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Theory and Methods

Entanglement in QM

® (Qubit = two-level quantum system |0), |1) : most
simple quantum system

® Two qubits: the most simple example of quantum
correlations.

® A quantum state of two subsystems A and B is
separable when its density matrix:

p= Z_pipi ® ph
l

Observed
® Non-separability of a quantum state = entanglement. ~ "er®
® cntangled states cannot be described by independent
superpositions.
® measuring particle spin in an entangled system immediately
reveals the spin state of the second particle even when
casually separated. Sethgs: O
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Entanglement in HEP:
Several experimental tests carried out since 1972

» mostly with electrons and photons at low energy
* Interest in repeating these tests with massive

systems at high energy.

Alain Aspect John F. Clauser Anton Zeilinger

The Nobel Prize in Physics 2022 was awarded jointly to
Alain Aspect, John F. Clauser and Anton Zeilinger "for
experiments with entangled photons, establishing the
violation of Bell inequalities and pioneering quantum
information science"
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Theory and Methods (Highlights)

Entanglement at the LHC

® LHC can provide a unique TeV environment to study entanglement and
violation of Bell’s inequalities:
® simplest qubits at LHC: tt.
® First observation of entanglement in t£ by ATLAS at 2023.
[https://doi.org/10.1038/s41586-024-07824-7]

® The first observation at CMS a few months ago in the dilepton events.

[https://doi.org/10.48550/arXiv.2406.03976]. 01| ATLAS don
/'s=13TeV, 140 o'
® Recently first observation in leptontjets events by CMS - first time il
. . ¢ =
with casually separated top quarks at high m,;. 3 e ° 7
g  [— .
[CMS-PAS-TOP-23-007] il il ) arx“i’,_z?j, (1 .(3728;37)_
experiment with photons LHC 2 B5g oo lntemieses
0.5 @ Data 1
@® Powheg + Pythia8 (hvq)
. l g : ¥ : l 3 = é B Powheg + Herwig7 (hvq)
ev Kev Mev Gev Tev 340 <my <380 380 <my <500 my > 500

Particle-level Invariant Mass Range [GeV]
R ——
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Theory and Methods Density Matrix

» The polarization density matrix(PDM) can be reconstructed from > Parametrization from using the irreducible tenso

the angular distributions of the decay products: operators:
= |V X¥zz| = |ONHP
P | ZZ>< ZZl | >< | p= % [:[1_3 Q13 +A}LMT1€I®]13 +A%,M]13 ®TAL,} +OL1M1L2M2T1{;111®T1{;422]
|CD>zzcijlij>_)ZM(ALAZ)MLAZ) 1 do 3\2,
— = <—) It [pyyv, (I'1 ® T'2)]
L o dSdy dS)_ A7
Y, has three polarization states: +1, 0, -1
}O All coefficients > Quantum Tomography
B No direct spin measurements: inferred by angular

distributions.
B Both the state before decay & the final state decay

products inherit the SAME quantum information.
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Theory and Methods Density Matrix

Clrr(, (afes

Disccod

» The decaying density matrix:

Ehhma(u(
. 1+ cos? @ — 2, cos @ % (sin 20 — 27 sin §)e*® (1 — cos? §)et2?
I',¢) = 1 %(Sin 26 — 27y sin f)e~*® 25sin® @ %(sin 20 + 27, sin §)e*¢
(1 — cos® f)e— 2% % (sin 20 + 2m,sinf)e™*® 1+ cos® @ — 2n,cosd

» The density matrix:

