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Factorization in heavy-ion collisions

• Test of factorization & universality
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• Extension of vacuum factorization 
theorems to the medium case Applications to jet substructure?
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Applications of quantum computing

Universal simulations of QCD
from first principles?

Martinis et al. `19 
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developed fast, high-fidelity gates that can be executed simultaneously 
across a two-dimensional qubit array. We calibrated and benchmarked 
the processor at both the component and system level using a powerful 
new tool: cross-entropy benchmarking11. Finally, we used component-
level fidelities to accurately predict the performance of the whole sys-
tem, further showing that quantum information behaves as expected 
when scaling to large systems.

A suitable computational task
To demonstrate quantum supremacy, we compare our quantum proces-
sor against state-of-the-art classical computers in the task of sampling 
the output of a pseudo-random quantum circuit11,13,14. Random circuits 
are a suitable choice for benchmarking because they do not possess 
structure and therefore allow for limited guarantees of computational 
hardness10–12. We design the circuits to entangle a set of quantum bits 
(qubits) by repeated application of single-qubit and two-qubit logi-
cal operations. Sampling the quantum circuit’s output produces a set 
of bitstrings, for example {0000101, 1011100, …}. Owing to quantum 
interference, the probability distribution of the bitstrings resembles 
a speckled intensity pattern produced by light interference in laser 
scatter, such that some bitstrings are much more likely to occur than 
others. Classically computing this probability distribution becomes 
exponentially more difficult as the number of qubits (width) and number 
of gate cycles (depth) grow.

We verify that the quantum processor is working properly using a 
method called cross-entropy benchmarking11,12,14, which compares how 
often each bitstring is observed experimentally with its corresponding 
ideal probability computed via simulation on a classical computer. For 
a given circuit, we collect the measured bitstrings {xi} and compute the 
linear cross-entropy benchmarking fidelity11,13,14 (see also Supplementary 
Information), which is the mean of the simulated probabilities of the 
bitstrings we measured:

F P x= 2 " ( )# − 1 (1)n
i iXEB

where n is the number of qubits, P(xi) is the probability of bitstring xi 
computed for the ideal quantum circuit, and the average is over the 
observed bitstrings. Intuitively, FXEB is correlated with how often we 
sample high-probability bitstrings. When there are no errors in the 
quantum circuit, the distribution of probabilities is exponential (see 
Supplementary Information), and sampling from this distribution will 
produce F = 1XEB . On the other hand, sampling from the uniform  
distribution will give "P(xi)#i = 1/2n and produce F = 0XEB . Values of FXEB 
between 0 and 1 correspond to the probability that no error has occurred 
while running the circuit. The probabilities P(xi) must be obtained from 
classically simulating the quantum circuit, and thus computing FXEB is 
intractable in the regime of quantum supremacy. However, with certain 
circuit simplifications, we can obtain quantitative fidelity estimates of 
a fully operating processor running wide and deep quantum circuits.

Our goal is to achieve a high enough FXEB for a circuit with sufficient 
width and depth such that the classical computing cost is prohibitively 
large. This is a difficult task because our logic gates are imperfect and 
the quantum states we intend to create are sensitive to errors. A single 
bit or phase flip over the course of the algorithm will completely shuffle 
the speckle pattern and result in close to zero fidelity11 (see also Sup-
plementary Information). Therefore, in order to claim quantum suprem-
acy we need a quantum processor that executes the program with 
sufficiently low error rates.

Building a high-fidelity processor
We designed a quantum processor named ‘Sycamore’ which consists 
of a two-dimensional array of 54 transmon qubits, where each qubit is 
tunably coupled to four nearest neighbours, in a rectangular lattice. The 

connectivity was chosen to be forward-compatible with error correc-
tion using the surface code26. A key systems engineering advance of this 
device is achieving high-fidelity single- and two-qubit operations, not 
just in isolation but also while performing a realistic computation with 
simultaneous gate operations on many qubits. We discuss the highlights 
below; see also the Supplementary Information.

In a superconducting circuit, conduction electrons condense into a 
macroscopic quantum state, such that currents and voltages behave 
quantum mechanically2,30. Our processor uses transmon qubits6, which 
can be thought of as nonlinear superconducting resonators at 5–7 GHz. 
The qubit is encoded as the two lowest quantum eigenstates of the 
resonant circuit. Each transmon has two controls: a microwave drive 
to excite the qubit, and a magnetic flux control to tune the frequency. 
Each qubit is connected to a linear resonator used to read out the qubit 
state5. As shown in Fig. 1, each qubit is also connected to its neighbouring 
qubits using a new adjustable coupler31,32. Our coupler design allows us 
to quickly tune the qubit–qubit coupling from completely off to 40 MHz. 
One qubit did not function properly, so the device uses 53 qubits and 
86 couplers.

The processor is fabricated using aluminium for metallization and 
Josephson junctions, and indium for bump-bonds between two silicon 
wafers. The chip is wire-bonded to a superconducting circuit board 
and cooled to below 20 mK in a dilution refrigerator to reduce ambient 
thermal energy to well below the qubit energy. The processor is con-
nected through filters and attenuators to room-temperature electronics, 

Qubit Adjustable coupler
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b

10 mm

Fig. 1 | The Sycamore processor. a, Layout of processor, showing a rectangular 
array of 54 qubits (grey), each connected to its four nearest neighbours with 
couplers (blue). The inoperable qubit is outlined. b, Photograph of the  
Sycamore chip.
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Quantum supremacy using a programmable 
superconducting processor

Frank Arute1, Kunal Arya1, Ryan Babbush1, Dave Bacon1, Joseph C. Bardin1,2, Rami Barends1, 
Rupak Biswas3, Sergio Boixo1, Fernando G. S. L. Brandao1,4, David A. Buell1, Brian Burkett1,  
Yu Chen1, Zijun Chen1, Ben Chiaro5, Roberto Collins1, William Courtney1, Andrew Dunsworth1, 
Edward Farhi1, Brooks Foxen1,5, Austin Fowler1, Craig Gidney1, Marissa Giustina1, Rob Graff1, 
Keith Guerin1, Steve Habegger1, Matthew P. Harrigan1, Michael J. Hartmann1,6, Alan Ho1, 
Markus Hoffmann1, Trent Huang1, Travis S. Humble7, Sergei V. Isakov1, Evan Jeffrey1,  
Zhang Jiang1, Dvir Kafri1, Kostyantyn Kechedzhi1, Julian Kelly1, Paul V. Klimov1, Sergey Knysh1, 
Alexander Korotkov1,8, Fedor Kostritsa1, David Landhuis1, Mike Lindmark1, Erik Lucero1,  
Dmitry Lyakh9, Salvatore Mandrà3,10, Jarrod R. McClean1, Matthew McEwen5,  
Anthony Megrant1, Xiao Mi1, Kristel Michielsen11,12, Masoud Mohseni1, Josh Mutus1,  
Ofer Naaman1, Matthew Neeley1, Charles Neill1, Murphy Yuezhen Niu1, Eric Ostby1,  
Andre Petukhov1, John C. Platt1, Chris Quintana1, Eleanor G. Rieffel3, Pedram Roushan1, 
Nicholas C. Rubin1, Daniel Sank1, Kevin J. Satzinger1, Vadim Smelyanskiy1, Kevin J. Sung1,13, 
Matthew D. Trevithick1, Amit Vainsencher1, Benjamin Villalonga1,14, Theodore White1,  
Z. Jamie Yao1, Ping Yeh1, Adam Zalcman1, Hartmut Neven1 & John M. Martinis1,5*

