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Abstract

Entanglement of fundamental degrees of freedom in particle physics is generated ab
initio in scattering processes. We find that in the case of a pure SU(N) gauge theory,
two gluons in a product state can become maximally entangled in their polarizations
as the result of three- and four-gluon vertex interactions. Remarkably, the amount of
entanglement among gluon polarizations is independent of the color degree of freedom.
We also find that a small deviation of the relative weight between three- and four-gluon
vertices would prevent the generation of maximal entanglement. This can be seen as a
small piece of a possible it from qubit principle underlying fundamental interactions.
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1 Introduction22

Entanglement is a technical word reserved to describe correlations in quantum mechanics,23

specifically those emerging for a quantum state made of two or more subsystems that cannot24

be described as a classical combination of the states of each subpart. Entanglement is a core25

feature in quantum physics that, by means of violation of Bell inequalities [1], discriminates26

between classical and quantum physics.27

A question arises on the origin of entanglement in the basic processes of Nature. Can the28

fundamental interactions in the Standard Model create entangled states? If so, do they pro-29

vide mechanisms to obtain maximal entanglement from non-entangled states? The ultimate30

question would correspond to understand whether entanglement may turn to be a candidate31

to formulate a novel principle in physics, one demanding that physics is quantum, not classical.32

This is the thread of thought explored in Refs. [2, 3] and the present work. The authors33

focused in QED and weak interactions, studying the correlations between helicity states in34

two-body scattering processes and decays. For QED interactions, it was found that maximal35

entangled states are created from a product state by two mechanisms: s-channel processes at36

high energies where the virtual photon carries equal overlaps of the helicities of the final state37

particles; and the indistinguishable superposition of t and u-channels, valid for all energies.38

The latter mechanism justifies why the low-energy interaction between two spins, namely39

the Heisenberg model, is able to generate maximal entanglement. It was also shown that40

requiring the generation of maximal entangled states leads to reproducing the exact QED41

photon-electron vertex. Such a result suggests the idea of exploring some kind of Maximal42

Entanglement Principle (MaxEnt) as a guiding element to construct quantum theories. Finally,43

it was observed that maximal entanglement favors a weak mixing angle of π6 , very close to the44

Standard Model value. A similar result is obtained in Ref. [4], where maximal entanglement45

also favors a weak mixing angle of π6 for the three-body Higgs boson decay H → γl l̄ at 1-loop46

level. The generation of entanglement in QED scattering processes has also been studied in47

Refs. [5–7] where the authors do not restrict to initial product states.48

Further work has also been done in studying entanglement in positronium [8], charmo-49

nium [9, 10] and Higgs boson [11–14] decays, generation of kaon [15], B meson [16], τ50

lepton [17] and top quark [18–20] pairs, as well as in neutrino oscillations [21, 22] and vec-51

tor boson scattering [23], to propose Bell tests that could be experimentally verified. For top52

quarks, there have also been studies in quantum tomography techniques [24] and, recently,53

entanglement between a top quark pair has been experimentally detected by the ATLAS and54

CMS collaborations at the LHC [25–27]. Violations of Bell inequalities have also been obtained55

experimentally in charmonium [28] and B meson [29, 30] decays. The use of entanglement56

in particle interactions has also been proposed to constrain new physics beyond the Standard57

Model using LHC measurements [31–37].58

We should also note a line of research complementary to the study of a possible MaxEnt59

principle, where the interplay between entanglement suppression in scattering processes and60

the emergence of global symmetries has been explored in Standard Model [38–40] and beyond61
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the Standard Model [41,42] interactions, as well as its relation with symmetry-breaking effects62

as quark and lepton mixing [43], and MaxEnt [42].63

In this work, we take a step further focusing on pure Yang-Mills gluon dynamics. We64

compute the polarized amplitudes for gluon scattering at tree-level using the three- and four-65

gluon couplings. Then, using the concurrence as a figure of merit, we show that entanglement66

is only generated when the initial product state presents opposite polarizations. Maximal67

entangled states are only produced in the case where the scattering angle is θ = π
2 . Then, the68

final states are always maximally entangled, independently of the color of the gluons involved69

in the process. This result points at some structure in pure Yang-Mills theory that imposes a70

sort of universal creation of entanglement, independent of the particular gauge group at play.71

