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Abstract

We consider entanglement measures in 2-2 scattering in quantum field theories, fo-
cusing on relative entropy which distinguishes two different density matrices. Relative
entropy is investigated in several cases which include ¢# theory, chiral perturbation the-
ory (xPT) describing pion scattering and dilaton scattering in type II superstring theory.
We derive a high energy bound on the relative entropy using known bounds on the elastic
differential cross-sections in massive QFTs. In ¥ PT, relative entropy close to threshold
has simple expressions in terms of ratios of scattering lengths. Definite sign properties
are found for the relative entropy which are over and above the usual positivity of rela-
tive entropy in certain cases. We then turn to the recent numerical investigations of the
S-matrix bootstrap in the context of pion scattering. By imposing these sign constraints
and the p resonance, we find restrictions on the allowed S-matrices. By performing hy-
pothesis testing using relative entropy, we isolate two sets of S-matrices living on the
boundary which give scattering lengths comparable to experiments but one of which is
far from the 1-loop y PT Adler zeros. We perform a preliminary analysis to constrain the
allowed space further, using ideas involving positivity inside the extended Mandelstam
region, and other quantum information theoretic measures based on entanglement in
isospin.

Copyright A. Bose et al. Received 11-08-2020 ®)
This work is licensed under the Creative Commons Accepted 13-11-2020 check
Attribution 4.0 International License. Published 24-11-2020 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhys.9.5.081
Contents
1 Introduction and summary 1
2 Density matrices in 2 — 2 scattering 5
2.1 Density Matrix of the joint system AB 6
2.2 Reduced Density Matrices 7
2.3 Generalizations 8
3 Measures of entanglement 10
3.1 Entanglement Entropy 10


https://scipost.org
https://scipost.org/SciPostPhys.9.5.081
mailto:anjishnubose98@gmail.com
mailto:parthivh@iisc.ac.in
mailto:asinha@iisc.ac.in
mailto:pritishsinha06161@gmail.com
mailto:shaswat10041998@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21468/SciPostPhys.9.5.081&amp;domain=pdf&amp;date_stamp=2020-11-24
http://dx.doi.org/10.21468/SciPostPhys.9.5.081

3.2
3.3
3.4
3.5

SciPost Phys. 9, 081 (2020)

Quantum Relative Entropy
Rényi divergences

Quantum Information Variance
Generalized case

3.5.1 Entanglement Entropy
3.5.2 Relative Entropy

4 Known theories

4.1

4.2

4.3

¢* theory

4.1.1 Threshold Expansion

4.1.2 High Energy Expansion
Chiral perturbation theory

421 n°n% — n%n°

422 ntn — n0nO

423 ) gt — gr() g+)
Type II superstring theory

4.3.1 Fixed x; and |Ax| with o = 1074
4.3.2 Fixed s and |Ax]|

4.3.3 Monotonicity in Ax

5 Relative entropy: general considerations

5.1
5.2
5.3
5.4

Relative entropy in terms of scattering lengths
High energy bounds

Regge behaviour of Dy

A new type of positivity

6 Hypothesis testing using relative entropy

6.1

Hypothesis testing using different theories

7 Constraining S-matrix bootstrap

7.1
7.2
7.3
7.4
7.5
7.6

Lake plots

New constraints: The River

Hypothesis testing in S-matrix bootstrap

Comparison of scattering lengths and effective ranges
Elastic Unitarity—Preliminary findings
Positivity—Preliminary findings

8 More Entanglement Measures

8.1
8.2

Quantum Relative Entropy
Entanglement Power

9 Future directions

A Scattering fundamentals

Al
A2

S-matrix basics
Hilbert space for incoming and outgoing states

B Details of quantum entanglement measures

B.1
B.2
B.3
B.4

Entanglement entropy
Quantum relative entropy
Réyni divergence

Quantum information variance

11
13
15
15
15
15

17
17
17
17
18
20
20
20
22
23
23
24

25
25
27
29
30

31
32

33
35
37
37
39
40
41

43
43
44

45

47
47
48

50
50
53
56
57


https://scipost.org
https://scipost.org/SciPostPhys.9.5.081

Scil SciPost Phys. 9, 081 (2020)

C Generalized Scattering Configurations 58
C.1 Generalized relative entropy 61
C.2 Generalization to external spin 62

D Pion-pion scattering 64

E Isospin Entanglement in Pion Scattering 66
E.1 Quantum Relative Entropy 66
E.2 Entanglement Power 67

F Numerics 70

References 71

1 Introduction and summary

It is often a worthwhile pursuit to tackle old problems using new tools. In this paper, we
will consider the very standard 2-2 scattering in quantum field theory using certain tools in
quantum information theory. In particular, it should be of considerable interest to figure out
how much entanglement is generated in various scattering processes, relevant not only for
particle physics but also for condensed matter physics. Since various quantum information
measures to address such questions exist [1, 2], it is then natural for us to examine if the
properties and behaviour of such measures can shed new light on this age-old problem in
physics.

Scattering theory is usually set up using momentum space in quantum field theory. In
the simplest scenario of spin-less scattering, the incoming and outgoing states are specified
in terms of the momenta of particles. When one computes entanglement entropy, this entails
tracing over momentum states [3-7]. This line of questioning in itself is not novel. However,
these earlier works also showed that entanglement entropy on its own is ill-defined as the
expression is divergent owing to the infinite space-time volume and requires (sometimes ad-
hoc) regularizations.

In this paper, we will consider a different measure, quantum relative entropy and more gen-
erally Rényi divergences, which will be not only free of regularizations but also have several
other uses that we will explore. As far as the question of divergence and therefore regulariza-
tion is concerned, one can consider variations in entanglement entropy, instead of entangle-
ment entropy itself, which would get rid of the divergences. However, we choose to investigate
relative entropy which is a bona fide quantum information quantity having applications in nu-
merous places [1,2]. Fixing regularizations in an ad hoc manner runs the risk of having a
residual constant term, an eventuality we want to avoid dealing with. As explained in [1], rel-
ative entropy enables us to perform hypothesis testing. If we describe our observations using
theory T1, but the correct theory is, in fact, T2, then how sure can we be after N observations
that T1 is wrong? As explained in [1], the confidence that T1 is wrong is controlled by

27ND(pT2HpT1) s
where D(p1||p2) is the relative entropy between the two density matrices p; and p, explicitly

given by
D(p1llp2) = Trp1(Inp1 —Inpy). (1.1)
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Thus the larger D(p1]|p2) is, the fewer observations will be needed to reach a certain confi-
dence limit. We will see how to make use of hypothesis testing in scattering.

We could consider relative entropy in a different way as well. In 2-2 scattering we can take
p1 and p, to be the reduced density matrices corresponding to one of the outgoing particles
reaching detectors placed at certain angles (cos 6 = x) in the centre of mass frame. In such a
scenario, where we consider Gaussian detectors of width o and small angular separation Ax,
we will be able to show that

D (P,le)HPf(\z)) N (Ax)* + (Ax)® o2 (ln( Ta(x) ))

4o 2 Jx? o’ (x1)

) (1.2)

X=X1

where o, (x) = do,;/dx is the elastic differential cross-section. The first term in this formula
has no angular dependence and can be identified with a “hard-sphere” type scattering. The
second term is independent of the width of the detector, o, and is in some sense the universal
piece. We have dropped sub-leading terms of O(c, (Ax)?). This formula will prove very
useful since the known behaviour of the elastic differential cross-section can be used to derive
interesting properties for this relative entropy. In the future, one could also exploit this formula
to examine experimental data from colliders.

We will also be able to derive novel high energy bounds on relative entropy which arise
from general considerations such as analyticity, locality, unitarity similar in spirit to the famous
Froissart bound [8,9]. We will show using the results of [10] that eq.(1.2), for s — oo leads to

5 (1+5x2)
(1-x2)2°
for fixed angle and where there are no unknown constants on the RHS. As we will further show,
the tree level type II string theory answer for dilaton scattering in the low energy limit in fact
respects this bound as well. This is presumably because the distinction between massless and
massive scattering disappears in the high energy limit for relative entropy. Note that this is not
the situation for other existing high energy bounds like the Froissart bound, whereas of now a
rigorous bound, using axiomatic arguments, for massless scattering does not exist, neither can
a massless limit be taken. We will also comment on what happens in the Regge limit. Here we
will argue that since experiments disfavour a strictly linear Regge trajectory, the curvature of
the trajectory has to be positive.
It will also turn out that close to the threshold, our relative entropy expressions following
from eq.(1.2) will have simple expressions in terms of scattering lengths. In particular, we
will find expressions in terms of ratios of D and S-wave scattering lengths. For instance, for

10710 - 797% we will find

A 2
D (plpf?) - 52 <a(am) a3)

0) , ~(2)
() @))_ (Ax)? 220y +a, 212
D (pPp) - 82 —15(ax)? (20 ) (s - 4m2)2, (1.4)
( A 1iFA ) 40 2a(()0) + a(()Z)
where a(()l), ag) denote the S and D-wave I'th isospin scattering lengths respectively. Now the

numerator comprising of the combination of the D-wave scattering lengths can be shown to be
positive which arises from the Froissart-Gribov representation for £ > 2 scattering lengths. If
one makes certain extra assumptions about the S-wave and P-wave scattering lengths (which
follow from a Lagrangian formulation), then one finds that the universal piece above is posi-
tive! Similar arguments show that for 7"~ — n* ™ the above quantity is also positive while
for ntnt - n*nt and ntn® — 70, it is negative. Relative entropy near the threshold then
becomes a potential tool to constrain various putative physical theories for scattering.

We will study relative entropy (as well as Rényi divergences where possible) for a variety of
theories including A¢* at 1-loop, chiral perturbation theory (y PT), dilaton scattering in tree-

level type II superstring theory as well as the S-matrix bootstrap constraining pion scattering.
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Relative entropy expressions in various interesting limits like threshold expansion, high energy
limit, are worked out. We then use relative entropy considerations to study S-matrix bootstrap
constraining pion scattering.

Before the advent of QCD in the 1970s, the S-matrix bootstrap was advocated as a tech-
nique to study hadron interactions. Some profound results, like the Froissart bound [8], were
obtained in this pursuit. A similar goal was also pursued a while for conformal field theo-
ries. Then with the advent of QCD and the renormalization group, the bootstrap approach
was essentially abandoned. In 2008, a fresh numerical approach to study the CFT bootstrap
was put forward in [11]. Using this, several new results were obtained for higher dimensional
CFTs (see [12] for a recent review); a typical feature in the numerical plots, showing allowed
physical theories, was that physically interesting theories like the 3d Ising model lived at a
“kink”. The numerical techniques make clever use of semi-definite programming algorithm
(called Semi-Definite Programming for Bootstrap or SDPB [13]). Recently starting with [14]
and [15], SDPB was put to good use to reboot the S-matrix bootstrap. This was further de-
veloped in [16]. In [17], this new approach to the S-matrix bootstrap was used to constrain
pion scattering. Using phenomenological inputs such as the p-resonance mass and S-wave
scattering lengths, two interesting constrained regions (see fig.(1)) on the plane of the Adler
zeros! [18] (so,s2) were found.

4

Figure 1: The “River”. We get the river by imposing only the p resonance and the inequalities
mentioned in the main text. The “Lake” and “Peninsula” in [17] are indicated. The green
regions are closest, in the sense of hypothesis testing, to the 1-loop y PT indicated by the red
cross and turn out to have comparable scattering lengths. The white region is excluded. The
1-loop point is close to the “kink” in the boundary.

The first region, dubbed as the “Lake” was found by imposing the p-resonance at the
phenomenological value. This region eliminated possible theories while leaving behind a huge
region of potentially allowed models. In fig.(1), the ruled out region using such considerations
is indicated by L. The lower boundary of this region was found to allow for S-wave and P-
wave scattering lengths compatible with experimental results while the upper boundary had
opposite signs. The second region, dubbed as the “Peninsula” was obtained by imposing in
addition, the experimentally observed S-wave scattering lengths within errors. This region

! Adler zeros in 2-2 scattering are s values where the amplitude vanishes when a soft mode is involved.
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was substantially smaller, and the standard model was observed to lie on the tip. In fig.(1) this
is indicated by P While being substantially smaller, by construction, this still leaves behind a
huge set of potentially interesting S-matrices. This begs the question: Can we distinguish these
S-matrices, all of which lead to similar scattering lengths? At leading order in sophistication
for instance, which of these S-matrices is closest to 1-loop y P T—can we use hypothesis testing
to answer this? Furthermore, it also raises the question: Can we reduce the set of S-matrices
by not imposing the experimental scattering lengths?

In this paper, we will study relative entropy along the lake and use the definite signs in
various channels found using the threshold expansion arguments to constrain these allowed
regions. In particular, one of our goals will be to ask if a smaller region like the so-called
peninsula can be obtained without putting in the phenomenological values of the S- and P-
wave scattering lengths. Remarkably, the answer will turn out to be yes. The region we find is
indicated in fig.(1)-we call this the “River” since the figure is very suggestive of one with two
banks! We find this region by imposing the p-resonance? and the inequalities suggested by
x PT and the D-wave dispersion relations—equivalently the definite sign conditions on relative
entropy referred to above. Intriguingly, the 1-loop y PT point is close to a kink-type feature
in the plot. Furthermore, in fig.(1) we have performed hypothesis testing in the low energy
physical region, by comparing the theories living on the new boundary with the 1-loop y PT
(indicated by a red cross in fig.(1)). The theories closest, in this sense, to the 1-loop yPT are
indicated in green and live on opposite banks. Somewhat surprisingly, there is a region on
the other bank which is far (in the sense of the (so,sz) values) from the perturbative 1-loop
region, which gives rise to scattering lengths comparable to experiments. Put differently, this
second region admits a set of reduced density matrices which close to the threshold cannot be
distinguished from the other green region close to the 1-loop y PT point, and hence exhibits
comparable entanglement. We make some preliminary studies of this region in our paper
but will leave a detailed analysis for future work. A preliminary analysis of elastic unitarity,
for instance, seems to disfavour this second region, favouring the theories living on the upper
bank instead. We also present our initial findings of a somewhat more constrained “river” using
ideas pertaining to positivity [22]. Our findings suggest that combining quantum information
ideas with the bootstrap may be a worthwhile direction to pursue in the future.

The paper is organized as follows. In Section (2), we set up the formulation of density
matrices in 2-2 scattering. In Section (3), we consider measures of entanglement focusing
on relative entropy. In Section (4), we turn to consider specific theories such as type II su-
perstring theory, A¢* theory, and chiral perturbation theory. In Section (5), we turn to gen-
eralities focusing on relative entropy. In particular, we derive high energy bounds as well as
give simple expressions for the threshold expansion for pion scattering. In Section (6), we try
to use relative entropy to distinguish between amplitudes coming from two different theories
(either differing in some underlying parameters or completely different theories) describing
the same scattering process. In Section (7), we turn to exploring the S-matrix bootstrap using
relative entropy considerations. In Section (8), we explore quantum information measures
such as quantum relative entropy and entanglement power in connection with entanglement
in isospin, which will be manifestly finite. We conclude with future directions in Section (9).
Furthermore, the algebraic details skipped in the main text are given in details in several ap-
pendices.
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Figure 2: 2-2 scattering configuration in the centre of mass frame, with a Gaussian
detector being placed at a point along the ring.

2 Density matrices in 2 — 2 scattering

We will consider quantum entanglement that is generated in the 2-2 scattering of relativistic
particles A+ B — C + D as shown in fig. 2. All of our analysis will be in the Center of Mass
(CoM) frame. The spatial momenta of the outgoing particles are given by

p=(p,0¢c,vc), 4=(q,6p,¥p), 2.1

with p = |p|, g = |g| and the angle 6 ranges over [0, 7] and ¢ ranges over [0,27). In the CoM
frame, we will necessarily have p + = 0 and thus

p=q, Oc+0p=m1. (2.2)

This was considered previously in [3-7] but we will differ from this analysis in certain crucial

aspects. The main aspect is that unlike [3-7] we will focus on the B-particles at a fixed angle—

for instance consider a finite resolution detector at a fixed angle 6p. Say, we have put such

a detector at an angle 6y = a, whose explicit measure we will specify later. Now what we

mean is that, the angle of the particle will be measured within a range of A« centred at a, i.e.,
Aa Aa

the particle will be detected if its angle lies in the interval [a -5 a+ 7]; we will generally

assume Aa <« 1. In the above figure, the green ring corresponds to this angular spread of Aa.

2.1 Density Matrix of the joint system AB

We will begin by considering the elastic case A+ B — A + B and will compute the entangle-
ment between the outgoing particles. For our conventions regarding scattering matrix and
momentum states, we refer to Appendix (A).

First, we consider two unentangled non-identical particles, A and B, with masses m, and
mp respectively as the incoming state. Let k and —k be the respectively incident momenta in
the CoM frame. So the initial state is chosen to be

i) = k) = [ka, —kg) . 2.3)

2To constrain theories in the conformal bootstrap, assumptions of this kind are also made. For instance to get
the famous epsilon expansion to work, one assumes the existence of a conserved stress tensor [19-21].
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This state is the 2—particle Fock state as defined in eq.(A.14). The initial state is a separable
one by construction. Clearly, the entanglement entropy of the initial state vanishes. Now, the
state after scattering is given by, S |E)> , where § is the S-matrix. Next, we need to introduce a
projector Q which restricts the angle 8. The projector is given by

Of) = [ dngdtly; F(65) [p.0) (al,  dnlg= 2 @4

where we have introduced a finite support function F to account for the particle detection as
described above. Here, |p,q) is the short form of the 2—particle Fock state |pa,dg) defined in
eq.(A.14). We will use this short-hand notation from now on.

If we are considering the particle detector to be at angle 85 = a with a finite angular res-
olution Aa with Aa « 1 then, the corresponding F needs to be negligible, ideally vanishing,

outside the interval [a - %, o+ %] Then, we have the target final state as
F) = Q5'SIK) = [ dupdTiug F(65) 15,6) (5,31 S &) 2.5

Now, this state is not automatically normalized. The norm of the state is given by

(F1£) = [ dlLupdTlsgdTLpdTigg F(055)F (655) (P,Q|5,d) (5,1 S k) (KISTIP,Q)
= [ dNpdnsg F(84)? |5, a1 SR

Now, in the CoM frame, momentum conservation gives us:
(B,q|SIk) = 5+ (Z_pi) (B, dls|k) = 5 (Enp + Eng — Egg. ~ Egz) 8@ (B + Q) (B,qlslk) - (2.6)
1

Now, the simplest way to handle the square of a delta function is to introduce a §(0) which
can be understood from the identity

2
[ @5 (69 -5) £ () =590 £(7). @.7)
Substituting this back into eq.(2.6) and performing one of the integrals leads to
5(3+1)(0) .
= =———~2— [ &®p5(p-k)F(m-0a)|(plsk)|? 2.8
NI = g | €POE-RE-002 [ (BRRIF, 29

where, we have expressed the delta function as:

EA[)EB;')
Ej; + Egp)

5(EAﬁ+EBﬁ_EAE_EB§):k( 5(p—k)

Thus, the density matrix of the joint system in the state |f ) is given by,

#F .1
P ~—N|f>(f| (2.9)

—

1 .
(2.10)

where the generalization to any other space-time dimensions is obvious in the powers of the
delta functions and the Lorentz invariant phase space integral.

8
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2.2 Reduced Density Matrices

Now, we will work out various reduced density matrices starting from the density matrix p ()

in 3+1 dimensions. First, we construct the reduced density matrices by tracing out subsystems.

For most of our purpose, we will consider the reduced density matrix by tracing out B particles,
F

P/(; ) = g p ).

;)1 [dla6(p—k)F(m—64)|(Blslk) [ B) (B|
4 8®(0)  [dps(p-k)F(m- 62| (Blslk) 2

(2.11)

Here in taking the partial trace, we have exploited tensor product structure of the 2—particle
n
Fock states as explained in Appendix (A.2). Next we will consider (plgp)) for n € Z*. Trace

of this quantity will play the central role in our analysis of various measures of entanglement.
First we note that,

e [ 1 1t dl [5(p - k) F(m - 642 (plsik) 2] [B) (Bl
(¢17) _[6“‘)(0)] [ 3o -0 Fm-o2 G
From this it readily follows that,
F)\" n o ol 1 n
o (1) =0 (o) = gt Lo ol e
with, B
= 2
P () = — £ (BIslk)| 214

[y dx g () | (BIslk) 2
where, we have assumed that F(a) = F(cosa), defined x := cosfy and defined
g(x) := F(-x)*3. Note that, P, satisfies

fll dx Pg(x)=1. (2.15)

2.3 Generalizations

So far we have considered the scattering event A+ B — A + B with A and B non-identical
particles. This analysis has an obvious generalization to identical particles as well as more
general scattering event A+ B — C + D where, now A, B and C, D can be identical particles.
Furthermore, one can consider scattering of particles with global symmetry indices like isospin
in the case of pions. The generalization is quite straightforward, and therefore we won’t repeat
the analysis in details. We will just spell out the main steps, reserving the full details for
Appendix (C). We will be focusing on 3 + 1 dimensions only, keeping in mind that it can be
generalized to other dimensions trivially.

