrence [93], which quantifies the degree of spin
entanglement of the top pair final state. Given a two-qubit
density matrix p and its complex conjugate p*, one may
construct the related matrix

o =\/\/Pp\/P

Denoting the eigenvalues of this matrix (in decreasing
order) by {4;}, the concurrence is given by

p=(0y®0)p"(02®03). (25)

Clp] = max (0,4, — Ay — A3 — A4). (26)

As for the magic, the concurrence is a property of an individual
quantum state. That concurrence and magic do not provide the
same information is due to the fact that nonstablizerness and
entanglement are not purely complementary.

Recently, Ref. [40] argued that two other measures are
also potentially useful, and we review their definitions here
(see also the classic Ref. [21] for a textbook treatment).
Both of these quantities are designed to measure how
“close” a given quantum state (expressed in terms of its
density matrix) is to another. This in turn has clear
connotations in investigating new physics models: by
taking the two density matrices to correspond to the

*For the avoidance of doubt, when we refer to the linear or
quadratic magic (or indeed any of the other QI measures studied)
we refer to the explicit expansion of the expression to the named
order in the Wilson coefficients, as opposed to computing the
expression using a density matrix formed from Fano coefficients
including SMEFT contributions of that order.

presence and absence of new physics, respectively, one
obtains a bona fide QI viewpoint on whether quantum
states produced at the LHC are close to the SM or not.

To define the measures of interest, let p and ¢ be density
matrices corresponding to two different quantum states.
Then the trace distance is defined by

D(p.¢) =5 llp—oll =50/~ (p-0).  (27)

This is positive semidefinite DT > 0, and invariant under
unitary transformations of p and/or ¢. As emphasized in
Refs. [21,40], Eq. (27) can be seen as a quantum gener-
alization of an analogous classical quantity, that itself
corresponds to the so-called L, or Kolmogorov distance
between two probability distributions. Indeed, the quantum
trace distance reduces to its classical counterpart if the two
density matrices p and ¢ mutually commute. To gain more
insight into this measure for the SMEFT, we may take the
distance between pgy; and the SMEFT density matrix up to
linear order in the Wilson coefficients (pyq),

RSM 4 %R(d(’)
Pd6 = osMy 1 (d6)
tr[RM] + S5 tr[R10]
RSM 4 LR(d(’) 1
= glzv[ 1 (d6) YN (28)
w[RM] 1 4 St [RY9)] /tr[RSM]

Since at this order there is no proliferation of different terms
from the density matrix to the observables, we can expand
the former directly at 1/A? order, which gives us

I 1

AR (RUO) — tr[RWO)]) ... (29)

Pdas = Psm +

Given that our density matrices are Hermitian, the trace
distance between the linear SMEFT and the SM is

1 .
DT(/’ds,PSM) = Etr\/(Pds - PSM) ' (pdﬁ - pSM)
= li;tr(m(dé) - r[R@]])).  (30)
2 A2 tr[RSM]

Despite naive appearances, the right-hand side is nonzero in
general due to the absolute value inside the trace. We also
see that the trace distance is manifestly linear in the Wilson
coefficients, with no zeroth-order term.

Our second QI measure involving two different states is

the fidelity,
F(p.c) =Tr\/\/psv/p- (31)

Despite appearances, this is symmetric in the two density
matrices, i.e., F(p,¢) = F(c,p). Furthermore, one may
establish the bounds,
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0<F<LI, (32)
where the upper limit is saturated by p = ¢, and the lower
limit if p and ¢ have orthogonal support [21]. As for the
trace distance, the fidelity is invariant under unitary trans-
formations of either density matrix, and reduces to a
classical counterpart if the density matrices mutually
commute. Whereas the trace distance increases as states
become less alike, the fidelity decreases. This motivates the
definition of the fidelity distance

DF =1-F,

which instead increases from zero as states move away
from each other in Hilbert space. Which quantum infor-
mation measure to use in any given situation depends upon
the question being asked. Our motivation here, inspired by
Ref. [40], is that some QI measures may be more sensitive
to new physics than others, which may itself depend on the
particular scattering processes or kinematic region being
considered.

We have now introduced all of the QI concepts needed
for the rest of our analysis. Let us now turn to how these
measures can be used to describe differences between the
pure SM, and the SMEFT.

(33)

III. MAGIC FOR TOP QUARKS IN THE SMEFT

In this section, we extend the analysis of Ref. [20] to
present results for the magic of top quark pairs in the
SMEFT. Given that our motivation is to compare results
with the SM, we will explicitly show results for the
difference between the magic in the pure SM and
SMEFT cases. Let MS" denote the contribution to the
second stablizer Rényi entropy up to and including terms of
O(c"), where ¢ is a generic SMEFT Wilson coefficient.
That is, M;O) constitutes the SM value for the magic,
whereas Mg) and Mgz) constitute the magic, including
SMEFT-SM interference terms up to linear and quadratic
order in the Wilson coefficients, respectively. We will
consider the effect of various SMEFT operators in turn,
restricting our attention to operators that contribute already
at linear order in the EFT.