The promise of quantum computers is that certain computational tasks might be 
executed exponentially faster on a quantum processor than on a classical processor1. A 
fundamental challenge is to build a high-!delity processor capable of running quantum 
algorithms in an exponentially large computational space. Here we report the use of a 
processor with programmable superconducting qubits2–7 to create quantum states on 
53 qubits, corresponding to a computational state-space of dimension 253 (about 1016). 
Measurements from repeated experiments sample the resulting probability 
distribution, which we verify using classical simulations. Our Sycamore processor takes 
about 200 seconds to sample one instance of a quantum circuit a million times—our 
benchmarks currently indicate that the equivalent task for a state-of-the-art classical 
supercomputer would take approximately 10,000 years. This dramatic increase in 
speed compared to all known classical algorithms is an experimental realization of 
quantum supremacy8–14 for this speci!c computational task, heralding a much-
anticipated computing paradigm.

In the early 1980s, Richard Feynman proposed that a quantum computer 
would be an effective tool with which to solve problems in physics 
and chemistry, given that it is exponentially costly to simulate large 
quantum systems with classical computers1. Realizing Feynman’s vision 
poses substantial experimental and theoretical challenges. First, can 
a quantum system be engineered to perform a computation in a large 
enough computational (Hilbert) space and with a low enough error 
rate to provide a quantum speedup? Second, can we formulate a prob-
lem that is hard for a classical computer but easy for a quantum com-
puter? By computing such a benchmark task on our superconducting 
qubit processor, we tackle both questions. Our experiment achieves 
quantum supremacy, a milestone on the path to full-scale quantum 
computing8–14.

In reaching this milestone, we show that quantum speedup is achiev-
able in a real-world system and is not precluded by any hidden physical 
laws. Quantum supremacy also heralds the era of noisy intermediate-
scale quantum (NISQ) technologies15. The benchmark task we demon-
strate has an immediate application in generating certifiable random 
numbers (S. Aaronson, manuscript in preparation); other initial uses 
for this new computational capability may include optimization16,17, 
machine learning18–21, materials science and chemistry22–24. However, 
realizing the full promise of quantum computing (using Shor’s algorithm 
for factoring, for example) still requires technical leaps to engineer 
fault-tolerant logical qubits25–29.

To achieve quantum supremacy, we made a number of techni-
cal advances which also pave the way towards error correction. We 
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R = 0.7

<latexit sha1_base64="B62rIdvG9ezB3l+x35HAMekf1VE=">AAAB9HicdVBdSwJBFJ21L7Mvq8dehiQwkGV2s9ZHqZfoSSNN0EVmx1kdnP1oZlYw8Xf00kMRvfZjeuvfNKsGFXXgwuGce7n3Hi/mTCqEPozM0vLK6lp2PbexubW9k9/da8ooEYQ2SMQj0fKwpJyFtKGY4rQVC4oDj9Nbb3iR+rcjKiSLwhs1jqkb4H7IfEaw0pJ71e0X70v161InSI67+QIykX3iWGWYEnRaRimxHKdiQ8tEMxTAArVu/r3Ti0gS0FARjqVsWyhW7gQLxQin01wnkTTGZIj7tK1piAMq3cns6Ck80koP+pHQFSo4U79PTHAg5TjwdGeA1UD+9lLxL6+dKL/iTlgYJ4qGZL7ITzhUEUwTgD0mKFF8rAkmgulbIRlggYnSOeV0CF+fwv9J0zatM9OulwvV80UcWXAADkERWMABVXAJaqABCLgDD+AJPBsj49F4MV7nrRljMbMPfsB4+wSBfpFM</latexit> J
g
(z
,Q

R
,µ

)

<latexit sha1_base64="BBK/jz7jF4Bz0f2I0OKD2iuUkvw=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0xiNb0IRRE8tmDaQhvKZrtpl242YXcj1NDf4MWDIl79Qd78N27aCir6YODx3gwz84KEUaks68MoLC2vrK4V10sbm1vbO+XdvZaMU4GJh2MWi06AJGGUE09RxUgnEQRFASPtYHyV++07IiSN+a2aJMSP0JDTkGKktOTdX1yfNPvlimVazqlrV2FOrLOqlRPbdWsOtE1rhgpYoNEvv/cGMU4jwhVmSMqubSXKz5BQFDMyLfVSSRKEx2hIuppyFBHpZ7Njp/BIKwMYxkIXV3Cmfp/IUCTlJAp0Z4TUSP72cvEvr5uqsOZnlCepIhzPF4UpgyqG+edwQAXBik00QVhQfSvEIyQQVjqfkg7h61P4P2k5pn1uOs1qpX65iKMIDsAhOAY2cEEd3IAG8AAGFDyAJ/BscOPReDFe560FYzGzD37AePsEVgGOZA==</latexit>

z = E/Q

DGLAP like hadron 
fragmentation functions

<latexit sha1_base64="IST3NVLM7INtY0FqrG7YH3v7Ajo=">AAAB+XicdVDLSgNBEJz1bXytevQyGARPYTZG40UQPehRwTwgCWF20kmGzD6Y6RXDEr/EiwdFvPon3vwbZ5MIKlrQUFR1093lx0oaZOzDmZmdm19YXFrOrayurW+4m1tVEyVaQEVEKtJ1nxtQMoQKSlRQjzXwwFdQ8wfnmV+7BW1kFN7gMIZWwHuh7ErB0Upt170+8Ri7byLcYXoB1VHbzbMCKx6UvRLNCDsssYx45fJxkXoFNkaeTHHVdt+bnUgkAYQoFDem4bEYWynXKIWCUa6ZGIi5GPAeNCwNeQCmlY4vH9E9q3RoN9K2QqRj9ftEygNjhoFvOwOOffPby8S/vEaC3eNWKsM4QQjFZFE3URQjmsVAO1KDQDW0hAst7a1U9LnmAm1YORvC16f0f1ItFryjQvG6lD89m8axRHbILtknHimTU3JJrkiFCHJLHsgTeXZS59F5cV4nrTPOdGab/IDz9gny2ZM/</latexit>

Q = 100 GeV

R = 0.2

R = 0.5

Dasgupta, Dreyer, Salam, Soyez `14
 Kaufmann, Mukherjee, Vogelsang `15

Kang, Ringer, Vitev `16
 Dai, Kim, Leibovich `16

Liu, Moch, Ringer `18, `19

<latexit sha1_base64="MUBbrCMFnxl9SdCTfAY8dJWNVT4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frWeM3A==</latexit>