Density Matrices

We will start with the generalization where the final state of two scalar particles can be identical
as well as different from incoming particles. Schematically, we can consider the generalized
scattering event

A+B—-C+D, (2.16)

*Note that, the functions F(x) and g(x) are not same mathematically. We want to clarify this in order to avoid
any potential confusion. However, one may consider them to be equivalent in reference to the physical effect they
are used to describe!
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where now it can be that A and B are identical particles and so can C and D*. To account for
this case, we will consider the generic two-particle state |p, a; G; b) where, the labels/group-
indices a, b now encapsulates all the possibilities charted above such that each particle gets
a label/group index corresponding to it (A has label/group index a and so on). This is again
a 2—particle bosonic Fock state i.e., |p,a;q; b) = az'l(ﬁ)a;'; (q) |©2), |©2) being the bosonic Fock
vacuum and a; being the annihilation operator of the particle corresponding to the i label.
If we consider the scattering in eq.(2.16) in the CoM frame, the density matrix corresponding
to the final state configuration is given by

Pg)) =N |fCD> (feol s (2.17)
with
|fep) = f dItg, dTig, F(61g,) g1, ¢;G2,d) (G1,¢;Ga,d | S| B1,a; a, b) (2.18)

where, now we have considered the initial state to be |p1,a; p2, b) and N¢p = (fep | fep)-
Furthermore, we can trace out the D particle states to obtain the reduced density matrix,

pc =1tp (pé?) as

- - R > 2
_ [ AT [8c4(F(6p)* + 2F (6,)F (7 - 6p)) + F(m - 6,)*] IP, c) (B c| 5(p — k) |(p; . dIslk; a, b))
5©(0) [ %P 6(p —k) [5ea(F(61,)% + 2F (61,)F (m — 6,)) + F(r — 6,)°] [(psc, dlslks @, b))
(2.19)
Here, we have introduced the notation |k;a, b)) := |k,a; -k, b) . Now we consider separately
the cases:

1. Particles are identical (6.4 = 1) and F(0) = F(m — 0). The reduced density matrix p¢
becomes in this case

1 [dTs F(n-0,)2 [B,c) (Brc| 5(p - k) (B d,dlslk; a, b)[

PCTEO0)  fapete R F R [Bedskan]
which gives
n-1
trc((M)”F[%(g)(o)] [jdx[Pg(x)]“, (2.21)
with .
Py () = g(x) [(p; c,cls|k; a, b) (2.22)

[hdx g(x) [ (B;c,clslk; a, bY) 2

where, we have again defined F(-x)? := g(x).

2. Now we consider the situation where the outgoing particles are identical and F (1) is
not centered anyway about 6 = 7/2. In this case, from eq.(2.19) we will encounter
cross terms like F(6,)F (7 — 6,). However, since the supports of F(6,) and F(m - 6,)
do not overlap significantly in this scenario (especially and quite accurately true for
2x = 2cos(6,) » No where Erf(No) gives the desired accuracy). Hence, we can
safely ignore these terms. Furthermore, using the same logic will also get rid of the
cross terms coming from the binomial expansion present in the numerator. Then, we

*To simplify life, we will consider all masses to be equal, but this can be easily relaxed. See eq.(C.26) for a
generalization to the case of all unequal masses.

10
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see that the numerator and the denominator are both comprised of two integrals each,
one with F(6,) and the other being exactly the same except with F (7 —0,) respectively.
Upon using polar co-ordinates and carrying out the azimuthal and radial integral using
the delta function, we are only left with the x = cos(8,) integral. Then, if we make
the substitution x — —x, the integral of the first part of the integrand (in both the
numerator and the denominator) becomes the same as the second integral, since the
amplitude must be symmetric in t and u in the identical case. Therefore, finally we get

tre ((pc)") = [#?3))(0)] /:11 [Pe(x)]", (2.23)
where, .
Py(x) = — 8 Bsc.dislks 0 b) [ (2.24)

S dx g(x) | (Bsc. dlslk; a, b)) 2
Note that the factor of 2 is different in this case than when x = 0 which will only be

important when we consider the relative entropy between these 2 cases. Otherwise it
makes no difference and will cancel as in previous calculations.

3. When the particles are non-identical .4 = 0. In this case, eq.(2.13) holds good with the
suitably generalized amplitude.

3 Measures of entanglement

In this section, we discuss various measures of entanglement such as entanglement entropy,
quantum relative entropy [23] and quantum Rényi divergence® as given in [25] and quantum
information variance as discussed in [26].

3.1 Entanglement Entropy

For a bipartite system comprised of two subsystems A and B, the entanglement entropy is
defined by the von Neumann entropy of either of its reduced states. That is, for a pure state of
the joint system AU B given by the density matrix pag = [1) (|5, it is given by:

SeE = Swn(pa) = —tr[palog pa] = —tr[pplog pp] = Sun(pB) » (3.1)

where, p, () stands for the reduced density matrix obtained via partial tracing
PaB) = tB(A)PAB - (3.2)

Here we will calculate entanglement entropy in some specific cases. For this we will consider
a particular form for g(x). For practical purposes, Sgr can be calculated by the replica trick
which is given by in our cases by
n
ste) = - lim &, tra (p5)" - (3.3)

Then using eq.(2.13), we have

2nT 1
sle) - —ln( v )— [1 dxPg(x) InPy(x), (3.4)

>See [24] for a recent application in holography.
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where P, (x) is given in eq.(2.14) and we have written 275(0) = T and (27)36®)(0) = V.
We will consider a Gaussian profile for g(x),

1 (x-3)?
=6,(x—-y) = o, 3.5
g(x) (x-y) 5 \/%e (3.5)

Here we are considering o > 0 but 0 << 1 and y # +1. In the sense of distributional limit,
o — 0 corresponds to g(x) — &(x — y). However, note that we are emphasizing here the
importance of taking Gaussian profile, not the Dirac delta function (note that, we have to
work with g(x)™). Now we exploit the fact that we have chosen y € (-1,1). Then, in this
situation we can use

(plslk) = M(s,x), (3.6)
where § = 1 +iM. Then, we have for P, (x),

g (x) IM(s, x)

Po(x) = . (3.7)
[ dxg(0)IM(s, )R
Now, doing the integral over Pg(x) in eq.(3.4), one obtains
1 1 > ol 9% )
—IE:ln(Z\/TEO')+§+ (glim(lﬂ/l(s,xﬂ )y). (3.8)

3% & 2 (IM(s,x)2)

y

We provide the details of this calculation in Appendix (B.1). In the limit o — 0, this evaluates

to
VokV) 1
%) + —. (39)

2

This implies that, for perfectly precise detectors (o = 0), the absolute angular entanglement is
basically a constant independent of the amplitude. The sub-leading terms in o will of course
depend on the amplitude. Note that we didn’t put any restriction on ¢, thus our detector
uniformly detects along ¢ (which also explains the ring structure of the Gaussian detector).
Now, the scattering amplitude itself doesn’t depend on ¢ and hence in our target final state
| ), we will have uniform contribution of 2-particle states along ¢, for a fixed 6. Thus, our
2-particle states will be maximally entangled in ¢. Hence, in the above expression, even if
we assumed an ideal detector, it is not a pure state as the expression contains the maximal
entropy contribution from ¢.

SEE = ln(

3.2 Quantum Relative Entropy

If p1 and p, be two density matrices then the entropy of p; relative to p5 is given by

D(pillp2) =trp1(lnp; —Inpy). (3.10)

Quantum relative entropy acts as a measure of distinguishability of two states. Now, we will
do a relative entropy calculation with the configuration given in fig.(3), where there are two
detectors placed at two different angles. Thus, we need to consider two support functions
centred on two different angles. One can take the angular spreads for the two functions to
be same or different. We will consider the simpler case of the two detectors having the same
Gaussian width o. We have two density matrices plgl) and plgz) corresponding to two detectors
at angles 01 and 0, respectively. Furthermore, we will assume that 61 and 055 differ only

slightly to the extent that their difference is more than the angular sensitivity of the detectors
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Figure 3: Two different configurations of Gaussian Detectors for 2 to 2 scattering.

but small compared to the magnitude of the angles. Thus, we have the reduced density matrix
as

() _ (2m)° [ Ty 5(p — k) Fi(7 - 60)° | (BIslk) [ [B) (5
AV [d3h8(p-k) Fi(m - 64)2] (Blslk) 2

fori = 1,2. Now, we employ the replica trick to calculate the relative entropy such that

, (3.11)

3 .
D(p1llp2) = lim —— [tr pT —tr p1p3~"]. (3.12)
This eventually gives
1) (z) _ (! Py, (x)
D (oIl _[1 dx Py, (x) 1n(Pg2(x) . (3.13)

Again if we consider that 05, and 8p, both are way off from the forward direction, we can use
eq.(3.6).

Now relative entropy is known to be positive, whose usual proofs in quantum mechanics
follow using properties of probability distributions. P, (x) above is not a probability distribution
since it is not less than unity; rather it is a density such that f_ll dx Pg(x) = 1. Nonetheless,
using some simple tricks as shown below we can still demonstrate positivity. Consider the

steps:
1) (2) _ [t Pg, (x) Py, (x)
D(p" o) = [ dxPe(x)In (7»; ) - [ dxPu(o I (P;(x))

> [jdegl(x) (1—2:—&3) =0,

where we have used P,,(x) > 0, eq.(2.15) and in the second step, we have used the identity
In(x) < (x-1)Vx >0 = -In(x) > (1-x)Vx >0. Let us now move to the Gaussian
detector case. We have now that

(3.14)

gi(x) =085(x—x;), (3.15)

13


https://scipost.org
https://scipost.org/SciPostPhys.9.5.081

Scil SciPost Phys. 9, 081 (2020)

where 6, (x — y) is given in eq.(3.5). This leads to

Wy @Y g [ Ze(s,x2) 9 Ty (s, x) (Ax)?
D(PA oA )Nln(I—g(s,xl))+(Ax)3x In AR x1+ yy (3.16)

where

1 1 _ (x=xg)?
o) = [ Lan (o= MG
oo 82i

— i (MG, x)P)

i (3.17)
% = |IM(s5,x0)[2+0().

i=0

6

_(i( IM(S,X)\Z)
o \9x \IM(s,x1)?

In the limit of small Ax := x; — x5 and o — 0, one obtains
1)y - (2) (Ax)2 (Ax)2 2?2 ]M(s,x)]z
D ~
(pA o ) 40 2 \ox2 |IM(s,x1)]?
+0((Ax)?%0).

J)

(3.18)

Let us understand what the above approximation exactly is. In the expression above, the terms
which have been thrown away are at least of the order (Ax)?c. However, physically it only
makes sense to accurately measure the entanglement between states which are separated more
than the resolution of the detector which is . Hence, physically we must have 0 < (Ax).
Therefore, we can safely say that
0((Ax)?%0) <« 0((Ax)®) = 0((Ax)?0) ~ 0((Ax)3,0) i.e., the terms are either higher
order than (Ax)? or higher order than o°.

Furthermore, the first term given by (Ax)?/(40) can be identified with just the hard
sphere scattering result where there is no angular dependence in the scattering. Henceforth,
we will separate out this piece and define

Ax)? [ 22
DQ(p/(;I)HP,E\z))=u[w(lnM1(s,x)) , (3.19)

2 X=X1

where, we have defined for later convenience,

_ M0l

M;i(s,x) = |M(s,x1)|2 .

(3.20)

Note that, Dy is the o term in the o — 0 expansion of the relative entropy D, eq.(3.18). Thus,
Dq is universal and does not depend upon the human chosen parameter o.

Validity of the expansion

The above expansion is quite generally valid even in the neighbourhood of s-channel poles.
First note that we are in the s-channel physical region so that t < 0 and hence we do not
have to worry about t-channel poles. Furthermore, if we consider an s-channel pole of the
form p(t)/(s —sp) and plug this form into eq.(3.16), it can be easily verified that no infinity
is encountered. These observations are verified by the behaviour found in the string theory
example considered below.

®We present the details of the analysis in Appendix (B.2). Note that, the term linear in Ax gets canceled after
expanding the log term in eq.(3.16)
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Regarding Positivity of D, ( plgl) | plgz))

We would like to point out that Dg is NOT positive automatically even though relative entropy
is, which has been established in eq.(3.14). This is because of the fact that, Dq differs from
the relative entropy by (Ax)?/40 and O(o) terms. In the limit o — 0, former is the dominant
term while O(o') terms vanish. Thus, irrespective of sign of Dy, the relative entropy is bound
to be positive.

3.3 Rényi divergences

Both the relative entropy and the entanglement entropy are actually a specific limit of a general
concept known as the Réyni Divergence (see [24,25]). Réyni Divergence of order n of a density
matrix p; from another density matrix p, is defined by

Dn(p1llp2) = In[trpip; "], (3.21)

n-1
for normalized density matrices p; and ps. The Réyni divergence is defined for O < n < oo and
n + 1. We can define the Rényi divergence for the special values n = 0, 1, co by taking a limit,
and in particular the limit n — 1 gives the quantum relative entropy of p; relative to p,. We
can reach the relative entropy from the Rényi divergence using the quantity

Ta(p1llp2) = trpfp; . (3.22)

Following steps similar to those used to reach the relative entropy from the Rényi divergence,
it is straightforward to see that,

2
D(p1llp2) = lim an To(p1llp2) - (3.23)

In fact, this can be easily generalized to higher derivatives with respect to n to get that

L

lim (T (pallp2)) = o1 (in(p1) ~ In(p2))'

n—1dnt
Though working both with D, (p1||p2) and T, (p1||p2) are equivalent, we would prefer work-
ing with T,,(p1||p2) because taking its derivative is much easier than taking the limit of D, (p1]|p2)
due to the pesky log present in the Réyni Divergence. Eq.(3.23) is precisely the replica trick
formula for calculating the quantum relative entropy of a density matrix p; relative to ps.
Following a similar procedure as in before, it is also straightforward to show

Ta(pilloz) = [ dx (Pay (o)) (Peu(0))' ™. (324

Specializing for the Gaussian Detectors has T, (p1]|p2) take the form

n-1
(o) - 0Bl (o))
n A A - 5

Ig(-S:xl) Ig(S, X]) (3 25)
n-1 ’
720, -1 ( M5, x2) ) ( MG, x,12>|2)
IM(s, x1)[? (M(s,x1)]* )~

with x12 = nx; + (1 - n)x,. The derivation is similar to that of the entropy calculation and is
done in its full glory in Appendix (B.3). We also have the equivalent expression for the Réyni
Divergence as

(1), (2 (Ax)? Tg (5, X2) 1 (Zy(s,x12
D”(pA HP,S\)): n4—0'+1n g +n In| =2 ,

Tg(s,x1) -1 Ty(s,x1) (3.26)
-0 n(Ax)2 I |IM(s, x2)? . 1 In |IM(s, x12)?
40 IM(s,x1)2) n-1 IM(s,x1)2 ]
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Using this expression it is easy to see that this satisfies all the properties given in [24], at
least in the limit of o — 0. Firstly, eq.(3.26) is continuous since composition of continuous
functions (here being x,llz,Ig, M and log) is still continuous. Secondly, 9,D;(p1||p2) > O since
it is dominated by (Ax)?/40 > 0. By the same logic, positivity is also followed. Note that
02D, would get rid of the hard-sphere term. Lastly, (1 — n)D,(p1]|p2) is concave, which is
again trivially seen in leading order. However, the case n = 0 is a quantity considered in the
quantum information literature and is defined via a continuation in n. Taking the limit n - 0

of eq.(3.24) gives us that

1
To(pallo) = [ | dxPe,(x) =1, (3.27)

leading us to

1
Do(p1llp2) = 5= In(To(pallp2)) = 0. (3.28)

This can also be seen from eq.(3.25) and eq.(3.26) when we remind ourselves that x}? = x
forn=0.

3.4 Quantum Information Variance

We follow the definition of the variance in quantum information as given in [26],

V(o10?) - (o7 (e~ o)) - (0 (o162

. (W)@ 9 W, @)
—nlil%[m(Tn(PA o4 ))_(%(Tn(pA o4 ))) ]

We have derived the expression for it in Appendix (B.4) which we just quote here,

9 2
V(eof?) = G+ (v (ln (IIgg ((:;1)) ))

o—0 (AX)Z 62 |M(S,X)|2
RN % -+-(Ax)zax2 (ln(|M(S,X1)|2))

(3.29)

X1

(3.30)

X1

We observe a very interesting fact in eq.(3.30). In the approximation that (Ax) is small
(can also take o — 0 or not), we have that

leading order in (Ax) 1
D (p4"Ips”) 5V (P4 1157) . (331)

where the LHS of the equation is in leading order w.r.t Ax while the RHS is exact.

3.5 Generalized case
3.5.1 Entanglement Entropy

Now, we turn to calculating the entanglement entropy for scattering in the setup as in Section
(2.3). The replica trick generalizes quite trivially and we are left with the following expression
for the entanglement entropy in the general case,

4nT
Ak2V

Sip = —ln[ ] _ fll dx Py (x) InPy(x), (3.32)
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where A = 2 for the non-identical and the zero mean identical case and A = 4 for non-zero mean
identical case with P,(x) defined in eq.(2.22). Again, as before, we will consider Gaussian
detectors and therefore will be using eq.(3.5). Then, we repeat the steps and obtain
2 )
y

(3.33)

c,d
700 ?ll aX21(| b(S,X)|2)

AJok*VY 1 1 > ol 92 d
Spp=In| 2= |+= =2 (ME
EE n( 2 /AT )+ 2" ( o )(lzol it a2 (Mab

y

The o — 0 conclusion holds in this case as well, i.e., the entanglement entropy goes to
infinity. [3-7] considered certain regularizations to obtain the finite part. As we will see below,
the dependence on such regularizations does not arise when we consider relative entropy.

3.5.2 Relative Entropy

Next we proceed to define relative entropy in this setting. We define F1(60) and F5(6) to be
centered around 65! and 652, We shall construct the density matrix p¢ using F1(6) and p¢
using F2(6) such that p¢ is as in eq.(2.19) and p¢ is the same with F1(-x) — Fa(-x). We
shall again use the replica trick in order to evaluate the relative entropy. Now we will consider
the identical and non-identical cases separately. There will be total four cases as follows:

1. First we consider when the outgoing particles are identical and either x; or x3 is 0. As
mentioned previously, there is a factor difference between the x = 0 and x # O cases
when outgoing particles are identical. Going through the algebra, which can get messy,
we find that the x; = O case is not salvageable at all since the divergence do not cancel.
However, the x, = 0 case is somehow saved except for a constant shift of —In(2), which
can be safely ignored when compared to the divergence (Ax)?/4c in our previously
found expression.

2. When both particles are identical and x;,x9 # 0: Similarly as before, using the expres-
sions for the density matrices and carrying out the polar and azimuthal integrals, we
obtain that

tr (pc(pc)" ') =
1 [ nT ]"1 S dx(Fy(x)? + F1(=x)) (F2(x)? + Fa (-x)2) V| (p; ¢, d|slk; a, b)) ["

K2V ([} dxFi(=x)2| (B ¢, dlslk; a, b) [2) (/7 dxFa(-x)2| (B, d|slk; a, b) [2)»
(3.349)
Then, carrying out the binomial expansion of the term

(Fa(x)? + Fo(-x)?)("1 we can again do away with the cross terms. Hence, only the
terms, F1(—x)2Fy(=x)?""2 + F1(=x)2F3(x)?"2 + F1(x)2Fo(=x)?""2 + F1 (x)?Fy(x)?"2
will be left. Now we have two cases. When x; and x, have the same sign, the terms
F1(=x)2F(=x)*" + F1(x)?F(x)?"2 dominates, and when x; and x, have the opposite
sign, the other two terms dominate. This is because F;(x) and Fa(x) approximate delta
functions of the form &(x — x1) and &(x — x3). Hence, when the signs of x; and x; are
the same, the Gaussians approximating the deltas, §(x — x1) and §(x — x3) are closer
and when the signs are different, the deltas, 6(x — x7) and 6 (x + x3) are closer. Fur-
thermore, the individual integrals involving the two remaining terms in both cases can
be shown to be the same by substituting x - —x. Hence, we can express this behaviour
as

rlpc(pey ™) = [T [ e () (Patsanteie) )0, (39
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where sgn(z) = 1,z > 0 and sgn(z) = -1,z < 0. Using the expression of tr((pc)"),
the partial derivative after taking the limit n — 1 gives us the expression for the relative

entropy as
Pgl (x) )
Pg,(sgn(x1x2) x)

1
D(pellpe) = L degl(x)ln( (3.36)

3. The case of non-identical particle is the one already treated in details previously.

As mentioned previously, all the cases w.r.t signs of x; and x, for the identical particles
in the final state (eq.(3.36)), along with the case of x5 = 0 can be combined into the follow-
ing single expression (with slight modification to existing definitions and remembering that
sgn(0) = 1) and we get the equivalent of eq.(3.16) as

D(PC(X1)||pc(x2))mln(z«g(s’—w)_,_(Ax);_x(ln(M))

. (Ax)?
Zg (s, |xal) Zg (s, |xal)

40 ’

(3.37)

|1

with
Ax = |xp| = |xa. (3.38)

Keep in mind that Z, (s, x) is an even function of x when the amplitude has symmetryin t <> u
which it should in the identical outgoing particle case. This is so as Z4 (s, x) consists of the
even derivatives of the amplitude and even derivatives of an even function are still even. The
derivative in the second term in eq.(3.37) is an odd function, however its sign is absorbed by
the modified Ax as explained in Appendix (C.1).