A. Differential results

Let us start by considering results fully differentially in
z =-cos @ (where @ is the scattering angle), and the top
quark velocity f. Results for nonzero Wilson coefficients
> €16 and €y are shown in Figs. 1-3, respectively, where
we have chosen a value of 0.1 TeV~2 in each case, with all

ce/A?2 = 0.1 TeV—2
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Left panels: difference in magic (as measured by the second stabilizer Rényi entropy M) between the SMEFT and SM, for a

single nonzero Wilson coefficient ¢, and including the contribution that is linear in c; only. Right panel: difference between the

linearized magic, and the contribution that is quadratic in cg.
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FIG. 2. Left panels: difference in magic (as measured by the second stabilizer Rényi entropy M,) between the SMEFT and SM, for a
single nonzero Wilson coefficient c,;, and including the contribution that is linear in c¢,; only. Right panel: difference between the

linearized magic, and the contribution that is quadratic in c¢,s.

other coefficients set to zero. The left panels in each figure
show the difference between the magic, including terms up
to linear order in the Wilson coefficient, and the pure SM
result. In other words, the plots show the contribution to the
magic from the linear SMEFT-SM interference term only.
The right-hand panels in each figure show the additional
contribution that results from terms in the magic that are
quadratic in the nonzero Wilson coefficient, which is
evident in the much smaller scale. For each figure, the
upper row shows results for the uiz channel only, as a
representative of the ¢g initial state. The middle row shows
results for the gluon channel, and the lower row shows the
full proton level result, including the PDFs. We work
throughout in the helicity basis using the expressions for
the Fano coefficients given in Appendix A.

For ¢ and ¢y, there is no difference in the magic in the
uit channel, corresponding to the fact that these operators
only contribute to the gg channel at linear order.
Interestingly, even in channels for which operators do
contribute in general, there are kinematic regions in which
the magic does not change. This is seen, for example, in the
gg channel at threshold (# — 0) for ¢ and ¢, which can
be traced to the fact that their corresponding contributions
to the Fano coefficients—reported here in Appendix A 2—
are weighted by an explicit factor of 2, itself originating
from the additional derivatives in the field strength tensors

in Eq. (2). Moreover, Ref. [4] showed that the top quarks
remain in the same maximally entangled state as in the pure
SM gg channel at threshold, even once the other Wilson
coefficients are included. As argued in Ref. [20], this
particular state happens to be a stabilizer state, and thus the
SMEFT will not change the fact that the magic vanishes at
threshold.

At quadratic order in the gg channel, the ¢ contribution
vanishes at threshold, but the O and O,; operators induce
a triplet state on top of the singlet state produced in the |
SM. As shown in Ref. [4], one can write the density matrix
as

pSyEFT(O, 2) = Py ¥)p (7,
+ (1 - pgg)|lP_>p<lP_

(34)

p’

where [¥F) , (|'¥7),) is a spin triplet (singlet) state along the
beam axis p, and

_ 72mt2(3\/§mth + vey)
TA* '

Pyg (35)

where as before v denotes the Higgs vacuum expectation
value. For generic nonzero Wilson coefficients (cg, ¢,g),
Eq. (34) constitutes a mixed state rather than the pure state
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Left panels: difference in magic (as measured by the second stabilizer Rényi entropy M,) between the SMEFT and SM, for a

single nonzero Wilson coefficient ¢, and including the contribution that is linear in ¢, only. Right panel: difference between the

linearized magic, and the contribution that is quadratic in cg.

obtained in the pure SM, and thus the magic increases. The
largest changes in the magic in this gg channel, however,
are seen at high f. Again this can be understood from the
fact that a pure maximally entangled state in the SM (at
least for the central region 6 = z/2) gets replaced by a
mixed state once SMEFT effects are included. One also
expects effective operators (which can contain additional
derivatives giving rise to extra powers of velocity or energy
in momentum space) to be more significant at higher f.
Care, however, is needed in interpreting results at high S,
given that the SMEFT is only valid for partonic center-of-
mass energies which are less than the cutoft scale, i.e.,

§ < A, (36)

Assuming a unit Wilson coefficient and a top quark mass of
m; = 173 GeV, this bound amounts to f < 0.962 in
Figs. 1-3. We then see that, over the remaining phase
space, quadratic SMEFT corrections to the magic are small,
which itself implies that the EFT expansion is behav-
ing well.

Having discussed the gg channel, let us now turn to the
qq channels. These receive contributions from c,;, and
from the particular combinations of four-fermion operators
outlined in Appendix A 2. In Fig. 2, we see a correction to

the magic from c,; is indeed observed, but that this is zero
at threshold ( — 0). This can be explained from the fact
that SMEFT contributions lead to the mixed separable state

pggflEFT = pqq|TT>p<TT|p + (1 - pqq)|l’i/>p<i/\lf|p’ (37)

near threshold [4], where spin states are again defined
relative to the beam direction, and

1 4
27 A2

Pgg = + O(A™). (38)

The coefficient appearing on the right-hand side is defined
in Eq. (A6), and consists of a linear combination of four-
fermion operators with no contribution from c¢,;.
Furthermore, if p,; = 1/2, then the state of Eq. (37) turns
out to be a stabilizer state [20], whose magic necessarily
vanishes. Corrections to the magic from c,; are moderate
over the remaining parameter space in the quark channel,
where the more pronounced difference at very high g falls
in the region where the EFT may not be valid.

