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Overview

Qubit Type

Superconducting

Pros/Cons
Pros: High gate speeds and
fidelities. Can leverage standard
lithographic processes. Among
first qubit modalities so has a
head start.

Cons: Requires cryogenic
cooling; short coherence times;
microwave interconnect
frequencies still not well
understood.
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Trapped lons

Pros: Extremely high gate
fidelities and long coherence
times. Extreme cryogenic
cooling not required. lons are
perfect and consistent.

Cons: Slow gate times/
operations and low connectivity
between qubits. Lasers hard to
align and scale. Ultra-high
vacuum required. lon charges
may restrict scalability.
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Photonics

Pros: Extremely fast gate
speeds and promising fidelities.
No cryogenics or vacuums
required. Small overall footprint.
Can leverage existing CMOS
fabs.

Cons: Noise from photon loss;
each program requires its own
chip. Photons don't naturally

interact so 2Q gate challenges.
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Computing

Neutral Atoms

Pros: Long coherence times.
Atoms are perfect and
consistent. Strong connectivity,
including more than 2Q. External
cryogenics not required.

Cons: Requires ultra-high
vacuums. Laser scaling
challenging.
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Pros: Leverages existing
semiconductor technology.
Strong gate fidelities and
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by quantum computers
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Advantage

Programming

import cirq

# Pick a qubit
qubit = cirq.GridQubit()

# Create a circuit

Silicon speeds. e -
Spin/Quantum | Cons: Requires cryogenics. Q d i ra cirq.measure(qubit,
Dots Only a few entangled gates to- 2, q )

date with low coherence times.
Interference/cross-talk
challenges.

QUANTUM
% MOTION

QUANTUM, -
BRILLIANCNE';

Error Correction

%)

oS D, ot Mo Y o Do, Wi Chen e, i Pe”,

i Han Lus™, Sam Qin'”, Diam W, Xing Ding', Y1 Hu', Pang Mo’
“Mao L7, Yo L, Xino Kang?>, Lin Gan,
ML L, Chao-Vang L7, Aan We Pant

fQuantum computational advantage using photons
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print("Circuit:")
print(circuit)

# Simulate the circuit
simulator = cirq.Simula
result = simulator.run()
print(*Results:*)
print(result)
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Introduction---IBM Quantum Computer

IBM Quantum

Quantum algorithm and application modules

Machine Learning | Natural science | Optimization | Finance

Eagle spre ondor Flamingo Kookaburra
127 qubits ubits , ubits 1,386+ qubits 4,158+ qubits

L I

[‘“‘/ 'u‘m AAGH

IBM has ambitious pursuits:
° 433-qubits IBM Quantum Osprey

Readout assignment error v

o Three times larger than the Eagle processor (127-qubits)
° Going up to 10k-100k qubits.

v
GEEENNNNS——

CNOT error v

TIME . .
Credited to Thomas Prior for TIME Now, IBM provides up to 127 qubits for free.

Avg 1.208e-2
-
o———
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https://time.com/6249784/quantum-computing-revolution/?utm_source=twitter&utm_medium=social&utm_campaign=editorial&utm_term=tech_security&linkId=198703144

Introduction---Origin Quantum Computer

‘ Job Scheduling System ‘—

T Classical Computer

Xq[1]
Xql2] i
CNOT ql21,q[1] J Quantum-classical

Hybrid Program

Quantum Compiler f

Quantum Scheduling System |

| Quantum Circuit Compilation |

=

y SN —
Classical computing H 5

22 H Quantum Computer
tasks |

@® Quantum
computing tasks
alibration tasks

& Quantum Resource
Quantum

Management

Origin wuyuan:
o The first “practical quantum computer” in China.

Fidelity average 0.99915 Fidelity average 0.9808

. . - -
o 24-qubits with own control system.

min: 0.999 max: 0.9993 min: 0.9707 max: 0.9909

Origin wuyuan provide up to 6 qubits for free. ‘
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Overview

Quantum Information Science

Quantum
computing
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Simulation

Outline of today

Applications of quantum computing in HEP T N
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o Simulation e !

o Parton shower correlations i ;

o Lattice QCD 2% ,’«.;;if"-
o Reconstruction

o Particle tracking
o Analysis

o Higgs analyses

o SUSY search

o

Reconstruction

Analysis

3 35F 4 =
Progress has been very rapid here. I
E 25:_— Signal + Background All categories _:
E) E In(1+S/B) weighted sum E
s
S
E
@
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Outline of today

Theory

Real-time
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Introduction---SVM

SVM: Max margin

Usually done using the dual(think Lagrangian multipliers)

Results in building a kernel matrix.