Furthermore, it is obvious than in the approximation as in eq.(3.16), the only change would
be x1 — |x1]| and Ax — |x1] - |x3|.

4 Known theories
In this section, we will consider the behaviour of relative entropy and entanglement entropy

in certain known theories which include ¢# theory, chiral perturbation theory (y PT) and type
II string theory.

4.1 ¢* theory

We begin by considering the A¢* amplitude up-to 1-loop with the amplitude given by

2
M(s, t,u) = A~ 23 (2+G(s) +G(t) + G(u))
-4 (4.1)
where, G(x) = -2+ (1—3)ln M

4
(1-3)-1
where A is the renormalized coupling and we have fixed the renormalized mass to be m? = 1.

Here Dimensional Regularization and on-shell renormalization are used to calculate loop cor-
rections, as given in Section 10.2 in [27].
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4.1.1 Threshold Expansion

Near the threshold, which is now s = 4, we find using eq.(4.1) that

1{ a2 3 2 -

E (ﬁ(Ml(s’X)) x1 - (E(Ml(s,x)) Xl) ) leading order in A (4-2)
A 3

To20m2 & =4’ (1 BV ) ’ (4.3)

where, we Hence, we can conclude that the Relative Entropy is monotonically increasing near
the threshold for all x; € (-1,1), only for A > 0 (up to order A, which is till where we can
trust the expression at 1-loop). However, A > 0 is the physical regime of the ¢*-perturbation
coefficient, A. Consequently, we have that

Do (ps"lleS”) =(Ax)? [ﬁ(s _4)? (1 - 134(3 - 4)) +O((s - 4)4)] 4.4)
+0((s-4)7, (Ax)3,22). (4.5)

(@

Figure 4: Behaviour of D, corresponding to the ¢* amplitude in eq.(4.1) and its comparison
to the high energy bounds found in eq.(4.7), given by the black dashed line.

4.1.2 High Energy Expansion

Now we switch to the high energy limit of the ¢*-amplitude in eq.(4.1). In this regime, the
amplitude can be expanded as

1+A(4-in+In(=~2 - x}
M(s,x) ( (5“‘*)))+o(1):1 A ln(1 X1)+O(AZ,%).(4.6)

M(s,x1) s)T e 1o
>l 1+7L(4—i7'c+ln(53(1fx2)))
1

Using this we find that

A 1+x? 1
Da (P lloS?) = (ax)? (12=3) (((1 f;}l)l) co(a S (ax). @)
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Hence, again we have the same condition that the Relative Entropy is monotonically increasing
w.r.t Ax at large s, for all x; € (-1, 1) in leading order if and only if A > 0.

In fig.(4) we have plotted Dq for the ¢* theory for A = 0.1. As fig.(4) shows, Dq first
decreases to zero at s = 4m? before monotonically rising. In Section (5.2), we will compare
the s > 1 formula in eq.(4.7) to a more general high energy bound.

4.2 Chiral perturbation theory

We now turn to y PT which is a famous effective field theory to understand the low energy
phenomenology of QCD. yPT’ was invented as an effective field theory [33,34] to explain
the low energy dynamics of QCD while being approximately consistent with the underlying
symmetry (which exactly match in the chiral limit i.e., quark mass going to 0). Chiral pertur-
bation theory gives good agreement to phenomenology for energies up to approximately 500
MeV. In order to incorporate 1-loop effects, one writes down a four-derivative counter-term
Lagrangian [32,35] in which there are several low energy constants (LEC’s) to fix. These are
fixed by comparing with experiments. Roughly speaking, scattering and resonance data en-
ables one to fix these LEC’s. This procedure can be iterated to higher orders as well with the
LEC’s proliferating. The state of the art is two-loops [36], although in this section we will focus
on the older 1-loop results®.

In this section, we will first start by considering the scattering amplitude as given in [32,37]
only till 1-loop (where everything is in units of the pion mass, m),

Mapoea(s, t(x),u(x)) = A(s, t,u) 55 + A(t,u,s)556¢ + Au,s, )695¢, (4.8)
where,
= 1) + & (b + bas + bys 4 b 2
A(s, t,u) —'ﬁ(s— )+f—4( 1+ bas + bys® + ba(t —u)?)
1
= (FM(s)+ 6V (s,0) +6D(s,m) (4.9)
FU(s) :%(32 -1)J(s), and GP (s, ) = %(14 — 45 — 10t + st +2t2). (4.10)

Here f is the pion decay width, f » 95 MeV and

1 4 1 . 4
J(z) = Ton2 (—2 (1 - ;) In (5(\/2 -4+ \/E)) +im (1 - E) + 2) , (4.11)
where J(z) is analytically continued to z < 4 in such a way that J(0) = 0. Furthermore, all the
b;,i={1,2,3,4} are re-normalized, scale dependent constants.

First we will look at the high energy limit of the relative entropy. We first expand the
amplitude as

M(s,x) [3+x? 1
M(s,x1) (3+x%) +O(ln(s)) ’ (4.12)
which gives us that:
M), @) 4o B o 153
DQ(pA I’ )~2(3+x%)2+o ln(s),(Ax) . (4.13)

"For some important reviews and uses of y PT, please refer to [28], [29], [30], [31] and [32].
8We are thankful to B. Ananthanarayan for educating us on yPT!

20


https://scipost.org
https://scipost.org/SciPostPhys.9.5.081

Scil SciPost Phys. 9, 081 (2020)

1.2

0.8+

Analytic
__-——-"!-----.
- ~..~

06

0.2

L - - - - n - - - - - - - - n - - - - L

-1.0 -0.5 0.5 1.0

Figure 5: Behaviour of Dy, for the yPT (similar to fig.(4) for the ¢* amplitude) amplitude
as a function of x; for different values of s (with Data-fitted values of the parameters taken
from [37] and [38]). The analytic bound is the one found in eq.(4.13) which is different
than the one found in Section (5.2).

Note that this form is going to be different from the general high energy limits to be con-
sidered in later sections—this is because y PT is an effective field theory which will not satisfy
the polynomial boundedness conditions assumed non-perturbatively.

Next, we will again be focusing on checking the behaviour of the Relative entropy w.r.t Ax
near the threshold, s = 4 and to leading order in perturbation theory i.e., in order of L. In
doing so, we will find constraints on the b;-coefficients (effectively only on bz and b4) which
we will compare with the best fit values found in [38] (Note that all the b; values are compared
at the scale of the pion mass). We will be finding these constraints separately for the following
three reactions, which we have chosen to be the three independent reactions to which the rest
are related by crossing symmetry. These are:

70n® — n%nO,

ntn — 1% n0, (4.14)

2O )y g+ ) )

421 %1% — 7070

The amplitude for this reaction is as found in table (6). So using eq.(4.10) for the amplitude
and expanding around s = 4 to leading order in perturbation, we get (keeping in mind that in
leading order the amplitude is real and hence can simply be whole squared when substituted
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into eq.(3.18))

1), s—4 (Ax)? ( 37 ) 2
D bs+3bs- ——0 ) (s-4
< (pno ||pn0 ) leading order in %2 f2 ° N 1920 m2 (5 )

(4.15)

+O((s—4) (Ax) )

CfY
Therefore, whether the relative entropy is monotonically increasing or decreasing as a function
of (s — 4)2, depends upon the sign of D, governed by the combination,

37
DQ( el )o< (b3+3b4—m). (4.16)

422 ntn — 1%n0

The amplitude goes as mentioned in table (6), and from eq.(4.10), following similar steps as
in the previous reaction, we get that

2 5
Do (p1 %) = 2B (b B Y- 420 (-9 fr(axr).

leading order in ﬁ 3 f2 5760 m2
4.17)
Hence the sign of D, will depend on
@), 31 )
Dq bs - . 4.18
(o2 llo5s) = (4 5760 12 (4.18)
423 7O gt — () g+ ()
Now, the amplitude can again be found in table (6), so we get that
1) @) >4 1(Ax)? ( 49 ) 2
D = -bs-b -4
Q( Tﬁ( )||pn+(7)) leadingorderini2 2 f2 3 4t 5760 2 (S )
! (4.19)
s 1
+0 ((s —4)2, 7 (Ax)3) :
Therefore, like before, we have that the sign depends on
CORNTING): 49
DQ( 7'1.'*( )||pﬂ_+(7))°<—(b3+b4—576w) . (420)

We will now represent the combinations of b;’s in terms of the scattering lengths. We use
the definition of the scattering lengths (eg. [22]),
s—O,t—4)

(4.21)

(m _ 4 Z(M(I)(s ) (;Zfl)Z( {3t (M(”(s )

“ T2 adt

s=4,t=0

where £ = 0,1,2,... is the spin of the partial wave and I = 0,1,2 are the three channels
of the amplitude with O(3) symmetry, namely the singlet, anti-symmetric and the traceless
symmetric channels defined as

/\/l(o)(s,t) =3A(s,t,4-s—t)+A(t,4-s—-t,s) +A(4-s—t,s,t),
MD (s, 0) =A(t,4-s—t,5) —A(4-s - t,s, ), (4.22)
M (s, t) =A(t,4-5s—-t,s) +A(4-s—t,s,1),
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with A(s, t,u) as given in eq.(4.10). CSI;’ is the involutory (i.e. is its own inverse) crossing
matrix relating the s and ¢ channels such that

MD (s, tu) = 3 (clf MU (e,5,1)) (4.23)
J
with
2 6 10
1
Co=zf2 3 -5]. (4.24)
2 -3 1

Please note that the expression in eq.(4.21) differs from the standard definition of the scatter-
ing lengths in eq.(5.2) by just some constant factors which can be explicitly worked out to be
of the form 32 2~ (212)' .

Now, since the derivative is w.r.t t, we can just expand M )(4, t) in powers of t for each
channel up-to some order to get the respective scattering lengths. Note that by its definition,
since the I = 0,2 channels are symmetric in t < u = -t (at s = 4), we must have that I = 0,2
channels only have even powers of t in their expansion while the I = 1 channel only has odd
powers of t. Upon doing this exercise, we get the expressions for the S-wave scattering lengths
as

o 7 1 49
a, = F f4(5b1+12b2+48b3+32b4+167‘[2 ,
2) 2 2 1
a’ = _f_2+f_4(b1+16 b4+m) (4.25)
and for the P-wave scattering length, we have
-8, 8 (b 8 by— — ) 4.26
N Tz TP T Se 2 ) (4.26)
while the D-wave scattering lengths are
(0) @) _ 1152 ( 37 )
2 b3 +3bs—- ——
Q2" T2 = \ 3T T 00 12
(0) (2) 768 (b 31 )
ECUNREA N P L, 2
27 % T 5™ 5760 12 (4.27)
(2) 128 (b - bae 49 )
P2 "5\ T M 556002 )

which are exactly the combinations obtained above for the three independent reactions. Now
as we will review in the next section, precisely the first two D-wave scattering length combina-
tions are positive! This condition follows from the Froissart-Gribov representation of the £ > 2
scattering lengths and is quite general. Namely, we have that

af” +2af 20, af”-aP >0, 2"+ aP>0 (4.28)

Now for the agz) scattering length, there appears to be a choice. By choosing this to be positive,

we will find that the phenomenological values lie within the admitted region in fig.(6). The
other sign is in fact strongly disfavoured as it would rule out the best fit and experimental
values. We do not know of a fundamental reason for this and will assume that agz) >0
continues to hold for physically interesting theories. Furthermore, note that in y PT from
eq.(4.25) and eq.(4.26) we have a(()o), agl) >0, a(()z) < 0 but more usefully

al” +2a >0, 2 +alP >0, o -al? >0, o <o, (4.29)
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at leading order. In fact, these inequalities in eq.(4.28) and eq.(4.29) are also supported by
experimental data taken from [38]. Now, if we combine all the three constraints eq.(4.28)
and plot them along with the best fit values from experimental data of the partial waves found
in [38], we find the allowed region in fig.(6). As can be seen, the best fit value is quite close
to the boundary of the combined allowed region.

Allowed region of by and by

0.010 f——s" ———
0.008 - .
0.006 - 40 7% 170 & s 00
I ] it ot
I o ]
S 0004 7 e BestFit Values
L { e BCEGSII
0.002 - i
m Weinberg lagrangian 2-loop values
0.000 - .
|
-0002f,
-0.010  -0.008  -0.006  -0.004  -0.002  0.000 0.002
bs

Figure 6: Allowed region of bs and b, for monotonically changing Relative Entropy with

signs fixed as in eq.(4.29) and eq.(4.28) and aéz) > 0, compared to the Data-fitted values
taken from [37] and [38].

4.3 Type II superstring theory

After considering ¢* and the effective field theory yPT we turn to the scattering amplitude
for four dilatons in tree level type II string Theory (in the units of the length of string squared,
a’, which has been set as a’ = 4) [39],

M(s, t,u) = T(=s)T(-t)T(-u)

T(1+s)F(1+6)T(1+u)’ (4.30)

Noting that the Gamma function, I'(z) does not have any zeros and has poles at z € Z_,
we highlight the following simple properties of this amplitude which will be relevant later on:

» Zeroes of the Amplitude : The zeroes of the amplitude will occur when the Gamma
functions in the denominator has a pole. This will happen when either (1 +s),(1+t),
(1+u) € Z_. However, in the physical region we have thats > 0,t < 0,u < 0. Therefore,
the only zeros will occur when

se{2(1+n),2(1+"); neN},forﬁxedx. (4.31)
1+x 1-x

* Poles of the Amplitude : The poles of the amplitude will occur when the Gamma
functions in the numerator encounters a pole. This will happen when either (-s), (-t),
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(—u) € Z_. However, again, since in the physical region we have thats >0,t <0,u <0,
hence, the poles will occur only when

seN. (4.32)

These effect of the aforementioned properties on the Entanglement and Relative Entropy will
be clear when we look at eq.(3.7) and also use expressions derived in Appendix (B.2). Noting
that

£(0) [M(5, )P
M(s, )R +0 2z (M(s,x)R)|, +0(02)

Pg(x) = (4.33)

we see that P, (x) has a peak when (s, y) is a zero of the amplitude and conversely, is 0 when
(s,¥) is a pole of the amplitude. Therefore, we expect the Entanglement and the Relative
Entropy to have such behaviour also. In the following section, we mark the zeros with red
dotted lines and the poles with green dotted lines.

4.3.1 Fixed x; and |Ax| with o = 107*

x1=0.2, |Ax|=0.05, 0=107*

1-2.55
1-2.60
1-2.65
1-2.70
1-2.75

1-2.80

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|
| 1285
:
| 4-2.00
|
I
I
I
I
I
I
:
4

Do(p1llo2)
See(01)-S..

1-2.95

1-3.00

Figure 7: Plot of Relative Entropy between states at (s, x7) and (s, x; + |Ax]|) (in Blue) and
the Entanglement Entropy for states at (s, x;) (in Red) vss

The main observation is that the Relative Entropy and the Entanglement Entropy are pos-
itively correlated and this correlation is higher for smaller Ax as can be seen in fig.(7).

4.3.2 Fixed s and |Ax|

Before we plot, we remind ourselves of the simple observation that the relative entropy is
expected to be the same for x1,x; — |Ax|;x1 > 0 and x1, x7 +|Ax|;x; < 0 and vice versa by
physical symmetry. So to make this symmetry explicit in our plots of Sg(s, x1,x1 — Ax), we
should choose a convention where the sign of Ax is fixed to be opposite for x; > 0 and x; < 0.
In fig.(8), we have chosen it such that Ax > 0;x; > 0 and vice versa (Note that this does not
change the nature of the plots at all, just shifts it a bit).
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$=0.01, |Ax|=0.02, 6=10"*

0.5F

0.0

$=0.01, |AxJ=0.02, o=10""
Do(p1llp2)

Dqo(p1]lp2)
See(p1)-S-

0.0015

-0.5- 00010} 1.450

0.0005 -

Figure 8: Zoomed in plots to show behaviour near x; = 0.

4.3.3 Monotonicity in Ax

Now we perform a simple analytic exercise to check monotonicity of the Relative Entropy w.r.t
Ax for small enough values of Ax similar to eq.(B.38). Furthermore, we check the sign of the
coefficient of (Ax)? in eq.(B.38) close to the threshold s = 0. Using eq.(4.30) and expanding
around the threshold gives us

IM(s, ) ( M(s, x) )2 0 (1-x2)2

3
|M(S, x1)|2 B M(s’ xl) (1 _ x2)2 + O(S )J (4-34)

using which we find
107 [ IMGs,x)P
2 9x? |IM(s,x1)]?

Therefore, in leading order, D, in eq.(3.19), which is the relative entropy above the hard sphere
value of (Ax)?/40 near the threshold will be monotonically increasing for all x; € (-1,1) as

(1-x7)2 0(s*). (4.35)

X1

Do (p"105?) - 2(ax)? (% R OSLIC) FR (O R

Here we have explicitly shown the O(s) term which is a constant in x; in this case.

5 Relative entropy: general considerations
In this section, we will give a unifying framework to explain some of the observations above.

In particular, we will consider the behaviour of relative entropy close to the threshold s = 4m?
as well as in the high energy limit s — oo to extract certain general conclusions.
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5.1 Relative entropy in terms of scattering lengths

If we are close to the threshold s = 4m?, we can derive a general formula in terms of the
scattering lengths for the relative entropy considered above. This is generally valid in absence
of massless exchange poles. We start with the partial wave expansion,

MD (s, t) = i(ze + 1) (s)Py(x) 5.1)
=0

Then we write an expansion for fe(l) (s) valid near the threshold s = 4m? as follows,

Re[fg(l)(s)] _ (#) ( (I)(s) + b(I) (T) n ) ’ (5.2)

(D are the scattering lengths for the I'th isospin and the blgl)’s are the effective ranges.

where a,

We can also show that f[(l)’s are real at leading order by using the expansion of 1/ ff(l) given
in Section 5 of [54]. Hence we would get scattering lengths at the leading order even when
we consider the expansion of fe(l). This is equivalent to the observation that we had noted
previously in Section (4) where the amplitudes were real in leading order. With this in mind,
it is now straightforward to verify that when only even spins are exchanged, the quantum
relative entropy Dy, is given by

)2 Yica

2 a(()l)

DQ(mez)— > (Ax ( —4m*)*. (5.3)

Here }; c; a( ) is a linear combination of the scattering lengths depending on the process being
considered. We tabulate the coefficients c; below for the processes where only even spins are
exchanged:

0,0 0,0

mTmn —>mnTmn : c=1,c0=2, (5.4)
n'nts>na'nt 1 cp=0,c0=1, (5.5)
' > %1% ocp=1,c0=-1. (5.6)

Now writing down the Froissart-Gribov representation for the { = 2 scattering lengths, one
can derive inequalities for the combination appearing in the numerator [22,40]. The logic
is to observe that assuming the Froissart bound to hold and writing down a twice-subtracted
dispersion relation, the £ > 2 scattering lengths admit a Froissart-Gribov representation whose
integrands can be shown to be positive, being related to the scattering cross sections. This is
reviewed in [22] and we refer the reader to that reference. We start with the Froissart-Gribov
representation for the derivative of the amplitude (as given in [22]),

92 o ds’

52 (MO0 =—Z( e (5 (5”+Cs€i)lm[M<”(s’,4>])- (5.7)

5=0,t=4

Here, the first term is the contribution from the cut s’ > 4 and the second term is from the cut
u' > 4 < s’ < 4 after a simple variable change. Here C!/ is the equivalent of eq.(4.23) for the
crossing matrix relating the s and the u channels such that

2 -6 10
1
Csu = 3 -2 3 5. (5.8)
2 3 1
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Then using the optical theorem we simply observe that for the physical processes of the form
A+B — A+B, the integrand in eq.(5.7) is positive. This is so as the Optical Theorem guarantees
the positivity of the absorptive part ats > 4, t = 0 which can trivially be extended tos > 4,t > 0
since all the Legendre Polynomials are positive for x > 1. This argument implies that the
first part of the integrand i.e., the s—cut contribution is positive. However, for the process
A+ B — A+ B, the crossing symmetric process in the u— channel is A+ B — A + B which is
also a valid process for applying the Optical Theorem and consequently, positivity. Hence, for
such processes, or equivalently, such linear combinations of the LHS in eq.(5.7) is positive.
Thereafter, using eq.(4.21), we find certain linear combinations of the scattering length to be
positive so that

cha >0,c¢ = ZdJC;]tI, (5.9)
where d; are the coefficients corresponding to the reactions 7° % - 7% n°, n* n* - ot n*
and n° n* - n% n* (as given in table (6)) which lead to the the ¢;’s displayed in eq.(4.28),
namely

al” +2a? >0, a¥-aP>0, 2a¥+aP >0 (5.10)

These also imply that aé ) > 0. The last inequality in eq.(5.10) follows from the first two and
need not be considered independently. Now, as explained before, the y PT calculations also
imply a( ) > o0. However, imposing this last inequality does not have any significant effect in
the S- matrix bootstrap numerics.

