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Quantum Entanglement @TH

* Emergence of symmetries

U
_ Maximal Entang]ement Weinberg ang]e HW A g [Cervera-Lierta, Latorre, Rojo, and Rotolli ’17]
- Entanglement suppression
SU(4) Spin—ﬂa\/()r Symmet]‘y [Beane, Kaplan, Klco and Savage 18]
CKM/PMNS flavor pattern [Thaler, Trifinopoulos ‘24]
SO(S) Symmetry in THDM [Carena, Low, Wagner, and Xiao '24]

o Non_perturbative QCD effects [Von Kuk, Lee, Johannes, and Sun 23]



Quantum Entanglement @PH

* We use spin correlations as a diagnostic tool to reveal underlying quantum
correlations, notably entanglement, in high-energy processes involving heavy-
particle production and decay.

'Afik, Nova "20] [Fabbrichesi, Floreanini, Panizzo "21] [Severi, Boschi, Maltoni, Sioli '22]

- TOp qual‘k pail‘ pl‘OdUCtiOn Aguilar-Saavedra, Casas '22] [Han Low, Barr 23] [Aguilar-Saavedra "23, ‘24]

'Dong, Gongalves, Kong, Navarro '23] [Maltoni, Severi, Tentori, Vryonidou '24]

- Tau pair production 'Ehatdht, Fabbrichesi, Marzola and Veelken, 23]

Altakach, Lamba, Maltoni, Mawatari, and Sakurai '22]
[Fabbrichesi, Marzola '24] [Zhang, Zhou, Liu, Li, Hsu, Han'25]

. Barr ’21] [Saavedra, Bernal, Casas, Moreno 23] [Bernal, Caban, Rembielinski 23],
- nggs decays ‘Ma, Li 23] [Aguilar-Saavedra '24] [ Morales "24] [Sullivan "24] [Del Gratta et al '24]
‘Goncalves, Kaladharan, Krauss, Navarro "25] [Gongalves, Kaladharan, Navarro 25].

= VeCtOl‘ bOSOﬂ prOdUCtiOn Aoude, Madge, Maltoni, Mantani '22] [Fabbrichesi, Floreanini, Gabrielli, Marzola "22]

Barr, Caban, Rembielinski 23] [Morales 23] [Ashby-Pickering, Barr, Wierzchucka "23]
‘Grossi, Pellliccioli, Vicini '24]




Quantum Tomography

Spin analyzing power
* Polarimeter at collider = particle decay |

Ex) v~ — 7~ + v (at 7 rest frame) In general,

(fe [—1,1])

[ dQ 2
-
. dl 1
Sﬂ / For top quark, : L = (1 +w,cos0
'6 1 dI _ 1+ (P, -S) s d cos 0 2( ! f)
. [" dQ 2

0

Top quark spin Wy




Quantum Tomography

* One qubit characterized by 3 parameters
B 12 —+ Bidi
2

% B; = {c;) = tr(c;p) Spin

correlation

Entanglements Bell's inequalities

* Two qubit characterized by 15 parameters

12®12+Bi0i®12+l_3i]2®6i+Cijai®0j
p:
A

 Symmetry of theory is very useful.
Bi — <Gi X ]2> y y y y

Polarizations * Ex) P and CP invariance of QCD

_)Bl :Bi:()and Cij:qi,

=(, ® ;)

B,
Cij = (0; ® 0j> Spin correlations in, tf production.



Density Matrix Formalism

p = |w){y| (purestate),  p = Zpi\lﬂi)(l/fi\ (mixed state) (”’ZO’ ;p’:l)

* pare Hermitian, 7r = 1, and positive semidefnite.
p=p, Tripl=1,p >0

. Purity, Tr[p?]is 1 for pure state and 5 for completely mixed state,

1

= < Trlp°1 <1, (D is dimension of the Hilbert space)

* We can compute expectation value of O as

(0) = Tr[Op)



Quantum Entanglement

* A quantum state of two subsystems Aand B is separable when its density matrix p
can be expressed as a convex sum

= Zpi,ojl ®p1§ (p,-zo, zi:pl:l)
i

* If the state is not separable, it is named entangled

- Peres-Horodecki criterion

- Concurrence
1
-D = E TI”[C]

