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. Using machine learning to optimize the measurements of
anomalous gauge couplings

Jet Origin Identification & Quantum-based Jet Clustering

HEP Opportunities in the Quantum Computing Era
Partonic Collinear Structure by Quantum Computing

Using machine learning method suitable for guantum computing
iIn the phenomenological study of new physics

Emergent Symmetry from Entanglement Suppression
i #AB: Quantum Entanglement in High Energy Physics
Quantum Entanglement at High-energy Colliders
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QOUANTUM EASY
High Energy Physics QUANTUM HARD
real-time dynamics e.g. traveling salesmen
finite density problem

quantum interference
out-of equilibrium
“strongly interacting many-body system”

i
i

it

(Quantum Computing
@
CLASSICAL ’.: Now - Noisy Intermediate Scale Quantum (NISQ) era
EASY more than 50 well controlled qubits, not error-corrected yet
p01yn0mia1 time 4 q _ — _ " r Superconducting processor 1 rmUItl-Chlp quantum processom
g 200‘? A \kQ:arksmiGlugns T = rigtti
g ol ) ragrons Sl g . R
;qE_; : | % > é{){ﬁg 0‘3%&; Oy R : _ ,,,,A._ .
* . ) /,Q v g N? - Colorsuper. 176 qubits 54 qubits 1121 qubits 80 qubits
s B / I - é’&/‘;‘r"y(;nloi _ access to 133 qubits ) \_ )
—aa Y ////, ( photon qubits \( trapped ion qubits )
‘ L, @

N
)

Jiuzhang - 255 qubits

y

N\

: .
IONQ

22 qubits )

Problems in HEP that are beyond classical easy but are
“"QUANTUM EASY”

11

48 logical

qubits




(Quantum Computng for HEP

[Jordan, Lee, Preskill, 2011]

Discretization infinities in space
Carena, Lamm, YYL, Liu,
Gustafson, Water,...
Digitization ) N G infinities in field variables
Bauer, Davoudi, Gustafson, Meurice,
Lamm, YYL, Savage,...
Initialization 2 \G)L — |10 Qround/thermal/bound state prep
Karsen, Davoudi, Lawrence, YYL, Xu, Liu, Xing...
Propagation U o) — |1p(t)) efficiency of time evolutions
Davoudi, Gustafson, YYL, Stryker, Wang, Zohar...
Evaluation (O) parton distribution function,
Lamm, Liu, Yamauchi, Xing...
Error mitigation / corrections Qauge symmetry for errvor corrections

Bauer, Carena, Halimeh, Lamm, YYL, ...



To reach the observables — How to do...

State preparation $ % J i:ﬁ *EL =

Measurements

Systematic uncertainties

mL =100, eL =1

Error corrections

and reach the continuum limit



Partonic Collinear Structure
by Quantum Computing

# 28 LHC Mini Workshop
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Quantum Computing for HEP

In HEP, we are dealing with n-pt correlates, i.e. S-matrix

(out| e_iH[l//]t‘ IN)/ decompose to a set of gates, evolution much cheaper

©5 H=7,07,8Z e~ 1im

[ ¢ —iH5t]

ot—0,N— oo

Use the fact that | ¢} [¢)...[0) = |4} o). |1 ) @ ghy...)

N

Trotter, 1959

i —e
e LHOt —

\f\I

[0y

@ Others can be realized similarly

e.g. by using e

A4

—iot/

A D

dim = (nw)”DSp \ /

Quantum computing: reasonable size and operations (scales logarithmically)
Jordan, Lee, Preskill, Science 336, 1130-1133 (2012)



A toy model: Map QFT on to a qubits+gates system

S A— l/_/(l@ — m)w+ g(]}_y]/j)z (nO gauge, 1+1) Gross, Neveu, 1974

fx) = sz‘e‘i’“MhZ_<h (@) w(0) [ h) = sz‘e‘i’“Mﬂh | €50, — 2)e ™y Ty (0) | 1)

Vg ¢2 Staggered fermion, .
Y = — . Put different fermion ¢n — I I ZZ(X + lY)n Jordan-Wigner
) ¢2n+1 components, flavors on ,
different sites I<n
E(p)
Continuum
1 fields will be
artice L
attice  —sin(pa) represented by
PR a set of gates.
a
Fermion doubling!! Li, et al, PRD letter 22
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A toy model: Results

