H-g2lE@)2 - %Tr [0,0,0]0] +h.c]+ ﬁll’ Image courtesy of N. Klco and S. Trieu
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Era of precision physics

Standard Model Production Cross Section Measurements Status: February 2022

ATLAS Preliminary
Vs =5,7,8,13 TeV

Theory

» High-precisiondata z,.

LHC pp Vs =13 TeV

 Many observables probed at

pvqs(} . — Data 3 139 fb
- 10° S ATL-PHYS-PUB-2022-009
precent level precision LHC pp V5 =8 TeV
104 0nz=o0 _ Data 20.2 - 20.3fb?!
3 40,
10° F B mf;’c;v!f? O,-0 O LHCpp Vs=7 TeV
C o a ng A_;?fv' X. o Bl o022 4549
o 102 | & 4o B3 °vd§"f;§ Ty o e e
» QCD cor. requirement | - a0l TadisecTe -
3 = B, g e B O H#Dnn w
I A O mza ‘o - 4o
* Most processes: N2LO ! b SR o x P50l 8 %0 5 8
10-1 ‘I 85 ‘o R (s H M-y |A°= B0
L4 4 nz8 tZj o H—-2Z
* Many processes: N3LO “ we @ > a g
. 10_2 n=7 W=5 "i7 n“ - =] s ﬁuo :i” wWew
« Some processes: N4LO 3 o Ty T 2Te e g
10—3 n>6 H—at Mq l i DO\ez
A fewprocesses: N5LO o
PP Jets 7 w z tt  t VW ¥ H Hii VH Vy tiv ttH _Wwv 777 Yyyzst:{j VVij
t. tot. VBF tot. ty ij t“t“tt "_.wwewx

EWK

> A “billion-dollar project”

Courtesy of Yan-Qing Ma

« LHC cost about 10 billion dollars

* |Itis waste of money unless having high-precision computation

Ying-Ying Li (Z=555%)
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History of one-loop FIs computation

» Analytical results up to 4 points

Scalar One Loop Integrals
Gerard 't Hooft (Utrecht U.), M.J.G. Veltman (Utrecht U.) (Nov, 1978)
Published in: Nucl.Phys.B 153 (1979) 365-401

l 't Hooft  Veltman

» Numerical stable version, implemented in FF package

G.J. van Oldenborgh (NIKHEF, Amsterdam), J.A.M. Vermaseren (NIKHEF, Amsterdam) (Oct, 1989)
Published in: Z.Phys.C 46 (1990) 425-438

New Algorithms for One Loop Integrals |

800¢
. —LO
700"
i QCD (N)NNLO
E 500' — QCD (N)NNLO + O(hyy, Agy)

(_From 1970s

70000000 Lo

g H

DOO0000 <L -ocopens

ALLLILL LI

9 s H

DOOOOO - -t mmmop oo
(28 2

~

Courtesy of Yan-Qing Ma

i 2-1] 22| 23| 24| 25| 26

NLO *K&k*x *kkx Hhkhkk Khkhkk Khkk Khkxk
N2LO *%x* *% * ? ?

N3LO & * * ?

N4LO * 2

N5LO ?

DCT/pt (ms) 0.12 0.19 0.47 2.73 7.89
Total time . : . .
(CPU) <1lmin <1lmin <3min 3min 12h

-
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History of one-loop FIs computation

e . ol 201 | 252 | 293 | 254 | 25| 296
Quantum algorithm for Feynman loop integrals

[arXiv:2105.08703]

Courtesy of Yan-Qing Ma

Selomit Ramirez-Uribe,>"¢ Andrés E. Renteria-Olivo,* German Rodrigo,* German F.
R. Sborlini%¢ and Luiz Vale Silva“

I N - 750000600 S | \ o || | \ — e NS NS =

Variational quantum eigensolver for causal loop Feynman diagrams and directed acyclic

raphs
[arXiv:2210.13240] grap

Giuseppe Clemente,!>* Arianna Crippa,!> T Karl Jansen,!' ¥ Selomit Ramirez-Uribe,?3:4:8 Andrés
E. Renterfa-Olivo,?* ¥ Germéan Rodrigo,? ** German F. R. Sborlini,> % " and Luiz Vale Silva®

200
100 e
2 2 0 7 1 e o8 0
LY
Q—“rom 1970s D

Ying-Ying Li (Z=555%) 4
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IR
Courtesy of Yan-Qing Ma
History of one-loop FIs computation
>