- Clauser-Horne-Shimony-Holt (CHSH) Inequality



Peres Horodecki Criterion

[Peres '96; Horodecki 'g7]

* The Peres-Horodecki criterion provides a necessary and sufficient condition for
entanglement in two-qubit systems and qubit-qutrit systems:

Take the partial transpose (transpose indices associated only to Bob (or Alice) )
12 ' AV
p"= ) piri ® (pp)
l

For a separable system, pT2 IS non-negative

— If p’* has at least one negative eigenvalue, the system is entangled.



Peres Horodecki Criterion

[Peres '96; Horodecki 'g7]

* The Peres-Horodecki criterion provides a necessary and sufficient condition for
entanglement in two-qubit systems and qubit-qutrit systems:

Take the partial transpose (transpose indices associated only to Bob (or Alice) )

= D i ® (p)

We consider the entanglement quantifier of negativity 4/ (p) as

Np)= ) ——— M"‘ 4 = ) 14

k 4, <0

with 4, being the eigenvalues of the pl?. 10



Concurrence Criterion

* Concurrence [Wooters ‘o8]

For a separable state, the concurrence C(p) = 0 and for an entangled state, the
concurrence is C(p) > 0 and C(p) = 1 is the maximally entangled state.

Clp)=inf Y p,C(ly,))

Pl }
n

For a two qubit system, explicit formula is given

C(p) — I1laXx {O, /11 — /12 — /13 — /14}
where 4, are the eigenvalues of the matrix 4 /\/,5,5\/,5, here p = (0, ® 0,)p*(0, ® 0,).

11



Entanglement marker D

* Note that this is only a sufficient condition for quantum entanglement adopted by
the ATLAS and CMS Collaborations near the ¢f threshold at the LHC

[Afik, Nova "21]

Normalized Events

| |
=—1r|C] < — —
07 e 3 3
MC Data |
os| L OTOSY We can measure it by leptons from the top
. _d 1(1+B£+Bf’+ szf’)
i a a axx
O'd..Q dQQ 47[2 11 1 22 2 1%%2 1i % 2i
0.4_— i
oak " : The spin density matrix of a two-qubit system which

describes production of a pair of top-antitop quarks:

o
. .
no
1 1 I 1 I 1 1 1 I 1
I

b@b+&q®b+&b®q+€0®a

0.1 L do l(I—DCOSgb ) - _ [l
| cdcosg,, 2 SN P = A
U E—Y 00 o5 1o




Bell's inequality violation

[Clauser, Horne, Shimony, Holt ’69]

* Clauser-Horne-Shimony-Holt (CHSH) inequality

—

G1-C-(by —by) +ay-C - (by + by)| > 2

* Augmented by the Horodecki condition [Horodecki, Horodecki, Horodecki ‘9s]
M, = My + Ny > |
where m; > m, > m, are the three eigenvalues of the following matrix

M=cc’t

with C being the spin correlation matrix denoted by C;;

13



Quantum Magic

* Gottesman—Knill theorem
Stabilizer circuit can be perfectly simulated in polynomial time on a probabilistic
classical computer.

[Gottesman 98]

1. Preparation of qubits in computational-basis states.
2. Clifford gates (generated by the Hadamard gate, CNO'T gate, and phase gate S).
3. Measurements in the computational basis.

* A magic quantifies the non-stabiliser resource required for universal quantum
computation. The stabilizer Rényi entropy is commonly used. [Leone, Oliviero, and Hamma "1}

L+, (Bi)* + Z?=1(§j)4 T Z?,jzl(c’ij)4
1+ Z?:I(Bi)Q T 23:1(?]')2 T E?,j=1(cij)2

Ms|p] = —logs

14



Quantum Magic

0) [Gottesman 'g8]

ctly simulated in polynomial time on a probabilistic

1putational-basis states.

 the Hadamard gate, CNOT gate, and phase gate S).
utational basis.

abiliser resource required for universal quantum
) \yl entropy iS C()mm()n]y used. [Leone, Oliviero, and Hamma "21]
Credit: Garcia-Alvarez, Ferraro, Ferrini, 1911.12346