¢ lasvcol Lorrtlabim hee,

00 0 0 0 0 00
o0l O Y S The coeffici b d using the differential
1 ) 1 1 € coetticients can be expressed using the differentia
00 E(\/EAQ,0+2> 0 5027172,,1 0 502,272’ 2 00 . -
00 0 0 0 0 0 00 cross section making use of the orthogonal property of
p=|00 Gy 0 +(1-v24L) 0 iCias 00 the spherical harmonics:
00 0 0 0 0 0 00
1 do o B N
00 %0“’2’ 2 0 %02’172»71 0 %(\/ﬁA%,o+2) 00 ] S0, dSY, 5 oYL (25)dY; = 47rALM’ i=1,2
- : ° ’ ’ ) 00 /éﬁyﬂh(gl)yﬁfz(ﬂl)dﬂldﬂzzBLIBLZCLlMleMz'
00 0 0 0 0 0 0 0] 10382
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Theory and Methods Reference Frame

In two spin-1 massive bosons’ system:

» The z-axis is the direction of the on-shell Z boson’s 3-momentum. Two Lorentz Transformation:
> Hi f ine 7 axi
> A e . A sign(cos@)(p,—cosbz) B iggs rest frame — determine Z axis
The X axis is in the productmn plane. X = sin@ »Pp = (0'0'1) » 7 boson rest frame(boost along Z vector)
» The y = ZXX — lepton’s polar angles

» | is the polarization operator.

» The eigenstates of J, is the basis of the spin space.

_— Obtain :(64, ¢4) in Z; rest frame, (6, @,)
a ()I'ﬂfv()l‘y rame

. y y . .
Higgs boson rest frame /L ‘L‘ m Zz rest frame. The COGfﬁClCntS can
§=5XE 4

z : Aly and Cyp,1,m, can be calculated

L
\

laboratory frame

onshell Z boson

» Dz

—> 7 axis

1
p=3 |Ls@1a+AbyTh ® Lo+ A pls © Ty + Cronnrama T © Tz

By

T axis

7y CM frame

. signfcosb) . .
BT (py — 2cosh)
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Theory and Methods

» The most original form of Bell inequalities

(Clauser-Horne-Shimony-Holt Inequality):

Classical local hidden variable theory:

I3 = (Opgey) = Tr{pOpey} < 2

p : Polarization density matrix (PDM)

[d/2]—1
2k
k-0

+P(BQ=A1+k)—[P(Al=Bl—k—1)+P(Bl=A2—k)
+P(A2=Bg—k—1) +P(BQ=A1—]<:—1)]}

3-dimensional form:

I3 =P(A1 = B1) + P(B1= Ay + 1) + P(Ay = By) + P(By = A1)
—[P(Ai=B1—1)+ P(B) = As) + P(As =By — 1)+ P(By = A1 — 1)].

» The expectation value of the Bell operator can be written as:

p) 1
B=|—"(TI®TI -TiR@Ty +Ti T%) + = (T2 T + T2 R T2
|2 Wen-TeT+Tier) + f ((en + o)

1 1 ; 1
W (T2QTE+TZ QT - g(T{" QT+ TZRT2) + ZTO2 ®T02} +he.

» Bell inequality expectation value can be calculated:

Ty = % (18 +16v3 V3 (9-8v3) AL — 8 (3+2v3) Caorp 1 + 60232, 2)
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Numerical Simulation CEPC

Circular Electron—Positron Collider(CEPC)

» Lepton collider has a much cleaner backgrounds and simpler final states

- IP 2 than the Hadron collider.

» Such a Higgs factory can also be a factory for top, Z, and W.

» CEPC can be upgraded to a ~100 TeV pp collider in the future (SppC).
Three processes to generate Higgs boson at CEPC:

e*e” Higgs (Z) factory
Ring length ~ 100 km

Higgsstrahlung, WW fusion, ZZ fusion
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Numerical Simulation

In our analysis:

o [fb]

10?

