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Motivation:

1, Quarks and gluons carry color charge and can not travel freely. Once
generated in high-energy collisions, quarks, and gluon would fragment into
numerous particles.

2, Deep learning can promote the development of high-energy physics.

3, Exploring the application of quantum technologies to jet clustering is key to

fostering innovation for quantum computing and high-energy physics.

Contents:

1. Jet Origin Identification (JOI)
2. Application of Quantum Approximate Optimization Algorithm (QAOA) to Jet

Clustering



Jet Origin Identification

categorizes jets into 5 quarks (b, ¢, s, u, d), 5 anti-quark (1_9, C,S, U, cZ), and gluon
= jet flavor tagging + jet charge measurement + s-quark tagging + gluon finding.
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To enhance the scientific discovery power of high-energy collider experiments, we propose and realize
the concept of jet-origin identification that categorizes jets into five quark species (b, c,s,u,d), five
antiquarks (1_9, c,s, ﬁ,c_i), and the gluon. Using state-of-the-art algorithms and simulated vvH, H — jj
events at 240 GeV center-of-mass energy at the electron-positron Higgs factory, the jet-origin identification
simultaneously reaches jet flavor tagging efficiencies ranging from 67% to 92% for bottom, charm, and
strange quarks and jet charge flip rates of 7%-24% for all quark species. We apply the jet-origin
identification to Higgs rare and exotic decay measurements at the nominal luminosity of the Circular
Electron Positron Collider and conclude that the upper limits on the branching ratios of H — s5, uit, dd and
H — sb,db, uc, ds can be determined to 2 x 107 to 1 x 1073 at 95% confidence level. The derived upper
limit for H — s5 decay is approximately 3 times the prediction of the standard model.
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Abstract Quarks (except top quarks) and gluons produced
in collider experiments hadronize and fragment into sprays
of stable particles, called jets. Identification of quark flavor
is desired for collider experiments in high-energy physics,
relying on flavor tagging algorithms. In this study, using a
full simulation of the Circular Electron Positron Collider
(CEPC), we investigate the flavor tagging performance of two
different algorithms: ParticleNet, based on a Graph Neural
Network, and LCFIPlus, based on the Gradient Booted Deci-
sion Tree. Compared to LCFIPlus, ParticleNet significantly
enhances flavor tagging performance, resulting in a signifi-
cant improvement in benchmark measurement accuracy, i.e.,
a 36% improvement for 0 (ZH) - Br(Z — vv, H — cc)
measurement and a 75% improvement for | V., | measurement
via W boson decay, respectively, when the CEPC operates as
a Higgs factory at the center-of-mass energy of 240 GeV and
collects an integrated luminosity of 5.6 ab—!. We compare the
performance of ParticleNet and LCFIPlus at different vertex
detector configurations, observing that the inner radius is the
most sensitive parameter, followed by material budget and
spatial resolution.

light on the properties of massive SM particles and is criti-
cal for experimental exploration at the high-energy frontier.
Flavor tagging is used to distinguish jets which hadronize
from quarks of different flavors or from gluons. To promote
the development of future electron-positron Higgs factories,
which is regarded as a high priority future collider [4], accu-
rate performance analysis and optimization of both detectors
and algorithms are essential. Jet flavor tagging and relevant
benchmark analyses serve as good objectives.

The Circular Electron Positron Collider (CEPC) [5] is a
large-scale collider facility that was proposed after the dis-
covery of the Higgs boson in 2012. It is designed to have a cir-
cumference of 100km with two interaction points. It will be
able to operate at multiple center-of-mass energies, including
240 GeV as a Higgs factory, 160 GeV for a W+ W~ thresh-
old scan, and 91 GeV as a Z factory. It also can be upgraded
to 360 GeV for a ¢7 threshold scan. Table 1 summarizes its
baseline operating scheme and the corresponding boson yield
predictions [6]. One of the main scientific objectives of the
CEPC is the precise measurement of properties of the Higgs
boson. Additionally, trillions of Z — gg events can provide
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Full Simulated vvH, Higgs to two jets sample at CEPC baseline configuration: CEPC-v4 detector,

1 Million samples each, 60/20/20% for training, validation & test
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jet represented as :

Graph = (Vertices, Edges)

Construct GNN
with "message passing”




the ParticleNet and input features

input features :

Table 3 The input variables used in ParticleNet for jet flavor tagging
at the CEPC
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Variable Definition