1+ Z?:l(Bi)4 T Z?=1(§j)4 T Z?,jzl(c’ij)4
1+ Z?:I(Bi)z T Z?:l(ﬁj)z T Z?,jzl(c’ij)Q

Ms[p] = —log,

15



Quantum Magic

0)

1)

Credit: Garcn’a-AIvarez, Ferraro, Ferrini, 1911.12346

[CMS PAS TOP-25-001]

'21]

138 fb™' (13 TeV)
N
1 oF Preliminary stat, total unc.
Powheg+P8
ctly = e Powheg+H7
0.8 MG5+P8
-------- MINNLO+P8
1pu 0.5F
0.4 e
/ th 0o
' M S
N —
utal 1 1 1
0
abi 300400 400-600 600-800 > 800
» tt) [G
vie m(t) [GeV]
3 3 Fp) 3
1+ Zizl(B'i)4 T Zj:l(Bj t+ Zi,j:1(0ij)4
3 3 Fp) 3
1+ Zz’:l(B’i)z T Zj:l(Bj + Zi,jz1(0ij)2

16



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

.
* Let us consider a process \ ________________________
_ // Pr « // P. I‘// /,’
Yk X) 2k da) > o) +ERE) N i
)/ PL O PL )/
* The helicity amplitude is given by \K _______
8maQQ?
M o5 = Ao (00; A1 Ag) = ) o0; A A
A1A2; C< 1 2> 1 — 52 cos2 © < 1 2>

where > = 1 — 4M?/§.
* The reduced amplitude transform under P, CP, and CPT :

<0’5’; /\1, /\2> (L) ( 1)(0_5)/2 <—0', —5'; —/\1, —)\2> .

(053 A1, de) & —(=1)T=D/2(_G —g: -y, —);),

CPT

(053 A1, A2) &= — (=172 (G —g; Xy, —A1)*,

17



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two- qublt system

t / O) ’
o o . . . )/ D PL .
* The helicity amplitude is given by K \<
) Y
B _ 8maQ); _
M)\l)\g;(fa' — AC <007 )\IA2> 1 . ,82 COS2 @ <00 A1A2>
where g = 1 — 4M?/5.
* The reduced amplitude :
(MA2) | (00) = (++) (—=) (—+) (+-)
(++) TE+B] 2 1-p] 0 0
) |me-1+g Be-1-g)] o 0
(—+) —2\%5 sin” © 2\1}%5 sin©® |—Bsin® (cos® + 1) —Bsin©O (cos© — 1)
(+-) —2\%5 sin” © Q%tﬂ sin®©® |—Bsin® (cos® — 1) —BsinO (cos© + 1) 18




Spin density matrix of a two-qubit system

* The helicity amplitude can be rewritten as {T{L\ o Tw
f < . <€ : : T ,'// >

®
// P P // / /
. . / L @ L , / /
M = AC ( <++7A1A2> <+ 7A1A2> ) — ACM /// ///
(=321 0) (——3 M) /) N ) AN

)
* The polarization-weighted amplitude squared can be obtained by [Bernreuther, Heisler and Si 15
1 ] ) 1 -
M|® = 1 Y Tx[Mp{Mip] = - \Ac\z > Tr[Mp;Mip] = 1 Acl* X
A1>A2:i Al Az +-

with the polarization density matrices for top and anti-top.

1+ P, Pre '@ 1 14+ P, —Dpei@
| y Pt = 5 _ -~ _
Preic 1— P, 2\ _pPpe@ 1_ P,

1
Pt=§

19



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

* The helicity amplitude can be rewritten as {T{L\ & Tw
t_ < .- <€ : : T ,'// » {