Q

<latexit sha1_base64="owyljniPPv3yTJKZCFn+HQS/KMI=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx6ByCMBQmaHXpgwO7uZmTUhG/7AiweN8eofefNvHGAPClbSSaWqO91dfiy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUx6caBZfYNNwI7MQKaegLbPuT+7nffkKleSQfzTTGfkhHkgecUWOlRr0xKJbcsrsAWSdeRkqQoTYofvWGEUtClIYJqnXXc2PTT6kynAmcFXqJxpiyCR1h11JJQ9T9dHHpjFxYZUiCSNmShizU3xMpDbWehr7tDKkZ61VvLv7ndRMT3PZTLuPEoGTLRUEiiInI/G0y5AqZEVNLKFPc3krYmCrKjA2nYEPwVl9eJ61K2bsuV+pXpepdFkcezuAcLsGDG6jCA9SgCQwCeIZXeHMmzovz7nwsW3NONnMKf+B8/gBO8404</latexit>

QR
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Inclusive jet cross sections
• NLO

<latexit sha1_base64="eCnJNiQy7Xhn6O3fWFl03E+tBbs=">AAAB9HicdVBdSwJBFJ21L7Mvq8dehiQwkGV2s9ZHqZfoSSNN0EVmx1kdnP1oZlYw8Xf00kMRvfZjeuvfNKsGFXXgwuGce7n3Hi/mTCqEPozM0vLK6lp2PbexubW9k9/da8ooEYQ2SMQj0fKwpJyFtKGY4rQVC4oDj9Nbb3iR+rcjKiSLwhs1jqkb4H7IfEaw0pJ71WXF+1L9utQJkuNuvoBMZJ84VhmmBJ2WUUosx6nY0DLRDAWwQK2bf+/0IpIENFSEYynbFoqVO8FCMcLpNNdJJI0xGeI+bWsa4oBKdzI7egqPtNKDfiR0hQrO1O8TExxIOQ483RlgNZC/vVT8y2snyq+4ExbGiaIhmS/yEw5VBNMEYI8JShQfa4KJYPpWSAZYYKJ0Tjkdwten8H/StE3rzLTr5UL1fBFHFhyAQ1AEFnBAFVyCGmgAAu7AA3gCz8bIeDRejNd5a8ZYzOyDHzDePgGEmpFO</latexit>

Ji(z,QR, µ)

• QCD evolution

d�pp!jet+X

d⌘dpT
=

X

ijk

fi/p ⌦ fj/p ⌦Hijk ⌦ Jk

• Factorization

Dasgupta, Dreyer, Salam, Soyez `14
 Kaufmann, Mukherjee, Vogelsang `15

Kang, Ringer, Vitev `16
 Dai, Kim, Leibovich `16

Liu, Moch, Ringer `18, `19

0
0.8 10.60.40.20
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4

6

8

10

R = 0.7

<latexit sha1_base64="B62rIdvG9ezB3l+x35HAMekf1VE=">AAAB9HicdVBdSwJBFJ21L7Mvq8dehiQwkGV2s9ZHqZfoSSNN0EVmx1kdnP1oZlYw8Xf00kMRvfZjeuvfNKsGFXXgwuGce7n3Hi/mTCqEPozM0vLK6lp2PbexubW9k9/da8ooEYQ2SMQj0fKwpJyFtKGY4rQVC4oDj9Nbb3iR+rcjKiSLwhs1jqkb4H7IfEaw0pJ71e0X70v161InSI67+QIykX3iWGWYEnRaRimxHKdiQ8tEMxTAArVu/r3Ti0gS0FARjqVsWyhW7gQLxQin01wnkTTGZIj7tK1piAMq3cns6Ck80koP+pHQFSo4U79PTHAg5TjwdGeA1UD+9lLxL6+dKL/iTlgYJ4qGZL7ITzhUEUwTgD0mKFF8rAkmgulbIRlggYnSOeV0CF+fwv9J0zatM9OulwvV80UcWXAADkERWMABVXAJaqABCLgDD+AJPBsj49F4MV7nrRljMbMPfsB4+wSBfpFM</latexit> J
g
(z
,Q

R
,µ

)

<latexit sha1_base64="BBK/jz7jF4Bz0f2I0OKD2iuUkvw=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0xiNb0IRRE8tmDaQhvKZrtpl242YXcj1NDf4MWDIl79Qd78N27aCir6YODx3gwz84KEUaks68MoLC2vrK4V10sbm1vbO+XdvZaMU4GJh2MWi06AJGGUE09RxUgnEQRFASPtYHyV++07IiSN+a2aJMSP0JDTkGKktOTdX1yfNPvlimVazqlrV2FOrLOqlRPbdWsOtE1rhgpYoNEvv/cGMU4jwhVmSMqubSXKz5BQFDMyLfVSSRKEx2hIuppyFBHpZ7Njp/BIKwMYxkIXV3Cmfp/IUCTlJAp0Z4TUSP72cvEvr5uqsOZnlCepIhzPF4UpgyqG+edwQAXBik00QVhQfSvEIyQQVjqfkg7h61P4P2k5pn1uOs1qpX65iKMIDsAhOAY2cEEd3IAG8AAGFDyAJ/BscOPReDFe560FYzGzD37AePsEVgGOZA==</latexit>

z = E/Q

<latexit sha1_base64="IST3NVLM7INtY0FqrG7YH3v7Ajo=">AAAB+XicdVDLSgNBEJz1bXytevQyGARPYTZG40UQPehRwTwgCWF20kmGzD6Y6RXDEr/EiwdFvPon3vwbZ5MIKlrQUFR1093lx0oaZOzDmZmdm19YXFrOrayurW+4m1tVEyVaQEVEKtJ1nxtQMoQKSlRQjzXwwFdQ8wfnmV+7BW1kFN7gMIZWwHuh7ErB0Upt170+8Ri7byLcYXoB1VHbzbMCKx6UvRLNCDsssYx45fJxkXoFNkaeTHHVdt+bnUgkAYQoFDem4bEYWynXKIWCUa6ZGIi5GPAeNCwNeQCmlY4vH9E9q3RoN9K2QqRj9ftEygNjhoFvOwOOffPby8S/vEaC3eNWKsM4QQjFZFE3URQjmsVAO1KDQDW0hAst7a1U9LnmAm1YORvC16f0f1ItFryjQvG6lD89m8axRHbILtknHimTU3JJrkiFCHJLHsgTeXZS59F5cV4nrTPOdGab/IDz9gny2ZM/</latexit>

Q = 100 GeV

R = 0.2

R = 0.5
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Inclusive jet cross sections