It is tantalizing to investigate whether the relation between the three- and four-gluon ver-72

tices, as dictated by gauge symmetry, can be imposed from a MaxEnt Principle. This, we show,73

is indeed the case. This result suggests a deep relation between local symmetries and entan-74

glement.75

It must be made clear that gluons are not asymptotically free particles. It is thus not pos-76

sible to perform a Bell test based on the gluon polarizations, as it is done for photons. The77

idea, though, is that maximal entanglement is indeed generated and conditions the subse-78

quent evolution of the full system. In this sense, we here analyze the conditions for maximal79

entanglement to be generated.80

The structure of this paper goes as follows. In Sect. 2, we introduce a figure of merit to81

quantify entanglement for two particle scattering processes. In Sect. 3 we present the results82

obtained for the total polarized scattering amplitudes in the gluon scattering. Sect. 4 is cen-83

tered on the analysis of the generation of entanglement in these processes. Sect. 5 is devoted to84

verify the way the relative weight between three- and four-gluon vertices affect entanglement,85

and shows how a MaxEnt principle works in this scenario. Our conclusions are presented in86

Sect. 6. Some additional information and conventions are included in App. A. App. B collects87

the complete set of polarized amplitudes computed for each channel. App. C lists the complete88

set of polarized amplitudes when the balance between the 3- and 4-gluon vertices is modified.89

We should note that Ref. [3] also presents an analysis of the gluon scattering process. The90

present work presents new results and conclusions.91

2 A figure of merit for entanglement92

In order to quantify entanglement in gluon scattering it is necessary to specify the quantum93

degrees of freedom at stake as well as to provide a precise figure of merit. We shall discuss94

entanglement in terms of polarizations of gluons, and entanglement will be quantified using95

the concurrence obtained from the coefficients of the superposition of final states.96

Considering that the polarization of the gluons can take two values, right-handed (R) and97

left-handed (L), we can describe the incoming and outgoing states as two qubit states with98

basis {|R〉, |L〉}. After the interaction, the final state will be a superposition of all possible99

combinations of the two polarizations. Therefore, for an initial product state |RR〉, |RL〉, |LR〉100

or |LL〉, the final state |ψ f 〉 can be written as101

|ψ f 〉 ∼ Mψi→RR|RR〉+Mψi→RL |RL〉+Mψi→LR|LR〉+Mψi→LL |LL〉, (1)

where Mψi→AB is the scattering amplitude at tree level for the process where the final state102

is |AB〉. Let us note that these amplitudes are a function of momenta, as well as the coupling103

constant.104

To quantify the entanglement of these states we use the concurrence as the figure of merit.105

It is well-known that in two-level states, as is the case here, all ways of measuring entanglement106
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reduce to a single combination. Given a two particle pure state107

|ψ〉= α|RR〉+ β |RL〉+ γ|LR〉+δ|LL〉, (2)

with α,β ,γ,δ ∈ C and |α|2 + |β |2 + |γ|2 + |δ|2 = 1, the concurrence is defined as108

∆= 2|αδ− βγ|, (3)

where 0 ≤ ∆ ≤ 1. The states with ∆ = 0 correspond to product states and the ones with109

∆ = 1 to maximal entangled states. Thereby, we will start with initial states where the con-110

currence equals 0 and explore if there are any final states where this value is increased to 1.111

All the coefficients and, thus, the concurrence are a function of the coupling constant and the112

momenta defining the kinematics of the process.113

3 Tree-level gluon scattering amplitudes114

The gluon scattering process involves four Feynman diagrams that correspond to s, t, u and115

4-vertex channels, as shown in Fig. 1.

Figure 1: Channels that contribute to the gluon scattering. From left to right, s-
channel, t-channel, u-channel and quartic channel.