®
// p P //
o e / L @ Loy
M=Ac(<+ Hidda) (H ’*M) = AcM
(—+;A1A2) (——MA2) /N -

.
* The polarization-weighted amplitude squared can be obtained by [Bernreuther, Heisler and i 15 ]
1 1 1 _
IM[|* = 1 Y Tr [Mp{ Mip] = Z|AC‘2 Yy Tr[Mp/Mip] = Z\AC\QZ
A1, A== A1, A=
with tl £ = (Cil+++ +Cs[+ + +])
+ P,(Cs[+ + =]+ Cs[+ — +]) + P-(= Cs[— + 4] = C7[- — —]) + Pu(Co[- — =] + Ca[— + +])
+ Pn(aa:l I 68:+_‘|‘)+ _r(_ A5 - +] 6-7:— ) | Pk(—@[— ] 64[—++])
+ PP, (Cis[+++] = Cis[+ + +]) + PuP.( = Cra[— — +] — Cis[— + —]) + P Pi( = Cio[— — +] — Ciz[~ + =)
+ P,P,(Cisl— — 4+ — Cis[— +—]) + P.P.(Cia[+ + + + Cas[+ + +]) + P.B. (Co[+ — =] + Co1 [+ + +])
+ PP, (Ciol— — +] = Ciz[— +—]) + BuP.(— Co[+ — =] + Cra[+ + +]) + PP (= Ci[+ + +] + C3[+ + +]) | 20




IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

(*[+++]—:1 Z ({5 X A2) 2+ [{(—=3 M )] C.'g[+~]—4z”Rc Z ({HH; M2 + {(— =30 h2)) ((Fs A A — {(H—1 A Aq))
A1, Az==% A, Aa=+
° The ] Cal———] = 11 > A P = == M ?] ) Crol- -+ = —,113111 Y () + (== 2 )) (=4 ke + (=i )
A1,Az2—=4 A A==
Galt + 4] = i ST 45 M) B+ (- A t Cil+++ = jRe Y (A — (m= ) ((FH Mide) + (F—1 A A2)
A, Az=+ A, Az==T
Cal—++] = 11 AR = (s A Cual =+ -] = i'ﬁm/\ > (HE Mg = (S ) ((HH dide) — (=1 0e))
P 1. A=+
- 1 ,
‘ =1 : ' \ : . - Ciz[+++] = —-Re (5 M A2) (=5 A1 A2)*],
Cil-++ = —Re ((F+: M) — (—— M) ((—+H M A2y — (= M) . 27, A= | .
o The [ S Y v / re ) L P :i:( N isler and Si 15 ]
6'5;[++— _ _% m (f'---i-;)n)\-g}—{——;)\1Ag))({—+;)\1)\g}+(+—;A]Ag})*, - —+] = §\sm’\ Azl[ull, 1A2) (——3; A1 A2) ],
A1, Az=4 - 1
Crl—— ] = i)ﬁe D (s Ande) + (=5 A02)) (5 M A2) + {(+—5M1A2) " Gt = me,gl A M)
~ | Mt ) Z Gl +—] = —=3m 3 [(==: M) (5= AAo*]
Cs[+ — +] = 4 Um Z ({*x‘**ﬁ*;r\lf\-z} + {——;/\I/\2>)({—’|‘;AI}\2} - (*1*—;/\1/\2:’) ; ’)\2= 2 A Az==%
Withtl ZZ(Cl[I -+ + Csl+ 4 I])
P,(Cs[++ -]+ Cs[+ —+]) + P (— Cs[— + +] — C7[— ) + Pi(Ca[~ — —] + Ca[— + +])
Pn(aﬁﬂ b — 68:+_+:)+pr(_A5_ -+ 67_— ) | -k(—éz[— ] 04[—-|-+])
+ P,P,(Cis[+++] — Cis[+ ++]) + PuPr( = Cra[— — +] = Ci[— + =) + PoP( — Cro[— — +] — Cr2[~ + —))
+ PP, (Cul- — 4] = Cis[- + =) + PP (Cis[+ + +] + Cis[+ + +]) + PPy (Co[+ — =] + Cra [+ + +])
+ PePo(Crol- — +] — Cal— + =) + PiPo( = Col+ — =] + Cus[+ + +]) + PuPi( — Cal+ + +] + Gs[+ ++]) , 21