Now unfortunately, inequalities for the £ = 0 scattering lengths do not follow from similar
arguments since the an analogous integral representation does not exist. However, using the
¥ PT Lagrangian, it is easy to show that the following inequalities hold (see [38] and the
explicit formulas eq.(4.25), eq.(4.26) in the previous section):

a? +2a% >0, 2a\V+a? >0, aV-a?>0, o <o. (5.11)

These are similar to the D-wave scattering inequalities. These S-wave inequalities have the
strongest effect on the S-matrix bootstrap numerics. If we insist that these continue to hold
for a physical theory, then we find the following signs for Dy, for small Ax and s ~ 4m?:

°n® > 7%7° : Dy >0 (5.12)
ntnt > ntnt Do <0 (5.13)
ntn - n’7® : Dg>0. (5.14)

The bottom-line of the analysis in this section is that the sign of D, is correlated with dispersion

relation bounds. The other two processes, namely n*n® - n*n® and n*n~ » n*n~ also

involve odd spin partial waves and lead to more complicated expressions like

( (1))2 5 (2) (2)
ntn® - '’ ¢ Do = -3(Ax)*(s - 4m?)? 4 , (5.15)
@ F
(0) (2) (1)y2
2
ntnT ->ntnT = —(Ax) (s —4m?)?|5 il 4 G (5.16)

(o> ;s 2a<z> @@ 1Py

Using eq.(5.11) and assuming a( ) > 0 we in fact find Dq < 0 for n*n® - ™% The other
reaction does not appear to have a definite sign. Note that we did not need to assume anything
about a( ),

The point of view that we will adopt in what follows is that imposing the above signs
for Dq will enable us to consider the positivity constraints on the D-wave scattering lengths
which when supplemented by the S-wave scattering length constraints, we will get consistency
conditions that will enable us to rule out various regions.
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Comment on Rényi divergence

In the limit when Ax « 1,0 « 1, using eq.(B.45) one can easily verify that the only change
that happens in the Rényi divergence expression is that the relative entropy expressions get
multiplied by a factor of n. This is a pleasingly simple result. Beyond the limit Ax « 1, the
results will be dependent on n in a more interesting manner, but this is something that we will
not pursue in this paper.

5.2 High energy bounds

In this section we will consider the high energy behaviour of relative entropy. For definiteness,

we have in mind the n°7°® - 7%7° (or more generally AA — AA in massive QFTs) scattering.

Our starting point will be eq.(3.19) which we reproduce below for convenience:

2 2
Do (p"l105?) - %(Ax)z(%wms,x)) ) ) Lo((ax). (5.17)

d
(e

X1

Using the fact that

s doy
M(s, %) = ——=, 5.18
(Ms, )" = o (5.18)
where ﬁ d;xd is the elastic differential cross-section, we can easily show that
" "y 2
Wy, @Y 2 LAz e e
Dq (PA llpa )— Z(AX) (Uél (O_;l o (5.19)
=41

where we have used the shorthand notation o, = do,;/dx and have dropped the O((Ax)o)
terms. We expect that this form will be useful for phenomenological studies in the future. This
immediately leads to the inequality

W), @Y < Ly a2 Ted
Do (P llps”) < 5 (ax)* —t

el

(5.20)

X=X1

This is quite generally true irrespective of the regime of s. Now high energy bounds on dif-
ferential elastic cross sections have been worked out previously by Martin and collaborators
in [10] and by Singh and Roy in [41] building on the work by [42]. The actual bound is not
going to be relevant for us. It suffices to note that the bound on the differential cross section
for s > 4m? and -1 < x < 1 is of the form [10,41]
s
ol < % . (5.21)
The power p = 1/2 in [41] while it is p = 2 in [10]-these papers use different convergence cri-
teria. The derivation of such “Froissart-like” bounds for massive QFTs uses analyticity, unitarity
and polynomial boundedness inside the so-called Lehmann-Martin ellipse [41] or a larger el-
lipse [10] and f (s) works out to be a known function having dependence on +/sIns as well
as some unfixed parameters’. In [41], a more complicated form of the bound is also given,
dropping the polynomial boundedness condition, making phenomenological studies where the
energy is never so high as to be sensitive to the Ins behaviour more plausible. In our case,
the f(s) dependence will eventually drop out and we will focus first on using the form in
eq.(5.21). In order to use the above inequality in a useful manner we write

ol =16 (1+g(x)), (5.22)

el = (1-x2)p s®

Thankfully in the relative entropy bound there are no unfixed parameters.
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where a > 0 and g(x) is a continuous positive function with bounded derivatives, i.e., there
exists some gpqx such that g’ (x) < gmax With gmax > 0 for —1 < x < 1. Using this it is easy to

show that ( 2
1+(2p+1)x7 g
Dq(pﬁ”llpf’)Sp(Ax)z( oy L, ;"a) (5.23)

Therefore, in the s - oo regime we find

o1+ (2p+1)x?

(1-x2) (5.24)

Dq (pﬁl)llp/(f)) <p (Ax)

The R.H.S is positive everywhere in -1 < x; < 1 and monotonically goes towards infinity
in 0 < x; < 1. We expect that this bound will hold in situations where the assumptions of
unitarity, analyticity and polynomial boundedness hold. For instance the form in eq.(4.7) for
the A¢* theory is very similar to the above form. Using the high energy bound derived above
we land up with the constraint:

A (1+x2) 1+(2p+1)x2
(Ax)z(wnz)((l-xfl)z) P (A 1T e (5.25)

which leads to a bound on the coupling A < 872 for p = 1/2 and A < 3272 for p = 2. Of course
this should not be taken too seriously since we have used only the 1-loop perturbation theory
to reach this conclusion. Nevertheless, we do expect the general philosophy behind such an
argument to be true-namely high energy considerations should restrict the coupling. Numeri-
cal S-matrix bootstrap arguments'? also lead to bounds on the coupling but the considerations
there are quite different [16].

The string theory answer for s < 4/a’, which is essentially the supergravity limit, is very
similar to this form except that we do not expect perturbative string theory to respect poly-
nomial boundedness [43]. So in situations where there are massless exchanges or where the
stringy modes become relevant, the form of the above bound is expected to change. It is easy
to check that in the string theory answer when s > 1/a’, the behaviour of the relative entropy
develops vigorous oscillations. Presumably, this is an indication of the extended length of the
string coming into play and affecting distinguishability. In fact the low energy limit of the
string answer given in eq.(4.36) violates the p = 1/2 result of [41] but respects the p = 2 result
of [10]. This is still quite surprising, and perhaps the reason for this is that in the massive QFT
context when we take s — oo we can essentially ignore the masses of the scattering particles.

Comment on the Rényi divergence bound

Using eq.(B.45) it is easy to repeat the above exercise using eq.(5.21) leading to

(Ax)? 1+(2p+1)x?
40 (1-x2)2 )

(5.26)

Dn(p1llp2) <n B np(AX)Z(

5.3 Regge behaviour of D,

Let us turn to the s—channel Regge behaviour of D, for AA — AA scattering. In this limit, we
will consider taking |s| — oo keeping t fixed. The amplitude behaves as [44]

£(t)
M0l =B (2) (5.27)

Translating the results of [16] using the 1-loop ¢* gives A $ 267.4 which we quote for fun!
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The function £(t) is called the Regge trajectory and we are considering the leading trajectory.
The study of the functional form of £(t) has been actively pursued on both theoretical grounds
(in the 1960’s which eventually led to string theory) as well as on experimental grounds. In
fact, realistic Regge trajectories are drawn from experimental data. These are found to have
the generic form [45] for small t

E(t)=ao+a1t+%t2+0(t3), (5.28)

with ay > 0 (supported by experiments; we do not know of any other existing reason!). This
non-linearity is crucial. From [44], one can also write 3(t) ~ o+ B1t + % t2 +... if there are no
massless resonances. A strictly linear Regge trajectory has been shown to violate the Cerulus-
Martin fixed angle bound as well as the Froissart bound-see [45]. To get some mileage out of
the relative entropy considerations, let us rewrite eq.(3.19) as

Wy, @Y _ (A7 o IM(s, )
DQ(pA HpA )_ 2 at ln |M(S,t1)|2 t:tla (529)

where, we have used x; = 1 + 2t;/(s — 4m?) . Now, using the Regge amplitude eq.(5.27), one
obtains

Dq (p/§1>||p§2>) ~ (At)? [/52 +ay 1n(;—0)] 270, (A ay 1n(sio) >0, (5.30)

where the last inequality arises if ay > 0. Note that, this expression is valid near t; = 0
i.e., near x; = 1. In this sense, we have a stronger expression in the Regge limit than from
eq.(5.24). Consider the situation where we have Regge behaviour and the answer can be as
large as what is allowed from eq.(5.24) when x; is away from 1. It is expected that as x; — 1
we should get the behaviour in eq.(5.30). So we want the two behaviours to be “stitched”
continuously in the transition to the limit t - 0 <= x — 1. Now, suppose ay = 0 then
Dq o< Bo(At)? ~ Bas?(Ax)? which would contradict the trend suggested by eq.(5.24) unless'!
B2 > 0. Subsequently, if a; # 0, we have from eq.(5.30) that a, > 0 to avoid a discontinuous
transition from the behaviour in eq.(5.24). This is so as if ay < 0 then we can always choose
a large enough s such that D, in eq.(5.30) will become negative (for s > s exp [B2/(-a2)])-
Thus, our analysis of relative entropy further bolsters the experimental observation of non-
linear Regge trajectories by providing an explanation why ay > 0 must be respected.

5.4 A new type of positivity
Here we will discuss a new type of positivity for AA — AA scattering in massive QFTs which
appears to be valid at least in the high energy limit. Up to O(c°) we have
1 2 = (Jea] = [xea )"
Do (o e 122 () = 3 PR g s P s
n=2 : X=X1

where we have used eq.(B.35) and expanded. If we write!?

In|M(s, x)[* = i(ze + 1) ue(s)P(x), (5.32)
(=0

"'In the narrow resonance approximation, following [44], it can be shown that f8> > 0 holds.
'>To be rigorous, we should consider In |M (s, x)[*/|M(s, Xmin ) |> Where Xumin is where | M (s, Xmin)|* is minimized
(we assume this is non-zero) so that u,(s) is implicitly dependent on Xmin.
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with £’s running over even integers (as LHS is an even function for identical particles) and if
ue(s) > 0 for £ > 0, then using

a;Pg (X) < E;Pg (X) , (5.33)
X=X1 x=1
with n > 2 and where x; € (-1,1), we have
AMn|M(s, x)? <dMn|M(s,x)]*| (5.34)
X=X1 x=1
which leads to an interesting bounding behaviour, namely
1 2 1 2
Do (piVles”) | <Da(ps"lIes?) ‘ , (5.35)
X=X1 x=1

a feature verified by many of our plots. However, u,(s) > 0 does not appear to follow from
any known properties of the amplitude, does not appear to have a mention in the literature
and is distinct from Martin positivity [46] (see Section7.6).

In the high energy limit discussed above, we can use |[M(s,x)|* ~ f(s)/(1 - x?)P with
p > 1/2. Using this it is easy to verify'® that u,(s) > 0 for £ > 2. This kind of positivity emerging
in the high energy limit'4 is reminiscent of what happens in the conformal bootstrap [51,52]
where in the large conformal dimension limit, there is an underlying cyclic polytope picture
for the CFT. Furthermore, we numerically checked the sign of u;(s),£ > 2 in the low energy
regime and it turns out to be positive as well. This should have been anticipated keeping in
mind our observations in fig.(4), where the maxima is clearly at x = 1 for fixed s in every
regime.

Lastly, we also checked the behaviour of u,(s) for the string amplitude and observed that
positivity is guaranteed to be satisfied before we encounter any of the infinite poles that the
amplitude has at integer values of s. However, it was also interestingly noted that the higher
poles affected (changed the sign of) of u,(s) after a certain spin i.e. only for £ > £(s, = n)
only! In fig.(9), we have plotted the even spin u,(s) for the partial wave expansion,

M5, x)? -
In ( |M(S’Xmm(s))|2) = g(ze + 1) g (s, Xmin () Pe(x) . (5.36)
However, the denominator inside the log is a constant w.r.t x. Hence, when we split the
log as a difference (dimensionally taking care of each term inside the log by dividing with a
constant sy = 1m?), it will only contribute to the 0" partial wave g (S, Xmin(s)). All the higher
spin partial waves will therefore be independent of x,in(s). Furthermore, in our positivity
claim regarding u,(s), we are only concerned with £ > 2 because of the derivatives present in
€q.(5.31) and hence the claim is independent of x,;,(s). Therefore, for ease of calculation,
we can effectively fix x,,in(s) = xo to be anything we want for convenience.

We also noted that for small s, the partial waves are just a constant,
ue(s) ~ 4/L(L +1),£ > 2 and hence we will divide out this factor for ease of plotting all
the partial waves on the same scale.

6 Hypothesis testing using relative entropy

So far, we have been considering two density matrices at two different angles, corresponding
to the same theory with all other parameters the same. However, we can also consider two

13140 sign will not affect since it multiplies Po(x) = 1.
144 PT will not respect this positivity since it is an effective field theory and does not obey the high energy bound.
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Figure 9: Behaviour of normalized y, (s) for even spins for the String amplitude with x, = 0.
It can be seen that the { = 2,4 violates positivity after encountering the first pole at s = 1
while the higher spins violate at higher s.

different density matrices, p; and p2 where p, has been obtained from p; by varying the
underlying parameters in the theory (which could be some couplings, mass parameters or even
s itself) by an infinitesimal amount, keeping the angle fixed. Let us examine what happens in
this case.

We have in this situation

1 P(ci,x)
D = P(ci,x)In ————+~—,
(p1llp2) [1 dx P(ci, x) nP(ci + Aci, X)
1 X 2 aZP ) 2
= —/ dx P; (Acialp1 + (Aci) ( i1 _(8,P1) )+) , (6.1)

where J; = J;, and P; = P(cil, x) for shorthand and c;’s are parameters like coupling, mass etc
or s. It is easy to see that terms like /_11 dx Aci,--Ac;, 9, ---0;, P1 will vanish since we can pull
out Ac;,--Ac;, 0;,+-0;, out and the integral is just unity from normalization. Hence to leading
order we have

1 . RV 1
D(p1llp2) = % [1 dxM = %[1 dxP; (Aciai (ln(g))

2
. 6.2
B : 1) (6.2)

Next, using eq.(3.7) and eq.(3.17) we expand P occurring inside the In up-to order o. Subse-
quently, we expand in powers of (x — x1). In leading order, i.e. the (x — x;)? term integrates
to give 20 (since (x — x;) integrated with the Gaussian in P will just vanish). Hence we get
something like

+0(0?%, Ac)). (6.3)

x1,¢}

IM(ci, x) ))

D O | AciOi0In| ——————
(o) = (s n{ [T

Thus the distinguishability of two density matrices with slightly different parameters is gov-
erned by the above quantity.
Example 1: ¢*

In the ¢* theory, let us consider the parameter to be A. It is straightforward to check that in
this case to leading order in the coupling, and near the threshold we have

1
D(p1llp2) ~ WU(AA)ZX%(S -4)*, (6.4)
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which is always positive as o > 0.

Example 2: String theory

For the string case, let us consider the parameter to be s and expand in small s. We find to
leading order
D(pillp2) ~ 36 {(3)*0 (As)?xi s*. (6.5)

Note that the leading answer is sensitive to the massive stringy modes. In the pure supergravity
regime, the answer at this order vanishes.

6.1 Hypothesis testing using different theories

Now, as mentioned in the introduction, p; and p, could also be density matrices for different
theories. For instance, imagine that the scattering was happening in massless A¢* theory, but
we wanted to describe it using string theory. What is the relative entropy in this case? Here
we will content ourselves with some numerical exploration. As can be seen in fig.(10), the
relative entropy is comparatively low until the string amplitude encounters a zero since naively
speaking that is where the string and the ¢* amplitude differ drastically. However, it would
be wise to caution ourselves at this point since the relative entropy does not distinguish at the
level of the amplitude; instead, it does so at the level of the probability density, P, (x). This
can be seen in the plot since even though the string amplitude differs from the ¢* amplitude
by orders of magnitude, the relative entropy is really small for most of the range of s values.
However, near a zero or pole of the amplitude, the behaviour is carried over into the density
function as well, and hence the relative entropy shows a sharp peak there.

D(ps(x1)llog(x1))
06

0.4

0.2

0.5 1.0

Figure 10: Plot of Relative entropy between the massless ¢* amplitude and the string theory
amplitude at the common angle x; = 0.4 vs s. The red dotted line marks the zero of the string
amplitude.

We will use hypothesis testing in a significant way to isolate interesting S-matrices in the
context of the S-matrix bootstrap for pion scattering in the next section.
7 Constraining S-matrix bootstrap

In this section, we will consider pion scattering using the S-matrix bootstrap techniques dis-
cussed in [17]. We consider the 2 — 2 scattering of particles with O(3) symmetry using the
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ansatz -~ -~
A(slt,u) = > anm (070 +0i0g) + Y. bam (07" +07) 17, (7.1)
n<m n,m
where

(Va=3vass)

and the amplitude, M is defined similar to eq.(D.2). In this case, crossing symmetry becomes
A(s|t,u) = A(s|u, t), which the ansatz satisfies trivially. The partial wave unitarity condition,

5

2
’S LSI) (s)’ < 1is imposed using SDPB [13] for a grid of s values similar to [16]. Here I denotes

the isospin channel such that partial waves and the amplitude!® are related by the expression

- ; Vs <D _u-t
M(s,t,u)—1617‘5\/m1202’;’2?1;)(2€+1)(1 s(s)) P x=—— . (7.2)

Subsequently, SDPB extremizes a linear combination of parameters and gives us the corre-
sponding maximal S-matrix. Since this a numerical venture, we need a cutoff for the infinities
occurring in the summation in eq.(7.1). Hence we restrict our n and m in our ansatz to have
cutoff Np,q, and only consider partial waves upto a finite spin, Lqy. To specialize further for
pions, constraints of resonance and Adler zeros were used. p-resonance was imposed as a
zero of the £ = 0 partial wave of the anti-symmetric channel as

sP(m2) =0, (7.3)

where m, =5.5+0.51.

0.2 04 0.6 08 1.0

So

Figure 11: Disallowed region in the space of so and s, where both sy and s, cannot be
imposed. The cross marked separately is the 1-loop position of the Adler zeroes from best
fit yPT amplitude.

Leading order chiral perturbation theory predicts the presence of Adler zeros. This can be
easily seen (at least at tree level) in eq.(4.10). Adler zeros are actually the zeros of the ampli-
tude when the 4-momenta of an external massless Goldstone-boson goes to 0 under a critical
assumption that there are no poles due to other parts of the diagram [53] at zero 4-momenta
of the Goldstone bosons. Pions are approximate Goldstones and not exactly massless. They

13See Appendix (D) for the details
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also do not interact through a stable particle, thus for 2-2 scattering in CoM frame, they do
not have poles below the threshold. Thus, pion amplitudes have Adler zeros. However, it
requires one of the external pions to go off-shell (4-momenta to be 0) despite being an ex-
ternal particle, hence making s + t + u = 4m? no longer true (for details, see [18]). In that
case, the zero is found exactly at s = t = u = m?. However, it is non-trivial to locate the Adler
zeros non-perturbatively in the s-plane when s + t + u = 4m? holds everywhere. Thus, boot-
strap methods become really handy to find the allowed regions of Adler zeros for the partial

)
s (s)-1 . ' . . . .
waves. The T, E(I)(s) =\ /5%4% is defined such that the identical case unitarity condition

Im (TZ(I)(S)) > 2\/¥ ‘Te(l)(s)|2 is satisfied. Plotting TO(O) (s) and To(z) (s) as a function of s in
the unphysical region 0 < s < 4 gives us the location of Adler zeros sp and s;. At tree level they
are simply s(()o) = 0.5,5(()2) = 2 and at 1-loop they become s(()o) =0.437, 582) = 2.003. In general,
they can be written down as

1 (50 0 and T (s2) 0. 7.4

The next step is to find all pairs of (so,s2) (for ease of notation we will just refer the the zeroes
as so, s keeping in mind that they are zeroes of the 0" partial wave) that can be imposed
in the ansatz. This can be done by imposing the Adler zero sy and extremizing the value of
To(z)(s) for values of s in (0,4). If a particular To(z)(s) has positive maximum and negative
minimum then we can impose Adler zero sy = s, else the pair (sg,s2) is not allowed. Upon
repeating the steps for values of s, it is discovered that the allowed region is a closed area,
which is known as the lake as shown in fig.(11).

In order to determine which values of these extremal matrices are closer to the physical
region, scattering lengths are required which are found through

Re [T ()] - kN[ag” + VK2 + 0(K?) |, (7.5)

where k = /5 — 1. Here aéI) is the I'th isospin, spin-{ scattering length. ¢ = 0,1,2 are the

S,BD-wave scattering lengths respectively. blg”’s are called the effective ranges. Note that this
definition of the scattering length differs with the one given in eq.(4.21) by just an inverse
factor of 327t (2()! and in this section, we will be referring to this definition only. The main
scattering lengths used to distinguish are a(()o),a(()z) and agl) which have the experimental
values 0.2196 = 0.0034, -0.0444 + 0.0012 and 0.038 + 0.002 respectively. Upon plotting the
lake boundary in the a(()o), a(()z), agl) space it is found that the lower boundary, more notably
the left side of the lower boundary is closer to the physical region. More details can be found
in[17].