K | K| K Maximise this

2
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http://luojinping.com/2018/04/14/Stanford-Machine-Learning-7-SVM/

Introduction---SVM feature map

High dimensional mapping 9

x = ()" = p(x) = (x,xD)7

& I S Separation
QQ\\\ @q;\? possible
?s

Separation
Impossible
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Introduction---SVVM code

import numpy as np

from sklearn import datasets

from sklearn.model_selection import train_test split

from sklearn.preprocessing import StandardScaler

from sklearn.svm import SVC

from sklearn.metrics import classification_report, accuracy_score

# [IEEIEE

iris = datasets.load_iris()
X = iris.data

y = iris.target

# BHEE

X_train, X _test, y_train, y_test = train_test_split(X, y, test _size=0.3, random_state=42)

# BEtm i
scaler = StandardScaler()

X_train = scaler.fit_transform(X_train)
X_test = scaler.transform(X_test)

# s vMiRE
model = SVC(kernel="linear', C=1.9)
model.fit(X_train, y_train)

# P
y_pred = model.predict(X_test)

# ISR
print(classification_report(y_test, y_pred))
print("Accuracy:', accuracy_score(y_test, y pred))
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What we can do?

10y ———
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What we can do?

https://arxiv.org/abs/2212.07279

Quantum

Classical
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https://arxiv.org/abs/2212.07279

QSV M » Code path: /cefs/higgs/shaqy/Quantum/QC_HEP/For_tutorial/QSVM

» Env: source /hpcfs/cepc/higgsgpu/shagy/miniconda/etc/profile.d/conda.sh
SVC: Conda activate Qjskit

1. use your own defined kernels by
passing a function to the kernel parameter.

>»» import numpy as np

>>> from sklearn import svm

>>> def my_ kernel(X, Y):
return np.dot(X, Y.T)

2. YOU can paSS pre_computed kernels >»> clf = svm.SvC(kernel=my kernel)
by using the kernel="precomputed" option. P ———
You should then pass Gram matrix instead of 2 Fron e e e e et toer eptit

X to the fit and predICt methOdS- The kernel ;Zi ;:05 ik;{;izciggzgii:&m(n_samples:le, random_state=e)
. . _train , X test , y train, y test = train_test split(X, y, random_state=e)
values between all training vectors and the 35 I < svm.SVC(kernel=" precompited") Py ’
. >>> # Linear Rernel computation
teSt VeCtorS mUSt be prOV|ded: >»> gram_train = np.dot(X _train, X train.T)

>»> clf.fit(gram train, y train)

SVC(kernel="precomputed")
>>> # predict on training examples

>»> gram _test = np.dot(X test, X train.T)
>»> clf.predict(gram test)
array([0, 1, 6])
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https://scikit-learn.org/stable/modules/svm.html#custom-kernels

Data encoding and processing -

Pauli-X (X) x} —&- [ 3]
T TN et o TN
Dataset " - 4 .
ey B Feature map (Quantum Device) O] pauiy (v) -y} s
-
= — E " ; A I Q
00 80 OgCe I 0 —{rH R ) HA) ] g Pauli-Z (2) -z b -]
T I E R &
0 0 _e0 0gCe ‘w e Xk | 0) i 22 | Ry () | 7d g A% 0 Hadamard (H) H— %[ -]
/O_.._Q_o_o_._.ob\ gl v 2 |« \ )\ Ay o
coeg®weoy—N\o x £ % B\ Phase (S, P) s} Y
\_,_____‘_—O-_'____‘_/ o % H| \ . M Q - O o
19l 5 &% E A IR R - iz By B IS
O O @0 O O. o . X & 0.0 S 1 0
% & R ol e n/8 (T) Tk [ er]
(800 80,9607 < & 4 o 10) T R(2- 2 H Ry | zd & e
© 0,9 g Al %o T ol ¢ M Controlled Not —— [ﬁ 1o Eil
w g h? %X ) R 2) [ R () & E' 8 (CNOT, CX) b 0 0 1 0
O O _e0 0OgCe & E: —— 10 0
Oo.ogo Co g0 = 0 R ) H =) - [~ Controlled Z (CZ) 4|—£ [ﬁ o1 a
Lebo%ge do - I
C ) L
Quantum Kernel estimation SWAP X [ﬂ T oo
2 a 0 o0 o0 1
k(% X)) = |(d>(i’,)| ()|
ot .
(CCNOT, —— 5 0 0 5 1 0 8 o
CCX, TOFF) —— EEEREEE