The spin density matrix in {n, r, k} basis,

1
P=1

A\

l

A\

1 - 1 - 1
L®la+= ), Bi(0:i®l)+= ), Bi(l®o)+= ),

1=n,r,k

]ZTL,T',k z,j:n,r,k

B} and B; are polarization of top and anti-top

Bf = (Col++-]+Csl+ -+, —Cs[— + +| = Cs[- — =], Cal— — =] + Cal- + +]),
B = (Co[++—] - Cs[+ — +], =Cs[— + +] + Cr[— — =], =Ca|~ — =] + C4[— + +]) ,

C.. are spin correlation matrix

Y

s+ ++

]

+ + +]

| Cisl+++]+Cus[+ ++)

| —Golt— —]+Cu[++4] ~Cil+++]+Colx++] /

—Chal— = +] = Cis[- + -] —Cho[= = +] = Cuz[- + -]
Col+ — =] + Cua [+ + ]

Va\

do a’f
dQ 3278

—

IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

A~

Cij (0: ® 0;)

22



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

* The spin density matrix in {n, r, k} basis,

1 ~ 1 ~ 1 ~
p=-|12®La+= ) Bf(:i®l)+= ) B (La®d)+= Y Cioi®a)
4 R A~ A S
. t=n,T, J=n,T, L,]=n,T, _
Polarization coeffcient C 1 52 6‘3 54 6’, é(; 67 68
[P, CP, CPT] Parities| [+++] | | [+ ++] |— + +] [— + +] [+ + —] [ ] [+ — +]
, | A-Cu Bfr-B: A+Cw.. Bf+B- | BY+B- Bf+B- Br-B- Bf-B-
Ph g va] . k k k k 7 7 n. () 7 U n 7
ysical quantity 5 3 5 5 5 5 5 5
Polarization coeficient 69 610 611 612 613 614 615 616
[P, CP, CPT] Parities| [+ | o [+ — + —] [+ + +] | -] [+ + +] — + —]
Phvsical antit a”"k o ak’" ékn o é\nk érk + 6k'r akn + é\nk é'\'rm + érr é\'rn. — é;nfr 67*7“ — énn arn + énr
el e 2 2 2 2 2 2 2 2

23



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

» Consider scalar exchanges

_ (++;44p) 0
/%,11/12;(;5- = 9({00; /11/12>50551le = (

0 (= —35414)

Polarization coeffcient| !

[P, CP, CPT] Parities

Physical quantity

Polarization coeffcient

P, CP, CPT] Parities

Physical quantity

24



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

» Consider scalar exchanges

/%,11/12;0-5- = 9({00; /11/12>5(;5-5Mz = (

(++;44,) 0 )
0 (= =5 4142)

Bf=-B;=GC,J/C, =B
Cnn — Crl’ — C13/Cl — C
C,=-C,=—C,C =D

r

4 — C1s -G — — 1ji— Cis|— +—] —Crl——+]| = Crz[— + -] \\ Kk 2

— ++ +] Cs[+ + +] /

0 0 0
l1+B C+iD 0
C—iD 1-B 0O

0 0 0

oS O O O

25



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

» Consider scalar exchanges

_ (++;44p) 0
/%,11/12;0-5 = 9({00; /11/12>5(;5-5Mz = (

0 (= =544

0 O 0 O
110 1+B C+iD 0
210 C—iD 1-B 0
0 O 0 O

* Let us compute quantum observables for p =

1 + B+ C? + D? y
5 <

Trip?] =

Ep?) =/ C?+ D?

m,=1+C*+D*=1+ "

26



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

» Consider scalar exchanges

_ (++;44p) 0
/%,11/12;0-5 = 9({00; /11/12>5(;5-51112 = (

0 (= —35414)

0 O 0 O
110 1+B C+iD 0
2|10 C—=iD 1-B 0
0 O 0 O

* Let us compute quantum observables for p =

1 + B?+ C? + D?

Tr(p®] = > <

» For a single scalar exchange, B =0, C*+ D = 1

€lp’l =V C*+ D’
Maximal Entanglement

m,=14+C*+D*=1+%" Violation of CHSH inequality
27



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

» Consider scalar exchanges

_ (++;44p) 0
/%,11/12;0-5 = 9({00; /11/12>5(;5-51112 = (

0 (= —35414)

0 O 0 O
110 1+B C+iD 0
2|10 C—=iD 1-B 0
0 O 0 O

* Let us compute quantum observables for p =

1 + B?+ C? + D?