116

We compute explicitly the amplitudes for the four channels, using the Feynman rules for117

these processes. A powerful method to obtain the total polarized amplitudes, that is the spinor118

helicity formalism [44], allows to compute scattering amplitudes considering only the exter-119

nal particles. It is then possible to get the final amplitudes in a straightforward way, avoiding120

long computations. However, we are interested in the relation between the different channels121

involved in the scattering process to analyze the detailed mechanisms that generate entangle-122

ment. For this reason we do not resort to the spinor helicity formalism.123

Let us now concentrate on the scattering amplitudes that are not null. The details of the124

kinematics, Feynman rules and conventions used are listed in App. A. The complete set of125

polarized amplitudes computed for each channel are collected in App. B. Using these values,126

the total amplitude is obtained by summing up the amplitudes for each channel127

M=Ms +Mt +Mu +M4. (4)

All amplitudes carry a common prefactor involving the coupling constant that will cancel when128

computing the concurrence.129

We shall consider two incoming gluons in a product state of polarizations, |RR〉, |RL〉, |LR〉130

or |LL〉, and momenta p1, p2 and color a, b respectively. After the interaction, we obtain a131

final state of the form Eq. (1), where the outgoing gluons are characterized by p3, p4 and a′,132

b′, respectively.133

If the initial state share the same polarization, the interaction does not change the polar-134

ization of the gluons and the final state remains the same product state,135
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MRR→RR =MLL→LL

= 2g2

�

f abc f a′b′c
�u− t

s

�

+ f aa′c f bb′c
�

2+
u− t

s

� u
t
+ f ab′c f ba′c
�

2−
u− t

s

� t
u

�

, (5)

where g is the strong coupling constant and s, t, u the Mandelstam variables defined in Eq.136

(22). The values f abc are the structure constants of the SU(N) gauge theory, that are defined137

through the commutation relation between its generators [Ta, Tb] = i f abc Tc . In this scattering138

process, there is no generation of entanglement.139

When the initial product state have opposite polarizations, let it be RL or LR, the interaction140

produces a superposition of polarization,141

MRL→RL = MLR→LR = −2g2

�

f aa′c f bb′c

�

u2

ts

�

+ f ab′c f ba′c
�u

s

�

�

,

MRL→LR = MLR→RL = −2g2

�

f aa′c f bb′c
� t

s

�

+ f ab′c f ba′c

�

t2

su

��

. (6)

To simplify the notation, we will use F1 ≡ f aa′c f bb′c and F2 ≡ f ab′c f ba′c .142

Using this shorthand notation, we now address the issue to write the amplitudes as re-143

stricted to the subspace of two gluons. This can be done by normalizing the state, so that the144

colour charge is dropped as well as global factors and signs145

|ψ〉=
1
p

N

� u
ts

F |RL〉+
t

us
F |LR〉
�

, (7)

where we use the shorthand notation F = F1u+ F2 t, and where the normalization factor is146

N =
� u

ts
F
�2
+
� t

us
F
�2
= F2 u4 + t4

s2 t2u2
. (8)

This normalization makes only sense if the amplitudes are not null due to their color indices.147

In the case of an initial RL state, the above final amplitudes allow us to cast the effective148

final state in the subspace of polarizations in first-order perturbation theory149

|ψ〉RL→RL+LR =
1

p
t4 + u4

�

u2|RL〉+ t2|LR〉
�

. (9)

In the case of an initial |LR〉 state, the result reads150

|ψ〉LR→RL+LR =
1

p
t4 + u4

�

t2|RL〉+ u2|LR〉
�

. (10)

A relevant feature in the above result is the cancellation of color degrees of freedom for151

all non-zero amplitudes. To be precise, for those color amplitudes which are non-vanishing,152

the balance between LR and RL states is not affected by gauge indices. As far as a would be153

violation of a Bell inequality is concerned, color degrees of freedom are neutral witnesses. This154

is in no contradiction with the fact that output colors have different probabilities, as shown in155

Eq. (6) and dictated by the color structure functions.156

The simple form for the scattering of polarizations is the result of cancellations between157

the t and u channels vs. the quartic vertex contribution. The s-channel does not generate158

entanglement. As a matter of fact, it is never necessary to use the Jacobi identity for the159

structure constants. The simple form of the final result emerges for any SU(N) group.160
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4 Generation of entanglement161