We now look at eq.(3.19). For small Ax, the sign of C(s,x1) = $(M"|5, = (M']5,)?)
determines whether the Quantum relative entropy D, is monotonically increasing or not. We
wish to check the sign of C as a function of x; as we move around the lake. We will avoid the
point x; = 0 for the 7o+ g = 7o + 7o since this causes unnecessary complications in the form
of the Dq. All the remaining cases have been shown to be the same.

We consider the same three reactions as in eq.(4.14). We use the M defined in Appendix
(D) in order to plot C(s, x;1) around the lake. Armed with the observations of Section (5), we
now know which reactions are monotonically increasing D, and which are not. We will use'®
Npax = 10 and Lyqy = 11 for the plots but we have checked that none of the features we find
change significantly when Ny,q, is increased to 14 and Ly,qx = 17.

®We apologise but computing resources available to us during the time of Covid-19 was not ideal.
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7.1 Lake plots

The monotonicity described in the Section (5) is near threshold. Hence we start our checks
with values very close to 4, say around s ~ 4.0001 and then increase. We observed that until
s = 4.1 the nature of the plots remains unchanged, only the values shift. Hence without loss
of generality, we choose to see the behaviour of the lake at s = 4.01. As expected, differ-
ent reactions have different effects on the lake. The sample x; behaviour for two points of

1% + % - 70 + 70 reaction is given by fig.(12). For x; > 0, some of the points are monoton-

(So,S2) = (0.75,1.748) (So,S2) = (0.35,2.085)
0.004774
0.0000637836
0.004772 0.0000637835
—_ 0.0000637834
N N
Q. 0.004770 Q
= 00000637833 ——
QO‘ 0.004768 0.0000637832 QO’
0.0000637831
0.004766
0000063783
0.004764
~0.5 00 05 ~05 0.0 05
X4 X4

0 0

Figure 12: For n° + n° » % + 7%, S-matrices around the lake show a similar behaviour for

all reactions

ically increasing with x; and some are monotonically decreasing, as seen in fig.(12). It will
be interesting to explore this behaviour. Now, compiling for all points around the lake, we get
the results of fig.(13). It is important to note that 7 + n* — n* + 7% has Dg < 0 as given in
eq.(5.4).

+ + + + -
7T0+7'I'0—>7'I'0+7|'0 JU +7T =>70T + 7T A ¢ —>7|'0-|-7'l'o

21

02 04 06 08 02 10 04 06 08 0.2.0 04 06 08

So So So

Figure 13: For s=4.01. Green points respect yPT and red do not

Now combining the disallowed regions of the three reactions, we can rule out a significantly
large portion of the lake boundary as given in fig.(14). This suggests that the lake boundary

can be theoretically increased by constraining the ansatz to respect eq.(5.10) (with aéz) >0)
and eq.(5.11).
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Combined

23

2.2F

21F

2.0F

S2

0.2 0.4 0.6 0.8 1.0

So

Figure 14: s=4.01 green points respect y PT and red do not

7.2 New constraints: The River

As discussed in the previous section, we intend to increase the lake boundary to make the points
satisfy yPT constraints. To that effect, we are lucky, since the scattering length constraints of
Section(5) are linear in our ansatz parameters and hence can be easily imposed. We summarize
the additional constraints that we imposed along with unitarity to find the new allowed region:

aéo) + 2a§2) >0, ago) - agz) >0, agz) >0, 7.6)

a(()o) + 2a(()2) >0, 2a(()0) + a(()z) >0, a(()z) <0, a(()o) - a(()z) >0. '
We do not assume anything about the P-wave scattering length. The new allowed region is
given by the fig.(15). As mentioned in the introduction, we shall call this figure, “The River”.
The fact that we could rule out a large portion of previously allowed regions without any
phenomenological input (except resonance) is remarkable!

Of note is the fact that all the constraints were theoretically motivated. The sign of the
spin-2 scattering lengths being fixed by dispersion relations and the spin-0 ones from the y PT
Lagrangian perturbatively. Note that the spin-O constraints are more powerful then spin-2
constraints. Imposing the D-wave constraints alone results in just a larger version of the lake
with the upper boundary shifted upwards in comparison to the lake. The Adler zeroes cor-
responding to 0-loop ¥ PT (0.5,2) lie outside the river while the 1-loop (0.437,2.003) lies
approximately on the upper bank. The 2-loop point (0.4195,2.008) lies inside the river.

7.3 Hypothesis testing in S-matrix bootstrap

We aim to find theories which are close to y PT along the river banks. By close, we mean that
at least the S- and P-wave scattering lengths must be comparable for such theories. Relative
entropy provides a measure of distance in theory space. Using the formalism of Section(6) we
calculate D(p1||p2). Since bootstrap S-matrices are non-perturbative they shall be considered
as the physical theory and y PT S-matrix will be considered as an approximation. Hence p;
comes from y PT, while p; is calculated using the boundary theories of the “River”. Note that
the distance will be calculated separately for each reaction.
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Sy

Figure 15: New allowed region (shaded in blue) after imposing the constraints. Note that
the 1-loop y PT lives close to the “kink” in the upper bank.

This gives us a set of values. Now we must set up a rule to consider some theories and
discard others. We want to allow as many theories as possible discarding only those who are
manifestly distant. The following set of rules seem reasonable to us:

1. We shall consider sequence of theories with violations of up to 5 orders more than the
minimum violation.

2. While sequentially looking at theories with increasing violations of up to order 5, if one
finds that there is no theory with a violation at an intermediate order, then all theories
with greater violations will be discarded.

Using these rules we get the allowed regions for various reactions in fig.(16). We use s = 4.01
and x; = 1/3 for this analysis. However, this behaviour will remain unchanged for all
x1 € (-1,1) and s € (4,4.15]. By demand, we are close to s = 4 since we want to be most
sensitive to the S- and P-wave scattering lengths and not the effective ranges. The validity
of y PT does not depend on the initial and final states therefore only those points who are
“close” for all reactions can serve as candidates of a theory close to y PT. Hence, taking the
intersection of these allowed regions we get the green regions in fig.(1).

As shown in fig.(1), compared to [17], the green regions lie near the top and bottom por-
tions of the so-called peninsula. The distances of some sample points on the physical regions
are given in table (1). Except for m* +n® - ©* + 1% the lower physical region does remarkably
well for other reactions. This should mean that this region is close to yPT. Looking at fig.(1)
we can see that the peninsula boundary is very close to the lower bank physical region. Hence,

0) (2)
o -9

it can indeed be considered “close” to ¥y PT in terms of scattering lengths a and also

agz)' This implies that hypothesis testing indeed works and can be considered a reliable mea-
sure for comparing theories. This is remarkable because the theories being compared can have
very different amplitudes. In our case, one is perturbative from an effective action while the
other is in a crossing symmetric basis following analyticity! Nonetheless, when we compare
the two using relative entropy and minimise their “distance", we somehow end up with the
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Table 1:

7'Ci+7'Cj—>7'Ck

l

Distances of some boundary theories from yPT. Here ijkl means

+ n'. The order of the values are broadly regulated by the choice
of o (107°), s —4(1072) and X1(1/3)

Distance using relative entropy
(50,52) 0000 +-+- +0+0 ++++ +-00
(0.46,1.987) (U) 7.02x 10716 1.753 x 10712 8.98 x 10712 7.62x107%° 1.37x 1071
(0.57,1.893) (U) 5.82x 10716 1.58 x 10712 1.27 x 10712 5.16 x 107%° 8.87 x 107V
(0.67,1.893) (U) 4.68x107'¢ 1.23 x 10712 1.85x 107" 1.87x 107 6.02 x 107"
(0.70,1.787) (U) 457 x 1071 1.06 x 10712 2.87 x 1071 3.36x 10718 4.52x107Y
(0.73,1.763) (U) 4.67 x1071° 8.68x 1071 8.70 x 1071¢ 4.97 x107%° 4.31x107"
(2.70,0.293) (L) 7.27 x10718 1.58 x 1071° 9.72 x 10712 2.50 x 107%° 5.62 x 1077
(2.80,0.222) (L) 3.12x 107" 8.65 x 10711 1.56 x 1071 1.64 x 107 2.20 x 107V
(2.85,0.184) (L) 1.90 x 10718 5.45 x 1071 1.95x 1071 2.78 x 107"° 2.35x 107V
(2.90,0.145) (L) 2.08 x 107V 2.21 x 1071 2.60 x 10711 5.25 x 107 3.27 x 10718
(2.95,0.104) (L) 1.33x107Y 1.464 x 10712 3.07x1071 9.75 x 107 6.66 x 107

similar values of physical observables like the scattering lengths. To emphasise, we were not
imposing the values of these scattering lengths, instead only the correct signs were imposed
which had theoretical motivations behind them.

(0)

0 ao

Figure 17: Bluish-purple points denote the upper bank and the yellowish-brown points
describe the lower boundary. The experimental value are given by the pink box. Points close
to the box are less distant from yPT in terms of hypothesis testing.

7.4 Comparison of scattering lengths and effective ranges

Here we will check the values of scattering lengths for some points of the physical regions and
compare them to their experimental value given in the table (2). Using table (3), we see that
apart from bc()z), the matrices take on a similar range of values in both the physical regions.
We chose a value of s » 4 so that we were sensitive to the differences in the S- and P-wave
scattering lengths, which turn out to be in the same range in the upper and lower banks in
table (3). This is still intriguing since the Adler zeroes corresponding to y PT are far away
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Figure 16: Allowed region for different reactions. Remaining reactions have the same
profile.

from the lower boundary. We can also conclude from fig.(17) that these are the only regions
with £ = 0 and £ = 1 scattering lengths close to the experimental values. This confirms our
hypothesis testing observations in the previous section. While the S- and P- wavelengths are
roughly comparable with experiments, the agz)’ aéo) values are around an order of magnitude
bigger. Furthermore, no single point agrees with all the experimental values—this is indicative
of the fact that the actual phenomenological point from [38] is inside the allowed region and
not on the boundary where the comparison is being made.

7.5 Elastic Unitarity-Preliminary findings

2
The unitarity was imposed by the condition |S 51) (s)| < 1. What interests us in this section is

the elastic unitarity condition, ‘SLSI) (s)‘2 = 1 which has to hold between 4 < s < 16 since there
is no particle production in this energy. Ideally, we would like to impose this as a constraint.
However, the framework of SDPB does not allow (as far as we have checked) imposition of
elastic unitarity since the constraints are quadratic in the free parameters of the ansatz. Hence,
we restrict ourselves to numerical checks of the available S-matrices for now. To check elastic
unitarity of a S-matrix, we find the deviation from unitarity 1 — |S§I)(s)| for £ € 0,1 and
I €0,1,2. If the violations for all channels and the first two spins are below a set tolerance,
then the point shall be included or else, it shall be rejected. We shall choose a liberal tolerance
of 12% i.e., the absolute values needs to be greater than 0.88. Upon doing this for all points
along the two river banks, we find the fig.(18). This seems to discard a portion of the lower
boundary. However, N;,,ox = 16 considerations reduce the violation s.t the 12% criteria now
allows the lower bank physical region. Hence one perhaps needs to consider the rate of change
of maximal violations with Ny,q, before eliminating regions.

Elastic unitarity is still a work in progress and we shall report on it later—very recently
there appeared [54] which provides some promising ways to incorporate elastic unitarity in
the numerics. Our preliminary findings would disfavour the points on the lower bank in fig.(1)
and it will be gratifying to confirm this using the more rigorous proposals in [54].
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Table 2: Experimental values of scattering lengths and effective ranges taken from
[38].

Experimental values
Observable Value Error Units
al” 0.220 0.005 1
al? -0.0444 0.0010 1
alV 0.0379 0.0005 m;2
al® 0.00175 | 0.00003 | m;*
al? 0.000170 | 0.000013 | m;*
b 0.276 0.006 m;2
b -0.0803 0.0012 m;2

Table 3: Values of scattering lengths and effective ranges on the upper(U) bank and
lower (L) bank for Nyqx = 12 and Ly = 21. The values for the S- and P-wave scat-
tering lengths differ from Np,qy = 10 and Ly,q, = 11 at most in the second significant
figure.

Scattering lengths and Effective Ranges
(50,52) a(()o) aéz) ago) aéz) agl) b(()o) b(()z)
(0.46,1.989) () 0.135 -0.031 0.047 ~ 0 0.032 0.131 -0.055
(0.57,1.895) (U) 0.155 -0.038 0.041 ~0 0.035 0.155 -0.065
(0.67,1.813) () 0.169 -0.044 0.041 ~0 0.038 0.168 -0.071
(0.80,1.710) () 0.219 -0.056 0.097 0.029 0.045 0.196 -0.087
(2.70,0.290) (L) 0.070 -0.035 0.031 0.0014 0.040 0.185 -7.36
(2.80,0.219) (L) 0.098 -0.049 0.025 0.0004 0.0457 0.371 -8.40
(2.85,0.181) (L) 0.117 -0.058 0.025 0.0007 0.0480 0.482 -8.58
(2.95,0.101) (L) 0.153 -0.076 0.024 0.0019 0.0491 0.746 -8.39

7.6 Positivity-Preliminary findings

Using positivity of the amplitude in the so-called Mandelstam triangle (reviewed below) to
constrain theories is an old idea-see, e.g. [55-57]. In this section, we will consider using
positivity!” in the extended Mandelstam region, following the discussion in [22]. Starting
with the generalization of eq.(5.7)

9% (2n)! 0 5" Cart :
I _ l su ) (ot
FIeT (M (s, t)) — ; (/4m2 ds ((s’—s)2”+1 + (s’—u)2”+1)lm[M (s" +ie, t)]) )
(7.7)

1t is difficult to conclude anything definitive about the positivity in the sense discussed in Section (5.2) since
for high values of s we will have more partial waves contributing. A preliminary study reveals that for very large
s, indeed u, > 0 but we will not attribute any significance to this finding with the relatively low number of partial
wave spins we have incorporated in this present work.
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So

Figure 18: The brown regions are the theories satisfying the elastic unitarity constraint up
to the tolerance indicated in the main text.

Now in the region s < 4m?2,s + t > 0 the denominators (s’ —s)2"*!, (s’ —u)?"*! are positive. As
reviewed in [22], crossing implies that the amplitude is analytic inside s, t,u < 4m?, so that
inside s, t < 4m?,s + t > 0, the amplitude is real. Furthermore, the Legendre polynomials in
the partial wave expansion, P;(1 + S,_Zﬁ) > 0 for s’ > 4m? and t > 0. So together we define
the extended Mandelstam region [22]: s, t < 4m?,t > 0,s + t > 0 shown in the fig.(19) below.
Considering linear combinations in the LHS, }; a; M (1) such that for the integrand in the RHS,
we have ¥;; a;CIm[MY)(s" +ie,t)] = ¥, ByIm[ M) (s’ + i€, t)] with B; > 0, arguments

based on the optical theorem lead to the positivity conditions

aZn
W (MTEOﬂ'O—)T[OT[O (S’ t)) S O’ (78)
a_zn (Mﬁ+7‘(0—>n+n0 (S t)) > 0 (7 9)
aszn b b .
2n
aaSZn (Mn+n+_>n+n+ s, t)) > 0, (7.10)

where n > 1 and (s, t) are inside the blue and red regions shown in fig.(19).
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Figure 19: The extended Mandelstam region. The red region is the Mandelstam triangle
0 <s, t,u < 4m?. The blue region is the extended region satisfying s, t < 4m?,t > 0,s + t > 0.

These constraints can be used to further constrain the river. We choose to impose the
positivity constraints close to points (-4,4),(4,0),(0,0) and (4, 4). No violations were ob-
served along the river boundary for the point (0,4). Hence, we imposed constraints eq.(7.8),
eq.(7.10), eq.(7.9) for these 4 edges upto n = 4 and re-evaluated the river. The “new river”
is given by fig.(20). These constraints were found to be satisfied for n = 5 along the new
river banks, thus implying convergence with n. It is quite intriguing that the shape of the
river changes even though we have imposed unitarity. This happens since we are imposing
unitarity only for a grid of s-values and upto a maximum spin L ,q. Interestingly the maximal
violations result from the points in the extended region outside the mandelstam triangle. This
leads us to wonder which subset of all the conditions we have considered so far will lead to
the fastest numerics—we will leave this for future work.
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Figure 20: New river upon imposing positivity for Nyqx = 10, Lyax = 11. Dashed gray line
denotes the old river boundary and joined black line gives the new river boundary.
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8 More Entanglement Measures

We have mainly explored entanglement due to S-Matrix evolution in momentum space. How-
ever, since the state space for momentum degree of freedom is infinite, we had to deal with
various kinds of infinities. It would have been nice if we could explore the entanglement due
to S-Matrix evolution for finite Hilbert space. For pion scattering, we have such an oppor-
tunity indeed. We can consider entanglement in isospin caused by S-Matrix evolution. The
isospin state space for pion is three dimensional. Thus, the entanglement measures will not
be plagued with the infinities of the likes of those encountered in momentum space. We will
consider two such entanglement measures for analysing entanglement in isospin: the usual
quantum relative entropy and entanglement power of S-matrix.

8.1 Quantum Relative Entropy

To define an isospin analogue we shall fix the the momentum of final states and allow sum
over the O(N) indices. If we consider the initial state,

p%,a1;-p2, az) (8.1)
then the analogue of 2.4 for the isospin case will be,

f) = 2m)*6@(0) 3 lqf, bi; —qh, ba) MEE2(s,cos0), (8.2)
b1,b>

where 1 is a fixed direction (sin 8, 0, cos ). Using this one can calculate the final state density
matrix ps. Tracing over isopin states we get the reduced density matrix,

(Mg}f{z(s cos 6) M¢ly* (s, cos 9)*)
P Z —
by o Yoy Mia,(s,cos0) [MB2(s,cos0)]

If we redefine everything in terms of the following matrix in the isospin basis

M;j(s,x;a1,az) = Malaz(s,x), (8.4)

lqft, b1) (qft, 1 - (8.3)

then we see that the reduced density matrix takes on a simple form of (removing the depen-
dence on the initial a;, ay for brevity)
1

;
—Tr(M.M"L)M(S’X)'M (s,x). (8.5)

P1=

Now, to calculate the trace of p], needed for the replica trick, we need to diagonalize p;. To
do that, we see that we just need to diagonalize the matrix M (s, x). In the invariant decom-
position, we have

M;j(s,x) = A(s, t(x),u(x))8ay,a,61,j + A(t(x),u(x),5)0ia, 65,0, + A(u(x),5, t(x))04,a,05,0, -
(8.6)
We see that for a; = as, M is already in the diagonal form with eigenvalues

A (s, x) € {A(s, t(x),u(x)),A(s, t(x),u(x)),As, t(x),u(x)) +A(t(x),u(x),s) +A(u(x),s, t(x))},
(8.7)
which gives M.M" automatically a diagonal form with eigenvalues |Ay;|>. Whereas, for a; # az,

we have that
MikM]L' = (A(t(x),u(x),s)0;a,0k,a, +Alu(x),s,t(x))0:a,0k4q,)-
(A"(t(x),u(x),$)85,0,0k,a, +A" (u(x),s,t(x))8},a,0k0,) (8.8)
= JA(t(x), u(x),8) 2810, 67,0y + A(u(x),5,u(x)) 81,028 .02
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which is diagonalized! Hence, we have in general that (using obvious shorthand notation)

iy _ ) 20AG)P)" + (AGs) +A(t(x)) +A(u(x))P)" if ar = az,
TG - {<|A<t<x)>|2>" - (AP fava OO
and Tr(p1)" = mTr((M .M™)™) can be directly found from eq.(8.9). Differentiating

this w.r.t n is straightforward in the replica trick to get the entanglement entropy in the isospin
space of the form

3 1 1
Seei(s,x) ==Y ————— Ay In| ———|Amif* ] - (8.10)
23T P SIEE

with the appropriate eigenvalues as found above.
For final states at angles 6,60 # 0 we can define two reduced density matrices p; and p-
and ultimately define the relative entropy D;(p1||p2) using the replica trick.

Table 4: Isospin relative entropy of mg + mg — all for S-matrices on the
river (for Npygq, = 10). Labels 1 and 2 refer to the choice of parameters
(x1,x2) = (0.999,0.001) and (x1,x2) = (0.999,0.99) respectively (where x; refers
to cos(6;)). Labels U and L refer to Upper and Lower boundary respectively.

