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The leading order a; effect in jet quenching corresponds to the broadening of the jet’s transverse
momentum, due to the multiple interactions with the underlying medium. A complete understand-
ing of momentum broadening is critical for the success of jet quenching phenomenology.

In this talk, we introduce a strategy to quantum simulate single particle momentum broadening in
a QCD background medium. We argue that it is, in principle, possible to extract the jet quenching
parameter ¢ from such an algorithm. More importantly, this corresponds to the first step towards
simulating full medium induced parton showers, which is far beyond the capabilities of classical

computers.
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1. Introduction

One of the strongest evidences for the production of a quark gluon plasma in heavy ions
collisions is the suppression of high transverse momentum jets’ yield. This phenomenon was first
anticipated by Bjorkenand is nowadays broadly referred to as jet quenching. Such modifications
to the jets properties, when compared to a vacuum benchmark, arise from the interactions of the
jets’ constituents with the underlying QCD medium. At eikonal accuracy, where energy suppressed
terms are neglected, the jet’s partons evolve along a common light cone direction at fixed transverse
positions with respect to the jet core. As a result, only their individual color fields can be modified
by the medium. At this order, all partons satisfy the on-shell relation and thus there is no radiative
energy loss, and the only possible phenomenological effect that can be studied corresponds to the
broadening of the jet’'s momentum. Although single particle momentum broadening can be easily
computed using classical methods, simulating it in quantum computers is a natural starting point
for the future simulation of fully embedded jets. For these, multi-particle quantum interferences are
crucial. However, tacking such contributions into account is particularly hard to perform in classical
computers and thus one hopes that the so-called quantum advantage might become important to
achieve such a goal in the future.

We introduce a simple quantum algorithm to simulate the evolution of a single parton in the
presence of a QCD background. The strategy followed is a quantum analog of previous classical
approaches [1] and can be extended to include in-medium radiation.

2. Theoretical set up

In this section, we first detail the set up to describe the evolution of a single hard parton in a
stochastic QCD background field. From this we will extract the effective Hamiltonian that will then
be used to construct the time evolution operator to be implemented in terms of a quantum circuit.
Secondly, we give a broad overview of the quantum simulation algorithm, which is used to mimic
the evolution of the single particle in the quantum computer. For more details see [2].

2.1 Parton evolution in a QCD background

We consider a single parton with momentum p = (w, p, p~) = ((p° + p?)/2, p, p° — p?) in
light cone coordinates. Here we must assume that w > |p| > T, where T denotes the medium
temperature and w ~ p° is assumed to be the large component of the momentum of the right-moving
particle. The quark gluon plasma background corresponds to a highly occupied state and thus it
admits a classical (stochastic) description in terms of a field A (x) = (A*(x), AL (x), A~ (x)). In
the light-cone gauge, where A* = 0, the only non-vanishing field component is A~ In addition,
because the initial parton is highly boosted, the spread of its wavefunction in p~ must be very small.
As a consequence, the spacetime dependence of the field can be simplified to be A~ (x*,x) =
A~ (x*,x,0). Also, in the highly boosted and collinear set up here considered, one can use that
x% =1 ~ x3, so that x* ~ ¢ can be viewed as the time variable of the problem, while all the
dynamics of the single parton system are restricted to the two-dimensional transverse plane. Fig. 1

summarizes the previous discussion on the spacetime picture of the problem.
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Figure 1: Spacetime picture for a highly boosted parton (jet) evolving in the presence of a QCD background.
The medium is assumed to have a finite length L along x* and p* = w.

In the case where one neglects the production of in-medium radiation (i.e. suppresses all O (ay)
terms), the full theory is captured by the in-medium propagator G (¢, x;0, y), which obeys [3]

62
i@,+ﬁ+gﬂ‘(r,x) -T|G(t,x;0,y) =i5(t)5(x — y). (1)

This describes the propagation of a scalar particle between the transverse position y at time x* =0
and the position x at time x* = ¢. In particular, it implies that the corresponding Hamiltonian is that
of a non-relativistic particle

2
H(t) = ;’—w + A (4,x) T = Hi + Hall) . )

This will be the operator to be implemented in terms of quantum circuits. We note that that the
eikonal limit mentioned above corresponds to the case where % — 0, and thus only H 4 survives.
Indeed, this term is diagonal in a position basis and thus only gives rise to a phase factor. Also, in
what follows we will assume that the particle is in the singlet color representation, such that 7 = 1.
The generalization of the algorithm to other color representations is discussed in [2].