®Encodingthe ete™ - ZH — qqyy (signal)and e*e™ — (Z/y*)yy (background)

@ Six variables are passed through preliminary mapping and then passed to a quantum circuit for evaluation.

@ The Quantum support-vector machines kernel (QSVM-Kernel) is evaluated for each data point and the rest.
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Feature map and quantum kernel estimation

Quantum feature map determines the QSVM-Kernel:

» ldentical layers
» Single-qubit rotation gates

» Two-qubits CNOT entangling gates

Rotation Depth Events Best AUC Variation
R, (2 23) + Ry(z;) 0.935 0.009
R.(x;) + Ry(a;) 0.933 0.015
Ry (25) + Ry (a5) 9 5000 0.932 0.015
R.(2;) + Rz (a}) 0.932 0.014
Ry (45) 0.928 0.008
R, (x3) 0.928 0.008

by
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by
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by
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—

by
—

2024/8/4

Lo h g EE

|0) ———

0y ———

|0)

10) ————

|0y ———

|0) ———

U('b (:F_—; )

H;,(:Eﬁ)

199088

QSVM-Kernel estimation:

» Using 6 variables mapped to 6-qubit
» The expectation of each data point

k(xs, 75) = ‘<0®N|u;?(ﬂ
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AUCs as function of the event

» The QSVM-Kernel and classical SVM classifiers with different dataset size from 1000 to 12500 events.

» The quoted errors are the standard deviations for AUCs calculated from several shuffles of the dataset.
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Performance of the quantum simulator

» The performance of the QSVM-Kernel using State-vector-simulator from IBM and the classical SVM.

» Use 12500 events for both signal and backgrounds.

0.0k
0.8

= : : : : : : : : : R
= H H H H H H H H H A

Background rejection

0.3 E

0.2 - QSVM-kernel (AUC - 0.940 + OOOT]'

O [ Classical SVM (AUC = 0.947 # 0.002).-o ]

00 0.1 0.2 0.3 04 05 06 07 08 09 1
Signal efficiency
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Performance of the real quantum computers

» IBM Nairobi & Origin Wuyuan quantum computer hardware

» Use 100 events for both signal and backgrounds.

> M e
Use 6 qubits. i)
[

@Q

O

y—

LS.

@Q

Qubit Door Average Fidelity ® (7 gate average fidelity o
Readout assignment error v 0—0_6 g
AvE2:7008:2 Fidelity average 0.99915 Fidelity average 0.9808 E

) n

e min:0.999  max: 0.9993 min: 09707  max: 0.9909 ﬁ

L]

(N

I
—0—0 0000090

IBM Nairobi quantum  Origin Wuyuan quantum
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How to do it

» Official Tutorial: pyQPanda
» Code path: /cefs/higgs/shagy/Quantum/QC_HEP/For_tutorial

Set up: Requirements:

» pip install Linux

pygpanda software version » Env: source /hpcfs/cepc/higgsgpu/shagy/miniconda/etc/profile.d/conda.sh
Gec >=5.4.0 conda activate QT _re (conda deactivate)
Python >=37.0&8&<=390

» Everything is similar as IBM:

» Only three steps: Use IBM Qiskit to generate QSVM kernel (gen_qgasm.py shown in the next page.)

QASM(Quantum Assembly Language): —_—

}

Convert QASM to program in wuyuan
Get the kernel matrix.