SEE,T
(50,52) s=4.01(1) s=30(1) s =4.01(2) s =30(2)
(0.35,2.08) (U) 2.7410° 1 0.0162 8.8210°1° 4.4110°°
(1.3,1.637) (U) 40310713 0.551 1.2910716 4.7107°
(0.9,0.775) (L) 469107 0.485 1.50 10714 2.1107%
(2.85,0.775) (L) 2.4610° 1 0.816 7.911071° 1.1107°

8.2 Entanglement Power

Next, we consider another quantity called Entanglement Power [47-50]. It deals directly with
the S-matrix of the system rather than depending on the initial states. The initial state is
defined as,

[i) = IA%(Ql) ®ﬁ(92)|p£,a1;—pﬁ,a2) s (8.11)

where R(€;) is the rotation operator in the isospin space acting on the i!" particle. Since we are
only operating on the isospin indices, we can consider writing, |kfi, a;; —kfi, az) = |a1) ® |az).
Now, the target final state can be constructed by taking restriction of the S-matrix to 2-particle
isospin space in a specific way. The details are chalked out in appendix E.2. Following that,
we can obtain a target final state

1 A A
) = W(2n)45(4)(0) > |pA,c1;-pA, cz)Szﬁzz(s,cos 6) (b1 |R()|a1) (b2 |R(Q2) |az) ,
c1,C2
b1,bs

(8.12)

46


https://scipost.org
https://scipost.org/SciPostPhys.9.5.081

using which we can define the final state density matrix p,,, with matrix elements in the basis,
{lgh, c1;—qf, c2)} are given by,

SciPost Phys. 9, 081 (2020)

biby
(p,lpf )C1C2 (s,cos0) = (8.13)

it Syryn M2 (5,008 0) [M222 (5,08 )] R(1)2R(2)22 (R(1)SR(2)2)*

ZzlzZ le,xz ZJ’LJ’z Mffllzéz(s’ COSG) [Mgllz};z(s COSQ)]* (1) R(Z) (R(l) R(Z) ) ’
(8.14)

where, R(1)¢ = (a ‘IA{(Ql) ‘ b). Similar to the previous subsection, we can define the reduced
density matrix

p1:=1rg Py (8.15)
Now, the entanglement power of the S-Matrix is given by,
dQ dQ
£=1- —1—2 tr1[p?], dQ;:=sin6;d6;d¢; . (8.16)

Table 5: Entanglement Power (£) for S-matrices on the river. Labels U and L refer
to Upper and Lower boundary respectively. These data points are obtained with

Npax = 10.
£
(50,52) s=4.01 s=10 | s=30 | s=100
|
(0.25,2.60) (U) 0.60 0.30 0.37 0.295
(0.35,2.08) (U) 0.533 0.371 0.498 0.39
(0.42,2.02) (U) 0.527 0.369 0.463 0.46
(1.3,1.637) (U) 0.66 0.56 0.404 0.296
(0.9,0.775) (L) 0.52 0.33 0.37 0.27
(2.85,0.775) (L) 0.42 0.49 0.39 0.31

9 Future directions

In this paper, we have initiated investigations into the role of relative entropy in scattering.
We have studied several standard quantum field theories and have also motivated the role
that relative entropy can play in the recent revival of the S-matrix bootstrap. In the context of
S-matrix bootstrap, we asked how to distinguish theories living on the boundary of allowed re-
gions provided by numerics. We also made some preliminary studies of additional constraints
which could shrink the space of allowed S-matrices. We will now conclude with a short road
map for the future.

* In eq.(1.2) and related expressions, the quantity of interest that appears is Ino};(x)

and its second derivative. Curiously, when experimentalists model the diffraction peak
in scattering, they introduce a slope parameter which involves precisely this quantity and
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its first derivative [58]'8~the second derivative is presumably related to the curvature
of the diffraction peak. As such this formula appears to be quite suited for experimental
investigations in the future.

* We did not consider monotonicity of relative entropy in the sense used in the quantum
information literature. There could a potential connection between this and renormal-
ization group flows, and it will be interesting to examine this in the context of scattering.
Other fundamental inequalities like strong subadditivity may also be useful to examine
in the context of scattering and put to experimental tests using collider data. Note that
monotonicity of relative entropy played a major role in deriving the averaged null energy
condition (ANEC) in recent times [59, 60].

* Tt would have been desirable to find a situation where some measure like entanglement
entropy/relative entropy would extremize near interesting physical theories. This then
could become a powerful selection criterion for studying the space of allowed S-matrices.
Our findings in this direction are not very conclusive, but we do hope to return to this in
the future. In some vague sense, we would then have some “quantum thermodynamic”
selection rule in the space of S-matrices.

* Apropos our bootstrap findings, we would like to improve our numerics and extract the
spectrum of resonances in the two different regions we have identified in this paper. The
main question here is: What are the extra ingredients we need to put in, such that the
allowed S-matrices zooms into the standard model? More intriguingly, could there be
a different allowed theory which matches with experimental results so far which would
be disconnected from y PT?

* While we made some tentative observations about positivity (see Section (5.4)) as well
as finding that positivity in the sense used in Section (7.6) can constrain the space of
allowed S-matrices, we did not make any concrete statements connecting up our work
with the positivity of amplitudes or the positivity of the underlying geometry in [51,52,
61-66]. It will be interesting to investigate this in the future.

* We started a preliminary exploration of entanglement in isospin degrees of freedom. We
explored two quantum information theoretic measures in this regard, quantum relative
entropy and entanglement power. The isospin state space being finite-dimensional these
measures do not suffer from the divergences coming from momentum space integrals.
We presented results of numerical explorations with N4, = 10 in this work. Our prelim-
inary studies with higher Nj,q,s [67] indicated a sharp drop in the entanglement power
& near the kink. This may hint at a quantum information theoretic selection principle at
play, and it would be fascinating to understand this.

* It will be important to extend our analysis to external particles with spin. We have
given a formal setup for this purpose in Appendix (C.2). We leave the detailed study for
external spinning particles in the spirit of this work for future endeavour.

* In the context of AdS/CFT correspondence relative entropy led to the derivation of lin-
earised Einstein’s equations while positivity of relative entropy constrained non-linear
perturbations (e.g. [73,74]). It may also be worthwhile to use relative entropy to study
scattering in AdS space-via the connection in Mellin space, this will then constrain the
dual CFTs. The high energy bounds like the Froissart bound have been studied recently
in [75] and it may be interesting to study the analogous bounds for relative entropy in
AdS scattering.

18gee eq.(5.1.5).
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A Scattering fundamentals

In this appendix, we provide with a brief review of scattering theory in relativistic quantum
field theory in D + 1 dimensional Minkowski space-time MP>!.

A.1 S-matrix basics

We consider scattering of two scalar massive particles A, B with masses my, mp respectively. In
the most general case we have,
A+B -A+B+X, (A.1)

where A, B are single particles and X is some multi-particle product or may be some bound
state as well. We have the so called “elastic channel”: A+B — A+B and the “inelastic channel”:
A+B - X.

In scattering, one focuses attention in asymptotic past and asymptotic future where one
assumes that the particles are free. Our initial and target final states will be such free states.
Suppose there is some initial state |i) then the final state |f) is given by the S-matrix, S,

f)=Sli) . (A.2)
The S-matrix has the following structure:
S=1+iT. (A.3)

Here 1 accounts for no interaction and 7 captures the interaction. This is also called the
transfer matrix The matrix element of the S—matrix between two momentum states |i) and |f )
can be written as

(i18]£) =8P (Y pi-Sps)(ils|f), (A.4)

where ¥ p; denotes the total D + 1-momentum in the state i) and similarly for " pf19 and
(i|s|f) is the amplitude. Note that, the conservation of the four momentum is enforced by
the presence of the delta function and in the amplitude itself this conservation constraint is
already applied.

In scattering theory, however, of more importance is the matrix element of 7 because, this
amplitude is precisely the one capturing the scattering procedure. In fact, the corresponding
matrix element can be written as

(IT1F) =8P (S pi= Y pp) M(i > f), (A.5)

YFrom now on, Minkowski momenta will be denoted without any arrow and spatial momenta will be denoted
along with arrows.
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where, M(i — f) is the amplitude of the transition i — f. It is this amplitude which is
calculated using Feynman graphs in perturbative quantum field theory. Note that, if we insist
on taking |i) # |f) i.e., we exclude the possibility of no scattering then, evidently, one has

(i|s|f)y=iM(i—f). (A.6)

We will use this relation later in our analysis.

A.2 Hilbert space for incoming and outgoing states

Now, let us specialize to elastic channel i.e., we consider that the final state with the particles
A and B. For scattering problems, we usually scatter off particles with definite momenta in the
asymptotic past and also looks for outgoing particles with definite momenta in the asymptotic
future. In these two extreme limits, these particles are assumed to be non-interacting. In
these limits, we will consider the momentum states to be residing in a Fock space. We are
considering the scalar bosons. Let |Q2) be the bosonic Fock vacuum which is normalized to
unity ie.,

(QQ)=1. (A7)

Then the single particle state with definite momentum is defined by,

ki) = \/2E; a' (ki) [2) , (A8)

where i stands for A, B in the present case. Here al.T(E) is the corresponding creation operator
and E; _is the usual relativistic energy of a free particle
4

By, =\/k? +m2, (A.9)

with k; = ]Ei |. The bosonic Fock space creation-annihilation operators satisfy the usual algebra
with respect to commutators

[a(ﬁi ,aﬁr(i‘j)] = 5ij 5(13)(%1 - T]) N (A.lO)
[a(k),a(lj)] =0, (A11)
[a" (ki),a’ ()] =0 (A12)

With this algebra, we have the following inner product between the single particle states in

eq.(A.8), )
(ki [j) = \ /2B, 2E;; 6167 (ki = ) - (A.13)

Now, we move onto two-particle state. A generic two-particle state as a member of the above

Fock space is given by, o o
|kl‘, l]> =, IZEEZEijaT(ki)aT(lj) |Q) . (A14)

Note that, when i = j then we have identical bosons. The state has the obvious symmetrization
property by virtue of the Fock algebra, eq.(A.10)-eq.(A.12). The inner product between two
such two-particle state is given by

(pi, d; Mm, Zn) =4,/ E; E; Ep Eg, (A.15)
< [8im8n8 P (Bi = kn)8 (@) = 1) + 8108 P (Bi = )5 (G ~ k) |
(A.16)
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Now, comes a very important point. There exists an inner-product preserving isomorphism
between the subspace of the two-particle states in the Fock space with the symmetrized tensor
product of two copies of the space of single particle Fock states. Let V(1) be the space of single
particle Fock states {|k;)}?° and V() be the space of two-particle Fock states {|k;,[;)}. Then,

v = (YO V), (A.17)

where, the subscript S denotes symmetrization. In fact this is a natural isomorphism. Further-
more, this isomorphism can be made to preserve the inner product, eq.(A.15). Let F be the
corresponding isomorphism i.e., F : V() - (V(l) ®V(1))S. Then,

1
V2

It is easy to verify that the inner-product, eq.(A.15), is preserved under this isomorphism.
There exist also the dual isomorphisms which exists between the corresponding dual spaces.
Note that the symmetrization leads to a slightly different Hilbert Space structure than the one
mentioned in previous section.

The reason for explicitly pointing out this isomorphism is that we will make use of this when
we are interested in the explicit product space structure of the two-particle Hilbert space for
the outgoing particles. One such instance is while taking partial traces of the density matrix
of the joint system.

f(ml,T])) = [‘El>®ﬁj>+’l])®|kl>] . (A.18)

B Details of quantum entanglement measures

B.1 Entanglement entropy

In this appendix, we provide the detailed calculations leading to the expression for the en-
tanglement entropy, eq.(3.8). In particular, we give the detailed evaluation of the integral,

1
Ig = [1 dx Py(x)InPg(x), (B.1)

with Pg given by eq.(3.7) and eq.(3.5). We can divide the above integral in two pieces,

I = [11 dx 65(x - y)My(s,x)In[65(x-y)] + /:11 dx 65(x —y)My(s,x)ln[My(s,x)] ,
(B.2)

where we have defined,

(M(s, ) _ MG, x)?

M e e MeoP T B6y)

(B.3)

Now, we are forced to do the second integral under the approximation that
65(x —y) = &6(x — y) since otherwise the exact integral is of the form of a Gaussian times
the log of a function following which we are pretty much stuck. Now, since we have used the
limiting form of 6, (x — y) in the numerator, we should do the same with the denominator i.e.
with Z, (s, y) = |M(s, y)[? as well leaving us with

2
[ x5t My [ 5,0)] = 51

2
IM(s,y)| ) 50 (B.4)

Ig(S,_'y)

Here i includes both A and B in our case.
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Thus we have essentially,

1
Ip » [1 dx 5(x - )My (s, x)In[64(x - y)] . (B.5)

This integral will be of central importance in many analyses that follow. Thus we will evaluate
this integral with gory details. Then,

Tg = L /ldxe (x; M,y (s,x)In L ——e (X;y)z
B 2\/mo J-1 Y 2\/mo (B.6)
= — I:%IEJ + 11'1(2\/ TEO-)IE’Z:I y
where
2
1 1 Sen® y> y
Tpa= [ d M , B.7
BLE X(zﬁ ) Y(SX)[ 20] ®7)
7 '—/1dx 1 (Xy> M,y (s,x). (B.8)
B2 5 N Y '
We see immediately that,
Tpoe ot /1 g(x)M(s,x)2 =1 (B.9)
E2 = , =1. )
Ig (S, y) -1
Now, we focus upon Zg ;. To do the integral, first introduce a change of variable as
X-y
u= = x=V20u+y. (B.10)
V20 Y

Following this change of variable, we can write

o (et
N[m du(m)/\/ly(s,x)uz, (B.11)

where, we have used the approximation that, since o << 1, the limits of the integration can
be effectively extended to —oo and oo because, anyway the integrand is extremely suppressed
there due to the Gaussian. It is to be noted that, this can ONLY be done when -1 < y < 1, i.e.,
y #+ —1,1. We will justify this in further details later on. Now, using the partial wave expansion
of the amplitude, we can write

20

Iga =

Ms, )P = 3 My (s)xt, (B.12)
L=0

where, we have expanded the Legendre polynomials and have rearranged the infinite sum 2!
Substituting this back into eq.(B.11), we get

Tea=), Muls) _ooDu ( ¢ 2 )(\/20u +y)ku?

=0 Zg(s,y) NoX
ML(S) i. L—i e 67% 241
—LZO;)I G, y)( )(\/_) (Lo du(m)u ) (B.13)

21This is possible since this series is absolutely and in fact uniformly convergent inside the Lehmann Ellipse and
we are certainly inside the Lehmann Ellipse since we are considering physical s and x
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Define by < u! >0, the i'" moment of the Gaussian(0,1) distribution. This has the following
simple form:

cy oo 0 if i odd (B.14)
01 (i-1)" ifieven’ '

where i!! = 1.3.5...(n — 2).n for odd i and i!! = 2.4.6...(n — 2).n for even i.
Now, assuming the series in eq.(B.13) converges, we can switch the order of the sum as

Furthermore, we also make the observation that

i (?)ML(S)J/L_i = i #ML(S))/L_‘

L=i = i(L =)t
1 al (o]
= 3 (Z My (s)x") (B.15)
x=y
1 9!
= 2o (MG,

il dxt =y

where, we have used aaxl (X5 M (s)xt) = 0 in the final step. Therefore, we can simplify

IE,l to

Tga = ! i <u>q4 (\/%)l( i (?)ML(S)J’L_i)

7 (S, .y) i= =i
L Jay 5 ’ (B.16)
- cu? 5g, W29V 00 0 (s %))
i=0,2,4... it oxt y
Upon further using eq.(B.14), we get
Tor- = D@1 B.17
PG & o (B17
Similarly, we can show that, the integral in the denominator has a similar form,
) 821 O'
Ts(s,y) = 2 5o (MG 0)1) i (B.18)
which allows us to simplify eq.(B.17) as
20 9?2
Tg1 =1+ ——(Z,
AT ErAh i (8.19)
where, we have used
> aZi ) O'i 00 aZH—Z 1 32
g(:)lale.(]./\/l(s,xﬂ ) yi_! = O'Z . FxE s aﬁ(Ig(s,x)) y. (B.20)

Let us now try to justify our expansion a bit more by going back to the individual terms ap-
pearing in eq.(B.16) (which we can generalize to the later sections as well). The ith order
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+2

term consists of the < u >0,1, 1 even. However, if we go back to eq.(B.11), we will see that
the actual term, if calculated exactly, would have been something like

a-y) 1 2\ .
L= [ au ( e‘z)u”z. (B.21)
NeTd 2

Without loss of generality, let us choose 0 < y < 1. This would imply that
a-y) (+y) 2\ . .
/ V27 g ( e” 2) 241 < [11/;7’ du ( e 2)u1+2£(< u*? >01) - (B.22)

Now, the definite integral of the Gaussian up-to a finite range is a very well documented func-
tion, the so called “Error Function”, Erf (z) defined s.t.

P4 z 1 _2
Erf(ﬁ)=[z du(me 2). (B.23)

A similar expression for the exact moment integrals is as follows:

[Zd 1 2\ 5 2i Erf b4 2 2 l‘i 22 (B.24)
p =<u”> —|-=e: —. .
e W72 R L V) R~ N TS 1T

This can be understood by the fact that the peak of the integrand gets shifted more and
more to the right with the increasing power of u (in fact, the peak corresponding to the 2i‘"
moment is at \/2i). Hence, the integration has to be carried out in a larger range to get the
same accuracy (approximately, till the peak+No where No will give the desired accuracy in
the base integral of the Gaussian). Therefore, the higher the moment integral, the larger we
have to choose z = (1 - y)/v/20 == smaller o for a fixed y ( A Similar logic is valid for
-1<y <0 aswell).

However, our approximation of the sum in eq.(B.16) is saved because each higher moment
integral is further suppressed by a factor of o'/ (assuming the derivatives of the amplitude
are well-behaved functions and do not vary greatly). Therefore, a reasonably small o keeping
in mind the accuracy of the integral up-to a finite order of the moment integrals (In our case,
we can safely do that by just considering the leading term) is enough to guarantee a good
level of accuracy of our approximation of the total sum over all the integrals. One can reverse
the logic on its head in the sense that for a given o small, we can find a range of y for which
our approximation is valid. This is done simply by finding the 2y such that the leading term in
the series has the desired accuracy (this has to be done numerically on a computer). Then we
have the following range of valid values of y for our approximation,

(1-y) 20
>— = -1l+g0vVo<y<l-zgp/O. (B.25)
o \/§ 0\/_ Y 0\/_

Coming back to our simplified expressions, combining eq.(B.17) and eq.(B.18), we have
that

1 0% (Zy(s,x)
~TZr =1n(2+/ -
£ = In( 71(7)+2 +08x2 (I G, y))
(Zi‘,’——z.(w(s,x)z
o of 2 ) il dx2
Y0 5 7z (IM (s, x)?)

=In(2v/no) + % +

i=0

) (B.26)
y

ov—0>, In(2v/7o) + %
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The first term In(2\/7to’) diverges in the limit  — 0. However, it is a constant type of
infinity (just like the term In (ig—";) term) and hence can be ignored by saying that we simply
shift the absolute entropy by that “infinite” amount.

Furthermore, the second term will simply give the O(c°) term in both the numerator and
the denominator in the limit © — 0 under the assumption that none of the even derivatives of
M(s, x) diverge. Collecting everything together we obtain the expression eq.(3.8).

B.2 Quantum relative entropy

In this appendix, we delineate the detailed steps leading to relative entropy expression eq.(3.18).
We start with eq.(3.13), using g;(x) = 65(x — x;) to have

x)[? xX-x x
D (of1105) = [ ) e i )

=[11 dx 64(x —X1)M1(s,x)1n(—§zgizi)

e (s, x2) 1 N e (s, x2)
+ln(I—i(s,x1)) ( [1 dx 65 (x —xl)/\/ll(s,x)) NIR+IH(I—§(S,X1)() , |
B.27

where, like before, the second integral is simply 1 since it is just f_ll dxP,, (x) =1and

- 6o(x —x1)
Ig = 6 xl)[ dx 6o (x = x1)|M(s,x)? ln(m), (B.28)

where Zg 5 is defined in eq.(B.8). The rest of our efforts will be directed towards calculating
and simplifying Zz. Using eq.(3.5), we have

1 1 (X— 1)
Ty - [ Mi(s,x) In [E {—— - : }]
R B x e 1(s,x) Xp [(x x1) (x —x32) ]
1 (x-xp)? (x1 +x2) , (B29)
X—. Xl 1 2
= dx e~ M (s, x)[ —]
4/ mos [1 2
with Ax := x71 — x2. Now, performing a similar partial wave expansion as in eq.(B.12) we get,
o A 1 (x—x )2
I = Z x M) f dx e % x* [x - M] . (B.30)
=0 4V/no3 Lg(s, x1) J-1 2
Now, we perform the same change of variables as in the last section:
X — X1
= = Xx=V20y+x1.
y V20 y+x1
Using this in eq.(B.30), we get (please note again that -1 < x; < 1)
(1-xq1)
>, Ax ./\/lL (S) V20
Ir = d T + + ——
2 e Ty S VAT Ay (VAT ) (Vo + 5 .

S M i oy A i+ Ax)?
szﬁ(l)xf (V20) [\/2)(—G<y 1>0,1+(4);) <Y 201

Here we have approximated the limits like the previous section and < y! > 1 is as in eq.(B.14).
Following a similar procedure as in the previous section i.e., changing the order of the infinite
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sum in eq.(B.31) and using eq.(B.15), we obtain

Ax (V20)! 51 i+1
T =
R Ig(S,Xl)iZO a )x1<y
(Ax)* & (V20 )l2 81 i (B.32)
T 2T, (s, x1) ZO i o MEX) LT
EIR’l +IR’2.

