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Calculating helicity amplitudes
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• Scattering amplitudes -  essential for calculating predictions for collider experiments. 
Spinor helicity formalism = tool for calculating scattering 
amplitudes much more efficiently than conventional 
approach

2 Helicity Amplitude Algorithm

Scattering processes are calculated using conventional techniques by squaring the scat-

tering amplitude and then performing a sum of all possible helicity processes using trace

techniques. For a process with N possible Feynman diagrams, this results in N2 terms

in the squared amplitude. Therefore, for processes with large number of Feynman dia-

grams, such calculations become extremely complicated. In contrast, helicity amplitude

calculations provide a more e�cient way of calculating such processes, as one calculates the

amplitude for a specific helicity setup. The di↵erent helicity combinations do not interfere

and therefore the full amplitude can be obtained by summing the squares of all possible

helicity amplitudes.

Helicity amplitude calculations are based on the manipulation of helicity spinors. As

the Lorentz group Lie algebra can be written as the direct sum of two SU(2) sub-algebras,

i.e. so(3, 1) = su(2)� su(2), there are two specific complex representations each specified

by two degrees of freedom which solve the massless Weyl equation: a right-handed Weyl

spinor, associated with the representation (12 , 0), and a left-handed Weyl spinor, associated

with the representation (0, 12). Consequently and for concreteness, the helicity spinor |piȧ

for a massless states can be chosen to be expressed as
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associated with momentum pµ and energy E, such that pµpµ = �m2 using the ⌘µ⌫=diag(-1,

+1, +1, +1) metric convention. This spinor is parametrised by the angles ✓ and �, where

the other spinors hp|ȧ, |p]a and [p|a are related by paḃ = �|p]ahp|ḃ and pȧb = �|piȧ[p|b. The

correspondence between the two-dimensional helicity spinors and four-component Dirac

spinors associated with Feynman rules is demonstrated in Appendix B.

To facilitate and implement such calculations on a GQC we use qubits, the quantum

analogue of the bit for classical computation. The state of the qubit is defined on a two-

dimensional complex vector space with states |0i and |1i forming the orthonormal basis

for this space. A qubit can thus be formed by a linear superposition of these orthonormal

basis states. By considering a general qubit parametrized by two angles
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we can represent the qubit on a three-dimensional unit sphere called the Bloch Sphere.

Performing unitary operations on qubit states corresponds to rotating states in the Bloch

Sphere.

Remarkably, comparing Eqs. (2.1) and (2.2), helicity spinors can be represented through

a qubit, modulo an overall normalisation factor
p
2E, and the calculation of helicity am-

plitudes follows the identical structure shown in Fig. 1, i.e. quantum operators act on an

initial state to eventually perform the projection onto a final state. This indicates that

GQC provide an ideal framework for the calculation of helicity amplitudes.
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Equivalence between 
spinors and qubits

Calculation of helicity amplitudes follows same structure as a quantum computing algorithm; 
quantum operators act on an initial state to transform it into a state that can be measured

 Operators acting on spinors == series of quantum gates applied to qubits

|ψ⟩ =
cos θ

2

sin θ
2 eiϕ
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Helicity amplitude circuit
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With this, the amplitude for the gqq vertex becomes

M+ = �
p

2
hpfqi[pfp]

hqpi
, M� = �

p
2
hpfpi[pfq]

[qp]
. (2.7)

As a consequence of this simplification, the number of qubits needed to calculate the am-

plitude on the quantum computer can be reduced from 10 to 4. The circuit for calculating

this amplitude is shown in Fig. 3. The three qi qubits calculate the three scalar products

from Eq. (2.7) using the gate decompositions outlined in Appendix C. These rotation gates

are controlled from the helicity register, h. If h is in the |1i state, then the helicity is

positive and the M+ amplitude is calculated; if h is in the |0i state, then the helicity is

negative and the M� amplitude is calculated. The three calculation qubits, qi, are then

measured by the quantum machine.

q1 hpfqi hpfpi

q2 [pfp] [pfq]

q3 hqpi [qp]

h H

Figure 3: gqq vertex circuit. The amplitude for the process is calculated on the qi qubits,

which are controlled from the helicity register. The qi qubits are then measured by the

quantum computer.

negative and the M� amplitude is calculated. The three calculation qubits, qi, are then

measured by the quantum machine.