The same way as IBM:
2024/8/4 Use classical way to get results.



https://pyqpanda-toturial.readthedocs.io/zh/latest/index.html

How to do it

Same as IBM tutorial:

> Create a feature map and kernel using Qiskit Different part: (In red frame.)
)

random.RandomState(C

rng = np.

e > Save the dataset into a file(txt or .csv)
backend = BasicAer.get_backend("statevector_simulator")

feature_map_cus customised feature_ maps.FeatureMap(num_qubits=6, depth=1, degree=1, entanglement="full', inverse=False)

» For different (i,j) in train/test dataset:
i in range(1) » Generate a QASM file.

seed 2022

e > One file represent a feature map for one point in
data = pd.read_csv("sample_%d.csv" % 1) kernel matriX

train = data[0:100] :

test = data[100:200]

OPENQASM 2.0;
include "gelib1.inc";
greg q[6];

creg c[6];

u2(0,pi) q[o].

train.pop('tag')
test.pop('tag')

train_data train. to_numpy()
test_data test. to_numpy()
X_train train_data

X_test test_data

rz(0.522150994) q[0];
q_backend = QuantumInstan ce(hacm:n shots=10, seed_simulatc , seed_transpiler ne) u3(0.261075497,0.0,0.0) q[lj] :
q_kernel QuantumKernel ( feature_map=feature "ap CUs, qua E q_backend) _

u3(0.658964753,0.0,0.0) q[0],
gsvm_kernel_matrix_train = gq_kernel.evaluate(x vec=X_train) rz{1.317929506) q[0].
gsvm_kernel_matrix_test g_kernel.evaluate(x_vec=X_test, y vec=X_train) "

. 12(0,p1 0
np.asmatrix(qsvm_kernel_matrix_train) L pL) '3|[ ]
np.asmatrix(gsvm_kernel matrix_test) uz(o, p1) '3|[ 1]
, y : : rz(0.845885038) q[1].
X arameterVector('x', length=t
. 3 GATEAD .
y = ParameterVector('y', length=6) u3(0.422942519,0.0,0.0) q[1];
circuit = q_kernel.construct_circuit(x,y) u3(0.0224528909,0.0,0.0) g[1]1;
circuit = q_backend.transpile(circuit)[0] FEI::.':|443|:'5?F3‘E:| L{“ :
i range(100): u2(0,p1) q[1];
] range(100):
f open("all_gasm_train/gasm_%d_Sd.txt"%(1i,j), 'w")
cirtemp circuit.assign_parameters({x:X_train[i], y:X_train[j]}, inplace=False)
f.write(cirtemp.gasm()) ch 21

f.close()



How to do it

» Apply a key in the OriginQ website.(One key
can run 1000 jobs in one day.)

pygpanda

run(i, j):

- . . . . QCM = QCloud()

» Apply X qubits and classical bits which used QCM. init_qvm("58DCD70A14814A4DB73ACFSC8F854FA2"
to save the result.

N oAl lac
i

1list = QCM.gAlloc_many( -
QCM.cAlloc_many(5
init_quantum_machine(QMachineType.CPU
gvm.init_qvm

» Convert QASM to program.

» Use real_chip_type:origin_wuyuan_d5 to result = QCM.real_chip_measu

ure ;:n"cx.:;_t!'an:? '

run. (Only d4 and d5 can use, d5 is better)

"job failed" i,]

€ result['00000']
open("results_train_try/result_%d_

» The value with [‘00000] is the point of e A0 ARG R
kernel matrix. Save it. e B

" main__":

2024/8/4 Qiyu Sha shagiyu@ihep.ac.cn

prog trans, qv, c\ convert_gasm_to_gprog("all_

gasm_train/qasm_%d_%d.txt"%(1, ]

avm

real_chip_type.origin_wuyuan_d5

22



How to do it

» Import the kernel matrix.

» Then use the classical svc to get the final results, generate AUC
value and draw plots.

el="precomputed")

st_label oh, predictions[:,

Qiyu Sha shagiyu@ihep.ac.cn 23




Quantum transformer

» Quantum Transformer:
» At the core of any Transformer sits the so-called Multi-Headed Attention.

» We apply three different linear transformations Wy, Wk, and Wy, to each

element of the input sequence to transform each element embedding into
some other internal representation states called Query (Q), Key (K)

and Value (V). These states are then passed to the function that calculates
the attention weights, which is simply defined as:

QK™
vy

» To promote the Transformer from the classical to quantum real, one can
simply replace the linear transformations Wy, Wy, and Wy, with variational

guantum circuits.