An Difference in pseudorapidity between the
particle and the jet axis

A¢ Difference in azimuthal angle between the
particle and the jet axis

logP, Logarithm of the particle’s P;

logE Logarithm of the particle’s energy

log% Logarithm of the particle’s P; relative to
the jet P;

log ﬁ Logarithm of the particle’s energy relative
to the jet energy

AR Angular separation between the particle
and the jet axis

dy Transverse impact parameter of the track

doperr Uncertainty associated with the
measurement of the d

20 Longitudinal impact parameter of the
track

Zoerr Uncertainty associated with the
measurement of the zg

Charge Electric charge of the particle

isElectron Whether the particle is an electron

isMuon Whether the particle is a muon

isChargedKaon Whether the particle is a charged Kaon

isChargedPion Whether the particle is a charged Pion

isProton Whether the particle is a proton

isNeutralHadron Whether the particle is a neutral hadron

isPhoton Whether the particle is a photon
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the performance of jet origin identification

ParticleNet algorithm attaches each jet with 11 likelihoods corresponding to 11 types of jets.

Then the jet type is determined according to the maximum likelihood.
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Figure 5. The percentages of species of final state leading charged particles within the b jet (left)
and the b jet (right) by WHIZARD 1.95.
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Benchmark physics analyses

Begin with the existing analyses of viH, H — bb/cé/gg, (arXivi2203.01469) and combining the jet origin identification, we
obtain the upper limits on branching ratios of seven Higgs rare and FCNC hadronic decay modes.

100 3 - 100
1@ Relative uncertainty, HL-LHC S2 BN 95% CL upper limit, CEPC [
]mmm Relative uncertainty, CEPC i

TABLE 1. Summary of background yields from H — bb/c¢/ gg,

Z, and W prior to the flavor-based event selection, along with the

107 - - 1071 expected upper limits on Higgs decay branching ratios at 95% CL
: ; under the background-only hypothesis.

10-2 mproved by 2 times:_ 10-2 Bkg (10°) Upper limits on Br (1072)

mproved by 1-2 ¢rder of magitude H Z W s§ ui dd sb db uc ds
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FIG. 5. Expected upper limits on the branching ratios of rare and A. Soffer, Phys. Rev. D 101, 115005 (2020),

Higgs boson decays from this Letter (green) and the relative arXiv:1811.09636 [hep-ph].
uncertainties of Higgs couplings anticipated at CEPC [19] (blue) \ & G
and HL-LHC [43] (orange) under the kappa-0 fit scenario [54] [44] A. Albert et al., “Strange quark as a probe for new

; ) s i physics in the higgs sector,” (2022), arXiv:2203.07535
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Comparison between different physics processes

Z = qGaty/s =912 GeV
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The jet origin identification performance agrees with each other, especially in the fiducial barrel
region of the detector for the flavor tagging performance of b, ¢, and s.
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Comparison between different hadronization models

1.0
w1 0o, v vy | PYThio-6.4
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041 RN\t
The jet origin identificaion performanc
0.2 - agrees with each other, especially for b,
c, and s jets, while exhibits small but
visible differences for u and d jefts.
0.0
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A Novel Quantum Realization of Jet Clustering in High-Energy Physics
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MaxCut problem

undirected graph G = (V, E)
V: set of vertices

L set of edges

w;; > 0: the weight of the edge (ij) € E Phys. Rev. X 10,021067

goal: partition the graph vertices into two complementary subsets to

maximize the total weight of edges with two vertices belong to two
A4

subsets C(x) = Z szxi(l — xj)
ij=1
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A collision event can be represented as a graph

particles as vertices
the angle of two particles as the edge weight
only the k leading large edges are retained (k-regular graph)




the process of AQC:

1, define the Hamiltonian: /(7)) = (1 — s(7))H}, + s()H ~ and let our quantum system

evolve under it, U(t) = re o HDT,

2, We discretize U(T) into intervals At small enough that the Hamiltonian is
approximately constant over each interval.
3, Let U(b, a) represent time evolution from time a to time b

P P
UT0)=UT,T—AU(T — At, T —2A1)... U(AL,0) = H U(jAL, (j — DAY = He—iH(jAt)At
J=1 j=1
P p p
U(T,0) ~ H o —i(1=s(JAN)HpA? ,—is(JANH AT _ H o—iBpHpp—ivpHe — H UD 8) lA]c )
J=1 j=1 =1