2.2 The quantum simulation algorithm

The quantum simulation of complex quantum systems by using simpler and controllable ones
was first envisioned by Feynmanin the 1980s. In its essence, the quantum simulation algorithm
consists in solving the Schrodinger equation for a given Hamiltonian by manipulating the natural
dynamics of a given quantum system such that it mimics the evolution of a system of interest. In the
case where the controllable system is a digital quantum computer, i.e. a collection of interconnected
(idealized) 1/2-spins which admit the application of an universal set of fundamental quantum gates,
the algorithm can be broadly summarized as follows [4]:
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1. Input: One needs to provide a Hamiltonian H and specify the associated Hilbert space. The
initial wavefunction of the system [/) also has to be provided. In addition, for the present
problem, the background field is assumed to be a stochastic variable. Thus, one also has to
provide an ensemble of m field configurations with the associated probability distribution.

2. Digitization: Next, it is necessary to map the degrees of freedom of the physical system to
the qubits available in the computer. This should also include the qubit representation of the
initial wavefunction.

3. Initial state preparation: Given the qubit representation of |(), one needs to prepare a
circuit that generates this state in the quantum computer efficiently and accurately. In this
step, one assumes that a fiducial state can always be prepared by the computer.

4. Time evolution: Given the discretization/digitization strategy used, one has to represent the
time evolution operator, U = exp(—i / dt H (t)), in terms of basic quantum gates. Then one
applies these set of gates to the initial state, so that the final state of the system is prepared.

5. Measurement: Due to the special character of measurement in Quantum Mechanics, one
can not efficiently measure the full final wavefunction in general. Instead, measurement
protocols have to be implemented allowing one to access particular information about the
system requiring only a reasonable number of measurements.

3. Quantum simulating single parton broadening

The quantum simulation algorithm can be immediately applied to simulate the evolution of a
single parton inside a medium; the respective quantum circuit is detailed in Fig. 2. Note that the
bottom part of the diagram denotes a classical memory where the information about the gauge field
is stored to then be used by the quantum circuit above.
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Figure 2: Overview of the quantum circuit. Single lines denote quantum channels while double lines denote
classical ones. Above each line we detail the state being store in the circuit. The m denotes that the time
evolution gates parameters are to be determined from the gauge field.

Following the steps detailed in the previous section, the input to the system will consist on the
Hamiltonian given in Eq. 2, m field configurations for the QCD background and we shall consider the
initial wavefunction to be that of a particle with light-cone energy w and initial traverse momentum
p = 0. The Hilbert space under consideration corresponds that of a single non-relativistic particle
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in two dimensions; thus it is natural to describe the system either in a position basis, |x), or in a
momentum on, | p), which are naturally related by a Fourier transform.

To represent the system in terms of qubit degrees of freedom, we discretize the system in a two
dimensional lattice. Any position state can be written as |x) = |agn), where a; the spatial lattice
spacing and n = (n,n;) is a dimensionless vector with each component taking values between
0 and N5 — 1, with N the number of lattices sites per dimension. An equivalent lattice exists in
momentum state, related to this one by a discrete Fourier Transform.

Rewriting the Hamiltonian, H = Hay, in terms of position and momentum operators acting

on the dimensionless basis introduced
P2
H=E+gA(t,X)-T=HK+HA(Z), (3)

we obtain that evolution operator simply reads

L/
U(L',0) =7 exp [—i/ dt H(t)] , 4)
0

where L’ = L/a, is the dimensionless medium length. To implement Eq. 4 in terms of basic
quantum gates we use a simple product formula , which leads to

Nt Ll
U(L',0) = l_[ {exp [—iHKﬁ
t

ke=1

L\ L Al
exp [—iHA (kt . ﬁ) ﬁz]} = 1—[ {Uk (er)Ua(k; - &1,81)} .
! ke=1
)

This decomposition of the evolution operator essentially consists in slicing the evolution time L’ into
X+Y o

N; steps, where in each step one can use that e eXeY for X and Y non-commuting operators.
Thus, the error associated with this scheme is of O(?) with &, = L’/N;. In the particular case of
the Hamiltonian given in Eq. 3, it is convenient to split it, at each step in the time evolution, in terms
of a term governed by Hk and a term containing the gauge field. The reason for this separation is
because the kinetic term is diagonal in momentum space, i.e. when acting on a state |p) it only

gives a phase

Uk (£)|p) = exp (—i;—];pz) p). (©6)

while H,4 is diagonal in a position basis
Ua(ks - &, &) |x) = exp(—ige A(k; - &1, %))|x) . (7

Thus, if in between the application of the two evolution operators one performs a (quantum) Fourier
Transform [4], the circuit can be efficiently implemented.