Attention(Q, K, V) = softmaxy( )V

~

-
Feed
Forward

CQutput
Probabilities

Add & Norm

Multi-Head
Attention

L

Positional
Encoding

2 2
\
Add & Norm
Add & Norm Masked
ulti-Head ) Multi-Head
< L Attention Attention
A } A__t
\ ) 9 —
QRS e
Input Qutput
Embedding Embedding
Inputs Qutputs
(shifted right)

Positional
Encoding

Figure 1: The Transformer - model architecture.
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Code detall

Quantum transformer: (This code following here)

self.n_qubits = n_qubits

> The MultiHeadAttentionQuantum block self.n_qlayers = n_qlayers

self.g_device = g_device

self.head_dim = embed_dim // num_heads
» Change the linear transformations e o
- self.dev = gml.device(g_device, wires=self.n_gubits, gpu=True)
elif 'braket' in g_device:
self.dev = gml.device(g device, wires=self.n_gubits, parallel=True)
else:
self.dev = gml.device(g_device, wires=self.n_qubits)
def _circuit(inputs, weights):
for i in range(n_gubits):
gml.Hadamard{wires=1i)

class MultiHeadAttentionClassical(MultiHeadattentionBase): gml.AngleEmbedding{inputs, wires=range(n_gubits))
def __init_ (self,

gml.BasicEntanglerLayers{weights, wires=range({n_gubits))
embed_dim: int,

num_heads: int, return [gml.expval(gml.PauliZ{wires=1}) for i in range(n_qubits)]
dropout=8.1, e — T
mask=None, r/’“‘EEIF.qlayer = gml.QNode{_circuit, self.dewv, interface="to;:;:Yhhﬁ“‘w\

bias=False):
use_bias-False) \“uagglf.weight_shapes = {"weights": {(n_qlayers, n_qubits)} J,,f*/
SRS P

——— ——

super(MultiHeadAttentionClassical, self)._ init_ (embed_dim=embed_dim, num_heads=num_heads, dropout=dropout, mask=mask, use_bias=use_bias)

.Linear(embed_dim, embed_dim, bias=use_bias) #draw plots
self.g_linear = nn.Linear(embed_dim, embed_dim, bias=use_bias) weights _ np.r‘andnm.r‘andom{[n_qlayers, n_qubits])
self.v_linear = nn.Linear(embed_dim, embed_dim, bias=use_bias)

self.combine_heads = nn.lLinear(embed_dim, embed_dim, bias=use_bias) X = np.randum.rand(ﬁ)

f.head_dim = embed_dim // num_heads print(gml.draw(self.glayer, expansion_strategy="device")}{X,weights))

def forward(self, x, mask=None): . . . -

¢ s ) print(f"weight_shapes = (n_glayers, n_qubits) = {{n_glayers}, {self.n_gqubits})")
batch_size, seq_len, embed dim = x.size()
zszert embed_dim == self.embed_dim, f"Input embedding ({embed_dim}) does not match laver embedding size ({self.embed_dim})" e

_4—'—'_'_'_— —_—__\—_
self k-timEéar = gml.gnn.Torchlaver(self.glayer, self.weight_shapesy——7_

K = self.k_linear(x} self.g_linear = gml.gnn.Torchlayer(self.glayer, self.weight_shapes)

Q = self.q_linear(x)

] self,v_linear = gml.gnn.Torchleyver({self.glayer, self.weight_shapes)
W o= self.v_linear(x)

ine_heads = gml.gnn.Torchleyver{self.glayer, self.weight_sh
. —— _'_'_,_:—'_'_'_'_'_'_
% = self.downstream{Q, K, V, batch_size, mask)

output = self.combine_heads(x)

return output
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https://github.com/shaqiyu/Quantum_transformer/blob/main/Qtransformer.py
https://arxiv.org/pdf/2110.06510.pdf
class MultiHeadAttentionQuantum(MultiHeadAttentionBase):

Quantum transformer model

» We make use of Xanadu’s PennyLane quantum machine learning library to add quantum layers.

» Add a function to the class and performs the quantum calculation (with a circuit) .

» Wrap this circuit with a “QNode” to tell TensorFlow how to calculate the gradient with the parameter-shift
rule.