Figure 4 shows the results of the algorithm for a random selection of small scattering

angles, with runs on the IBM Q 32-qubit Quantum Simulator [42] and the IBM Q 5-

qubit Santiago Quantum Computer [44]; both of which have been compared to theoretical

predictions of the probability distributions extrapolated directly from analytic calculations

of the helicity amplitude, calculated using the S@M software [45]. The simulator has been

run without a noise profile for 10,000 shots, and has been shown to agree within 1� of

the theoretically predicted values. From these distributions, one can determine the helicity

setup of the process and consequently reconstruct the helicity amplitudes of the process.

The Santiago machine has been run on the maximum shot setting of 8192 for 100

runs, leading to a total of 819,200 shots of the algorithm. From Fig. 4, it is clear that the

quantum computer’s performance does not match that of a perfect machine. Although the

helicity of the process which has been calculated can be identified from the distinct prob-

ability distributions, one cannot determine the explicit amplitude from the real machine.

However, it should be noted that a comparison to a perfect machine may not be a fair

comparison for modern quantum computers. Therefore a comparison between a simulator

run with the Santiago device’s noise profile and the quantum computer results is shown

in Appendix D. Section 2.4 explores the future of quantum computers for precise helicity

amplitude calculations.

The results from the quantum computer, shown in Fig. 4, have been achieved by

isolating the individual helicity processes on the quantum circuit, and removing the su-

perposition between the positive and negative processes. The full amplitude is achieved

through the implementation of a Hadamard Gate on the helicity qubit, which puts the

system into a superposition state of the positive and negative processes. The qubit setup

chosen here has been used in order to best reduce the CNOT qubit errors and limits the

number of SWAP operations needed in the algorithm. The Santiago machine is a 5-qubit

quantum computer, with all qubits connected inline to their adjacent qubit. The helicity
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Figure 3: gqq vertex circuit. The amplitude for the process is calculated on the qi qubits,

which are controlled from the helicity register. The qi qubits are then measured by the

quantum computer.

Figure 4 shows the results of the algorithm for a random selection of small scattering

angles, with runs on the IBM Q 32-qubit Quantum Simulator [41] and the IBM Q 5-

qubit Santiago Quantum Computer [43]; both of which have been compared to theoretical

predictions of the probability distributions extrapolated directly from analytic calculations

of the helicity amplitude, calculated using the S@M software [44]. The simulator has been

run without a noise profile for 10,000 shots. The results agree well with theoretically

predicted values, to within 1�. From these distributions, one can determine the helicity

setup of the process and consequently reconstruct the helicity amplitudes.

The Santiago machine has been run on the maximum shot setting of 8192 for 100 runs,

leading to a total of 819,200 shots of the algorithm. Figure 4 shows that the quantum

computer’s performance does not match that of a perfect machine, as expected. Therefore,

the simulator is rerun with the noise profile of the Santiago device and a comparison

between this and the quantum computer is shown and discussed in Appendix D.

The results from the quantum computer, shown in Fig. 4, have been achieved by

isolating the individual helicity processes on the quantum circuit, and removing the su-
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Measure 
these 
qubits at 
end of 
algorithm

With this, the amplitude for the gqq vertex becomes
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The results from the quantum computer, shown in Fig. 4, have been achieved by
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perposition between the positive and negative processes. The full amplitude is achieved

through the implementation of a Hadamard Gate on the helicity qubit, which puts the
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setup of the process and consequently reconstruct the helicity amplitudes.

The Santiago machine has been run on the maximum shot setting of 8192 for 100 runs,
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qubits calculate 
the 3 scalar 
products for 
each helicity 
amplitude

Positive helicity Negative helicity

Helicity amplitude algorithm exploit  equivalence of spinors and qubits,   encodes operators 
as unitary operations in a quantum circuit. Using Hadamard gates to introduce a 
superposition between helicity qubits, it enables simultaneous calculation of the + and  
helicity states of each particle AND the s- and t-channel amplitudes for a 2 2 process

−
→
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Quantum walk approach to parton showers

5

arXiv:2109.13975

A novel quantum walk approach to simulating parton showers on a quantum computer.  