B ] ! ol 201 | 252 | 293 | 254 | 25| 296
Quantum algorithm for Feynman loop integrals

[arXiv:2105.08703]

Selomit Ramirez-Uribe,>"¢ Andrés E. Renteria-Olivo,* German Rodrigo,* German F.
R. Sborlini%¢ and Luiz Vale Silva“

I N - 750000600 S | \ o || | \ — e NS NS =

Variational quantum eigensolver for causal loop Feynman diagrams and directed acyclic

raphs
[arXiv:2210.13240] grap

Giuseppe Clemente,!>* Arianna Crippa,!> T Karl Jansen,!' ¥ Selomit Ramirez-Uribe,?3:4:8 Andrés
E. Renterfa-Olivo,?* ¥ Germéan Rodrigo,? ** German F. R. Sborlini,> % " and Luiz Vale Silva®

200
100

e s =L T All order perturbative
K
A . . D)
From 19705 5 calculations: convergence

Ying-Ying Li (Z=555%) 5
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History of one-loop FIs computation

» Analytical results up to 4 points

Scalar One Loop Integrals
Gerard 't Hooft (Utrecht U.), M.J.G. Veltman (Utrecht U.) (Nov, 1978)
Published in: Nucl Phys.B 153 (1979) 365-401

't Hooft  Veltman

» Numerical stable version, implemented in FF package

New Algorithms for One Loop Integrals
G.J. van Oldenborgh (NIKHEF, Amsterdam), J.A.M. Vermaseren (NIKHEF, Amsterdam) (Oct, 1989)
Published in: Z.Phys.C 46 (1990) 425-438

800
- —LO
700
6005— — QCD (N)NNLO
E 5008 QCD (N)NNLO + O(A},, A%
& 400¢
2 400
“& 300
o i G e

g—“rom 1970s

Courtesy of Yan-Qing Ma

g g

g H

DOOVOOO L e ey

ALLLILL LI

9 s H

DOOOOO - -t mmmop oo
(28 2

&[S

‘A

A

W(C) ~ exp(—=5(C))

_ X0OW(e)

(0)

2. WI(C)

)
[ — Experiment
[ ) Width
4 + I Lattice QCD
[ il =
; I E(,(. Q(-(' —‘(,;'
o 3
£ | — -
= | -_— 0 =
2 2 — Z(} E(- ‘ Z(* ¢
——y —_
. =
A2
N

(.From 1970s

J I |

+5i8

-
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History of one-loop FIs computation

» Analytical results up to 4 points

» » — AN ——
Scalar One Loop Integrals /ﬂlﬁj; J‘\ 7 H\ Z\‘ }‘i ﬂ‘ 7::' D
Gerard 't Hooft (Utrecht U.), M.J.G. Veltman (Utrecht U.) (Nov, 1978) ) JV JD :L. EE °
Published in: Nucl.Phys.B 153 (1979) 365-401 ‘tHooft  Veltman

o® o0 | 4
> Numerical stable version, implemented in FF package ° o0 @0 ;0
[ 1) )
(]
New Algorithms for One Loop Integrals .‘o, . . ‘e%0 0/ o ®
G.J. van Oldenborgh (NIKHEF, Amsterdam), J.A.M. Vermaseren (NIKHEF, Amsterdam) (Oct, 1989) .. L] Py @ ° [ 1™ A g o ©
)

Published in: Z.Phys.C 46 (1990) 425-438 A b4 . @ @)

Courtesy of Yan-Qing Ma

e W(C) ~ exp(—=5(C))

oo G 0y — L0 (©)

%WJ¢,H ZC W(C)

h b 5 L] .‘ ..’ . A ‘ @ Meson
3 _— e . M J ) aryon
| —— Experiment 4 b @ %gee o° :fingba,m
800 C :] VV]dth Q cece : oo © Heavy Flavour
A e 4 | I Lattice QCD o From PYTHIA 8.3
- — QCD (NNNLO [ — — -
600 Z_ N E(‘(. Q : :'(,: Q(‘(‘ : Spectators
S 500k — QCD MONNLO +00s,, 13y E 3k ] i
b : ~— : l" . ‘:‘
e = | -_— o I o i
? - = [ 3 = Z{* —c ] i ‘:o‘ b ”: l./.
& 300F 21 i ] W ORI
R R L L L TRy CE — ] wlyy! .
© 200:_ s — Q | ’JJ,.’I Participants
C i —|T— —_ E Z * — 1
1 00 :_ 1 — e — A Z = A _: Before collision After collision
a t N
0

e QGP, {3 A I
(From 1970s ) (.From 1970s )
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SRR AR, A FRIRA R, -