As a representative example of the effect of four-fermion
operators, Fig. 4 shows the correction to the magic resulting
from a nonzero cg (with all other Wilson coefficients
zero). There is no contribution to the gg channel, as
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FIG. 4. Left panels: difference in magic (as measured by the second stabilizer Rényi entropy M,) between the SMEFT and SM, for a

(®)
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single nonzero Wilson coefficient c,,’, and including the contribution that is linear in ¢;,” only. Right panel: difference between the

(8)

linearized magic, and the contribution that is quadratic in ¢;, .

expected. For the u# channel, the correction to the magic is
low near threshold, as expected from the above remarks: the
final state becomes a stabilizer state at threshold in the SM,
and the Wilson coefficient proves to be a small correction to
this. Away from threshold—and well below the upper
bound of #~0.96 at which the EFT validity should be
questioned—there is a highly interesting pattern, in which
corrections to the magic can be positive or negative
depending on the scattering angle. The differing signs of
corrections to the magic open up the possibility of
cancellations if different operator contributions are com-
bined. As for the gg channel, we find in both Figs. 2 and 4
that the quadratic corrections are negligible compared to
the linear corrections over most of the phase space, which
suggests that higher-order EFT corrections are under
control.

As well as individual partonic channels, we have also
shown results for proton-proton initial states in Figs. 1-4,
by combining with the appropriate PDFs, as per Eq. (18),
similar to the pure SM results of Ref. [20]. As for the results
of that reference, one typically sees that the proton level
results are strongly determined by the gluon channel, as
expected given the dominance of the gluon PDF at the
LHC. This effect is arguably most pronounced for the four-
fermion operators, where, e.g., the striking pattern of magic

corrections in the upper-left panel of Fig. 4 is significantly
washed out in the lower-left panel.

B. Angular-averaged results

As well as fully differential results, it is also instructive to
see how the magic behaves when averaged over all
scattering angles (note that similar analyses have been
performed for entanglement measures and SM magic in
Refs. [4,20]). In SM processes, it has been observed that
angular averaging generically increases the magic, largely
due to the fact that more mixed states are obtained, taking
one further away from particular stabilizer states. In Fig. 5,
we compare the SMEFT results with the SM for the same
four operators as in Figs. 1-4, using higher absolute values
for the Wilson coefficients where necessary in order to
make differences show up more clearly. We do not show
results for color-singlet four-fermion operators, which do
not contribute at dimension 6 in the SMEFT expansion.
Quadratic insertions of these operators also lead to very
small corrections, due to the fact that the gg channel is
subdominant to the gg channel at the LHC. Our choice of

the four-fermion Wilson coefficient 053) is representative of

results for other coefficients, given that only the particular
linear combinations of Eq. (A6) arise in top pair
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FIG. 5.
coefficients set to zero.

production. As in Ref. [20], the relevant angular-averaged
coefficients are calculated in the fixed beam basis, rather
than the helicity basis, so that one may refer spins to spatial
directions that survive after averaging over all possible top
quark directions. Expressions for the angularly averaged
Fano coefficients in this basis are provided in Appendix B.
In each plot, we compare the SM result with results
obtained from positive and negative Wilson coefficients
with the same magnitude. We further show the effect of
linearizing the SMEFT contributions vs. expanding the
magic to quadratic order in the SMEFT coefficient, as
detailed above.

In Fig. 5, we notice that the effect of our example four-
fermion operator is very small, both at linear and quadratic
order. This is commensurate with our above statement that
at LHC energies one is dominated by the gg channel, which
tends to downweight effects arising from the gg initial
state. One may also compare this with Fig. 4, in which a
significant profile of corrections to the magic for the gg
channel is washed out in the proton level result.
Unsurprisingly then, differences in Fig. 5 are more pro-
nounced for the set of operators {cg,c,g, cyc} that
contribute in the gg channel. We see that corrections tend
to zero at threshold, consistent with the remarks of the
previous section: whilst the results in Figs. 1-3 are in a
different basis, it nevertheless remains true that the top pairs
are in a stabilizer state at threshold to a good approxima-
tion. For CpG> WE see that corrections also vanish in the

CiG
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Angular-averaged result for the magic in the beam basis, for nonzero SMEFT Wilson coefficients, as shown, and all other

high-velocity limit f — 1, which can be traced to the
analytic behavior of the angular-averaged coefficients in
this limit [4]. For moderate f values, we note that the largest
effects originate from c,5, matching what was seen for fully
differential results (albeit in a different basis) in the
previous section. Overall, quadratic results are a small
correction to the linear results, suggesting that higher orders
in the EFT expansion are under control.

The changes to magic induced by SMEFT operators
imply that the magic can indeed be used to probe new
physics effects, and we will return to this question below.
Before doing so, however, let us examine the other QI
observables defined in Sec. II D, which were argued in
Ref. [40] to also be useful in this regard.

IV. COMPARISON OF DIFFERENT QI MEASURES

Having examined how the magic behaves, we can also
look at the other quantum information measures discussed
in Sec. II D. As for the magic, we expand these quantities in
the Wilson coefficients, keeping terms up to linear or
quadratic order, respectively. We begin with the concur-
rence. Although this has been previously discussed in
Ref. [4], we here show a more complete set of angular-
averaged results in the beam basis, allowing a straightfor-
ward comparison with other measures. The concurrence is
shown in Fig. 6, for the same choice of Wilson coefficients
as in the magic plot of Fig. 5. As for the latter plots, we have
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FIG. 6. Angular-averaged result for the concurrence in the beam basis, for nonzero SMEFT Wilson coefficients, as shown, and all

other coefficients set to zero.

chosen higher absolute values of each normalized Wilson
coefficient where needed, to accentuate differences. For all
coefficients, the concurrence tends to zero at high $ values
(i.e., the region of high top pair invariant mass), corre-
sponding to the known fact that there is no entanglement in
that region [4]. We see that corrections are small but non-
negligible, and that quadratic corrections in the EFT
expansion are typically small over the whole parameter
space, indicating that the EFT expansion is under control.