The generation of entanglement in gluon scattering can now be quantified using the concur-162

rence, defined in Eq. (3). For the final state showed in Eq. (9), we obtain163

∆RL→RL+LR =
2t2u2

t4 + u4
(11)

which, in the center of mass frame, corresponds to164

∆RL→RL+LR =
2 tan4
�

θ
2

�

1+ tan8
�

θ
2

� , (12)

where θ is the COM angle.165

An identical result is obtained starting from an LR state. Therefore, concurrence for the166

polarizations of a process mediated by the strong force only depends on the scattering angle.167

A first observation about the above result is that concurrence for gluon polarization found168

in Eq. (11) takes the exact same form as the one for helicities in identical fermionic scattering169

computed in Ref. [2]. There, the contributions from t and u channels are indistinguishable,170

bringing the possibility of maximal entanglement for any mass of the fermions. In the case of171

gluon dynamics, the variable s is not contributing at all to the amplitude, and the four-vertex172

channel cancels some piece of the u and t channels. Thus, although the result is the same for173

indistinguishable fermions and for distinguishable colored gluons, the underlying mechanisms174

to achieve maximal entanglement are slightly different.175

To obtain a maximal entangled state, concurrence needs to be ∆ = 1. From Eq.(11) it176

follows that this happens only when θ = π
2 , i.e. t = u. In this scenario, for every initial177

two-gluon product state with opposite polarizations, the final state will be always maximally178

entangled, no matter the color charges of the initial state if not identical. Then, the maximal179

entangled final states take the form180

|ψ+〉=
1
p

2
(|RL〉+ |LR〉) . (13)

in both cases. The emergence of the zero component of a triplet is natural due to the fact that181

gluons are bosons. In fermionic scattering, the singlet is obtained, showing again the different182

nature of both processes.183

5 Exploring a MaxEnt principle184

The results obtained for the entanglement in gluon scattering show that the detailed mech-185

anism to achieve maximal entanglement is deeply rooted in the interplay between t, u and186

quartic-vertex channels. It is natural to explore departures from this fine balance. A more187

ambitious point of view can be stated in the form of a principle: The laws of Nature must be188

able to generate maximal entanglement in scattering processes of incoming particles which189

are not entangled. This is tantamount to say that Nature must be exposed to Bell inequalities,190

that should be violated. This is to say that Nature should not be describable by a classical191

theory. Following Ref. [2], we refer to this idea as a MaxEnt Principle, that may constrain the192

structure of interactions.193

To investigate this idea, we modify the balance between the 3- and 4-gluon interactions.194

This is done applying a weight k to the 4-gluon vertex, that leads to a total amplitude195

M=Ms +Mt +Mu + kM4. (14)
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Figure 2: Concurrence as a function of the 4 vertex parameter k and COM angle
θ = π/2. Maximal entanglement is achieved for the QCD solution k = 1 and ini-
tial gluon polarization of |RL〉, but other unphysical solutions are also obtained for
k = −3 and also for k = 11/3 for an initial polarization of |RR〉. Equivalent results
are obtained for initial polarizations |LR〉 and |LL〉.

As we shall discuss shortly, the outcomes for k ̸= 1 correspond to interactions that are not196

gauge invariant. The values for each amplitude as a function of k are listed in App. C.197

By repeating the computation in the previous section, we now find that the only value of198

k for which the generation of entanglement is independent of the color and for all values of199

θ , is the SU(N) gauge invariant case k = 1.200

Let us now concentrate in the case we fix the scattering angle to θ = π/2, the concurrence201

for any initial polarization becomes independent of the color degree of freedom for any value202

of k. In this scenario, the concurrence for initial states of opposite polarizations read203

∆RL→RL+LR =

�

�

�

�

8(k+ 1)
5+ 2k+ k2

�

�

�

�

. (15)

The computation shows that only the value k = 1 leads to a final maximal entangled state,204

i.e. ∆ = 1, which corresponds to the theory respecting gauge symmetry. This solution is an205

isolated point as shown in Fig. 2, and also suppresses the LL→ LL + RR process, since206

∆RR→LL+RR =∆LL→LL+RR = 2

�

�

�

�

2(k− 1)(k− 7)
93− 34k+ 5k2

�

�

�

�

. (16)