-

e A B 5 — B E

dimH o \G|NV

i g N, oc |GV
(CLASSICAL HARD)

From 1970s  Phys. Rev. D 11, 395 (1975) KS Hamiltonian

_J
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FEREL B e ’:: 1982 “nature isn’t classical”
SEI B R, A RR AT PR, ... a1

e A B 5 — B E

R N, o Ny log |G
(QUANTUM EASY)

P2 199 - Seth Lioyd

N Universal Quantum Simulators
3 \%4 Seth Lloyd
d 1 m H m ‘ G | Feynman’s 1982 conjecture, that quantum computers can be programmed to simulate

any local quantum system, is shown to be correct.

v

i 2 b g Ny, oc |GV
(CLASSICAL HARD)

1990s Quantum Threshold Theorem

—

From 1970s  Phys. Rev. D 11, 395 (1975) KS Hamiltonian
- )

Ying-Ying Li (Z=555%) 9



(Quantum Computing for HEP

National Quantum B rookhaven
Information Science ESNPEKEFY
Research Centers Office ST ETTHNS Ar gonne

ﬂe quantum future J Oak Ridge

- _ LBNL
oA QANEXT @::imes Forrmilal

e

Q]

LIPS

Ta QUANTUM SYSTEMS ACCELERATOR .. /.. S a M S < /nn SUPERCONDUCTING QUANTUM

‘ (h) Quantum Information Science for High Energy Physics Research

::ﬁﬂ BERKELEY LAB A-Z Index | Directory | Search

QIS & Computational Physics

Quantum Information Science v Members Resources v Contact

Fe rm i | ab Quantu m I nStitUte Quantum Information Science

Solving the challenges of. quantum sc;:ienc%s and technology for the benefit of all
for HEP

HEP-QIS QuantISED program is aligned with the “*Science First”
driver for the national QIS program
10




(Quantum Computing for HEP

CERN Quantum Technology Initiative

Accelerating Quantum Technology Research and

Applications

2. Quantum simulation and information processing: Applications to QCD1 (Quantum Chromo Dynamics), non-perturbative dynamics using lattice QFT and more, map of
quantum field theories onto quantum devices, use of well-controlled quantum systems to simulate or reproduce the behaviour of less accessible many-body quantum

phenomena, noise and error control by investigations of Hilbert-space truncation mitigations.

D E SY gir;tnetrufrarTechnology

QUANTUM | and Applications

“offers the fascinating opportunity to
solve problems which are extremely
hard or even impossible to address on
conventional computers”

... chart future for use of quantum computing in particle physics

11



(Quantum Computing for HEP

[PRX Quantum 4, 027001 (2023)]
Quantum Simulation for High Energy Physics

Christian W. Bauer,!'? Zohreh Davoudi,?® A. Baha Balantekin,® Tanmoy Bhattacharya,*
Marcela Carena,>% 78 Wibe A. de Jong,! Patrick Draper,’ Aida El-Khadra,’

Nate Gemelke,!© Masanori Hanada,!! Dmitri Kharzeev,'% 13 Henry Lamm,’
Ying-Ying Li,® Junyu Liu,'*!® Mikhail Lukin,'® Yannick Meurice,!”
Christopher Monroe,!® 19:20,21 Benjamin Nachman,! Guido Pagano,?? John Preskill,?3
Enrico Rinaldi,?%2%26 Alessandro Roggero,?”»?® David I. Santiago,?% 30
Martin J. Savage,®! Irfan Siddiqi,? 3% 32 George Siopsis,?® David Van Zanten,®
Nathan Wiebe,3%35 Yukari Yamauchi,? Kiibra Yeter-Aydeniz,3® and Silvia Zorzetti®

[arXiv:2411.11294] USTC-ICTS/PCFT-24-47

Quantum Frontiers in High Energy Physics

Yaquan Fang,»? Christina Gao,® Ying-Ying Li,*% Jing Shu,% "2 Yusheng
Wu,? Hongxi Xing,'%1%12 Bin Xu,% Lailin Xu,’ and Chen Zhou®