• Phenomenology

CMS, JHEP 12 (2020) 82
see also recent results from ALICE

Liu, Moch, FR `17, 18

<latexit sha1_base64="nFUce0XhydjgXp1oH/rrT1xjE/I=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAI9UKZKaIui27EVQV7gbYMmTQzDc1cmpwRytB3cOOruHGhiFs37nwb03ZAbf0h8POdczg5vxMJrsA0v4zMwuLS8kp2Nbe2vrG5ld/eqaswlpTVaChC2XSIYoIHrAYcBGtGkhHfEazh9K/G9cY9k4qHwR0MI9bxiRdwl1MCGtn5I9ce4PYJvrEHxTb0GBDbO8TH2LW9CfV+qJ0vmCVzIjxvrNQUUKqqnf9sd0Ma+ywAKohSLcuMoJMQCZwKNsq1Y8UiQvvEYy1tA+Iz1UkmN43wgSZd7IZSvwDwhP6eSIiv1NB3dKdPoKdma2P4X60Vg3vRSXgQxcACOl3kxgJDiMcB4S6XjIIYakOo5PqvmPaIJBR0jDkdgjV78rypl0vWWal8e1qoXKZxZNEe2kdFZKFzVEHXqIpqiKIH9IRe0KvxaDwbb8b7tDVjpDO76I+Mj28Zu5vP</latexit>

fq Jq(✓g) + fg Jg(✓g)

• Jet substructure
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Inclusive jets in heavy-ion collisions

• Universality - consistent description 
of multiple observables?

• Factorization - can we systematically extend 
vacuum factorization theorems in vacuum to 
heavy-ion collisions?

<latexit sha1_base64="nFUce0XhydjgXp1oH/rrT1xjE/I=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAI9UKZKaIui27EVQV7gbYMmTQzDc1cmpwRytB3cOOruHGhiFs37nwb03ZAbf0h8POdczg5vxMJrsA0v4zMwuLS8kp2Nbe2vrG5ld/eqaswlpTVaChC2XSIYoIHrAYcBGtGkhHfEazh9K/G9cY9k4qHwR0MI9bxiRdwl1MCGtn5I9ce4PYJvrEHxTb0GBDbO8TH2LW9CfV+qJ0vmCVzIjxvrNQUUKqqnf9sd0Ma+ywAKohSLcuMoJMQCZwKNsq1Y8UiQvvEYy1tA+Iz1UkmN43wgSZd7IZSvwDwhP6eSIiv1NB3dKdPoKdma2P4X60Vg3vRSXgQxcACOl3kxgJDiMcB4S6XjIIYakOo5PqvmPaIJBR0jDkdgjV78rypl0vWWal8e1qoXKZxZNEe2kdFZKFzVEHXqIpqiKIH9IRe0KvxaDwbb8b7tDVjpDO76I+Mj28Zu5vP</latexit>

fq Jq(✓g) + fg Jg(✓g)

d�pp!jet+X

d⌘dpT
=

X

ijk

fi/p ⌦ fj/p ⌦Hijk ⌦ Jk

• Phenomenological approach first

Heavy-ion collisions
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Inclusive jets in heavy-ion collisions

• Heavy-ion

d�
AA!jet+X

dpT d⌘
=

X

a,b,c

fa/A ⌦ fb/A ⌦H
c
ab ⌦ J

med
c

Medium jet functionsInitial state e.g. nPDFs

d�
pp!jet+X

dpT d⌘
=

X

a,b,c

fa/p ⌦ fb/p ⌦H
c
ab ⌦ Jc

µ2 d

dµ2
Ji =

X

j

Pji ⌦ Jj +
1

µ2
�⌦ T

µ2 d

dµ2
Ji =

X

j

Pji ⌦ Jj

• Proton-proton

• Modified evolution not considered here
• Could be constrained phenomenologically

Qiu, FR, Sato, Zurita `19

see also Kang, FR, Vitev `16



QCD factorization in heavy-ion collisionsF. Ringer, YITP January 19, 2022 12

Inclusive jets in heavy-ion collisions

• Introduce medium modified jet function at the jet scale

Qiu, FR, Sato, Zurita `19

• Momentum sum rule

nPDFs             Eskola, Paakkinen, Paukkunen, Salgado `17, Kovarik et al. `16
                     de Florian, Sassot, Zurita, Stratmann `12
nFFs               Sassot, Stratmann, Zurita `10

• Monte Carlo sampling approach

NNPDF `17,  JAM `16

1
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0.80.60.40.20
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R = 0.7

<latexit sha1_base64="B62rIdvG9ezB3l+x35HAMekf1VE=">AAAB9HicdVBdSwJBFJ21L7Mvq8dehiQwkGV2s9ZHqZfoSSNN0EVmx1kdnP1oZlYw8Xf00kMRvfZjeuvfNKsGFXXgwuGce7n3Hi/mTCqEPozM0vLK6lp2PbexubW9k9/da8ooEYQ2SMQj0fKwpJyFtKGY4rQVC4oDj9Nbb3iR+rcjKiSLwhs1jqkb4H7IfEaw0pJ71e0X70v161InSI67+QIykX3iWGWYEnRaRimxHKdiQ8tEMxTAArVu/r3Ti0gS0FARjqVsWyhW7gQLxQin01wnkTTGZIj7tK1piAMq3cns6Ck80koP+pHQFSo4U79PTHAg5TjwdGeA1UD+9lLxL6+dKL/iTlgYJ4qGZL7ITzhUEUwTgD0mKFF8rAkmgulbIRlggYnSOeV0CF+fwv9J0zatM9OulwvV80UcWXAADkERWMABVXAJaqABCLgDD+AJPBsj49F4MV7nrRljMbMPfsB4+wSBfpFM</latexit> J
g
(z
,Q

R
,µ

)

<latexit sha1_base64="BBK/jz7jF4Bz0f2I0OKD2iuUkvw=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0xiNb0IRRE8tmDaQhvKZrtpl242YXcj1NDf4MWDIl79Qd78N27aCir6YODx3gwz84KEUaks68MoLC2vrK4V10sbm1vbO+XdvZaMU4GJh2MWi06AJGGUE09RxUgnEQRFASPtYHyV++07IiSN+a2aJMSP0JDTkGKktOTdX1yfNPvlimVazqlrV2FOrLOqlRPbdWsOtE1rhgpYoNEvv/cGMU4jwhVmSMqubSXKz5BQFDMyLfVSSRKEx2hIuppyFBHpZ7Njp/BIKwMYxkIXV3Cmfp/IUCTlJAp0Z4TUSP72cvEvr5uqsOZnlCepIhzPF4UpgyqG+edwQAXBik00QVhQfSvEIyQQVjqfkg7h61P4P2k5pn1uOs1qpX65iKMIDsAhOAY2cEEd3IAG8AAGFDyAJ/BscOPReDFe560FYzGzD37AePsEVgGOZA==</latexit>

z = E/Q

<latexit sha1_base64="IST3NVLM7INtY0FqrG7YH3v7Ajo=">AAAB+XicdVDLSgNBEJz1bXytevQyGARPYTZG40UQPehRwTwgCWF20kmGzD6Y6RXDEr/EiwdFvPon3vwbZ5MIKlrQUFR1093lx0oaZOzDmZmdm19YXFrOrayurW+4m1tVEyVaQEVEKtJ1nxtQMoQKSlRQjzXwwFdQ8wfnmV+7BW1kFN7gMIZWwHuh7ErB0Upt170+8Ri7byLcYXoB1VHbzbMCKx6UvRLNCDsssYx45fJxkXoFNkaeTHHVdt+bnUgkAYQoFDem4bEYWynXKIWCUa6ZGIi5GPAeNCwNeQCmlY4vH9E9q3RoN9K2QqRj9ftEygNjhoFvOwOOffPby8S/vEaC3eNWKsM4QQjFZFE3URQjmsVAO1KDQDW0hAst7a1U9LnmAm1YORvC16f0f1ItFryjQvG6lD89m8axRHbILtknHimTU3JJrkiFCHJLHsgTeXZS59F5cV4nrTPOdGab/IDz9gny2ZM/</latexit>