O.I—LI I I ‘ I I I ‘ I I I ‘ I I I I I I I I I I I I I I IJ_

- |
0.05 0.5_ 5 2§\\>§|{
i —_ - PN . .
2 G) i / . ~a__, Finite volume, finite
~ < 0 A p—h et
- | lattice spacing ... -
i | |
—0.05 4 | k ]
0.5 — NUM, g 0.6 A QC,g=0.6 -
' NUM, g IF 1.0 QC, g = 1.0 :
—U.d HE T E Y R
-4, -3. =2. —1. 0. L. 2. 3. 4. 0. Ll 2. 3.
Z : X
I

1. . .
g0 Ty D)1 1 h) g = f(x) — Z Z 4_ﬂ:e—zxMhZ<h | elHZ¢j2z+ie_lHZ¢j | i)
] 2 ,

.
* e
o* * s ‘e
0 ot ‘e, %
o et e, . ‘o, %
QR RS L i €,
LAY " . % ¢
of o - ] TR
= .
7 b A

Li, et al, PRD letter 22
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Using machine learning method
suitable for quantum computing
in the phenomenological study of
new physics

Ji-Chong Yang
(yangjichong@Innu.edu.cn)

In preparation, collaborator: Chong-Xing Yue
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Quantum Entanglement at High-energy
Colliders

Kun Cheng 218
28th Mini-workshop on the frontier of LHC
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PLF IR R ST MR T A2 R R 2 42

. . _0_1:_ ATLAS é‘.
Bell non-locality Fabbrichesi et al, | /s=13TeV, 14010’
" PRL 127, 161801(2021)
0 i..
. Afk| et al, g _0'3:_ ....................... _
Quantum Steering 5 35’ 11801(2023) I
n B _0'4.— [ —.— Limit (Powheg + Herwig7) .
| e e i)
Quantum Entanglement Atki et al, o3| ® pa
EPJP 136, 907(2021) e B o+ o o)
ﬂ ~06 340 < my < 380 380 < my < 500 my > 500 -
Quan tum Discor d Afkl et al, Particle-level Invariant Mass Range [GeV]

PRL 130, 11801(2023) | o
Fig: D < — 1/3 indicates entanglement

[ATLAS, 2311.07288]

- Test the principle of QM at the highest energy we can achieve

* The entanglement between fundamental particles: sensitive to NP?
* The entanglement of unstable particles: some new properties?
*More than spin correlation
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Emergent Symmetry
from Entanglement Suppression

Ming-Lei Xiao

Sun Yat-Sen University

with M. Carena, I. Low, and C.E. Wagner [arXiv:2209.00198|
July 9, 2024 © 28th Mini-workshop on the frontier of LHC, Tonghua

Ming-Lei Xiao Entanglement Suppression July 9, 2024 1/19



It from (qu)bit

J. A. Wheeler: Every it—every particle, every field of
force, even the space-time continuum itself— derives its
function, its meaning, its very existence entirely—even it
in some contexts indirectly— from the apparatus-elicited
answers to yes-or-no questions, binary choices, bits.

it from (qu)bit
Symmetry Entanglement
Black Hole Complexity
(OTOC) Correlation Quantum Chaos

Holography Error-Correcting Code

19



Enhanced Symmetry in the Unbroken Phase
Information-theoretic properties may provide

inSightS on the Origin of phySical prinCiples_ The Bose symmetry for the s-wave amplitude imposes @ = 3 = 7

Enhanced Symmetry: SO(2) rotation along 7
Redefine ®' = U,®; such that U € SU(2) brings 7|| 3.

Two-Higgs-Doublet Model / Y
58 V(@ @) = -+ (@107 4 T2 (@7 0)2 4 As(@ @) (@)

Two flavors of SU(2);, doublet &, = (@::1,27 @2:1,2) .

v\

~~ ~

Dty ny | ® ®}, may have independent phase symmetries e!?0 and el?=9"

@ In the original basis, U~1e!?-? U is the new SO(2) rotation around 7"

V(®B1, By) = m2®]d; + m2did, — [m§2c1>1c1>2 n h.c.}

A A
+ 71(<I>J{<I>1)2 + ?2(@5%)2 + A3 (D]®1)(DLD2) + Ag(P]D2)(®I D)

A5

2

(©]D2)% + Ao(@121)(2] P2) + A7 (@) 82)(2]D2) + hoc. ] - Emergent Maximal Symmetry

Consider tree-level scattering S(®F, ®) — &1, ®Y) =1+ iMyp a6 (p)

. + +
)VED VIRV ERDY- A last chance: if the two charged scalars H{" and H, are degenerate
A6 A3 A AT Z
Unbroken Phase: My ca = e M A3 A Ps=P, P'=P' = m, =0, Y= _731]2 |
s At AT A
Carena, Low, Wagner and Xiao [2307.08112] we only need the combinations M7 + M3 and M{" + M3 to satisfy the

entanglement suppression condition!