As discussed in Sec. II D, both the trace distance and
fidelity are explicitly designed to measure the “closeness”
of two particular density matrices, which for our purposes
can be taken to be the pure SM top quark spin density
matrix and the analogous result including SMEFT correc-
tions. Figure 7 shows angular-averaged results for the trace
distance (in the beam basis), where we use smaller Wilson
coefficients than the previous plots, given that the zero
nature of the observable in the SM means that we do not
have to enhance the effect for ease of visualization. For the
representative four-fermion coefficient cﬁff), we see that the
result is small over most of the parameter space, which is
perhaps unsurprising given the similarities with the SM
magic observed in Fig. 5: dominance of the gg channel
implies that the final state is approximately SM-like if a
single Wilson coefficient is turned on that only contributes
in the gg channel. At high g values, the trace distance
diverges due to the analytic behavior of the Fano

coefficients. However, this divergence is unphysical given
that it corresponds to the breakdown of the EFT. One can
similarly ignore divergences in the other plots in Fig. 7.

Commensurate with the above remarks, we see that the
trace distance is in general larger for those operators that
contribute in the gg channel. For c¢g and ¢y, the trace
distance vanishes at threshold (f# — 0), and at linear order
in the SMEFT, owing to the fact that the top quarks remain
in a SM-like stabilizer state. For c,s, the trace distance is
nonzero but small. This quantifies our earlier observation
made for the magic in this region, that it is close to the SM
value, owing to the final state being “approximately
stabilizer.” By and large, quadratic corrections to the
linearized results are small, but in general more pronounced
than for the magic for the same values of the Wilson
coefficients. This is itself to be expected, given that both the
trace distance and fidelity distance are—by definition—
zero in the SM itself. Thus, the first nonzero contribution to
these observables happens at linear order in the SMEFT,
such that the quadratic corrections can be proportionally
more pronounced.

In Fig. 8, we show corresponding results to Fig. 7, but for
the fidelity distance rather than the trace distance. Similar
observations apply, in that divergences at large § values are
presumably unphysical and can be ignored. The fidelity
distance vanishes at threshold, and at linear order in the
SMEFT, for ¢, and cg, as it must do given our above
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explanation in terms of a SM-like stabilizer state there.
Interestingly, numerical values for the fidelity distance are
typically larger than for the trace distance.

Above, we have presented results for a number of
quantum information measures, which thus provide differ-
ing viewpoints on new physics. To examine this further, we
can ask which of these measures is most sensitive to
corrections beyond the SM, and adopt the method of
Ref. [40] in order to provide an answer. Following that
reference, we define the y? statistic for observable © and
single nonzero Wilson coefficient c¢; as follows:

Olpswerr(cr)] = OMSM]>2, (39)

0o

20 = (

where pgy (Psmerr) 1S the (B)SM density matrix, and 6 is
the uncertainty. For the magic and concurrence, the
uncertainty is taken to be that of the SM result, defined
as follows. First, we assume a representative fixed uncer-
tainty of 0.2 on the (differential) proton level {C;;}, and 0.1
on the { B} coefficients." We then evaluate the relevant QI
measure O—integrated over a particular bin—for upper
and lower values of the Fano coefficients. The uncertainty
00 is then taken to be half the distance between the upper
and lower values of 0.° As discussed in Sec. 1T D, the trace
distance and fidelity distance depend on both the SM and
SMEFT density matrices, and also vanish identically in the
SM. Equation (39) must then be replaced by

2 c)) = Olpsmerr(cr), psm] ) *
R e FC

To evaluate the uncertainty, we calculate SM density
matrices pgy, with the default Fano coefficients plus or
minus the uncertainties stated above. We then define the
uncertainty to be one half of O[pdy, psy- As well as the QI
measures described above, we also evaluate the sensitivity
of the Fano coefficients directly, in order to gauge whether
there is any particular advantage over such a raw fitting
procedure, experimental precedents for which include
Ref. [96]. To this end, we denote by FC the sum of the
x? values for each Fano coefficient individually.

In a given region in parameter space, the steepness of the
rise in y” as the value of a given Wilson coefficient
increases in magnitude will differ for different measures
O. One can then rank the measures from most sensitive to
least sensitive to new physics, and we present this infor-
mation for different Wilson coefficients in Tables I-III.

*Our choice of representative uncertainties is motivated by the
current error bars in the Fano coefficient measurements of
Refs. [19,65].

We note that we only consider experimental uncertainties
here. Whilst in principle theoretical uncertainties, e.g., resulting
from higher-order QCD corrections should be taken into account,
they are are expected to be subdominant [94,95].