Q = 100 GeV
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Inclusive jets in heavy-ion collisions

�2/d.o.f. = 1.1

�2/d.o.f. = 1.7

p
sNN = 2.76 TeV

p
sNN = 5.02 TeV

ATLAS, PRL 114 (2015) 072302
CMS, PRC 96 (2017) 015202

ALICE, PLB 746 (2015) 1

ATLAS, PLB 790 (2019) 108
ALICE preliminary

• Fit to data similar to 
PDFs and fragmentation 
functions

Qiu, FR, Sato, Zurita `19
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In-medium jet functions
Qiu, FR, Sato, Zurita `19

Potentially requires threshold resummation for z ! 1

Small-z region generally 
less constrained

• Suppression at large-z 
compensated for by 
enhancement at small-z
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In-medium quark/gluon fractions

• Quark/gluon fractions defined 
at leading power in 

<latexit sha1_base64="xYFEyJ7Zs5eD7akitlkUffYvDnc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx7xwSMBJLPDLEyYnd3M9JqQDZ/gxYPGePWLvPk3DrAHBSvppFLVne4uP5bCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa65VPDpVC8jgIlb8Wa09CXvOmPrqd+84lrIyL1gOOYd0M6UCIQjKKV7u8eK71iyS27M5Bl4mWkBBlqveJXpx+xJOQKmaTGtD03xm5KNQom+aTQSQyPKRvRAW9bqmjITTednTohJ1bpkyDSthSSmfp7IqWhMePQt50hxaFZ9Kbif147weCymwoVJ8gVmy8KEkkwItO/SV9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Xq7cnpWqV1kceTiCYzgFDy6gCjdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwB1AaNgQ==</latexit>

R2

• Should be the same for all JSS 
observables measured on an 
inclusive jet sample

• Significant shift toward quark 
jets in the medium

<latexit sha1_base64="nFUce0XhydjgXp1oH/rrT1xjE/I=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAI9UKZKaIui27EVQV7gbYMmTQzDc1cmpwRytB3cOOruHGhiFs37nwb03ZAbf0h8POdczg5vxMJrsA0v4zMwuLS8kp2Nbe2vrG5ld/eqaswlpTVaChC2XSIYoIHrAYcBGtGkhHfEazh9K/G9cY9k4qHwR0MI9bxiRdwl1MCGtn5I9ce4PYJvrEHxTb0GBDbO8TH2LW9CfV+qJ0vmCVzIjxvrNQUUKqqnf9sd0Ma+ywAKohSLcuMoJMQCZwKNsq1Y8UiQvvEYy1tA+Iz1UkmN43wgSZd7IZSvwDwhP6eSIiv1NB3dKdPoKdma2P4X60Vg3vRSXgQxcACOl3kxgJDiMcB4S6XjIIYakOo5PqvmPaIJBR0jDkdgjV78rypl0vWWal8e1qoXKZxZNEe2kdFZKFzVEHXqIpqiKIH9IRe0KvxaDwbb8b7tDVjpDO76I+Mj28Zu5vP</latexit>

fq Jq(✓g) + fg Jg(✓g)
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Inclusive jet RAA - radius dependence

• CMS measurement

• Hadron RAA for 
<latexit sha1_base64="0aAonbSbSUxD175umHjryHcTN2A=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUV+4B2KJk008bmMSQZoQz9BzcuFHHr/7jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJR/sOKGhwAPJYkawdVLzvmsV8nulsl/xZ0DLJMhJGXLUe6Wvbl+RVFBpCcfGdAI/sWGGtWWE00mxmxqaYDLCA9pxVGJBTZjNrp2gU6f0Uay0e9Kimfp7I8PCmLGI3KTAdmgWvan4n9dJbXwVZkwmqaWSzD+KU45cxGl01GeaEsvHjmCimbsVkSHWmFhXUNGVECxGXibNaiW4qFTvzsu167yOAhzDCZxBAJdQg1uoQwMIPMIzvMKbp7wX7937mI+uePnOEfyB9/kDycCOng==</latexit>

R ! 0

• Could be included in an updated fit

CMS, JHEP 05 (2021) 284
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Applications to jet substructure
• Leading & inclusive subjets in pp

Figures from J. Mulligan, LHCP `21https://alice-figure.web.cern.ch/node/19990

see Dai, Kim, Leibovich `16
Kang, FR, Waalewijn `17

Neill, FR, Sato `21

<latexit sha1_base64="TC40LujjiQ7YUje1M67BFWXAfuk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48VmlpoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJFNM04xiOlA8ogzaqzkp73mo+qVK27VnYOsEi8nFcjR6JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrVrVu6zW7i8q9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fvpuOpg==</latexit>

prT

<latexit sha1_base64="MGnZIO+VM3j315y153+arjY2GEs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSox6JXjyiYYEEVtItXWjodpu2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5oeRMG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNUEeqThCeqE2JNORPUN8xw2pGK4jjktB2Ob2d++4kqzRLRNBNJgxgPBYsYwcZKvuw3Hx/65YpbdedAq8TLSQVyNPrlr94gIWlMhSEca931XGmCDCvDCKfTUi/VVGIyxkPatVTgmOogmx87RWdWGaAoUbaEQXP190SGY60ncWg7Y2xGetmbif953dRE10HGhEwNFWSxKEo5MgmafY4GTFFi+MQSTBSztyIywgoTY/Mp2RC85ZdXSatW9S6rtfuLSv0mj6MIJ3AK5+DBFdThDhrgAwEGz/AKb45wXpx352PRWnDymWP4A+fzB44bjoY=</latexit>

pRT

<latexit sha1_base64="qUasbRw6kVzL7MDxpZUtt6qFHP8=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiZF1I1QdOOySl/QxjCZTtqhkwczE6EN/RI3LhRx66e482+ctFlo64F7OZxzL3PneDFnUlnWt7Gyura+sVnYKm7v7O6VzP2DlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o9vMbz9RIVkUNtQ4pk6AByHzGcFKS65ZmrjiOnYbj+Is6w+uWbYq1gxomdg5KUOOumt+9foRSQIaKsKxlF3bipWTYqEY4XRa7CWSxpiM8IB2NQ1xQKWTzg6fohOt9JEfCV2hQjP190aKAynHgacnA6yGctHLxP+8bqL8KydlYZwoGpL5Q37CkYpQlgLqM0GJ4mNNMBFM34rIEAtMlM6qqEOwF7+8TFrVin1Rqd6fl2s3eRwFOIJjOAUbLqEGd1CHJhBI4Ble4c2YGC/Gu/ExH10x8p1D+APj8wcpeJLF</latexit>

zr = prT /p
R
T

https://alice-figure.web.cern.ch/node/19990
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• Subjet modification in AA