High Energy Physics

Astro-particle physics Early universe Quantum realm
g Gravitational
Entangled
g J wave Dark matter halo. criark pairs
g z o
e K L@ i " - . ®, ‘
-3 o . Y - ——— —
pir 07 + . ol )
A | > O I
Big Bang First-order Quark-Gluon Protons and anza:::r::?z::i:m
Cosmic neutrino L4 Phase transition? Plasma neutrons
b k d A A A A
ackgroun OH~H +H¢ +H¢
g9
Distributed sensing Entangled qubit sensors [N
o fa-g——| - ; -
= :|I> Quantum HR Cla.ss!cal
lg) —| H I & — : algorithms : \optimizer
TTTT1
Iq) | : | Quantum computer 1 update
OUantiin toncin Quantum computing
9 and algorithms

T
Quantum Information Science
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(Quantum Simulations for HEP

/ ngeis — <£Ij| e_th \y} [Jordan, Lee, Preskill, 2011]

Image courtesy of N. Klco and S. Trieu

KS Hamiltonian | #-g2E)R - 5 Tr [0,0,0]0] +h.c]+H,

y .
! ¥ | | |
& |—' ------------ L |
n ) | |
. :',. f | |
LN ! | |
iy : ! 1 !

Quantum
& computing

~ Gauge field and quark |
“ field DOF to qubits

—l-—ﬁ_e——ﬂ

time evolution
to quantum gates

Ying-Ying Li (Z=555%) 13



2L e luon
B Ak TN

1709 B B E iR ™
RN vd -
~L LT T
RN vd
X ‘ \\///
715 & ) 5. 23 [A] - 25 ) R
Kogut-Susskind Formulation Schwinger boson formulations: Mathur,

— Irrep/angular momentum basis: Byrnes, Yamamoto, Anishetty, Raychowdhury, et al

Zohar, Burrell, et al
— Group-element basis: Carena, Lamm, YYL, Liu, Loop-string-hadron formulation: Raychowdhury,

Zohar, et al. Stryker, Davoudi, Kadam, et al.

— Mixed basis: Bauer, D’Andrea, Freytsis, Grabowska

— Large N truncations: Bauer, Ciavarella QUblt models: Chandrasekhara, Singh, et al.

— Continuous-Variable quantum computing: Abel,

Dual/rotor formulations: Kaplan, Stryker, Haase, et
Spannowsky, Williams, et al. / aptamn, otryker, riaase, e

al.

Gauge magnets/Quantum link models: Wiese,

q-deformed Kogut-Susskind: Zache, Zoller et al
Chandrasekhara, et al.

Dual/rotor formulations: Kaplan, Stryker, Haase,

Casimir variables: Kico, Savage, Stryker, Ciavarella Dellantonio, et al.

BUR RN FIEAAE T ARE AP B

Ying-Ying Li (Z=555%) 14



[;Ejg?ﬂg Y = |G) infinities in QFT J

E TR

U) = {(g —EB): a,BeC,|a|2+|ﬂ|2=1}v\U>: {(Z 3) a,bc.decFsgad—be=1 (m0d3)}

3-sphere /

Heompg 7y i BT

AAAAAAAA
|VV VVVVVV>

[Lamm,YYL, Shu, Wang, Bin, PRD 110, 054505]

Ying-Ying Li (Z=555%) 15



[;Eﬁ;“i{h RE=re) infinities in QFT J

Quafu quantum cloud computing cluster

&

Iy arE =3 ) Baiwang RERS Maintenance @ @
i A hRZR V3 PAZIESSE 24
(D

o A LU R

| BT
e }M _____ Ll L e ' _____ s
T 04 L } ° | ® { o] | ! s | % _ +
0.35 1 ' -
03 F=401% --
10) 5) |10) 115) 20) 23)
19)
[Lamm,YYL, Shu, Wang, Bin, PRD 110, 054505] « fER A BRI 7 SUQILTE B B 8 )1 201k .
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’:: Now - Noisy Intermediate Scale Quantum (NISQ) era
With O(100) well controlled qubits, not error-corrected yet

Physics Benchmarks

Ying-Ying Li (Z=3&35)
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Physics Benchmarks — Fragmentation Dynamics
2+1D SU(2) Gauge Theories