In each table, we have integrated our various QI measures
O in the two-dimensional bins in (z, m;;) used for the CMS
measurement of Ref. [19]. For the BSM density matrices,
we include up to quadratic SMEFT corrections to the
Fano coefficients and consider values for ¢ less than
0.005 TeV~2. We note that the most sensitive QI meas-
urement very much depends upon both the Wilson coef-
ficient being considered and the bin. No single measure
outperforms all others across the board, which is itself an
important lesson to take forward in applying quantum
information ideas to other collider processes. One notable
pattern is that the trace distance fares worse for all Wilson
coefficients as the invariant mass increases, which can be

TABLE 1. The relative sensitivity of different quantum infor-
mation measures to ¢,;, according to the value of their y2, and
where sensitivity decreases from left to right. For comparison, we
also show the relative sensitivity of the Fano coefficients (denoted
FC) themselves.

m, [GeV] 2| < 0.4

FC, D', C, M,, DF
FC, DT, C, DF, M,
FC, C, DT, M,, DF

|z] > 04

FC, D', C, M,, DF
FC, C, D', M,, DF
FC, DT, C, DF, M,

2m; < my;, < 400
400 < m, < 600
600 < m, < 800

my; > 800 C, M,, DF, FC, DT C, M,, FC, DF, DT
Inclusive C, FC, M,, D", DT
TABLE II. The relative sensitivity of different quantum in-

formation measures to cg, according to the value of their 2, and
where sensitivity decreases from left to right. For comparison, we
also show the relative sensitivity of the Fano coefficients (denoted
FC) themselves.

my, [GeV] |z| <0.4

M,, FC, DF, DT, C
M,, DF, FC, D7, C
M,, DF, C, FC, DT

|z| > 0.4

M,, FC, D', DF, C
M,, FC, C, DT, DF
M,, FC, DF, D', C

2m, < my, < 400
400 < m,; < 600
600 < m,, < 800

m,; > 800 C, M,, DF, FC, D' C, FC, M,, D", DT
Inclusive C, M,, DF, FC, DT
TABLE IIIl. The relative sensitivity of different quantum

information measures to c,,i , according to the value of their
x%, and where sensitivity decreases from left to right. For
comparison, we also show the relative sensitivity of the Fano
coefficients (denoted FC) themselves.

m,, [GeV]

2m, < m, <400 FC, D', C, M,, DF,
400 < m, <600 FC,C, D', M,, DF
600 < m, <800 FC,C, D', M,, D" FC, M,, D', C, D,
m,; > 800 C, M,, DF, FC, D" C, M,, DF, FC, D"

Inclusive C, M,, DF, FC, DT

|z| <0.4 |z| > 0.4

FC, D', C, M,, DF
FC, D', C, DF, M,
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traced to the fact that the uncertainty on the SM result (as
calculated above) increases with m, thereby diminishing
the resolving power of this observable. The concurrence, on
the other hand, does better as invariant mass increases, in
the central bin |z| < 0.4. For ¢, magic (as quantified by the
second Stablizer Rényi entropy) is the most sensitive QI
observable over most of the kinematic range.

Above, we denoted by FC the y* obtained from
considering the Fano coefficients directly, rather than
combining them into compound QI measures. Results
are shown in Tables I-III alongside the QI measures. We
see that, whilst the raw Fano coefficients can indeed
outperform the latter in some cases, this is by no means
inevitable, such that the relative sensitivity is highly
dependent on both the kinematic bin and the new physics
effect being considered. Our results thus agree with
previous comments in Ref. [40], which stated that fits
involving QI measures can be comparable with using the
Fano coefficients directly. As also stated in that reference,
however, QI measures carry the distinct advantage of an
additional conceptual interpretation of new physics con-
straints, which may ultimately prove useful in elucidating
the nature of the new physics itself (i.e., in terms of
concrete models).

V. CONCLUSIONS

In this paper, we have examined various quantum
information measures as potential probes of new physics
effects in top quark pair production at the LHC. Previous
studies have examined the role of concurrence in probing
BSM physics [4], and have also shown that the property of
magic (nonstabilizerness) is generically nonzero in the
SM [20]. Other measures, such as the trace distance and
fidelity distance between two different quantum states, as
expressed via their density matrices, have been shown to be
useful probes of new physics in other collider
processes [40]. This paper goes further than this, in
examining a range of QI measures as probes of new
physics in top quark pair production, where the latter is
described by the model-independent SMEFT.

We have first shown how magic—of high topical interest
due to the recent CMS measurement of Ref. [65]—gets
modified by nonzero SMEFT Wilson coefficients.
Corrections are generally nonzero across the whole phase
space. Naively, one might think that magic would typically
increase, due to the fact that adding extra operators leads to
more complicated quantum states in general, that are more
likely to move further away from the discrete and special
set of stabilizer states in Hilbert space. We find, however,
that magic can in fact decrease as well as increase. As for
the SM, the profile of magic is dominated by gluon initial
states, given the dominance of the gluon PDF at typical
LHC partonic center-of-mass energies.

Inspired by Refs. [4,40], we have also shown results for
the angular-averaged trace distance, fidelity distance, and

concurrence in the beam basis expanded to both linear and
quadratic order in the Wilson coefficients. Corrections are
small but non-negligible, and again the EFT expansion
appears to be well behaved, apart from at very high top
quark velocities, where the EFT is anyway expected to
break down. By considering the y? for deviations from the
SM, we compared the relative sensitivity of different QI
measures in the bins of top quark invariant mass m; and
scattering angle z = cos @, used in the experimental analy-
sis of Ref. [19]. We find that there is no single QI measure
that performs best across all of the parameter space, thus
suggesting that all can be useful going forward in effi-
ciently probing new physics effects in different collider
processes. Nor is it true that the QI measures are less
sensitive in general than the raw Fano coefficients them-
selves. Similar remarks in this regard appear in Ref. [40],
but we here provide quantitative evidence for the first time.
We hope that our results provide a useful contribution to the
ongoing dialog between quantum information theory and
particle physics, and look forward to further work in
this area.
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APPENDIX A: FANO COEFFICIENTS IN THE
HELICITY BASIS

In this appendix we provide expressions for the unnor-
malized Fano coefficients in the helicity basis, as defined in
Eq. (12). Whilst these expressions have previously
appeared in different sources in the literature, we collect
them here both to ensure consistency when including both
SM and SMEFT contributions, and for convenience given
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that we use their analytic properties in interpreting our
results.