Using quantum device default.qubit

): —H—RX(0.28)—RX( t}-94‘1—| ®
1: —H—RX(0.58)—RX(0.01)— X— |.—
: —H—RX(0.42)—RX(0.41) ﬂ‘-'-—|"'.7

LA
o

LA
o

1 —H—RX(0.25)—RX(0.60) |.—
4: —H—RX(1.00)—RX(0.47)———— X
: —H—RX(0.48)—RX(0.18)

AL T L T L
o

LA
o

» Finally, we create a KerasLayer to handle the I/O within the hybrid neural network.(W,, Wk, and Wy)
Other part is same as the classical transformer.

» https://github.com/shagiyu/Quantum_transformer
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https://pennylane.ai/qml/glossary/parameter_shift
https://github.com/shaqiyu/Quantum_transformer

How to work

» Download miniconda

» conda create -n env_name(Change the name as you want) root==6.24.00 python=3.8.6 -c conda-forge
» pip install -r requirment/*
Or:

source /hpcfs/cepc/higgsgpu/shagy/miniconda/etc/profile.d/conda.sh

if __pame_ == '__main__":

Conda aCtiVate QT_re parser = argparse.Ar‘ng.lmentParser'()

parser.add_argument('-D", '--g_device', default="default.qubit’, type=str) #Fix
parser.add_argument('-B", '--batch_size', default=32, type=int) #Fix for now.
> - - parser.add_argument('-E*, '--n_epochs', default=1@, type=int) #Fix for now, change after fix all hyperparameters
Python traln teSt-pv (Change the Optlon) parser.add_argument('-C", '--n_classes', default=2, type=int) #Fix
o S parser.add_argument('-1", '--1r', default=0.881, type=float) #Changeable

parser.add_argument('-v", '--vocab_size', default=5, type=int)
parser.add_argument('-e", '--embed_dim', default=6, type=int)
parser.add_argument('-f", '--ffn_dim', default=2848, type=int) #hidden layer dimension of feedforward networks. Changeable
parser.add_argument(’'-t", '--n_transformer_blocks', default=2, type=int) #Changeable
parser.add_argument(’-H"', '--n_heads', default=2, type=int)
parser.add_argument('-q", '--n_qubits_transformer', default=8, type=int) #6 for Quantum
parser.add_argument('-Q", '--n_gubits_ffn', default=8, type=int) #6 for Quantum
parser.add_argument('-L", '--n_glayers', defasult=1, type=int) # For Quantum
parser.add_argument(’-d", '--dropout_rate', default=8.1, type=float) #Changeable, but for few ewvents, 8.1 is good

args = parser.parse_args()

Mum_dataset = 20000

if args.n_gubits_transformer > @:
Type_model = "Quantum”

else:
Type_model = "Classical™
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https://github.com/shaqiyu/Quantum_transformer/blob/main/train_test.py

Quantum transformer

» The dataset we used now is the CEPC MC sample

» ete” - ZH — qqyy (signal)and ete™ — (Z/y*)yy (background)
» Simulator: Pennlylane default device.
» Time consuming: O(n), ~80 mins in CPU for 10k dataset with one epoch and one block(Q _layer).

» Current results (Use CPU): ~76% acc on validation dataset both in Quantum transformer and
classical transformer in 20k dataset (10k train, 10k val).

c 1 g e e
. o E
> Quantum: EEENE § "
Info in <TCanvas::Print>: pdf file ./plot/ROCs/ROC_10000_train.pdf has been created -gJ—’. 0-9:
Infe in <TCanvas::Print=: pdf file ./plot/ROCs/ROC_10000_val.pdf has been created _‘5 08:
Epoch: 88 | Epoch Time: 140m 18s S Ur
Train Loss: ©.510 | Train Acc: 76.24% o 073
Val. Loss: ©.500 | Val. Acc: 76.52% 2
Q L
c‘g 0.6¢
» Classical: 0sl
0.4-
pdf file ./plot/R rain_Classical.pdf has been created 0_35
>: pdf file . /plo al_Classical.pdf has been created F
0s 0.2 Quantum Transformer (AUC = 0.844)
Train Lo | Train Acc: 7¢ . -
7 | Vval. Acc: 77.66% 0.1 oo Transformer (AUC = 0.861)
0 0102 03 04 05 06 0.7 08 09 1

Signal efficiency
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