- emission probabilities implemented as coin flip for walker 

- particle emissions to either gluons or quark pairs = movement of the walker in 2D

Quantum walker 
propagates 
quadratically faster 
than classical walker 

Figure 2: Simulation of a 100-step random walk using the IBM Q 32-qubit simulator [22]

for 100,000 shots for a classical random walk obtained by measuring the coin state after

each step, and a quantum random walk using a symmetric initial position and a Hadamard

coin. Only non-zero probabilities are shown, as odd-numbered positions will have zero

probability for this walk.

a many-particle parton shower, and shows a remarkable improvement on the number of

shower steps simulated in comparison to previous quantum parton shower algorithms [1, 2].

The Section is ordered as follows: Section 3.1 describes the theoretical outline of the toy

model used in the parton shower, Section 3.2 shows the implementation of a simple parton

shower with one particle type, Section 3.3 outlines the full collinear parton shower and

Section 3.4 discusses possible extensions to the algorithm with advancements in quantum

computers to simulate a full, realistic parton shower.

3.1 Theoretical outline of shower algorithm

We present a discrete, collinear parton shower using the quantum walk framework. Simi-

larly to the parton shower algorithms presented in References [1, 2], the algorithm utilises

the ability of the quantum device to remain in a superposition state throughout the calcu-

lation. Consequently, all shower histories are calculated simultaneously and are encoded in

the final wavefunction, with a measurement projecting out a specific quantity of the final

state, e.g. the number of partons. This o↵ers a unique advantage over classical parton

shower algorithms, which need to calculate each shower history explicitly and store the
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- Quantum walk paradigm offers a natural and much more efficient approach to simulating parton 
showers on quantum devices.  

- Reframing parton shower within quantum walk framework dramatically increases the number of 
steps that can be simulated compared to previous quantum algorithms (31 steps with 16 qubits vs 2-
step parton shower with 31 qubits)

(a) (b)

Figure 4: Visualisation of a quantum walk as a parton shower comprising gluons and

quarks. The quantum walker’s position on a 2D plot corresponds to the number of particles

in the parton shower: (a) shows a parton shower using the collinear splitting functions for

quarks and gluons, (b) shows a parton shower with modified splitting functions to show

how the walker moves in the 2D lattice.

Hilbert space, with three coin qubit rotations corresponding to the splitting functions in

Equations 3.4 and 3.5. Controlled from the coin register, the shift operations propagate

the walker to reflect the production of new particles in the shower step. A schematic of

the quantum circuit is shown in Figure 5. It should be noted that it is likely that more

than one of the coin qubits can be in the |1i state in a step. In these situations, it is not

clear which splitting kernel should be applied and therefore the algorithm does not apply

a shift operation to the walker. This is realised by controlling from coin states that only

have one coin qubit in the |1i, as shown in Figure 5.

To simulate a parton shower, the steps shown in Figure 5 are performed many times,

with only one splitting allowed to occur per step. Steps where no emission occurred are

dictated by the Sudakov form factors from Equation 3.3. The system is kept in a superpo-

sition state throughout the algorithm, with a measurement taking place only at the end of

the calculation. Therefore, after all the steps have been evaluated, the system is in a su-

perposition of all possible shower histories. This di↵ers dramatically from classical parton

shower algorithms where each shower history must be individually calculated. A physi-

cally meaningful quantity can only be extracted from a classical shower algorithm once all

possible shower histories have been summed over. Consequently, the quantum algorithm

approach to parton showers provides a unique advantage over the classical approach.

The quantum parton shower algorithm with 31 shower steps has been run for 500,000

shots on the IBM Q 32-qubit Quantum Simulator [22]. The output from the quantum

simulator has been compared to a classical parton shower algorithm, which follows the

same theoretical framework as that outlined in Section 3.1, simulating a toy model with one

quark flavour and a gluon. The comparison shows good agreement between the quantum

– 8 –
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Quantum walk approach to simulating parton showers



Summary/thoughts
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Current and near-term devices are excellent testbeds for proof-of-principle studies.  

Porting over our classical algorithms on quantum computers may not optimally 
exploit the power of QC. Need a conceptual shift in the way we think about 
implementing problems on these devices.  

Where else can we use quantum walks in High Energy Physics? Track 
reconstruction, jet clustering? Event classification? 

Practical limitation : currently only have access to public devices which have a 
small number of qubits. 