1. SM contributions

We first give expressions for the SM contributions to the
unnormalized Fano coefficients. Compared to other pre-
sentations in the literature (e.g., Refs. [2,20]), there is an
additional minus sign in the C,;, expressions to reflect the
difference in our definition of the helicity basis vectors in
Eq. (12) to these works.® In order to consistently combine
the SM Fano coefficients with the SMEFT contributions
(presented in Appendix A 2), each coefficient is addition-
ally multiplied by a factor of g}, where g, = \/47a, relative
to the aforementioned presentations.

In the gg channel, one has

A0 = F, (1+26°(1 - 22) - p*(z* =222 +2)), (Ala)
CI = —Fy (1 =2 + (2 - 222 + 2)), (Alb)

CiZ(O) _ —qu(l _ 2Z2(1 _ ZZ)ﬁ2 _ (2 _ 2Z2 + 24),64),

A = F (24 (2 - 1)), (A3a)
Cl = F (2 - ). (A3b)
C = F (B + 22— B7). (A3c)
O =F - -22-). (A3
T = 22F )\ [(1=2) (1= 7). (A3e)
where
Fo = %' (A4)

As is further explained in Ref. [4], the above results (and
indeed those to be presented in Appendix A 2) assume that
the initial state quark (rather than antiquark) is travelling in
the +z Cartesian direction. In the case that the directions
of the quark and antiquark are interchanged, one must flip
cosf — —cos @, and also take into account an additional
overall minus sign in the coefficients C,, and B} due to a

(Alc) change of sign of the helicity basis vectors n and r [96]. We
emphasize that when summing over different production
#99.00) _ i n2 L ARy 2 channels in Eq. (18) it is necessary to include both
Gy =-F gg(l (=222 +2)p(2-p7)). (Ald) scenarios to reflect the fact that the (anti-)quark could
come from either proton.
Y = =F 2201 = 2P0\ [1 - (Ale)
2. Fano coefficients in the SMEFT
where We now present the contributions to the unnormalized
, . Fano coefficients entering Eq. (9) that arise from the
_ 9 (7+9p°2%) (A2) various SMEFT operators that contribute to top quark pair
9 192(1 = p22)* production. These results are taken from Ref. [4] by one of
the present authors. First, one has the following contribu-
In the gg channel the coefficients are tions at linear order in the gg channel:
|
5 2 1 [ 9 2,2 7 2 .4 942 20022
Ag9-(1) :9_32 — geom,(96°2° +7) p— pm; G+ g miz el (A5a)
A1 -p272 | 12V2 4m? — (1 = p*)m:, 8
» 2 1 '_7gZUm ﬂ2m4 9g2ﬁ2m2Z2
Cﬁ%(l) _ 9 STt — ! c L L S }, (A5b)
N1=p2 12v2 ¢ am2—(1-p)ym "¢ 8 ¢
gy _ 95 L JgemOpPZ+ NP -2 =D+ prmi 99 m; } (AS¢)
Sy 12V2(f22 - 1) G dmi — (1= p)m; "¢ g 9
_ 2 2 OB =BV TR (=2 1) LT 204 902 m272
ng(l):gsz — gsymt< ﬁ (Z < ) ﬂ (Z e + )"’ )C[G_ - ﬂ mt > 2ch+ gsﬁ m,Z Gl (ASd)
A 1-p2 12v2(8** - 1) 4mi —(1=p%)m 8

The choice of basis vectors in this work was made to reflect that used in Ref. [4] from which we take expressions for the SMEFT
contributions to the Fano coefficients, to be stated in Appendix A 2.
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sy _ 91 | gomBrz(1=2) 9 + (B =229 -1)+7)=2)  9gfimiz [1-2°
TN 2wV - D)(E - (P2 - 1) ot g \[Topte| (A%

Here v is the Higgs vacuum expectation value, m; the Higgs boson mass, and g, the strong coupling constant.
Corresponding results in the gg channel depend upon whether up- or down-type quarks are present in the initial state. For
up-type quarks interacting via the color octet four-fermion operators, nonzero Wilson coefficients appear only through the
linear combinations,

va (ch + ch) + cgu) + cgq) + cQu)/4 cﬁi’” = (C(QS;;) + cg;) + cf,f) — cg) — c(ng)/4,
(328‘), = 8 1) C(Q;]) + c§u> + cgq) - CQM)/4, c@’” = (_Cg(}l) - C(QS[f) + 653) - CS) + C(Qgt)l>/4 (A6)

For down-type quarks, one must replace u — d in the above Wilson coefficients, and reverse the sign of cgf). By replacing