The decomposition of Ux and U4 can be done in a straightforward manner. For Uk one just
needs to implement an algorithm which gives a phase to the ket state as a function of the state value.
A simple strategy to realize such an operation was introduced inand more details on its application
can be found in [2]. For the gauge term, and assuming that one has transformed from the momentum
to the position basis, the implementation requires that a classical memory with the values of the
field at time k;&; is provided for all lattice points. Although this in general a classically costly
implementation, we notice that in general one provides a statistical model for the field, which makes
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its computation quite efficient. Given these field values, one only needs a diagonal operator where
each entry contains the field value at a different position; such an operator can be constructed either
by classically solving a system of N? linear equations or by multiple applications of controlled
quantum gates; see [2, 4] for some details. A single step of this algorithm is summarized in Fig. 3.

Ip) = Ix) [x) > |p)

lvi) | +1)
—— Ukle) qFT Uyl €, €) gFT '
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Figure 3: Implementation of the k! time step, as indicated in Eq. 5.

After iterating NV, times the above single-step circuits on the initial wave function, one generates
the final state [i/7 ). As mentioned in the previous section, given this state one needs to implement
a protocol to efficiently extract the relevant information for the wavefunction. In the present work,
we are interest in extracting the jet quenching parameter ¢, which is trivially related to the average
momentum squared accumulated in the medium.

In order to this, we apply the Hadamard test as detailed in Fig. 4. We introduce an ancillary
qubit which can be either in the state |0) or in the state |0) + i|1). Then we apply the Hadamard
transformation [4] followed by a controlled application of an operator V. By controlled we mean
that V is only applied to the final state | ) if the ancilla qubit is in the state |1). Finally, one
reverts the Hadamard transform and measures the ancilla. We associate the outcome of such a

measurement to a classical random variable y which takes value y = —1 if one measures the state
|0) and y = —1 is one observes the state |1).
|0) Measure
! or H H 0y > x=-1 |=
—(]0) +i|1)) 1) > x=+1
V2
2rle
lyr) — 174

Figure 4: Circuit representation of the measurement strategy.

It is then easy to show that for any V
(aom = WLl V+ViyL) =R el Viwe) . ()
if the ancilla is in the |0) state. If the ancilla is prepared in the state 1/V2(|0) +i|1)), then

WM =3 WLIViye) , &)
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which gives access to the real and imaginary parts of unitary operator V. In the case when V is
diagonal in the momentum basis, i.e. V = V,, = exp(iaP?), with a a free numerical parameter, we
get that

R Wi Vo L) = (cos(aP?))qm » (10)
and

I Wl Va L) = (sin(@P?))om, (11)

One can imagine that @ can be taken sufficiently small such that to linear order

. p2 L, ) a .
(e'?? Jom & L +i—gL — (31n(aP2))QM ~ —qL. 12)
aq aq

where in the right hand side we have related the expectation value of the operator V to the jet
quenching parameter, while the left hand side is directly obtained from the quantum computer.
Higher order moments of the underlying distribution can be obtained using the same method but
allowing « to be larger [2].

4. Conclusions and outlook

In this work we have introduced a simple hybrid quantum strategy to extract the jet quenching
parameter. Although the current proposal can not outmatch classical approaches, it offers a road
for the future quantum simulation of embedded jets.

In the future, it would be important to have a first-time quantum computation of single particle
evolution inside the medium. Due to the necessity to discretize space and the limitations of current
hardware, such simulations might still not be able to compete with their classical counterparts.
However, we note that the study of color flow in the medium, which requires far less quantum
resources, should already be able to reveal important information about jet evolution. Another
important goal to pursue would be to extend the present approach to include the production of
gluonic radiation.
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