These results show how fine-tuned is the gauge invariant Lagrangian for gluon dynamics in207

terms of how much entanglement can be created. There are no flat directions. The gauge208

invariant theory appears as an isolated point of maximum entanglement with respect to small209

variations of the parameter k.210

It is possible to analyze other scenarios which are departures of the standard theory. For211

an initial |RL〉 polarization, there is a second solution for k = −3. Let’s write explicitly the212

final state as a function of k for an initial |RL〉 polarization and at θ = π/2:213

|ψ〉=
1

p

(k− 1)2 + (k+ 3)2
�

(k− 1)|φ+〉+ (k+ 3)|ψ+〉
�

, (17)

where |φ+〉 = (|RR〉+ |LL〉)/
p

2. The final state oscillates between two maximally entangled214

states: one that corresponds to an unphysical scenario (as the theory would not obey Ward215

identities that preserve the correct degrees of freedom at higher orders of perturbation theory),216

|φ+〉, and the QCD solution from Eq. (13).217
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It is also possible to check whether the initial state RR can generate entanglement in a non218

gauge invariant theory. In that case, maximal entanglement would be attained at k = 11/3.219

The final states would be220

|ψ〉=
1

2
p

5

�

|RL〉+ |LR〉+ 3(|RR〉 − |LL〉)
�

. (18)

A simple rotation of one of the polarizations can show that this state can be transformed into221

one of the Bell states.222

In summary, although a MaxEnt principle in gluon dynamics at tree level is not enough to223

completely restrict the gluon interaction to the gauge invariant case, it does single out k = 1 as224

an isolated point where maximal entanglement is achieved, and gauge symmetry is recovered.225

6 Conclusions226

Fundamental interactions generate entangled states by means of indistinguishability of the227

relevant degrees of freedom involved.228

In the case of QED, the superposition of the t and u-channel is at the core of the generation229

of entanglement for indistinguishable fermions. In the case particle-antiparticle collisions,230

entanglement emerges through the s-channel, where the virtual photon couples identically to231

the two options for helicities of the outgoing particles.232

Gluon dynamics poses a different problem, as in-going, out-going and virtual intermediate233

particles are bosons with a color index on top of the polarization. The net effect on the entan-234

glement of polarization degrees of freedom requires to add in superposition the contribution235

of all s, t, u and quartic-vertex channels. A detailed computation shows that entanglement236

among polarizations of the gluons is only generated when the initial product state presents237

opposite polarizations. It also shows that maximal entanglement is obtained when outgoing238

particles are in the transverse plane.239

A non-obvious result coming from this computation is that the amount of entanglement240

produced in gluon collisions does not depend on the color charge of the gluons. For all com-241

binations of initial and final color indices which are allowed, only the scattering angle of the242

final state matters, and maximal entangled states arise when t = u, that is when the final243

gluons trajectories are perpendicular to the initial ones.244

The generation of maximal entanglement shows that nature is quantum and e.g. QCD245

cannot be reproduced by a classical theory based on local determinism. In other words, if246

violation of would-be Bell inequalities is mandatory, then gluon dynamics is only describable247

by a quantum theory. The production of entanglement in gluon scattering is independent of248

the gauge group. However, a small departure of the gauge-tuned relation between the three-249

and four-gluon vertices would entail a reduction of entanglement. Therefore, even if a possible250

Principle of MaxEnt does not select a particular gauge group as preferred by Nature, Nature251

fulfills such a Principle so that universality of entanglement on gauge theories emerges.252

7 Acknowledgements253

C. N. thanks the Technology Innovation Institute for granting an internship in the Quantum254

Research Center. A.C.-L. acknowledges funding from Grant RYC2022-037769-I funded by MI-255

CIU/AEI/10.13039/501100011033 and by “ESF+".256

8



SciPost Physics Submission

A Conventions257

In this section we list all the convention used in this work. We start by stating the kinematics258

of the process and then define the Feynman rules used to compute the scattering amplitudes.259

A.1 Kinematics260

We work in the center of mass (CM) frame, using natural units c = ħh = 1 and the metric261

signature ηµν = diag(+−−−). We consider the process to take place in the xz-plane, with the262

momentum of the incoming particles along the z-axis. Then, the momenta are263

pµ1 = (p, 0, 0, p)

pµ2 = (p, 0, 0,−p),
(19)

for the incoming gluons and264

pµ3 = (p, p sinθ , 0, p cosθ )

pµ4 = (p,−p sinθ , 0,−p cosθ ),
(20)

for the outgoing ones, where θ is the scattering angle.265

The circular polarization vectors for a gluon having a momentum kµ are defined as266