Next we use eq.(B.14). Since only odd spins contribute, we substitute 2i + 1 — i and hence
get

> . g2t (1.3.5...(2i +1))2t
Ir1
YL, xl)n;)o g (M x)[*) N.(2i+1))°
Ax oo 52i+l o-i 8.33)
_ o] o
 I(s,xa) l;) 0 x2i+1 (IM(s,x)[7) L
Similarly;,
(Ax)? 0% | o' (Ax)?
" ' i B.3
R,2 4aIg(s,x1)§)3le(|M(s,x)| )x - i (B.34)
1

where, we have used eq.(B.18) in the last step. Therefore, we return to our original goal and
finally get the relative entropy as the following:
o )
o U

0o 2i
( 1)||p(2)) N ln(z ;xzi (|M(S’X)|2)

i 00 2i
"—,) —In(Z 2 (MG, x)P)

i=0 i=0
Ax 0o 821+1 O'i Ax 2
: (35 S om| )2
sioo 2% | i | \i0 dx o U o
1 0 3x21(‘M(5 X)l ) il

2 S 2
e e U ey M oy GRS

leading order 40

)

where, in the first line it is actually the log of ratio of two series. Therefore, the terms inside
the log are dimensionless as they should be. It’s just for ease of writing that we have separated
the two. We also note that the term (Ax) is responsible for divergence in the limit o - 0
and hence we cannot take F;(x)? to be the delta functions exactly. Furthermore, since this is
the relative entropy, we cannot just simply shift the infinity away as we would have done in
the absolute case. Also , we have that D(p||p) = O as it should be since (Ax = 0,x7 = x2 for
(1) (2)
= P4 ).

Now, for small Ax, we can further simplify the relative entropy by expanding the log term
up-to second order in Ax since the other two terms are of first and second order in (Ax)
respectively and hence will dominate the other sub-leading terms higher than second order.

(B.35)
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Therefore, We have (remember x5 = x1 — AXx),

Ty(s,x1 - Ax)\ Ax (Ax)*> 92 3
(M) e i e o)
Ax
T o BEI|
2
(Ax)? 1 d 1
B (I@xl)axz(“s"))xl (e ))
+0((Ax)?),

(B.36)
which can be substituted back into eq.(B.35) in the exact form. It would give the expression
(for small Ax) as

(Ax)®  (Ax)? 02 ( (Te(s,x)
( 1)||P(2))N 40 | 2 sz(ln(zgg(s’xl)))

+0((Ax)?). (B.37)

However, if substituted while only keeping the terms leading in o, we get a really simple
expression of the form (alternatively, taking the limit 0 — 0 in eq.(B.37)),
2
J)

Wy, @) (Bx)*  (Ax)?( 32 [ [M(s,x)]” 9 [ MG, )P
D(PA oA )N + (3x2( ) xl_(a(|M(S,X1)|2)
(B.38)

40 2 |IM(s, x1)|?
+0((Ax)%0).

It is important to note that the order of the limits does not matter in this case, both the orders
give the same answer (taking the leading terms in (Ax) of the limiting form in eq.(B.35)
would have given the same result as eq.(B.38)).

Furthermore, the Ax term in the limiting form of eq.(B.35) can never be leading because
in the physically sensible case of 0 <« Ax i.e., the angular separation of the states being
considered is much higher than the resolution of the detector, the (ﬁ—?z term will always
dominate the former.

Lastly, we see that in the limit 0 — O, if we are able to justify physically the neglecting of the
diverging term (Ax)?/4c0, then the leading term in Ax is the term quadratic in Ax for any
order of o.

B.3 Réyni divergence

In this appendix we try to find the form of T, ( pf\l) Ire ,(f)). Starting with eq.(3.24), one obtains

T (P02 = [ dx (P, () (P, ),

. (B.39)
= (Te(5,x)) " (T (s, 0))™ [ dx @220 IM(s 0P,

where,

X—X 2 X—x 2 " 2 woxl]
2ryem (L) (L et T et L)
2\/no 2\/no 2\/no
(B.40)
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with x12 := nx; + (1 - n)x,. Therefore, we have
(D), (@) _ - @2 To(s,x2) " (Zals,x0?)
T, (P llps?) = e % "(1‘")( . ) ( o ) : (B.41)
Ig(sixl) Ig(s’xl)
which, in the limit o — 0, gives

1 (pl10) 0y (MG, x2) P\ (1M, %) (B.42)
[M(s, x1)[? IM(s, x1)]> )

with x,ll2 =nx1 + (1 -n)xz, Ax = x1 — Xa.
Let us verify our previously derived expressions in eq.(B.35) in both the exact forms and
the limiting version. Firstly, we note that,

o 821+1
—(I (5,%,7)) = (AX)Z {3 ~ 57 (M (s, %)%) (B.43)
le
Using this, along with the fact that x}2 — x; as n — 1 we find that,
im 2 Wy, @Y) - (8x)* - (Te(s,xa) Ax
lim — (T, = 1 7
nl—r}} an( n(pA ||pA )) 40 +n Ig(S,Xl) +I (S X1 )a ( (S X)) H (B44)

X1

which matches exactly with the expression from eq.(B.35). Furthermore, if we had repeated
this exercise with the limiting form given in eq.(B.42), we would have found the limiting
form as in eq.(B.35). Therefore, taking the limit ¢ — 0 commutes with taking the derivative
followed by the limit n — 1.

Lastly, using eq.(B.42) and the definitions, we can easily see the form of the Réyni Diver-
gence coming out to be

2 T T 12
Dn(P,gl)HP,gz)):n(Ax) +1n( g(s,xz))+ 111n( 5(5 X ),

40 To(s,x Z.(s,x
, 5(8,31) , s(5x1) , (B.45)
o (Ax) |IM(s, x2)| 1 |IM(s, x1?)]
n +In + In .
40 |IM(s,x1)? |M(s,x1)?
Taking the limit of this is straightforward as follows:
Ax)? T, (s, 1 T, (s, x1?
lim D, (pﬁl)llpﬁz))=ﬂ+1n LX)\ n(ZE))) g
n—1 4o To(s,x1)) n-1\n-1 Tg(s,x1)
Now, we have that,
1, (Ig(s,x%2 ) 1 (Ig(s,x1+(n—1)(Ax)))
n = n
n-1 T, (s, x n-1 T, (s, x ’
¢(5,x1) o (s,x1) (B.47)
e 7 O(n-1
I(sx)ax( g(s,x))| +0(n-1),

X1

where we have considered first, the expansion of Z¢ (s, x1 +(n-1)(Ax)) in Ax, and then used
the expansion of the resulting logarithm. So all the higher order terms w.r.t (n — 1) will go to
0 in the limit n — 1. Therefore, what we are left with is exactly the expression in eq.(B.35).
The same exercise could have been repeated with the o — 0 form of the Réyni divergence to
get the corresponding limiting form of the Relative Entropy!
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B.4 Quantum information variance

We start with eq.(3.29) where, Tn(p,ﬁl)llpf)) is as in eq.(B.42). To take the derivatives and
simplify we will use the notation

T (5" 1IS) = T () Ta(n) T (n), (B.48)
where
)2 T , n-1 T ; ,112
Ti(n) := e%n(n—l), Ta(n) := (%) , Ts(n):= (%) , (B.49)
g\ g\

such that all of the above tend to 1 as n — 1. Their respective derivatives are as follows:

n(n 1H\=2A) (AX)
40

d
%(Tl(n)):e T ——(2n-1), (B.50)

) 2
Zam) = e (S gropye ey G gy
Similarly,
d [ Zg (s, x2) (T (s, x2)
e -(Ze) () (552
R Ty (s, x2) o Ty (s, x2) | \°
s -(Zes) () 59
Lastly,
( T3(n)) = 7 ( X ) ) (B.54)
3_22 T3(n)) = I—(?xfj) > (B.55)

After some straightforward algebra making use of these various derivatives, we obtain

W) @) _ (Ax)? 2 32 Ty (s, x)
Vv = Ax 1
(pA o4 ) 5o T(AX) o |In o)), (B.56)
which, in leading order in o — 0, gives
W) @), (Ax)® p 0 [M(s, x)I?
\% v —— + (A | B.5
(pA ”pA ) 2 + ( X) 0x2 n |M(S,X1)|2 o ( 7)

C Generalized Scattering Configurations

In the main text, we delineated the entanglement analysis of the scattering A+ B — A + B,
A and B being non-identical particles, in details. In this appendix, we spell out a detailed
analysis of the most general 2 — 2 scattering A+ B - C + D. Here, C,D and A,B can be
identical. Also C, D can be different from A, B. We assume that, in terms of mass, either we
have my = m¢,mg = mp or my = mp, ,mg = m¢. In this setup, some algebraic steps are least
cumbersome. It can be generalized quite straightforwardly to all unequal masses. We will
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comment on that in a while. Furthermore, we are assuming that we are scattering off bosonic
particles without spin. These particles may or may not have internal quantum numbers like
isospin. We will work with a generic two-particle state

B, 134, v) :=a),(P)al () [22) (C.1)

where, |Q2) is the bosonic Fock vacuum. These states are normalized according to eq.(A.15)
ie.,

(b, 34, v|k, a3 1, B) = [2 Ef 2 E} 5PV (H-k) 6P (G -1) 80 6vp
+2 B8 2B 6P (p-1) 6P (G- k) 5,0 5w] ,
(C.2)
with Eé = /P2 +m? and D is the dimension.
Now, let us consider the initial state before scattering to be
\E,a;—ﬁ,b) , (C.3)

where, we are in the centre of mass frame. This state corresponds to the A particle to be in state
|k, a) and the B particle to be in state |-k, b) where, these are single particle Fock states as in
eq.(A.8), |p, a) := \/2E4; aj,(P) . We will introduce the short-hand notation k;a,b) = |k, a; -k, b)
for our convenience.

The state after scattering is given by,

S|k;a,b). (C.4)

Next, we need to project this state onto the two-particle state |1, ¢ : G2, d) in the background

of detector geometry as explained in Section (2). To do so, we introduce the projector Q(CIB
given by

F o . _ dPp;
Q(CD) = [ dIig, dl'[g2 F(0ga) ld1,¢,q2,d)(q1,¢,G2,d],  dII; := 2Eil , (C.5)

k

where F is the same as in Section (2.1). Then, we have the target final state as
\fep) = / drtg, dIig, F(61q.q) 11, ¢, G2, d) (G1, ¢, Go, d| S|k; a, b) . (C.6)

Now, we consider a density matrix for the joint system in this state |f¢cp).

oo} (feol = [ dIIG, dTTg, dIT5, AT F (6106,)F (B14r) I, €. 2, )
(71, ¢, P, d| {1, ¢, G2, d| S [K; @, b) €.7)
(k;a,b|ST|F1,c, 7o, d).

However, this is not quite the density matrix because, |f¢p) is not correctly normalized. Thus,
the correct density matrix is

o5 |fep) (fep

= e (C.8)
" (fep | fep)
It is quite straightforward to find that

5(f)+1)(0)
=~ C.9
(fep | fep) 2k (4E;) (C.9)
f dPp5(p - k) [F(61p)*6cq +28caF (01p)F (1 — 61p) + F( - 61p)]  (C.10)
(B3 c. dlslk; a, b (C.11)
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Based on this density matrix we can construct various reduced density matrices. Especially,
we can trace out the D particle states to obtain the reduced density matrix p.:

_ [T [8ea(F(61p)* + 2F (01)F (7 - 01p)) + F (7 = 01,)°] [P, d) (P, d| 5(p — k) [(Bs . dIs|k; a, b))

|2

5®)(0) [ dPp &(p k) [8ea(F(61p)2 +2F (61p)F (1 — 61,)) + F (1 = 61,)%] (s c,dls|k; a, b)

(C.12)

As in the main text, we will consider F(6;) as a Gaussian approximation of the delta function.
We have three separate cases to consider.

1. Particles are identical (6.4 = 1) and the mean of the Gaussian is 0. This implies that,
F(01)=F(m-61). (C.13)

The pc now becomes

oL AT (F(m=6)%) [p.) (Bl 8- K) [(Bscicisa b
5™(©0) [ dPps(p-k) (F(m-6,)) [(Bic.cisla b)f
which, further gives
. 50 17 "
trC(pC) = |:2D_27Tk25(f))(0):| ]_-1 dX[Pg(X)] ) (C.15)
with . . )
P () = - SO Bscclsiksa, b)) €16

[ dx g(x) [ (B;c,clslk; a, b)) 2

where, we have again defined F(-x)? := g(x).

2. Particles are identical and mean of the Gaussian distribution F is not 0. This causes the
cross terms to vanish since their contribution is negligible compared to the square terms
because of different support. We have

1[I (F(81)%8ca + F(m - 61)%) [B,c) (B, c| 8(p - k) |(Bsc, clslks a, b))

|2

pPc = = ~ R 2 D)
6()(0) [ dP5 &(p ~ k) (F(61)2 + F(m - 601,)2) |(Bsc, clslks a, b))
(C.17)
Using this, one gets

_ B - = 2
- [ 5(0) ] b [dP 5(p - k) [(F(01)% + F(r - 61,)?) |(Bsc,clslfs @, b)[*]"
Cc ~ D < R N 2 .
6PIO) ] [[dPp&(p-k) (F(61p)2 +F(m01,)2) |(Bscclslks a, b)[ "
(C.18)
Now let us evaluate integral in the denominator first. Upon using polar co-ordinates
and carrying out integrals over (¢a2,...,¢p_,) and the radial integral using the delta
function, we are only left with the x integral. Then, if we make the substitution x - —x,
the integral of the first part of the integrand becomes the same as the second integral,
since the amplitude must be symmetric in t and u in the identical case. Hence we have:
. 1 -
Taen =227 mk? [ (F(=0)?) [(Bie.clslisa, )
-1
Now, when evaluating the numerator, we follow similar procedure. Then, we carry out a
binomial expansion of (F (6;,)?+F (7—61,)?)? which will have cross terms but their con-
tribution will be negligible since the approximate delta functions will not have the same

(C.19)
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support. Hence, we can approximate the integrand to have only (F(-x)?*+F (x)?")(...).
Consequently, we can easily see again that changing variables x — —x in the first part of
the total integral makes it the same as the second part. Therefore, we have

. 1 R "
Lo =201 k2 [ dxF(-x)” [[(p;c.clslk;a, Y[ ]". (C.20)

Now combining both results we have the following expression:

n-1
tre(pc) = [213_1711(2(:3)(15)(0)] /11 [Pe ()" (€.21)

where, R
F(=x)*|{p;c;clslk; a, b)

Dolx) = > . (C.22)
HO) T dx F o2l (pic chlksa, b) P
3. When the particles are non-identical 6.4 = 0. Here we simply have
. . . > 2
oo L LA (- 60)) B0 Bel - [(Be s a b
C — = - - .
§(0)(0) dPp 5(p - k) (F(r - 61,)2) [(p;c,d|s|k; a, b))
polp p p
This is essentially same as the A+ B — A + B analysis and therefore, we have
5(0) n-1 1
n n
=|—= = 2
tre(pc) [2D‘2ﬂk25(D)(0):| [1 dx[Pr(x)]", (C.24)

with - - ,
Py PO I Bedskab) P 25)
S dx F(=x)?[{p;c,d|s|k;a, b)) [

So far, we have considered scattering configurations with a specific choice of masses. Now,
we are going to relax that and consider scattering event for A+ B — C + D with all unequal
masses. One can throw in all kinds of other quantum numbers other than spin of course. This
case is a straightforward generalization of case 3 above. In fact, in this case we can obtain a
quite straightforward generalization of eq.(C.24) above

) L
tre(pc) _|:2D—277:h(k)6(13)(0)] JREOR (C.26)

with Pr(x) being same as in eq.(C.25) and

2k? = 2y/(m2 + k2)(m3 + k2) + Am? + m3 + m3

2k2 = 2y/(m2 + k2)(m2 + k2) + Am2 + m% + m?,

h(k) :h(k5 ma, mpg, Mg, mD) = k2 l:
(C.27)

A

Am? m? 2, 12 2 g2 2.2 2 2
+ Am 1 +1/(m5 + k2)(mg + k2) | + (mymg —memyp),

where, we have defined, Am? := m3 + m3 —m2 — m3 . Observe that, there is only change in the

overall multiplicative factor. Thereby, the expression for D, remains same as eq.(3.19). Also,
in the two special cases mentioned previously, we can see the simplification as

h(k; ma, mp, ma, mg) = h(ma, mp, mg, ma) = k2. (C.28)
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C.1 Generalized relative entropy

In this section, we repeat the steps of Appendix (B.2) for eq.(3.36). However, we shall only
do that for the identical case when both x; and x5 are not equal to 0 or x3 = 0, while the
non-identical case just gives the previously obtained answer as in eq.(3.16). The remaining
case of x; = 0 will result in meaningless complication and hence will be avoided. We still have
two cases depending upon whether x; and x; have the same or opposite signs:

1. x; and x3 have the same signs:

X X x)?
st (3 a0 o D)) 2
(C.29)

with Ax = x1 — xo.
2. x1 and x; have the opposite signs:
5 Zo(s,—x3) %, Zo(s,x) (Ax)?
plectaloeton) =08 ) o (T )] 5

(C.30)

with Ax = x1 + x5.

since when they are of opposite signs, the terms surviving in eq.(3.34) are different than when
they are of the same signs. All the cases can now be combined into the following with our
previous definitions modified ever so slightly

T, (s, |x s, T, (s, x Ax)?
Dpceleten) »tn(FEp2g ) e an 7 (m( Z55 )| <G5 can
with Ax :=|x1| — |xz|. This is so as
X1 — X3 ifx;>0,x9>0
Ax = x| = ol = X1 + X9 ifx;>0,x9<0 ' (C.32)

—(X1 +XZ) ifx1 <0,XZ >0
—(Xl—X2) ifx1 <0,x2<0

Now, the amplitude squared M b(s x) is an even function of x due to crossing symmetry.
Hence we have that Z, (s, x1) = ( |x1|) since even derivatives of even functions are still even
while odd derivatives of even functlons are odd. This is now enough to see why eq.(C.31) is
valid. We start with the case x; > 0,x3 > 0 where it is obviously correct since taking the
absolute value doesn’t change anything. Next, if we consider x; > 0,x2 < 0, in eq.(3.36)
will be exactly the same as eq.(B.35) with x - —x3 and hence in the original expression,
AXx = x1 — X3 = X1 + X2 which is exactly what the modified definition of Ax gives. Further-
more, when we then consider x; < 0, x2 < 0, we see that changing back to the first case via
x1 — —x1 > 0 and x5 - —x3 > 0 does two things. Firstly, the even derivatives (including
the amplitude itself) do not change because of the aforementioned logic. However, the odd
derivatives do change signs. Nonetheless, this sign is cancelled due to the change in sign of our
modified Ax as can be seen in eq.(C.32). Therefore, overall the expression does not change at
all. Similarly, the last case of x; < 0, x5 > 0 can also be argued to be exactly the same as that in
eq.(C.31). Therefore, as long as we are avoiding x; = 0, our calculations/expressions derived
in the non-identical particles final state are valid even in the identical particle scenario.
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C.2 Generalization to external spin

We can generalize the analysis above to external spinning particles—see eg [44]. We will con-
sider massive spinning particle for the present purpose. First, we need to specify the state of
the external particles. As before, such single particle states are momentum eigenstates. How-
ever, now we need further specifications of the states. We are interested to remain in 3 + 1
dimensions. These states transform irreducibly under the universal cover of the Little group
SO(3) i.e.,intheirrep™ of SU(2). Then any single-particle state will have at least three labels

B,J,A) . (C.33)

The label J is non-negative half-integer called spin (J = 0,1/2,1,3/2,2,...). The spin
(2n + 1)/2, n € Z* representations are the fermionic states. The label A denotes the com-
ponents of the spin J irrep™. One can choose A to be the helicity, i.e., the projection of spin
J on the direction of the momentum p. A can take 2J + 1?2 values from A = —J to A = +J in
steps of unity. The normalization of the states in eq.(C.33) is chosen as to be

(B, J, AP J ') = 25 8,550 6200 6P (B - B'). (C.34)

Multi-particle states can be constructed out of them following the general prescription of con-
structing Fock states as reviewed in Appendix A.2. Now, for specific analysis we consider the
elastic scattering event of two-particles A;,A; with spins, respectively, Jy,Js:

A1 +Ay > A1 +A;. (C.35)

One example will be pp-scattering. However, we are considering here A; and A, to be non-
identical to set aside the algebraic complication that arises due to identity of particles?>. Now,
we consider an event where we send in polarized particles i.e., the particles are of definite he-
licities. Furthermore, we also consider that we collect the outgoing particles to be in definite
polarized states. This may be a very restrictive situation but this generalizes the analysis for
scalar particles quite directly. A more interesting scenario will be presented later in this section.
Let A1, A2 be the initial helicities of the particles A;, A, respectively and A, A5, be the respective
final helicities. Thus we consider that, initial state of the joint system is |E, J1, A1 —ﬁ, Jo, A2)24.
To shorten notation, from now on, we will drop the spin labels and keep only the momentum
labels and helicity labels. Thus we will denote the above state by |K; A1, A2)) and so on. More-
over, we are keeping detector configuration of the scalar scattering as it is. Thus, the projector
defined in eq.(2.4) is trivially generalized in this case to

.Y B} ) B, B d°p
M2 f@z = deAlﬁldHAzﬁzF(QAz) B1, A15 B2, A2) (P1, A1s P, Agl,  dllg = SR
ik
(C.36)
Then, we have the target final state
1) =% ) Slk; A1, 22)) - (C.37)

Again, as before, this state is not automatically normalized. Defining 9 := (f|f), it is straight-
forward to obtain

5(3+1)(0)
- 4p(EA1ﬁ + EAzfj)

%Note that, we are considering massive particles. For massless particles, there are always two helicity states
irrespective of spin.