<latexit sha1_base64="5K8RDHOdW0CF4GIbPgvJ9YlLJ1U="></latexit>

d�

dpTd⌘dzr
⇠

X

abcd

fa ⌦ fb ⌦Habc ⌦ J
med
cd ⇥ J

med
d (zr)

• Extracted from inclusive jet data alone
• Test of universality

Applications to jet substructure

<latexit sha1_base64="qUasbRw6kVzL7MDxpZUtt6qFHP8=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiZF1I1QdOOySl/QxjCZTtqhkwczE6EN/RI3LhRx66e482+ctFlo64F7OZxzL3PneDFnUlnWt7Gyura+sVnYKm7v7O6VzP2DlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o9vMbz9RIVkUNtQ4pk6AByHzGcFKS65ZmrjiOnYbj+Is6w+uWbYq1gxomdg5KUOOumt+9foRSQIaKsKxlF3bipWTYqEY4XRa7CWSxpiM8IB2NQ1xQKWTzg6fohOt9JEfCV2hQjP190aKAynHgacnA6yGctHLxP+8bqL8KydlYZwoGpL5Q37CkYpQlgLqM0GJ4mNNMBFM34rIEAtMlM6qqEOwF7+8TFrVin1Rqd6fl2s3eRwFOIJjOAUbLqEGd1CHJhBI4Ble4c2YGC/Gu/ExH10x8p1D+APj8wcpeJLF</latexit>

zr = prT /p
R
T
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• Subjet modification in AA

<latexit sha1_base64="5K8RDHOdW0CF4GIbPgvJ9YlLJ1U="></latexit>

d�

dpTd⌘dzr
⇠

X

abcd

fa ⌦ fb ⌦Habc ⌦ J
med
cd ⇥ J

med
d (zr)

• Extracted from inclusive jet data alone
• Test of universality

Figure from J. Mulligan, LHCP `21

https://alice-figure.web.cern.ch/node/19990

Applications to jet substructure

https://alice-figure.web.cern.ch/node/19990
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Applications to jet substructure
• Momentum sharing fraction zg, no 

sensitivity to medium jet functions
• Groomed radius Rg, medium jet 

functions and pT broadening

ALICE, 2107.12984

<latexit sha1_base64="nFUce0XhydjgXp1oH/rrT1xjE/I=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAI9UKZKaIui27EVQV7gbYMmTQzDc1cmpwRytB3cOOruHGhiFs37nwb03ZAbf0h8POdczg5vxMJrsA0v4zMwuLS8kp2Nbe2vrG5ld/eqaswlpTVaChC2XSIYoIHrAYcBGtGkhHfEazh9K/G9cY9k4qHwR0MI9bxiRdwl1MCGtn5I9ce4PYJvrEHxTb0GBDbO8TH2LW9CfV+qJ0vmCVzIjxvrNQUUKqqnf9sd0Ma+ywAKohSLcuMoJMQCZwKNsq1Y8UiQvvEYy1tA+Iz1UkmN43wgSZd7IZSvwDwhP6eSIiv1NB3dKdPoKdma2P4X60Vg3vRSXgQxcACOl3kxgJDiMcB4S6XjIIYakOo5PqvmPaIJBR0jDkdgjV78rypl0vWWal8e1qoXKZxZNEe2kdFZKFzVEHXqIpqiKIH9IRe0KvxaDwbb8b7tDVjpDO76I+Mj28Zu5vP</latexit>

fq Jq(✓g) + fg Jg(✓g)

Factorization
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Outline
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• Introduction

• QCD factorization in heavy-ion collisions

• Quantum simulations of open quantum systems

• Conclusions
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Quantum computing

see talk by Bert de Jong

• Simulation of open quantum systems

• Extension of 2-level system

…

• Universal gate set: single-qubit rotations and CNOT

See also e.g. Cohen, Lamm, Lawrence, Yamauchi `21, Barata, Salgado `21
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Computational complexity

Adapted from Scott Aaronson
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Computational complexity

Adapted from Scott Aaronson

• Scalar field theory

Jordan, Lee, Preskill `10-`14

• Standard Model/QCD?

Focus on isolated phase space, 
jets, and low energy

Significant resources at 
high energies

<latexit sha1_base64="Z69SUuilatyCdVVrwFvXYnHC0xQ="></latexit>

|hX|U(t, t0)|AAi|2
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• Spontaneous chiral symmetry breaking

• Confining potential       <latexit sha1_base64="nY0kxrXp7iQKIEYvdGXqQV9OIms=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYJpPvlil/150CrJMhJBXI0+uWv3kCRVFBpCcfGdAM/sWGGtWWE02mplxqaYDLGQ9p1VGJBTZjNr52iM6cMUKy0K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4OMyaT1FJJFovilCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUMmFECy/vEpatWpwWa3dX1TqN3kcRTiBUziHAK6gDnfQgCYQeIRneIU3T3kv3rv3sWgtePnMMfyB9/kDTJCO9A==</latexit>⇠ r

Schwinger `62

Loshaj, Kharzeev `13

• Model for hadronization & string breaking in QCD e.g. Pythia

• Anomalous soft photon production

• 1+1 dimensional version of QED

• Simplest field theory with fermions and a U(1) gauge field

Schwinger model
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Hamiltonian of the Schwinger model

• Time continuous, 1-dimensional spatial lattice

• Continuum limit
<latexit sha1_base64="YkiZKSlWFR5Wt5R+e3o5oM9k7zo=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWaKqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPRA4nHMvueeEieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+nfntJ6YNV/LBThIWxGQoecQpsU5qkZ5V2OuXK17VmwOvEj8nFcjR6Je/egNF05hJSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo5LEzATZ/NopPnPKAEdKuyctnqu/NzISGzOJQzcZEzsyy95M/M/rpja6DjIuk9QySRcfRanALuIsOh5wzagVE0cI1dzdiumIaEKtK6jkSvCXI6+SVq3qX1Zr9xeV+k1eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx2K0gPKdY/gD9PkD4MeOrQ==</latexit>

a ! 0

<latexit sha1_base64="y+E5NZTGVv3VGGCB+cFn6wa9How=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSk23X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSbtW9S6rteZFpX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH3mVjLU=</latexit>

0
<latexit sha1_base64="zHBWRLDzXH0HFBDjgHx+1w5cWyo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSk2vX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSbtW9S6rteZFpX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH3sZjLY=</latexit>

1
<latexit sha1_base64="vfqg6frcggLX7u7ZzKlYIgSaO9Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSs1av1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7olJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jUZcIXMiIkllClubyVsRBVlxmZTsiF4yy+vknat6l1Wa82LSv0mj6MIJ3AK5+DBFdThDhrQAgYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP3ydjLc=</latexit>

2
<latexit sha1_base64="Wnlp6HOqmSw5YPGB4Pp9sj19jM0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6iqIVFwMYyAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB+IYy4</latexit>

3

e.g.