εµ(kµ,λ) = (0, ε⃗),

where267

ε⃗=
−λ
p

2
(cosθ cosφ − iλ sinφ, cosθ sinφ + iλ cosφ,− sinθ )

and λ = ±1, that correspond to R and L, respectively. Then, the polarization vectors for the268

gluons having momenta Eq. (19) and Eq. (20) take the form269

εµ(p1) = −
λ1p

2
(0, 1, iλ1, 0)

εµ(p2) = −
λ2p

2
(0, 1,−iλ2, 0)

εµ(p3) = −
λ3p

2
(0, cosθ ,−iλ3,− sinθ )

εµ(p4) = −
λ4p

2

�

0, cosθ , iλ4,− sinθ
�

.

(21)

Each polarization vector is transverse to the corresponding gluon momentum, εµ(k)kµ = 0,270

due to the massless nature of gluons.271

Finally, we define the Mandelstam variables as272

s = (p1 + p2)
2 = (p3 + p4)

2

t = (p1 − p3)
2 = (p2 − p4)

2

u= (p1 − p4)
2 = (p2 − p3)

2,

(22)

where s is the squared center-of-mass energy and t and u are the squared four-momentum273

transfer.274
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A.2 Feynman rules275

Feynman rules are mathematical expressions that represent terms in the Lagrangian of the276

theory at work: free external particles and the possible interactions between them. In this277

section, we list the Feynman rules of the gluons self-interactions.278

Three gluon vertex279

g c
ρ

ga
µ g b

ν

k
p1 p2

280

= g f abc[ηµν (p1 − p2)
ρ +ηνρ (p2 − p3)

µ +ηρµ (p3 − p1)
ν]

Four gluon vertex281

ga
µ

ga′
κ g b′

σ

g b
ν

p1

p3

p4

p2

282

= −i g2[ f abc f a′b′c(ηµκηνσ−ηµσηνκ)+ f aa′c f bb′c(ηµνηκσ−ηµσηνκ)+ f ab′c f ba′c(ηµνηκσ−ηµκηνσ)]

B Polarized amplitudes g g → g g283

Using the Feynman rules in App. A we obtain the amplitudes for each channel. In the following284

section we evaluate these amplitudes for the four channels involved in the gluon scattering285

process, and obtain the results for all combinations of initial and final polarizations. In all of286

them, g is the strong coupling constant, f i jk the structure constants and s, t, u the Mandelstam287

variables.288

B.1 s-channel289

The scattering amplitude of the s-channel takes the form290

iMs =− i
g2 f abc f a′b′c

s
εµ(p1)εν(p2)ε

∗
κ(p3)ε

∗
σ(p4)

�

ηµν(p1 − p2)
ρ + 2
�

ηνρpµ2 −η
ρµpν1
��

�

ηκσ(p4 − p3)ρ + 2
�

ηκρpσ3 −η
σ
ρpκ4 )] .

(23)

The four non-zero amplitudes correspond to the case where both gluons in the initial product291

state share the same polarization, and give rise to a final state where, likewise, the polarization292

is the same for both gluons. Specifically, these processes correspond to RR → RR, RR → LL,293

LL→ RR and LL→ LL, all of which share the same amplitude value,294
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Ms = g2 f abc f a′b′c
�u− t

s

�

. (24)

B.2 t-channel295

The scattering amplitude of the t-channel takes the form296

iMt =− i
g2 f aa′c f bb′c

t
εµ(p1)εν(p2)ε

∗
κ(p3)ε

∗
σ(p4)

[ηµκ(p1 + p3)
ρ − 2(ηκρpµ3 +η

ρµpκ1 )]
�

ηνσ(p2 + p4)ρ − 2
�

ησρpν4 +η
ν
ρpσ2
��

.