(8) — (1), one obtains similar results for the color singlet operators. Results for the Fano coefficients for initial state up-
type quarks are then

o 4g>m? v 8).u 8).u
T [ﬁgzaa e+ 2= (1= 2P +2:pe" | (A7a)
47 147 (1-2%) s
¢ _gm; B (A7b)
Aot
~q3.(1 ZQsm 8).u 8).u
Y = Srr =gy |22 (1= )P + 2+ = 2= (1 = 22" +4peely” | (A7¢)
~qq.(1) 4gsmt(1 —Z ) f 21 2 2\ (8).u
Cry = D) D 29s (1 _ﬁ )CtG + (2 - ﬂ )CVV ’ (A7d)
9N ( _ﬂ ) t
paa() _ _2gmi [1=2[ 55 > (8). (8)
Crk = 9A2 1 _ﬂZ ng E (2 _ﬂ )ZCtG + 4ZCVV + 2iBCAA ’ (A7e)
~ 7 m2 1 u u
Bki,qq,(l) — 4q2 12 (B2 + 1)028& _’_22682 ). (ATf)
IN1—f
2 2
7+.q7.(1) mi [1- (8).u
B = —49§9—Atz ﬂz(ﬁ CAV 4 2e,"), (A7g)

such that replacing u — d yields the appropriate result for down-type quarks.
As well as the linear results, we have also made use of the following contributions to the Fano coefficients, at quadratic
order in the Wilson coefficients, again taken from Ref. [4]. For the gg channel, one has

qee) i 1[Gt (OB + 457327 +4) = 37) , 2447 m} 2
ﬂ2 24m12(ﬂ2Z2 _ ]) tG ((ﬁz _ l)m% +4m2)2 oG
27g5(1 = p*2%) 22 Rvm, (22 — 1) 95t
l : A8
4(1—ﬂ2) CG+(ﬁ2Z2_1)((ﬂ2_1)m%+4m ) CiG (/1G+2 \/—CIGCG ( a)
gos) _mi 1 [P 9p12( =2) +257(87 —13) + 19 , 2442 m c2
nn A4 1l ﬂ2 24(ﬂ222 — ]) G ((ﬁ2 _ l)mﬁ + 4m12)2 G
219:(P°22 1) , 2V Gom, (2 = 1) 9gtv
REDE ‘ e , A8b
42 -1) g+ FPZ = 1D)((F = )m2 + 4m?) Ci6Cpc T 2\/§m,ctGCG (A8b)
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mé 1 gh? 1
1= B2 24m? (1 - p222)?
5 2452 m?

+ (—28z* + 8122 + 12) — 1822 = 19)c%; —

(99-(2)
e -

(9°2%(z* - 2) + pH(—182° + 25z* — 1222 - 14)

(@ =i (1= )7

26:(1-2=-)2) , _ 2V2gemp(-2)
A1-p) 0 (=g dmi —mi(1-p7)
9giv(l = (2= 1))

2V2m,(1 - p22)

CiGCG | s (A8c)

m‘,t 1 gg‘ v? 1

-p {24m% (1- 27

+ f?(28z% — 577 + 58) + 182> = 37)c%; +

e =

(=9p°7%(z* = 22% +2) + (1820 — 57z* + 5272 — 14)

24p*m? 2
(@m2 —mZ(1 = p2))2 O
27g{(1 - (2 =12 , 2V2g2vm (1 - 2%)
A O = ) A — (1= )
9gsv(1 - (2-4*)2%)
 2Vam(1- ) CtGCG}

(A8d)

- S| gt 1

o =T ‘ 1444423 (1 = 22)2 1 16822\ 1 — (1422 - 23

" A“szm(l—ﬂ“)( etz m el =2
27 , V1=-2* V23 vm PV 1 — 22

144271 = 2)e2, + 22 _
HIVE = et B T (T ) (i — (1 ) O

9gtvzV1 — 22
) CtGCG:| . (A8e)

+ e —
\/Em,(l - P
For the up-type contribution to the ¢g channel, one has

4 402 2
(1 —22)2A4 gl;( —)2=pE 4] >)C’G+g 4f(1 ﬂz)(cvv +ﬂZCAA e

B (2 4+ 1) +2(e52(2 + 1) + 22(9(c “ P2 9y + 2(cp)")?
O+ () e+ (e - o -2 (el -2

Du (1),u 8).u (8),u Du (1)u 8).u (8),u
+4B2(9ckiy" ey + 20y v + 9y ehat + 2¢iy ey)

A94:(2) —

1),u 8).u 1),u 8).,u
T I8(e 2 1 42 1 18(cl )2 + (el ﬂ , (A%)

. 4 P 2 ? 2 U u
) = P T (1 )i+ O+ 2+ 9+ 20 =90l

8).u u 8).u
-2 - e~ 2l s
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i = <1f’Z§)2A4 o <1—ﬂ2><z2<2—ﬁ2>—ﬂ2>cﬁc+ﬁf4ﬁ<1—ﬁ2>z<ﬁcﬂ'“+zc<f&"’>c@

+ PO )@ + 1)+ 2(c5") (@ + 1) + 22(9(chy™) +2(ciy™) = 9(ehn™)? = 2(eiy")?

~9(c <V>~> —2( PO2) + 9l + 20+ 9(ehr ) + 2(ehn" ) + 9 + 2(cl")?)