5 JB jD
A g A A . .
i=Ilinks i=plaquettes JA Je
L
() Efl)=) ji(ji +1)
) 1=A

|¢> — IjAamA7m24> |jBamBam,B> .o |jLa mrp, mi)

Ying-Ying Li (Z=555%)
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Physics Benchmarks — Fragmentation Dynamics
2+1D SU(2) Gauge Theories

L

A 2 A A A
=73 E-22 Y O WY B2 9) =5l +1)

1=links 1=plaquettes i=A

|¢> — |jAamA7mi4> |jBamBam,B> R |jLa mr, m31>

-
1 &) £(7) 6
. n1 Nno 10 L
Jmax S a
2
, 10
Gauss’s Law 3
9 10-10
Including modes of
0 =
higher j values
to approach £(7is) 0

continuous field limit

L [Lee, Turro, Yao, arXiv:2409.13830]

Ying-Ying Li (Z=555%)



Physics Benchmarks — PDF

1+1D Nambu-Jona- Lasinio model

L= l/—/a(i)’”a/z - ma)V/a + g(l/-/al//a)z'

dz —ix
fan(x) :/Ee Mz

g )
1._ i
MEASURE I
(VARY PARAMETERS( D '
y <§\\ E|0>_ H H —- QUBITN
z O ~— : QUBIT 0
g g \INI/ ' QUBIT |
ly;) . % E E @ % Eio-{;- 1 QUBIT n
. =g m % - k QUBIT m
&0 < mr :
2z = | — QUBITN -1
____J -/
9 [Tianyin Li, et al., PHYS. REV. D 105, L111502 (2022)] y
Ying-Ying Li (Z=555%) 20




(Quantum Machine Learning

computational complexity improvements, computational speed-ups

Supervised Learning—better separation power?

Quantum variational circuits, quantum annealing, QSVM, etc.

Quantum Annealing Variational Quantum Approach Quantum Support Vector Machine
2
i, y) k(x-x-)—'O |V 2 Vo, [0 '
Ci=Yclrdex), Ci= 3 cile )y, . 1 = o)) = (O Vogey Vacep [0°7)
T T i i | —
H:Z]i'sis“l‘zhisi # H - & 0.96—
— o) - | 0) = Uin(x) = U(0) i AE . <Z> ] B
i, i = < 0.95f ‘\l/‘
= i L0 - I
— g~ _ E : 0.94 |
R(x)—z:s,-c,(x)e [ 1a 1] __ __ /\ '_f7<: l 0935 “Z *\#/"’”k
i Lesersnnsassnrsaanes F becrers]  feeneed ) - >il(/
Update 0 | o Evaluate cost 0.921
' P P parameters function 0901
0.66- AT 0.0
e 0.900 i I le size?
| ‘ [K. Terashi et al., arXiv:2002.09935] 0.89F larger sample S1Z¢ ¢
0.64 —. 0.875 - * = [A. Fadol, arXiv:2209.12788 & P
& BT A 0.88}
b Y F —— QSVM-Kernel
. o e 0.87 —— Classica
0.62- 0020 —a—ao Cash Classioal SVM 0.006 [S. Wu, arXiv:2104.05059]
O . J—l—l—l—l—;l—l—Lz 0400 . T T T T T T
8 0.60- 0.825 1 —— BDT 3-variables 00 0 20000 events
5 8) -[1- BDT 5-variables 0.004 n
< D 0.800 - --k- BDT 7-variables
0.58+ ¥ 5 DNN 3-variables O 0.002} i
£ — QA 0.775 - DNN 5-variables 3
_ DNN 7-variables | n
0.56 — SfAilN 0.750 - —— QCL 3-variables 0.000
’ ’ -[1- QCL 5-variables . .
XGB k- QCL 7-varlables —0.002}| € QSVM-Kernel minus Classical SVM
0,541 . 0.725 A —4— BDT 18-variables —&— QSVM-Kernel minus Classical BDT
0:1 .i é 110 1‘5 2'0 ! 0700 I | I | DNN 18-var'iab|es _0-004 10 12 14 16 18 20
Size of training dataset (109 102 103 10* 10° 106 Number of qubits
Events