10

The signal process:

ete” - ZH,H - ZZ*(Z*: off — shell Z boson)

6+

H T IIIIIII' T IIIIIIII T IIIIIIII T llllllll T IIIIIIII T 17T

| 1
| 1
I I I I — ZH
gg | | — WW fusion
l4 I i — ZZ fusion
| 1
1 I 1 1 1 | l 1 1 1 I I 1 1 | ] I 1 ] 1 1 I 1
150 200 250 300 350
Is [GeV]
> This process is the main dominant to generate Higgs at /s = 250GeV.
Backgrounds for this process: » Consider two channels depending on the Z boson decay.
> ete” > 77 » Both semi-leptonic and pure-leptonic channels are not complicated to
> ete” 7277 analyze.
> ete” > {T¢"H > Through the four leptons (8, @) to calculate I3 and coefficients
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Numerical Simulation CEPC

The results of the simulation e MadGraph [> [> analysis

¢ Pythia inside DELPHES

fast simulation

» Both signal and backgrounds are simulated with MadGraphS aMC@NLO
» Showered and hadronized by Pythia8
» Use Dgppugs version 3.0 to simulate the detector effects with the default card for CEPC.

o B '[ — on-shell
Two final states: & o
7 - — off-shell
The pure-leptonic state channel: § 40001
B
ete” > ZH,(H - Z 07, Z - €7¢7),Z - v,v, 3000}
The semi-leptonic state channel: e
ete” > ZH,(H-> Z ", Z > ¢1¢7),Z > jj L L‘
e R R R T I -
My;[GeV]
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https://github.com/delphes/delphes/blob/master/cards/delphes_card_CEPC.tcl.

Numerical Simulation CEPC

The distributions of variables:

The invariant mass of four leptons in the final states: » If I3 = 2: the existence of the violation
The signal can be separated from backgrounds easily, so we can only use of Bell inequality.
the signal to calculate I35 and coefficients: Cy15_1, C222_2. » If C312_1,Cy32_5 # 0: the existence of
quantum entanglement.
Semi-leptonic channel Pure-leptonic channel
._g _g 10°E
g | . 2 Selections table
0 -—HZ & ol
o7y _ N_leptons ==
10 =l 10°E N_jets(for ==
I - semi-leptonic)
T 102;— Pr s > 15GeV
: I Pr, >10GeV
i 10
“”Mﬂ"ﬂq_l E |77{’ | <25
B e e e e 00120 140760 T80 500520 540260 280500 ui <35.0

M,[GeV] M,[GeV]
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Numerical Simulation

CEPC

Final results

> Consider the Luminosity: £L = 50ab™1.

» set a series of pseudo-experiments according to the expected number of events.

» Set four different lower mass limits: M, € [0,10,20,30]GeV.

The semi-leptonic channel

M; [GeV] | I3 Ca212-1 Ca2a 2
0 2.823 4+ 0.640(1.290) | —1.080 + 0.420(2.575) | 0.637 + 0.559(1.140)
10 2.913 + 0.692(1.320) —1.126 £ 0.451(2.500) 0.677 + 0.598(1.130)
20 3.092 & 0.800(1.370) | —1.225 4 0.514(2.380) | 0.761 % 0.734(1.040)
30 3.048 + 1.816(0.580) | —1.160 4 1.192(0.975) | 0.875 + 1.338(0.650)
The pure-leptonic channel
M*[GeV] | I3 Ca12-1 Ca22-2
0 2.713 + 1.167(0.610) —1.008 & 0.745(1.350) | 0.608 =+ 0.931(0.650)

10
20
30

2.780 =+ 1.328(0.590)
2.936 % 1.455(0.640)
3.016 + 2.465(0.410)

—1.044 -+ 0.849(1.230)
—1.119 % 0.940(1.190)
—1.129 + 1.616(0.700)

0.644 + 1.038(0.620)
0.754 %+ 1.083(0.700)
0.905 + 1.617(0.560)
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Numerical Simulation Muon Collider