[ B+ 23 2hZs (Zi+Z3)Zs 23

- - Z1Zs Zs Zs 0 = /1 = /3 and Zg =0
Entanglement suppression in the broken phase (D4 Z5)Z6 73 BT s 1= 23 6
impose constraints even on the spectrum, \ Z ’ ZaZs 7 )

,02

. . . 2
Ieadlng tO the maXImaI Symmetry In 2HDM' The resulting potential: )V = % [H}LHl + H;LHQ — 2] has SO(8) symmetry!



Positivity from elastic scattering

A2—>2(37t — O) = Co + 6282 + 6484 i

1 A(s, 0
+ Analyticity: ;= Q—M.;éds (s Esuz))g

+ Unitarity + Locality: A(s,0) < O(sln® s) [Cheung, Remmen,1601.04068]

(s — 23 ~ omi

Rl

Calculable
in EFT

Azy2(s,t =0) = co @—I- cas® + -+

([ )it

Tuv

Disc > 0 by
optical theorem
+ (S-U) Crossing

21



Positivity bounds in SM EFT

parameter space
Dim-8 operators in SU(N) gauge theory

01F4 ( [a Fa) b b eprerimenta.l
or'  (FeF) (P .
ot (FeF®)(F*F"

OF'  (FeFY)/(F°F?

O5F4 (Jabe Jede ( fra b\ ( fre pd

054 Jabe Jede Fa by ( fre rd

054 dJace Jbde
08174 dJace Jbde
o (FoFe
of  (FeF?
03}74 (Jabe Jed
054 dJace Jbde

region forbidden
by IR consistency

~

™
@) @)
) T
S s 8 s

3
o lie>

~

3¢¢" + 3¢5 + &1 >0
363G4 + 20?4 > ()

3¢5 + 35" + & >0
30554 + 2(3%;4 > ()

(365" + 385" + 792 < 4(3¢" + 3¢5 + (35" + 35" + &Y

~G4 ~G4\2 G4 G4 G4 G4
Remmen, Rodd, 1908.09845 (3¢5 +2¢5 )° < 4(3c5” +2c5 )(3cy +2¢4 ).
; wl- . Jw

N~—

g
B

For SU(3) gauge theory

Q)

B
3
E
“gz

(FeF)

By By
Q Q
By By
\3\_/\_/\/\_/\3\/\/\/\/\/\/




Relative entropy

We defined a distance between two different theories

In the approach of information theory

QHC, Ueda, PhysRevD.108.025011

S(Py || P,) = — AW, > 0

I, < P, Pg “ Ig
[y without interaction b/w heavy and light I, = Iy + g - I with the interaction
G)istance defined by relative entropy B

\_

S(PO\ \Pg> — Jd A (PolnPO—PolnPg> > 0

P, =e /7, P,=e"lZ, y

QHC, Kan, Ueda, JHEP07(2023)111 )
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Non-negativity of relative entropy

U(1) and SU(2) bounds are the same as
positivity bounds from unitarity and causality

« U(l)y:
clB4 > 0, (:54 > 0, 46{34654 > (51134)2,
VSl P)=—AW,>0 Y . SUQ), :
I, < P, Pg “ Ig
e >0, e >0, 4+ AN+ @AY,
We show that the positive distance yields SU(3) bounds are stronger than positivity
o _ bounds from unitarity and causality
e Positivity bounds on SMEFT dim-8 gauge
- ¢ SU(B)C :
bosonic operators
e WGC-like behavior in extremal relation holds 206 +¢6 >0, 3¢5 425" >0,

In wide class of black holes 2
L 43¢ + 3¢5 + ¢GY3BeG +3¢6" + 8N > (360" + 386" + &¢°
« Any UV theory violating second law of (Bey” +3¢3" +¢57)B¢y +3¢ +¢¢7) 2 Be) +36 +¢7)

thermodynamics yields pathological EFTs 43¢S9 + 2938 + 29 > (389 + 28§

24
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