Kogut, Susskind `70s

• Study real-time evolution
<latexit sha1_base64="IuiEjXskANDqLimh7nOwK8/SlfU=">AAACKXicbZBNSwMxEIazftb6VfXoJVgEPVh2RdSLUPTSY0VbhbaWbDpbg9nskswKZe3f8eJf8aKgqFf/iGm7iFYHAi/PO8NkXj+WwqDrvjsTk1PTM7O5ufz8wuLScmFltW6iRHOo8UhG+tJnBqRQUEOBEi5jDSz0JVz4NycD/+IWtBGROsdeDK2QdZUIBGdoUbtQvmvGRmzhdlMz1ZVwRGt0hNxvBFfpjqCVdnrWp9gfc9uFoltyh0X/Ci8TRZJVtV14bnYinoSgkEtmTMNzY2ylTKPgEvr5ZmIgZvyGdaFhpWIhmFY6vLRPNy3p0CDS9imkQ/pzImWhMb3Qt50hw2sz7g3gf14jweCwlQoVJwiKjxYFiaQY0UFstCM0cJQ9KxjXwv6V8mumGUcbbt6G4I2f/FfUd0vefmn3dK9YPs7iyJF1skG2iEcOSJlUSJXUCCf35JG8kFfnwXly3pyPUeuEk82skV/lfH4BDo2l6g==</latexit>

| (t)i = U | (0)i = e�iHSt| (0)i
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Hamiltonian of the Schwinger model
Kogut, Susskind `70s

• Time continuous, 1-dimensional spatial lattice

• Continuum limit
<latexit sha1_base64="YkiZKSlWFR5Wt5R+e3o5oM9k7zo=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWaKqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPRA4nHMvueeEieDGet43Kqytb2xuFbdLO7t7+wflw6OWUammrEmVULoTEsMEl6xpuRWsk2hG4lCwdji+nfntJ6YNV/LBThIWxGQoecQpsU5qkZ5V2OuXK17VmwOvEj8nFcjR6Je/egNF05hJSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo5LEzATZ/NopPnPKAEdKuyctnqu/NzISGzOJQzcZEzsyy95M/M/rpja6DjIuk9QySRcfRanALuIsOh5wzagVE0cI1dzdiumIaEKtK6jkSvCXI6+SVq3qX1Zr9xeV+k1eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx2K0gPKdY/gD9PkD4MeOrQ==</latexit>

a ! 0

Different constraints e.g. zero 
momentum

<latexit sha1_base64="Wr/D53DHGEHmKll3dPegGYJI+TQ=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqswUUTdC0Y3LCvYBnaFk0kwbmsmEJCOUob/hxoUibv0Zd/6NmXYW2nogcDjnXu7JCSVn2rjut1NaW9/Y3CpvV3Z29/YPqodHHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyV3ud5+o0iwRj2YqaRDjkWARI9hYyfdjbMZhlE1mN+6gWnPr7hxolXgFqUGB1qD65Q8TksZUGMKx1n3PlSbIsDKMcDqr+KmmEpMJHtG+pQLHVAfZPPMMnVlliKJE2ScMmqu/NzIcaz2NQzuZZ9TLXi7+5/VTE10HGRMyNVSQxaEo5cgkKC8ADZmixPCpJZgoZrMiMsYKE2NrqtgSvOUvr5JOo+5d1hsPF7XmbVFHGU7gFM7Bgytowj20oA0EJDzDK7w5qfPivDsfi9GSU+wcwx84nz/jkpGX</latexit>

k = 0
<latexit sha1_base64="UcOAEHDSHqCmGblzUQENZZ8m8Jg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuKSqIUPTiSSrYD2iXkk2zbWg2uyRZoSz9EV48KOLV3+PNf2Pa7kFbHww83pthZp4fC66N43yj3Mrq2vpGfrOwtb2zu1fcP2jqKFGUNWgkItX2iWaCS9Yw3AjWjhUjoS9Yyx/dTv3WE1OaR/LRjGPmhWQgecApMVZqnXWv8P11tVcsOWVnBrxM3IyUIEO9V/zq9iOahEwaKojWHdeJjZcSZTgVbFLoJprFhI7IgHUslSRk2ktn507wiVX6OIiULWnwTP09kZJQ63Ho286QmKFe9Kbif14nMcGll3IZJ4ZJOl8UJAKbCE9/x32uGDVibAmhittbMR0SRaixCRVsCO7iy8ukWSm75+XKQ7VUu8niyMMRHMMpuHABNbiDOjSAwgie4RXeUIxe0Dv6mLfmUDZzCH+APn8AjseOaQ==</latexit>

, N = 4

Savage et al. `18
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The string-breaking mechanism

• Model of the hadronization

• Real-time evolution

• Vacuum evolution

• Study as an OQS in progress

in preparation

see also Magnifico et al.
Berges et al.

<latexit sha1_base64="3DxPmasXH1kOrr+tZC2V7hRLk7E=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkpSRF0WRXBZwV6giWUynbRDJ5MwMxFL6Ku4caGIW1/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evn1Qaas4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/P6p1HKhWLxb2eJNSP8FCwkBGsjdW3Kx7HYsgpunmoezLHvl11ak4utAxuAVUo1OzbX94gJmlEhSYcK9VznUT7GZaaEU6nZS9VNMFkjIe0Z1DgiCo/y2+fohPjDFAYS/OERrn7eyLDkVKTKDCdEdYjtVibmf/VeqkOL/2MiSTVVJD5ojDlSMdoFgQaMEmJ5hMDmEhmbkVkhCUm2sRVNiG4i19ehna95p7X6ndn1cZVEUcJjuAYTsGFC2jALTShBQSe4Ble4c2aWi/Wu/Uxb12xiplD+CPr8wdXJpP/</latexit>

hE2i
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Open quantum systems

• Couple system to a thermal environment

• Schwinger model + thermal scalar field theory

• Yukawa-type interaction

• Non-equilibrium dynamics

• Eventually approximates thermalization

where

where

Jong, Lee, Mulligan, Ploskon, FR, Yao `21
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Open quantum systems