Tr(p®] = > <

» For a single scalar exchange, B =0, C*+ D = 1

€lp’l =V C*+ D’
Maximal Entanglement

m,=14+C*+D*=1+%" Violation of CHSH inequality
28



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

» Consider scalar exchanges

_ (++;44p) 0
/%,11/12;0-5 = 9({00; /11/12>5(;5-5Mz = (

0 (= =544

0 0 0

0
- b bles f 210 1+4B C+iD 0
et us compute quantum observablesfor  P=Z1y ~_:p |_p o
0

0 0 0

» For a single scalar exchange, B =0, C* + D* = 1

1 O O -1 0 O | cos20 sm2o O
CZ.JC.P‘even = (O 1 0 ) CZ.JC.P—Odd — ( 0 —1 0 ) anxed =1sin26 cos26 O

0 0 —1 0 0 -1 0 o0 =1 _.



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Spin density matrix of a two-qubit system

* Let us consider ttbar process,

» Leading order QCD amplitude is P, CP, and CPT invariant.

Only [+++] coefficient survive!

Polarization coeffcient| !

[P, CP, CPT] Parities

Physical quantity

Polarization coeffcient

P, CP, CP’T] Parities

Physical quantity

30



I 0 4a—1t Y t 4 l

Top quark pairs @ LHC | f}w{ >W<

. . . q 7EEEO0 —_ , - |
* Spin-density matrix . g t 4 ;

R 55 Ps 0) = Z M 15050 M, (O)
zl Ar=%1
* Fano decompositioin

RP,O)=-AL®L +B/6;®0L +B; L, R0, +C;0,® 0,

do a’f
dQ 32z
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Top quark pairs @ LHC

* Spin-density matrix

Y 2000 , & { Y

g 2111 { q

60’55’(ﬁ 9) — Z M Ay 00(‘9) M AiAo; 6,0,(9)

/11 /12:+1
* Fano decompositioin

FPB,O=ALRL +5 6,1, +B;

7 12®12+B+0'®12+B L

I, ® o; +Cl]61®6

Qo+ C,0; Q o

= Tha) ~ 1

PP
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Top quark pairs @ LHC

\ :§W< >m<
g 7EETEE —;>e tq ¢

'Afik, Nova "20]
Severi, Boschi, Maltoni, Sioli "21]
'Saavedra, Casas '22]

Only [+++] coefficient survive!

C.,. = (., also noted!

r
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'Afik, Nova "20]
Severi, Boschi, Maltoni, Sioli "21]

Top quark pairs @ LHC

6'7;3' —
¢ 900 > [f *qq — 1 Only [+++] coefficient survive!
1
_ T+95%7 = —, C, = C,. also noted!
)= oS fw o G=G
=R+ 20— 2) - pe-22+2), 4 - - A=2)
- ~qGq 2
G99 = —F,(2)(1 - 26° + f1(2 — 22 + 2Y)), Crn = —Fof°(1=2°),
C¥ = —F,(2)(1 — 22%(1 — 2%)B* — B*(2 — 22 + 2%)), Cir = F (222 + B%(1 = 2%)),
C99 = —F,(2)(1 - B*(2 — B)(2 — 22% + 2%)), Cll = Fy(2—- %1 - 2%,
CiH = C¥ = Fy(2)22(1 — 2%)*8%\/1 - B2, C9 = C9 = F,22,/(1 — B2)(1 — 22), 7 = cos @
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Top quark pairs @ LHC

* Angular averaged spin-density matrix

| R
R = dQR = _ oy A
472,[ ('B 2 p TF(R) ﬁ—\/l p Z=cosd

Afik, Nova '20]
Severi, Boschi, Maltoni, Sioli "21]
Saavedra, Casas '22]

1 d?% 1

L= L (1+a B, 2t @By bt Cd )
1 2
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Top quark pairs @ LHC

138 fb™' (13 TeV)
_ Inclusive from m(tt) vs. |cos(0)| bins i Dtaiat " i
— stat, total unc.