(25)

In this case none of them equals zero, but some processes give rise to the same value. We297

obtain four different values298

MRR→RR = MLL→LL = −g2F1

�

2
4t + u

s
+

tu
s2

�

u
t

,

MRL→RL = MLR→LR = g2F1
t + 2u

s
u2

ts
,

MRR→LL = MLL→RR =MRL→LR =MLR→RL = g2F1
t + 2u

s
t
s
,

MRR
LL→

RL
LR
= MRL

LR→
RR
LL
= −g2F1

tu
s2

, (26)

where F1 ≡ f aa′c f bb′c and we use s+ t + u= 0.299

B.3 u-channel300

The scattering amplitude of the u-channel takes the form301

iMu =− i
g2 f ab′c f ba′c

u
εµ(p1)εν(p2)ε

∗
κ(p3)ε

∗
σ(p4)

�

ηµσ(p1 + p4)
ρ − 2
�

ησρpµ4 +η
ρµpσ1
��

�

ηνκ(p2 + p3)ρ − 2
�

ηκρpν3 +η
ν
ρ2pκ2
��

.

(27)

For this channel we also obtain that none of the amplitudes equals zero and that some processes302

give rise to the same value. As in the t-channel, we obtain four different values303

MRR→RR = MLL→LL = −g2F2

�

2
4u+ t

s
+

tu
s2

�

t
u

,

MRL→LR = MLR→RL = g2F2
2t + u

s
t2

us
,

MRR→LL = MLL→RR =MRL→RL =MLR→LR = g2F2
2t + u

s
u
s

,

MRR
LL→

RL
LR
= MRL

LR→
RR
LL
= −g2F2

tu
s2

, (28)

where F2 ≡ f ab′c f ba′c .304
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B.4 4-point305

Lastly, the scattering amplitude of the 4-point channel takes the form306

iM4 =− i g2[ f abc f a′b′c
�

(ε1 · ε∗3)(ε2 · ε∗4)− (ε1 · ε∗4)(ε2 · ε∗3)
�

+ f aa′c f bb′c
�

(ε1 · ε2)(ε
∗
3 · ε
∗
4)− (ε1 · ε∗4)(ε2 · ε∗3)

�

+ f ab′c f ba′c
�

(ε1 · ε2)(ε
∗
3 · ε
∗
4)− (ε1 · ε∗3)(ε2 · ε∗4)

�

].

(29)

For this channel we obtain five different non-zero values, that are307

MRR→RR = MLL→LL = g2
�

F3
u− t

s
− F1

2t + u
s

u
s
− F2

2u+ t
s

t
s

�

,

MRR→LL = MLL→RR = −g2
�

F3
u− t

s
+ F1

2u+ t
s

t
s
+ F2

2t + u
s

u
s

�

,

MRL→RL = MLR→LR = g2 (F1 + F2)
�u

s

�2
,

MRL→LR = MLR→RL = g2 (F1 + F2)
� t

s

�2
,

MRR
LL→

RL
LR
= MRL

LR→
RR
LL
= g2 (F1 + F2)

tu
s2

, (30)

where F3 ≡ f abc f a′b′c .308

C Total amplitudes with vertex modification309

In this section we list the total scattering amplitudes obtained when adding a weight k to the310

4-gluon vertex, Eq. (14).311

We start with the amplitudes that had non-zero value for k = 1. We obtain312

MRR→RR = MLL→LL =Mk=1 +
g2

2
(k− 1)
�

2F3

�u− t
s

�

− F1
2u(2t + u)

s2
− F2

2t(2u+ t)
s2

�

,

MRL→RL = MLR→LR =Mk=1 + g2(k− 1) (F1 + F2)
�u

s

�2
,

MRL→LR = MLR→RL =Mk=1 + g2(k− 1) (F1 + F2)
� t

s

�2
, (31)

where Mk=1 are the amplitudes in Eq. (5) and Eq. (6) and F1 ≡ f aa′c f bb′c , F2 ≡ f ab′c f ba′c
313

and F3 ≡ f abc f a′b′c .314

The remaining amplitudes are315

MRR→LL = MLL→RR = −
g2

2
(k− 1)
�

2F3

�u− t
s

�

+ F1
2t(2u+ t)

s2
+ F2

2u(2t + u)
s2

�

,

MRR
LL→

RL
LR
= MRL

LR→
RR
LL
= g2(k− 1) (F1 + F2)

tu
s2

. (32)
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