-

Ying-Ying Li (Z=555%) 21



(Quantum Machine Learning - Anomaly detection

ANOMALY DETECTION

arXiv:1808.08992: “*Searching for
and David Shih

Thompson

N\

18
T SL
c1 L . c2 — <O/Syn>
14
Supervised Classification T
P, 8
fle1 @ c2) \\\ § 10
l 5 =
Autoencoder v d 5 °
J/ B N v n 6
F(flaa®c))  F(f(d))
= == 4
Novelty Evaluator 2
l
Py, (dilc1)

arXiv:1808.08992: “"QCD or What?”, Theo Heimel, Gregor Kasieczka, Tilman Plehn, and Jennifer M

arXiv:1811.10276, “"Variational Autoencoders for New Physics Mining at the Large Hadron Collider”,
Olmo Cerri, Thong Q. Nguyen, Maurizio Pierini, Maria Spiropulua and Jean-Roch Vlimant

arXiv:1903.02032, “*A robust anomaly finder based on autoencoder”, Tuhin S. Roy and Aravind H. Vijay

arXiv:1905.10384, “*Adversarially-trained autoencoders for robust unsupervised new physics searches”,
Andrew Blance, Michael Spannowsky, and Philip Waite

\

0
00 01 02 03 04 05 06 0.7 08 09 1.0

¢
(a) tth

[J. Hajer, YYL, T. Liu, H. Wang, PRD 101 7, 076015]
[X.-H. Jiang, YYL, A. Juste, T. Liu, JHEP 10 (2022) 085]

New Physics with Deep Autoencoders”, Marco Farina, Yuichiro Nakai,

_/

QUANTUM ANOMALY DETECTION

Quantum auto encoder

Quantum weakly-supervised
learning (bg VS bg + € signal)

\ [Terashi et al, arXiv:2002.09935]

To [CAE]
45 000 0.05 0.10 015 |
7| --- caE (RMSE) - U ©® t
—— QAE (1-Fid.) Lat. dim.=1 I AB( ) UAB (@)
3.0 — my=1.0 TeV Train size= 10k Ha
— my=15TeV o)
— mu=2.0TeV
35 o Encoder Decoder
Q
. _
- = . ... . . .
=15 @ 7 g . [Ngairangbam, Spannowsky,
———————————— Takeuchi, PRD. 105, 095004]
A T d e e e
os| — e
RO 00 01 02 03 04
To [QAE]

pp > A = B(— ete”)C(— ptu)

161
14
{ny} /812.
c
0}~ Untw) i UO) {AF (2 s
. N =
. : T v 4]
e D e I

[Alvi, Bauer, Nachman, arXiv:2206.08391]

3D with 1% Signal

—i— vQc
---- QCL
NN High
—+— NN Low

20 25 30

Signal Events

10 15

J

Ying-Ying Li (Z=555%)
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“(Quantum potenual for High Energy Physics!™

(2030s) narrow down the framework with

* systematic studies of errors —— phase diagrams with spontaneous
from digitization symmetry breaking, and for improve
« hardware co-design —— qudits for blocking encodings and t
redundancies ’
 improving algorithms efficient quantum circuits base |
« benchmark studies —— HEDP case calculations for ex

various
methods

S. P. Jordan,
K. S. M. Lee,
J. Preskill
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[;ch?ﬂg ) = |G) infinities in QFT J

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

1.0
e BT
0.8 = SU@®)
2+1d
. 06- [Lamm,YYL, Shu, Wang, Bin, PRD 110, 054505(2024)]
) 1
0.4 -
Bf < Bs E’\ 0.8
[ )
0.2 - .
$ 06
0.0 . . ——Stegeccceeeed] S
0 1 2 3 4 5 ~ 04
b
0.2
VAL N RIS 0 I I l
A/ R ZE ) R TTVE? 0 2 4 5 6 8 10
In the Scaling Regime:

BN B T R T L A
WSUQ)ITEIHI R GLiR %
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[Carena, Lamm,YYL, Liu, PRL. 129, 051601]

MNANANANANAY

DR e 2 T
> (—»—+—>—>—+D+B+ﬂj)
Kr, Koy, Un R R
I S

<U{7 Ué|UK2L ‘U17 U2> — 5U{U§,U1U2 <U{‘ eieKLl |U1>

A B RET RS 0 R TR AL !
I S5 40 Kk B BT HE T Y B -2 i

Ying-Ying Li (Z=555%)

26



i SR 25 AR SR

B SR 23 A0 FR A B A2

2.35

continuous
space-time limit

[Carena, Lamm,YYL, Liu, PRD. 104, 094519]

Ying-Ying Li
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