+ 4Bz (9chy e+ 2 e + 9k el + 2el e )

+22209(c)2 4+ 2(eB)2 + 9(e )2 + 2B ))}, (A9c)
cir %Ki(l_ﬁi) [94”2 (23 + )l 9&?4@(1 - Py e

= B O™ + 20y +9(ch)™ ) +2(efy)? + 2(eP™)? + 9(en™)? + 2(epn)?)

— (B = 2) (1 + (e + 18(e ) + 4(c$‘&’“>2] , (A94)
C(r]l?m :_9(1 8_??;‘2)[\4 l_ﬂz [gsz Z(l—ﬁz) \/_(Z(Z ﬂz) vv +ﬂ AA )Czc

D (1)u 8),u u u u u (8)u
+AOL "+ 2e el +9cfw cha +2c5w) cha")

+ 20900 + 2(c$)2 + 9™ + 2B ))], (A9)

where the down-type contribution is obtained by replacing u — d, as before.

APPENDIX B: ANGULAR-AVERAGED FANO COEFFICIENTS

We finally present expressions for the Fano coefficients in the beam basis (as opposed to the top direction—dependent
helicity basis) averaged over the solid angle, as per Eq. (8). These results are again taken from Ref. [4].
In the SM, one has [1]

By 4 h
A0 _ 95 | _so | 3152 4 033 — 182 4 ) A (Bla)
192 p
4
Co0 — 95 187986 _ 341344 1 4450/ — 2940 + 4(T2* — 74562 + 735)y/1 — B2
artanhf}
+30(88 — 534° + 1515 — 18142 4+ 98 — 2(174* — 66> + 49)4/1 — ] Blb
( ( ) ) 5 (B1b)
99 (0) 2832),34 { 2076 + 10248* — 222542 + 1470 — 2(728* — TA5% + 735)1/ 1 — B2
artanhf
+15(334° — 116f* + 18182 — 98 + 2(178* — 664> + 49)4/1 — > } Blc
( ( ) ) 5 (Blc)
in the gg channel, whereas in the ¢gg channel one has
Fa0) _ 93— F) gel0) _ gi(11 =347 +4y/1 - ) pai0) _ 9:2=F =2V 1-p) (B2)

Q 27 Q2 135 ’ Le 135
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The contributions from the SMEFT operators at linear order are given by

A0 g m? [gfv 9p — 16artanhf N m?partanhf +9 gzﬂ artanhf ]
g —_— C ’
© A [m 12vap T Am - m (1) g ¢
Zoo) _ m, V24t (1470 — 18654% + 5294* — 72/3° N 1470 — 1130p% + 264
e 360m, N A
s 9p° — 688* + 1578% — 98 + (B° — 274* + 108> — 98)+/1 — % artanhf3
&
7 T2 7 B 1G

g2m? 2 — (2 — ?)artanhp

poamt—mi(—p)

L 3GH4B = 6B+ (B = 66) /1 = + (6= 6§° + 3(2 = °)\/1 - J)artanh
v Vi-p o]

wiy _mi [ V2g
A2 |720m, 54 (1 - §2)

+

(111ﬁ6 +10194* — 260082 + 1470

— (725 — 5298* + 18652 — 1470)1/1 — % — 15(1 — 2)(f° + 234* — 108> + 98)

artanh3 g2m?(f — artanh3)
)C"’ " pamz —m2 (1= ) 7
+3_g§‘2ﬁ3—3ﬂ—(ﬂ3+3ﬂ)\/1—ﬂ2+3(1—ﬁ2+ | - f)artanhy

p

—15(98* — 594> + 98)(1 — p?)3/?

g PN G|
1499.(1 4gsm gs 3 _ﬂz 8).u
Agt = =t [PV ot p W'

qu,(l):&gfm, (GFv2p* — 4+11\/1—ﬂ2 +11—3ﬂ2—4 1—ﬁ2c(8>,u
w2 T 35A2 | m, V22" €6 1-p* Wl

aty  8gim? [Gv2 — 24+ 2/1— +2 ﬁ2+2\/1—[}2
C135A% | m, h_ap —p ;

89?"1? 1-2v1- ﬂ2 C(8>
27A2 1 _ﬂz VA

(1)
Bio =

and the dimension-six squared corrections are

3000 :m_;1 L [giv?3p(7 +§?) + 16(1 — p*)artanhpy , 24m}p? 2
L= [ mi 24 O (dmi = mi(1-p2))?
953 - ﬂcG+2\/_gsmvﬂ (1 — p)artanh3 9gsv

c,C +—c col,
41—ﬂ2 pdm? —mi(1=p7) " " 2y/am, OC
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. 4 gh?
cood M 1 195V (459486 _ 27738 + 710047 — 4800 — (2883¢ — 470082 + 4800)1/1 — 2
7,02 A4 1 _ﬁz 360m%[7’4 ﬁ /} + ﬁ ( ﬂ ﬁ =+ ) /
artanhf
+30(B% — 126 + 1414* — 2904% + 160 + 10(54* — 212 + 16)4/1 — %) 3 > 2
N 8mip? N 9g¢ p> -7+ 8+y/1 —ﬁ2 2V2¢2m,v < 455 —104° + 6p
(4m} —m3 (1 - p))* %0+ 20 1—ﬂ2 - 353\/1— g2 \dm? — (1 = p*)m}

6 73 2(1 =) + 32 +2)/1—p
+ 'B ﬂ \/ 3 ﬁ) .y —ﬂﬂz;—m) 4 artanhﬁ)c,Gc,/,G

4m? —
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