VBS process for QE:
Based on arXiv:2408.05429 (accepted by JHEP)

wuT > v, 0,HH->ZZ

» muon—muon collisions are cleaner than proton-proton Vu

/ ‘g_
. o . . ut =
collisions and thus can lead to higher effective c.m. energy. Zy .
¢
L3 -_H__
» muon collider could be much smaller and cheaper than a -
Z,
functionally equivalent proton collider. " > — o+
Vu
» massive muons emit much less synchrotron radiation than
electrons. = 1TV
— —~3 TeV :
8 - 10 TeV ..................................... ......................................................................
]
261 amerE W ooz e B s
3 _F ................... ......................................... ]I ..................
An accelerator known as a muon collider could revolutionize particle physics—if it can be built :
—— Rl S |} ........................ i S R |T| AAAAAAAAAAAAAAAAAAA e I R i e i
0 5 10 15 20 25 30
28 MAR 2024 « 2:00 PM ET ¢ BY ADRIAN CHO Vl
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https://arxiv.org/abs/2408.05429

Muon Collider

Numerical Simulation

Final results

> Consider the Luminosity: £ = 30ab™1.

» Set a series of pseudo-experiments according to the
expected number of events.

> Set three collision energy experiments: /s €

|1, 3, 10]TeV, four different lower mass limits:

Mz, € 10,10, 20,30]GeV.

» The quantum entanglement can be probed with a
significance of around 4a.
» The violation of the Bell inequality can be tested up

to 2o level.

Vs=1TeV
M3 (GeV) I3 Co1,2,—1 Ca29,-2
0.000 2.563 £ 0.325 —(0.928 +0.216 0.527 £ 0.164
10.000 2.596 + 0.335 —0.943 +0.220 0.553 +0.179
20.000 2.654 +£0.373 —0.977 £ 0.248 0.574 +£0.192
30.000 2.663 £ 0.508 —0.979 £+ 0.334 0.589 + 0.248
Js=3TeV
M7, (GeV) I3 Co,1,2,-1 (29,2
0.000 2.467 +0.217 —0.871 £0.121 0.493 +0.377
10.000 2.499 £ 0.225 —0.891 £+ 0.135 0.502 +0.390
20.000 2.038 £0.254 —0.908 £+ 0.163 0.536 £ 0.365
30.000 2.543 +0.342 —0.890 = 0.216 0.606 + 0.423
Vs =10 TeV
M7 (GeV) I3 C2,1.2,-1 C2,9.2,-2

0.000
10.000
20.000
30.000

2.039 £ 0.312
2.569 £ 0.295
2.616 £ 0.321
2.644 £+ 0.517

-0.930 = 0.196
-0.946 + 0.194
-0.969 + 0.218
-0.943 = 0.334

0.466 + 0.232
0.482 £+ 0.217
0.514 + 0.219
0.527 = 0.280
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Summary and Outlook

B We have finished a complete simulation analysis about Testing Bell Inequalities and Probing Quantum'

Entanglement through H — ZZ at CEPC.
v" Consider two final states and corresponding backgrounds.
v" Obtain variable distributions to determine using signal to calculate I3 and coefficients: Cy12_1, C222_5.
v The quantum entanglement can be measured with a significance up to 2o in the semi-leptonic signal channel
and 1o in the pure-leptonic signal channel.

v" The significance of the Bell inequality violation can be probed up to 1o in semi-leptonic channel.

B In the future, more work about testing Bell inequalities and probing quantum entanglement at CEPC:
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Thanks for your attention!
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The detectors can’t measure the spin:

No direct spin measurement: inferred by angular distributions

» while momenta (exp observables) is -> possible to construct LHVT (Local Hidden Variables Theory) to mimic all

observables

» ECAL is not able to measure photon spin; a new dedicated ECAL in the future may.
» Testing BI to test QM's consistently

» It is not to test QM fundamentals, however, instead, one can do Quantum Tomography @ collider

The significance is not high:

» It’s a new topic in collider physics; we will do more research in CEPC. QE is a new idea which provides a new variables
to collider physics.

» Calculate Quantum behaviors, get Quantum information...

» BSM may affect production or decay,

» Higher energy of CEPC,,,,,,in SppC
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