• Time evolve the density matrix - von Neumann equation

• Trace out environmental degrees of freedom

• Assume environment is in thermal equilibrium

• Can be formally solve as

<latexit sha1_base64="lpycPXD/61FAtJzzEntzvGhEqng=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwNcwUUTdC0Y3LCvYBnWHIpGkbmsmEJCOUaf/Cjb/ixoUibnXn35hOZ6GtBy73cM69JPdEglGlXffbKq2srq1vlDcrW9s7u3v2/kFLJanEpIkTlshOhBRhlJOmppqRjpAExREj7Wh0M/PbD0QqmvB7PRYkiNGA0z7FSBsptB1fDhN4BX2VxiGHIuQTXygacl8iPmDEZ3mDc3ES2lXXcXPAZeIVpAoKNEL7y+8lOI0J15ghpbqeK3SQIakpZmRa8VNFBMIjNCBdQzmKiQqy/K4pPDFKD/YTaYprmKu/NzIUKzWOIzMZIz1Ui95M/M/rprp/GWSUi1QTjucP9VMGdQJnIcEelQRrNjYEYUnNXyEeIomwNlFWTAje4snLpFVzvHOndndWrV8XcZTBETgGp8ADF6AObkEDNAEGj+AZvII368l6sd6tj/loySp2DsEfWJ8/cFqgIQ==</latexit>

⇢ =
X

n

pn| nih n|

with

see talks by Yukinao Akamatsu, 
Nora Brambilla, Michael Strickland
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Hamiltonian of the Schwinger model

• Work in the Quantum Brownian Motion limit

• Lindblad equation for

Markovian approximation

Valid if

<latexit sha1_base64="Wr/D53DHGEHmKll3dPegGYJI+TQ=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqswUUTdC0Y3LCvYBnaFk0kwbmsmEJCOUob/hxoUibv0Zd/6NmXYW2nogcDjnXu7JCSVn2rjut1NaW9/Y3CpvV3Z29/YPqodHHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyV3ud5+o0iwRj2YqaRDjkWARI9hYyfdjbMZhlE1mN+6gWnPr7hxolXgFqUGB1qD65Q8TksZUGMKx1n3PlSbIsDKMcDqr+KmmEpMJHtG+pQLHVAfZPPMMnVlliKJE2ScMmqu/NzIcaz2NQzuZZ9TLXi7+5/VTE10HGRMyNVSQxaEo5cgkKC8ADZmixPCpJZgoZrMiMsYKE2NrqtgSvOUvr5JOo+5d1hsPF7XmbVFHGU7gFM7Bgytowj20oA0EJDzDK7w5qfPivDsfi9GSU+wcwx84nz/jkpGX</latexit>

k = 0

with

Jong, Lee, Mulligan, Ploskon, FR, Yao `21
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Quantum algorithm for non-unitary evolution

see also e.g. Cleve, Wang `16
Hu, Xia, Kais `20

Jong, Metcalf, Mulligan, Ploskon, FR, Yao `20
Metcalf, Kemper, Jong et al. `21

• Time evolve the density matrix instead of pure states

• Stinespring dilation theorem

• Evolve for           in small time steps
<latexit sha1_base64="pgpCV8JT9HJNl/qO+OTJoiUBb/g=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14l1Uqvfn5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGRv4+r</latexit>

�t
<latexit sha1_base64="b48vc01lP60nLxgZ9CX7M6T8ehA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFN66kgn1AO5RMmmlDk8yYZApl6He4caGIWz/GnX9jpp2Fth64cDjn3uTeE8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxreZ355QpVkkH800pr7AQ8lCRrCxkn/fT3tKIDIlnM765YpbdedAq8TLSQVyNPrlr94gIomg0hCOte56bmz8FCvDsvdKvUTTGJMxHtKupRILqv10vvQMnVllgMJI2ZIGzdXfEykWWk9FYDsFNiO97GXif143MeG1nzIZJ4ZKsvgoTDgyEcoSQAOmKDF8agkmitldERlhhYmxOZVsCN7yyaukVat6l9Xaw0WlfpPHUYQTOIVz8OAK6nAHDWgCgSd4hld4cybOi/PufCxaC04+cwx/4Hz+ALfpkhM=</latexit>

Ncycle

where
<latexit sha1_base64="UIMBzYzfz+B/QD4QNek8J/aMPVs=">AAACBHicbVA9SwNBEN3zM8avqGWaxSDYGO6CqI0Q1EJSRfCSQBLD3maSLNn7cHdOCEcKG/+KjYUitv4IO/+Nm49CEx8MPN6bYWaeF0mh0ba/rYXFpeWV1dRaen1jc2s7s7Nb0WGsOLg8lKGqeUyDFAG4KFBCLVLAfE9C1etfjvzqAygtwuAWBxE0fdYNREdwhkZqZbJuq3QOd8mRoKWGvleYNK5AIqM4HLYyOTtvj0HniTMlOTJFuZX5arRDHvsQIJdM67pjR9hMmELBJQzTjVhDxHifdaFuaMB80M1k/MSQHhilTTuhMhUgHau/JxLmaz3wPdPpM+zpWW8k/ufVY+ycNRMRRDFCwCeLOrGkGNJRIrQtFHCUA0MYV8LcSnmPKcbR5JY2ITizL8+TSiHvnOQLN8e54sU0jhTJkn1ySBxySorkmpSJSzh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MH9eGXrg==</latexit>

UJ = e�iJ
p
�t

<latexit sha1_base64="yyyir1OTDxxJyLudWiiyVAXhFZI=">AAACCnicbZC7SgNBFIZnvcZ4W7W0GQ2CjWE3iNoIQS0sFU0UsnGZnZzokNmLM2eFsGxt46vYWChi6xPY+TZOki28/TDw8Z9zOHP+IJFCo+N8WmPjE5NT06WZ8uzc/MKivbTc1HGqODR4LGN1GTANUkTQQIESLhMFLAwkXAS9w0H94g6UFnF0jv0E2iG7jkRXcIbG8u21hp8d+2f5PlxlW4Ia9PStwsw7AomMYp77dsWpOkPRv+AWUCGFTnz7w+vEPA0hQi6Z1i3XSbCdMYWCS8jLXqohYbzHrqFlMGIh6HY2PCWnG8bp0G6szIuQDt3vExkLte6HgekMGd7o37WB+V+tlWJ3r52JKEkRIj5a1E0lxZgOcqEdoYCj7BtgXAnzV8pvmGIcTXplE4L7++S/0KxV3Z1q7XS7Uj8o4iiRVbJONolLdkmdHJMT0iCc3JNH8kxerAfryXq13katY1Yxs0J+yHr/Aqb2mkI=</latexit>

UHS = e�iHS

p
�t

• Time-irreversible

Jong, Lee, Mulligan, Ploskon, FR, Yao `21
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Simulation on IBMQ

• Readout and gate error mitigation

• 6 qubits with up to 200 CNOT and 500 

single-qubit gates

• Approximate preparation of thermal 

state from non-equilibrium dynamics

see talk by Bert de Jong

• Vacuum fluctuations

Electric field

Jong, Lee, Mulligan, Ploskon, FR, Yao `21
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Outline

• Introduction

• QCD factorization in heavy-ion collisions

• Quantum simulations of open quantum systems

• Conclusions



ConclusionsF. Ringer, YITP January 19, 2022

Conclusions

35

• Exploration of QCD factorization in heavy-ion collisions
• Medium jet functions
• Motivates further theory studies

• Quantum computing may allow for first principles 
simulations of QCD scattering

• Open quantum systems
• Development in early stages
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Factorization for zg

36

Cal, Lee, FR, Waalewijn `21

with