A= 0.663+0.029 — Powheg+P8 |

c1 | -0.062+0.053 —t—i’ - =+ Powheg+H7 | +————i]

P, | -0.0037+0.0077 1 MG5+P8 | -

P, | 0.0080+0.0063 o -+ MINNLO+P8 I e

P. | 0.0135+0.0068 | i Jes

P. [ -0.0168+0.0078 bl | i sl

P. | _ 0.0036+0.0062 & i et

P, | 0.0143+0.0067 o i

C. [ 0.028+0.017 <, i —

C.. | 0.330+0.010 kel - s

Cw | 0.305+0.020 | K

Cy |_ 0.014+0.019 - i H——i

Ci |_ -0.208+0.035 —— i —

C,. | 0.009+0.026 e i i

C. -0.016+0.017 i i ——

C. | _-0.009+0.030 —i— i —i—

C., | 0.022+0.026 f— i e
_LllllllllllllllllllllIllllllllllllllllllllll llIlllllllllllllllllllllll
-05 -04 03 02  -0.1 0 0.1 0.2 0.3 005 0 005 0.1

Coefficient value A(data, Powheg+P8)



Peres-Horodecki criterion

By + Csn —i(DBy + Cy) 1+ B — By — Clyy Cp = Cyy — 1(Chg + Cyy)
B + Cis +i(By + Ca) Cii —Coa+i(Cor +Cha) 1= By + By — Css

C11+ Con+i(Coy — Cra) By —Cis+i(By — Cys) By —Cy —i(By — Cya)

Bf — wa _— I(B; + Cﬂl:’i)
BT —C31 + 1By — C'32)
1 — B; — By + Cis

1+ By + By + Cy By +Cs +i(By, +Cs) B +Cis— (B +C) Ci+Co+1(Chy—Cyy)

<0
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Peres-Horodecki criterion

1+ By + By 4 Css Bl +Cs 4+ i(By +Cs) B +Cis—i(By +Co3) Ci+Co+i(Cra—Coy)
T2 1B + C31 — i(By + C2) 1+ B; — By — Uy C11 — Cap — 1(Cho T Coy1) By = Cis—i(By + C:z:s) 0
f 4 | Bf + Ciz+i(BF + Co3) Ciy — Cog + i(Coy + Cy) 1 — By + By — Css Bl — Uz +1(By — Cs) <

Cii+ Cop+i(Coy — Cr2) By —Cis+i(By — Cys) By — s —i(By — Caa) 1 — By — By +Cy; |

[Maltoni, Severi, Tentori, Vryonidoud "24]

Dpin < —1/3 (entanglement)
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- 1+ By + By, + Oy

T, _ 1 | By +Cs —i(By +Cy)
4 | B 4+ Ciz +i(BF + Co3)
O+ Cop +i(Cyy — Ch)

By + Gy +i(By 4 Css)
1+ B — By —Clyy
Ch1 — Coo + 1(Coyy + C9)
By — Ci3 + i(B — Cyy)

Peres-Horodecki criterion

Bf + s — Z(Bj + C‘zs) Cii+ Co + ?"(C(IQ — Czl)-

Ciy — Oy —i(Cra + Cy) By — Crs —i(By + Cag)
1 — By + By — Cs3 B——Cﬂ+(3‘—cw

By +Cs3 |

By — Uy —i(By — Cy) 1 — By —

B tr|C]
==

Dmin <

—1/3

<0

[Maltoni, Severi, Tentori, Vryonidoud "24]

(entanglement)

l\)\r—*

(1 —Dcosgb)
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Entanglement markerD »p<-13
do

1
tr|C]
—z—(l—Dcosql)), D = .
dcosgp 2 3
* @ is the angle between the leptons measured in the parent top/antitop frames
0.0 , : - ‘ . ,
o4 Scalar, Vector 1 [Afik, Nova "20]
0.2; 3 -0.2f i
0.03— N A connani
02|
a S - Q
~0.4/ 3
| — gg-tt |
_008; it _ —  LO Analytical
100 - qq =1 - = MadGraph +MadSpin
| 800 900 _ 1000 _1.0— 1 1 , . 1
Pseudoscalar 400 500 600 700 800 900 1000