BEspecially, the treatment of identical fermions will be different from identical bosons due to anticommuting
property of fermions. We leave the detailed exploration of entanglement in pp-scattering for future work.

*We are in CoM frame.

(C.38)

o o > 2
[ @B16(p1 - p) F(7 - 65,)% (513 2 25slk; 22|
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Now, we can consider the density matrix for the joint system to be

s(F) . 1
P = I) {f1 - (C.39)

Starting from this density matrix, now, one can obtain reduced density matrices by tracing out
subsystems systems. Thus, we can trace out A to obtain the reduced density matrix

N > 2, o
) _ 1 [ dlap, 6(p1—k) F(m = 64a,) |(B1; A1, Adlslk; A1, A2 )| [B1, AL) (B1, Y
4 50)(0) [ d3p18(p1 - k) F (7 - 6a,) [(B1; A, ALlsl; Ag, o)

(C.40)
Using these density matrix one can now easily follows in footsteps of the analysis done for the
scalar scattering case to reach various expressions for entanglement measures. Specifically, we
can reach the following generalization of the relative entropy eq.(3.19),

ALAL AL 2
AQ’MVM:AZ( (1)|| A)) (Ax)z a* In ‘M R Z(S:X)‘
1

D +0((Ax)30),
¢ dx? ‘MM’NZ;ALM(s,Xl)‘Z (( ) )
X=X1
(C.41)
with .
MMA52M22 (5 3 ) = (By; AL, Adlslk; A1, A2) (C.42)

where, as before we avoid the forward direction by the detector configuration. While these
have been so far quite straightforward, we will now define a new quantity called unpolarized
relative entropy quite analogous to unpolarized scattering cross-section. By unpolarized relative
entropy we will mean the quantity

= (1) (2) E : 1 A AL (1) (2)
D, D C.43
15742

A1,A2

One can attempt to study various bootstrap analyses with this quantity for scattering involving
spinning particle like, say, pp-collision.

While, the above configuration is a perfectly valid one, it misses one very interesting pos-
sibility. The above setup misses out entanglement among helicity degrees of freedom for the
outgoing particles as a result of the scattering. Let us briefly sketch how one can investigate
this. The crux of this investigation is to modify the projector in eq.(C.36) to incorporate the
possibility of entanglement between helicity degrees of freedom of the outgoing particles. This
is done by defining the new projector

Q)= > [ dllap,dTlas, F(6h,) [B1, 243 B2, 25) (Br, A B 25] (C44)
e

Now, as before, we consider that the incoming particles are polarized i.e., they are in definite
helicity states. Thus, the modified target final state is now given by

') = ) Sk A1, 22) (C.45)

where again we are in CoM frame. Now, one can consider the density matrix of the joint
system to be given by,

/(F) /
= o If X (C.46)
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with 9V := (' |§'). Starting from this density matrix one can consider various reduced density
matrices by tracing out one of the particle states. Note that this time one can also trace out
helicity degree of freedom of one of the outgoing particle. Thus, in this setup we can explore
the entanglement between helicities that is generated as a result of scattering. It is worthwhile
to mention here that there is a contentious issue regarding Lorentz invariance of quantum
entanglement while dealing with spinning particles, see for example [68-72]. We wish to
address these issues and explore entanglement assisted bootstrap analysis of spinning particles
in future.

D Pion-pion scattering

We want to calculate both entanglement entropy and relative entropy for specific pion pion
interactions. Both of these necessitate the knowledge of the contribution of various in channels
in the amplitude M(s, t,u). In the following calculations we will drop the momentum label
of the states and focus on indices. ©°, 7™, m~ can be defined to be:-

() +il), m) = —= (1) -i[2)) (.1)

We aim to carry out the above entropy computations for scattering that involve 7%, ¥, ™.
Since the basis is orthogonal, the formalism for normalisation and the procedure of finding
the entropy remains the same as before. In our calculations above we have taken the trace
over |p,d) and hence we will calculate entropy with respect to the C particle. So in a generic
reaction Al + A2 — A3 + A4, we can construct two types of final states i.e |A3,c,A4,d) and
|A3,d,A4,c). If we use the first final state entropy will be calculated with respect to A3 and
if we use the second final state the entropy will be calculated with respect to A4. This is
something we must keep in mind while evaluating the reactions. We first calculate projectors
in the (0,1,2) basis.

7% =0}, |n*)=

Indices

We first specialize for a, b, ¢, d taking values in (0, 1,2). Applying crossing symmetry and O(N)
symmetry, the amplitude MZ"ZJ (s,t,u) takes the form:

M (s, t,u) = A(s|t,u) Sap 54 + A(t]s, u) 65 58 + A(uls, t) 89 55 . (D.2)

The projectors of O(3) take the following form:-

1 1 1 2
PO = 5(6@5“1), P! = 5(5;55 -5455), P* = E(5;5‘; +545% - g(Sabcscd). (D.3)
Now writing M(s, t,u) in terms of singlet,symmetric and anti-symmetric Projectors, we have
MZ”% (s,t,u) = (3A(s|t,u) + A(tls,u) +A(uls, t)) ]P’S’Cb’d + (A(tls,u) —A(uls, t)) IP’Cll’Cb’d 0.4
+ (A(tls,u) +A(u\s,t))P§%’d. .

Making the following redefinition:-

A%(s, t,u) = 3A(s|t,u) + A(t]s,u) + A(uls, t)
Al(s,t,u) = A(tls,u) — A(uls, t) (D.5)
A%(s,t,u) = A(tls,u) +A(uls, t),
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such that MZ% (s, t,u) now reads:-

MES(s,tu) = A%(s, 6, ) POSY + A (s, t,u) PLGT + A%(s, t,u) P25°. (D.6)
All terms of the form (a, b |7 |c,d) with three indices unequal disappear. This can be easily
seen from eq.(D.3). Furthermore the terms (a, b|7 |c,d) with three indices equal and one
distinct also disappears. The non-vanishing cases are listed below and will be useful when we
calculate pion pion reactions.

1. Fora=b=c=d,

1 1
PO=>, P =0, P>P=1--. (D.7)
3 3
2. Fora=c+b=d,
1
P°=0, P' = =, P? = 3 (D.8)
3. Fora=b+c=d 1 1
P°=>, P =0, P> =-=. D.9
3 3 (D.9)
4, Fora=d +c=0>b 1 1
P =0, P' = -2, P? = =, (D.10)
2 2

The cases calculated here exhausts the possibilities of the 7 —matrix elements that might occur
upon the basis change. Now, we will do the cases, where indices take values for n*, 7~ and
n°. We can then use these results directly into our expressions for density matrix and entropy
derived above.

Table 6: Amplitudes for various pion reactions

Amplitudes
Reaction Entropy for M(s, t,u)
-
)+ 7t ) 5 gt () gt () nt() A%(s, t,u)
%+ 1% - 10+ 0 n° TA%(s, t,u) + 2A%(s, t,u)
)+ 70 5 () 4 10 () 2 (Al(s, t,u) + A%(s, t,u))
)+ 70 5 () 4 10 n° T(-Al(s, t,u) + A% (s, t,u))
nt+n —» 1+ n0 n° %(Ao(s, t,u) — A% (s, t,u))
nt+n > nt+ nt %Ao(s,t,u)+ TAY(s, t,u) + %Az(s,t,u)
nt+n > nt+ - %AO(S,I_',U)‘F TAY(s, t,u) + %Az(s,t,u)

E Isospin Entanglement in Pion Scattering

In this appendix, we provide with the technical details for the analysis presented in section
8. We want to quantify entanglement in isospin resulted by pion scattering. Recall that, pi-

ons °, n*, m~ are considered as three states of the same particle in the isospin space. The
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states are defined as in eq.(D.1). They transform in the spin-1 representation of O(3)%>. We
will calculate quantum relative entropy and another quantity called entanglement power for
investigating entanglement in isospin.

E.1 Quantum Relative Entropy

For the analysis that follows we will always remain in the CoM frame. We assume that the
incoming particles are moving along 2 so that the in state is given by

lin) := |p2, a1; -ps,az) , (E.1)

where a;, ay are isospin labels for the incoming particles. Each of aj, as can take 3 values.
The evolved state under S-Matrix evolution is given by S |in). Now we will project this state
onto a two-particle state. However, since we are interested in isospin entanglement only, we
will be considering projection onto a definite momentum configuration. Let’s consider that the
outgoing momentum configuration is (in CoM frame)

qft, b1; —qA, ba) , (E.2)

where, without any loss of generality, we can consider i to be an unit vector lying in x —z plane
making an angle 6 with the +ve 2 direction. Thus, in the usual spherical polar coordinates we
have

i =(sin6,0,cos0). (E.3)

By 4—momentum conservation, one has p = q. Further, let us take 6 # O strictly. Then, the
desired target state is given by

If) = > laf, bi;—qf, ba) (qh, bi; —qft, ba |S | p2, a1; —p2, az)

b1,by
=(2m)*6™(0) > lqft, b1; —qft, ba) Scll’llfzz (s,cos6), (E.4)
b1,by
where we have defined
85’115’22 (s,cos0) := (g, b1;—qn, by | S| p2,ar; —-ps,as) . (E.5)

Since we will be strictly considering non-forward scattering, we can use with impunity

Sblbz(s,cose) EMblbz(s,cose), (E.6)

aiaz aaz

where Mﬁ};ﬁ; is the standard scattering amplitude for aja; — b bs. Then, we can construct
the density matrix from the state |f) given by

ps =N (2m)® [5(4)(0)]2 > (Mgigi(s,cos 6) M2 (s,cos6)*)
b1,bs C1,C2 (E.7)

’qﬁa bl; _qﬁ; bZ) <qﬁ5 C1; _qﬁa C2| 5

where, the constant V is fixed by the normalization requirement trtrpps = 1 where the traces
are taken only over the isospin states with respect to the basis {|qfi, x1; —q#, x2)}. Fixing the
normalization constant then, we are left with the final density matrix p with matrix elements
given by
Mok 0) [MEE )]’
aya; (8,€08 0) [Mc/c} (s, c0s0)]

x aia *

Yy Maja, (s, c0s 0) [ME2(s, cos 6)]

(pf )blcb: (s,cos0) =

1

(E.8)

*For our purpose we can be content with the representation theory of SU(2)!
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The reduced density matrix p; = trz oy, then, has matrix elements

>, MEZ, (s, 08 0) [MEE2 (s, cos )]
Yy Made, (5,008 0) [MB2(s,c0s0)]"

b1
(pl) (s,cos0) = (E.9)
C1
To remind ourselves that we are essentially considering finite-dimensional state spaces, the
density matrix pr is a 9 x 9 matrix and p; is a 3 x 3 matrix.

For relative entropy, we will consider another density matrix in obtaining which, one chooses
a different external momentum configuration to get the state |f). Let’s consider one where
0 is different. Thus, we have now another reduced density matrix o1 with matrix elements
given by
s Mz, (s,cos 6) [ME2(s,cos0)]”

Yy Mada, (s, cos 0) [ M2 (s, cos 9_)]* ’

where, 6 # 8 # 0. Now, we can consider the quantum relative entropy D(p1||o1).

(01):1 (s,cos é) = (E.10)

E.2 Entanglement Power

The concept of entanglement power or entangling power of an unitary evolution operator was in-
troduced in [47,48] . Let us briefly recapitulate the basic concept behind this quantity. Unitary
transformations U i.e., quantum evolutions acting upon state-space of multi-particle systems
describe non-trivial interactions between the degrees of freedom among different subsystems.
One can ask how efficient is U as entangler according to some criterion. [47,48] addressed this
issue by considering how much entanglement is produced by U on the average acting on a
given distribution of separable i.e., unentangled quantum states. For a bi-partite system with
state space H = Hi ® Ho, if E is an entanglement measure over the same then entanglement
power of U with respect to E is defined by

P1.B

ep(U)=E(UIB1) @1B2)) > PicHi, (E.11)
where, the bar denotes the average over all product states |31 ) ®|32) with respect to some prob-
ability distribution p(|31),|B2)). As an entanglement measure of a normalized state |)) € H
was used the linear entropy

E([Y)) =1-tr1p? p:=trafp) (3] . (E.12)

Physically, e, (U) measures how much entanglement U can impart upon an otherwise unentan-
gled state. The important point to note is that, for a given p(|31),|B2)), entanglement power
is essentially a property of U. Thus, one can try to make an entanglement assisted comparison
between different unitary evolutions in terms of e, (U).

Recently, [49,50] explored the entanglement power in the context of S-Matrix evolution. In
particular, they used a particular form of p(|f1),|B2)). We will apply their construct to our
consideration of isospin entanglement.

First note that, for a fixed momentum configuration we can consider a generic state of the
form
]k&,al;—kd, Clz) 5 (E].B)

a being a generic unit 3—vector, as tensor product state of two single particle isospin states
i.e., for the purpose of isospin considerations only we can consider

|kfi, ay; —kfi, az) = |ay) ® |az) . (E.14)
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Now, we define in state to be

[i) = R(Q1) ® R(Q2) |p2, a1; -p3, az) , (E.15)

where, R(€2;) is rotation in the isospin space of the i‘" particle. In particular, R(£;) acts on the
isospin state of i particle. More specifically, R is rotation operator in spin-1 representation of
SU(2) because isospin states transform in the same representation. In terms of usual spherical
polar coordinates (6;, ¢;), the rotation operator R(Qi) reads

R(Q) = e PeT %, (E.16)
with
10 0 0 —V2i 0
1
Is=lo 0o o0, 12=§ V2i 0 V2. (E.17)
0 0 -1 0 V2i 0

It is worth mention that the above matrices are expressed in the basis
{|Is = +1), |I3 = 0), |Is = —1) } consisting of eigenstates of the I3 operator with indicated eigen-
values. The rotation operator R(€2;) then turns out to be, in this basis,

ip; 2(6: _e®isin(6;) ipi w12 6
e *t cos (2) —\/i e "t sin 5

R() = % cos (6;) —% . (E.18)
e~ % sin? (%) —e_l¢ij§(0i) e”1%i cos? (%)

Under S-Matrix evolution we have, then, the state [);) goes to S |y);). Now, for isospin entan-
glement we need to consider restriction of S to isospin space. However, S-Matrix evolution
also causes change in momenta of the scattering particles. Thus we consider projecting the
S-Matrix to a definite scattering configuration with respect to momenta and then consider the
restriction of the same to the isospin space i.e., the S-Matrix elements of interests are

(pf,c15-p, c2 | S| p2, by; —p£, ba) = (27)*6((0) S5 (s, cos 0), (E.19)

ft being given by eq.(E.3). In writing this we have made use of the usual 4-momentum con-
servation in CoM frame. To emphasize, we are interested in the matrix S(s, cos 8) which acts
on the two-particle isospin space and has elements given by S}’ (s,cos 0). Thus, the target
102

state is given by:

1

Wg)=——= > Ipf,c1;-pf,ca) (ph, c1;—ph, c2| S| p2, b1; —p2, ba) (£, b1; —pE, ba| i)
W(p) C1,C2
b1,by
1 A A N A
=W(p)(27t)45(4)(0) > |pf, c1;-ph, ca) S (5,08 0) (b1 |R(Qu) |a1) (b2 |R(Q2) | az) ,
br.b
(E.20)
where we have used the inner product
(kft, by;—kf, by [ ;) = w(k) (b1 |R(Q1) |a1) (b2 |R(Q2)]|az) , (E.21)

w(k) being some momentum dependent normalization factor dependent on the magnitude of
the momentum, k. Next, we proceed through the same steps as before to construct the density
matrix

Py =N e) (g, (E.22)
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where, as before A\ is fixed by the normalization requirement tr tro py, = 1. Finally, in the
basis {|qft, c1; —qf, c2) } the matrix elements of p,, . are given by

b1by
(ow )C . (s,cos0) = (E.23)
1€2
S eres Syrys MR (5,008 0) [ MY (s, c0s 0) | R(1)2R(2)22 (R(1)SR(2)2)*

Sarss Soxryer Ly MEE, (5,08 0) [M3122 (s, c05 0) | ROZR(2)E (R(1)2R(2)32)"
(E.24)

where, R(1 )b = (a |f2(§21) ‘ b) and in writing this we are again considering scattering in strictly
non-forward direction. From this we can again construct the reduced density matrix by tracing
out particle 2 to get

p_l =11y pll’f , (E.25)
whose matrix elements are given by
b byt
(pl)c1 = ;(ow )Cle (s,cos0). (E.26)

Then, the entanglement power of the restricted S-Matrix S(s, cos 6) is given by [49,50]

ds, d

8[8(5,0059)]:1— in An

tr [p1], (E.27)

where, d€; = sin 6; d6; d¢; is the usual volume element on S? in spherical polar coordinates.
Let us compare £ above with e, defined in eq.(E.11). The product state of |31) ® |B2) of
eq.(E.11) is now labelled by the spherical polar coordinates (21 (61, ¢1), Q2(62, ¢2)). Thus
we need to consider the probability distribution function p({61, ¢1}, {02, ¢2}). Itis clear from
eq.(E.27) that,

1\2
p({61,¢1}, {02, P2}) = (4—7_5) sin 0; sin 6. (E.28)

It is straightforward to check that p({61, ¢1}, {62, ¢2}) is properly normalized i.e.,

T 27 T 27T
fo d91f0 d¢1f0 d92/0 deps p({61, $1}, {62, $2}) = 1. (£.29)

Here, it is worth mentioning that the entanglement power £ is defined with respect to the
particular probability distribution of eq.(E.28) above. Clearly, this is not a unique choice. It
may be worthwhile to study entanglement power defined with respect to other probability
distributions. We leave these questions for future exploration.

F Numerics

We shall briefly describe the numerical techniques used to obtain the results in Section (7).
The ansatz eq.(7.1) is formally an infinite sum. We need to employ a cut off of Ny , Lmax to
perform computations. Unitarity is imposed on a grid of points uniformly distributed on the

2
upper half plane of 1, defined below eq.(7). The unitarity condition |S lf’) (s)| <1 can be cast
into a semi-definite condition as mentioned in [16]. Starting with the expansion,

s(s)=1+i7.f"(s), (E1)
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where ¥ is the parameter set and f is obtained after integrating over the Legendre polynomial.
Using this expansion we can write

0 < (1-7I")+(7ED)? <1
— Uy =270 - (7.0)2 - (7.R()? > o0, (E2)

and also Ue(l) <1.
Here, Rél) = Re( fl(I)) and I E(I) = Im( fe(l)). This can further be written as a matrix of the form,

1+yR" 1-3.10

) _
MD = ,
£ -y -y RD

(E3)

whose positive semi-definiteness will imply unitarity. Numerically, this condition is imposed
using S.D.PB ( [13]). Our calculations have a precision of 200 decimal digits. Unitarity was
imposed on 200 points.

To find the lake and the river of fig.(11) and fig.(15) first we impose an Adler zero at
a position sg in Téo)(s). Next step is to extremize To(z)(s) at various values of s. We can
impose an Adler zero if the maximum is positive and the minimum is negative. Repeating the
procedure for other sy values we find the figures. This procedure is simple and the boundary
can be ideally found by brute force. However we did not have the computational power and
hence had to improvise.

We used a makeshift algorithm to obtain the boundary points of fig.(11) and fig.(15) by
using information from nearby points. We fix some sy and carry out a quadratic fit of the
Max[Téz) (s2)] or Min[Téz)(sz)] close to the boundary. Zeroes of the fitting function should

ideally give us the point s; where Max or Min[Téz) (s3)] = 0 if the variation is quadratic. This is
true in case of the Lake and the approximation works very well even if the approximating points
are sufficiently away (MaX[Téz) (s)] ~ 1072) and can give results of order upto 10~8. However
the variation of Max or Min[Téz) (s)] for the river is more complicated. In some regions of both

the lower bank and the upper bank the Max or Min|T, 0(2)(52)] behaves linearly with s, even
when we move closer to the bank. They become quadratic very close to the edge and hence we
are required to choose points much closer to the boundary. It is observed that better results are
obtained if we choose points from either side of the boundary. Since we knew the approximate
location of the lake boundary from [17], re-plotting the lake was easy. However to find the
river we had to first generate a grid of allowed region. We discovered that the upper boundary
arose because the maximum became negative and the lower boundary because the minimum
became positive. After this grid was refined enough, we started employing our algorithm to
generate boundary points. All boundary points obtained have an order of < 107°. Examples
of fitting function for both fig.(11) and fig.(15) are given in fig.(21).

Our computational resources included one 10-core and one 8-core workstations, one 20-
core cluster and a 16 core cluster. Given these limited numerical resources we could only
work extensively with a cut off of Nppgyx = 10, Lingx = 11. However, recently, we have checked
that for Ny = 14 and L,q = 17 there is virtually no discernible change to our river plots.
We hope to work with an increased cut off in the near future and demonstrate convergence
explicitly. However we are certain about the validity of our result since fig.(11) matches very
well with the one presented in [17]
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50=0.53 for Lake so=3 for River
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Figure 21: The Blue points are the approximate values and the green point is the
quadratic zero prediction. The values at the green point for both are ~ 1078,
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