Thus we can approximate AQC by repeatedly letting the system evolve under H - for

some time y; and then H, for some time ,BJ
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QAOA for MaxCut problem

P P
. . A A (a) Variational parameters
~ —ifp,H,  —iypH~ __ -
1. U(T,0) ~ He bpHpe=irpHe = HUD(,BJ-)UC(}{,-) [(ﬁ.ﬁ)—(ql ..... ~,,,.31.....3,,)%: ﬂ
j=1 j=1 @ @ Measure
" [+ ®© e ®© 'Xﬂp'-=3.5-g
. — H <. HX . HX3z H o o 3
2. Hy:B= Y o ) 5 HXe 3 ﬂp—-=9/><\§.
- Qm ; Qm ; ; Qm =
A SR

3. HC:C— Y. Wl -oiod)
(lJ)EE

4. Initialize the system in the state |s) = | + )®" = sze(o 1y | x)

V2"
5. Construct the circuit (ansatz) by applying the unitaries 0C(7/j) and U D(,BJ-) repeatedly P times
6. The final state output by the circuit is |yp(y, f)) = 0D(ﬂp)l7c(yp) e lA]D(,Bl)lA]C(yl) | s)
/. The expectation value PAIC with respect to the state |yp(y, [)) is calculated through repeated measurements (1024
times in this analysis) of the final state on the computational basis, F(y, ) = (wp(y, ) |PAIC | wp(y, )

8. A classical optimization algorithm is employed to iteratively update the parameters y and f to find the optimal set of

parameters (y*, /) such that the expectation value Fp(y, /) is maximized.
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samples and the criteria of jet clustering performance

4000 e*e™ — ZH — vuss with 30 particles

quark 1 jet 2
ay > ay
jet 1 quark 2

criterionis @ = a; + a,



compare jet clustering performance obtained by QAOA,
e ek, and k-Means

0 QAOA simulation

0.175 T
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o
o
w
o
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0.025
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This comparison highlights the potential of the QAOA in the jet clustering problem.
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Conduct on the Baihua processor

e 123 operational qubits
relaxation time 1’} of 73.994 us

. dephasing time T; of 29.02 us

° f t f . | - t t . y CEEEL D N O (e 50.9553 & H(0.977){s 50.99136 Hm0) g 0:98350.981
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SHARESIT
o

z

DO PNFYe LIS

(2.317) (1.472)

ete™ — ZH — vuss with 6 particles
compiled QAOA circuit on Baihua processor reaches a depth of 26 with
34 CNOT gates and 27 single-qubit gates.
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180 eTe™ — ZH — viss with 6 particles
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B Quafu quantum hardware
0 QAOA simulation
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o
o
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For this small-sized problem, the quantum hardware can achieve similar
performance to a noiseless quantum computer simulator.
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Summary

* We proposed and developed a jet origin identification algorithm for jet flavor
tagging and jet charge measurement, and achieved significant improvement in the
measurement of Higgs rare and FCNC decay.

* The rapid development of quantum algorithms and hardware devices enables the
execution of small-scale but representative applications on quantum computers for
fundamental sciences. By mapping collision events into graphs, we have obtained
promising results in applying QAOA to jet clustering.
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23



the performance of jet origin identification

jet flavor is defined as max(b+ b, c +¢, s+ 5, u+ i, d+d, g)
jet charge is assigned by comparing the quark and anti-quark likelihoods of the corresponding flavor
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To understand the impact of PID, three scenarios are
compared.

1, assumes perfect identification of charged leptons (£*)
2, further assumes perfect identification of the charged

hadrons (K¥)
3, on top of the second scenario, assumes perfect

identification of K; and K.
default scenario: 2 scenario, based on:

Eur. Phys. J. C 80, 7 (2020)

Journal of Instrumentation 16, P0O6013
(2021)
Eur. Phys. J. C 78, 464 (2018)

Eur. Phys. J. C 83, 93 (2023)

Nucl. Instrum. Meth. A 1047, 167835
(2023)
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5&itron Collider. The accelerated e™

See the event as a graph,
where particles as nodes and
P (a) angle of two particles as edge.
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The collision of ¢ and ¢~ can generate The quarks and gluons would With jet clustering and other
quarks, gluons, and leptons. immediately transform into techniques, the related physics
collimated particle sprays known analyses can be performed.

as jets.



jet clustering performace v.s. QAOA depth (P) and k-value
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