1'\[” [G(‘V]



Particle-level D

Entanglement marker D

D < —-1/3
CMS 36.3 fb~! (13 TeV)
! 1 || I ] I I || I ] I | || I ] I | || I ] I I 1 I ] | I 1 I
' '/}l POWHEGv2 + HERWIG+++7, / #,
- ATLAS é ol 7 I/l MG5_aMCQNLO(FxFx) + PYTHIAS + 7, / #,
/s=13TeV, 140 fb’ /' POWHEGV2+ PYTHIAS + 1, / #
[/ MC Stat.
/11/' MC Stat. @ Syst.
i ] — Entanglement boundary _
4 Data extr. with PH+P8 tn’(tt_) <400 GeV
........................ - 4 Data extr. with PH+P8+n, B(tt) <0.9
i | _ +0.026 o
] —-— Limit (Powheg + Herwig7) | 0-491 20,025
--=-- Limit (Powheg + Pythia8) !
O Bl Theory Uncertainty ‘ ‘ 7
I @ Data - HI g
§ @® Powheg + Pythia8 (hvq) ) o0 5
_ +0. —t q)
B Powheg + Herwig7 (hvq) - 0-480_9029 *
] | | 1 | l 1 | 1 | J 1 | 1 | l || | 1 | J | | 1 | l | | 1 |
340 < m; < 380 380 < my < 500 Mg > 500 -0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -gSO
Particle-level Invariant Mass Range [GeV] 4



Concurrence

—

.0

0.8

0.6

04

0.2
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Bell's inequality violation

610(61—52)+520(61+62) > 2
D(l) — 1/3(-|—Ckk + Crr =+ Cn’n)a
D(k) — 1/3(+Ckk — Oy — Cnﬂ)a Dmln < —1/3
D(r) — 1/3(—Ckk + Crr Cnn)7 1
D(n) — 1/3(_Ckk — Crr + Cnn) Dmln < B \@

Doin = min{ DY), D*) D) py,

[Maltoni, Severi, Tentori, Vryonidoud '24]

(entanglement)

(Bell violation)
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Bell's inequality violation

[Maltoni, Severi, Tentori, Vryonidoud '24]

G1-C - (by —by) +az-C - (by +bo)| > 2

0.2}

0.0}
~0.2}

SR S Dpin < —1/3 (entanglement)

~0.4}

| 1
| Z . qq—>tt i ﬁ

] S S S S D S '

(Bell violation)
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[Maltoni, Severi, Tentori, Vryonidoud '24]

Top quark pairs @ Lepton Collider

AN t N
([513:'*' + +: - 515:+ + +: _514[_ - +] - 516[— + —] —610[— - +] - 512[— -1- —] \ PY Z
Cij = | Cu[-—+]—Cig[—+ - (513[+ ++ +Cis[+++]| Co[+— -] +[(711[+ + +]
\ Ciol- — +] = Cua[- + -] —Col+ — -] HCul[+ ++| [Cil+ + +] + Cal+ + + J 3
| | ¢ ! 3
Concurrence
1 o0 (A = Pl (52e2 — 52 + 2), (A =2l gy (AP = FB (14 ¢}),
11000 Cot =FU[F - (8 -2)q], |Cul=2rc, Gl =¥ (1+4),
0.8 1.0 JE0 _ plo /T Feysy, (G0N = FIl i Bsy, L2 =0,
0.8 CY = rFls(2- 8%, chll =o, Cl = —Fll &,
_ ' &9 = P 2 =0, &= F g
006 B % O 6
1900 O PO - 4864 (Q2Q7 + 2 Re oLV o lbg‘f‘"’i};g‘l’; u 912*‘3'),
— Z Z
0.4+ 0.4 ) 5 16gvigvem? Qi Q¢
gl — 19204gAtgAgmtB( 5 I 2Re )
O 2 |DZ| Dd
7 400 ’ ,,1[2] . 768049?\(‘,’"23/32(9%6 | g:ilf)
0.2+ 0 |Dz|? ’
1365 _
0 ! ! ! Dz = ¢ Sw(4mt (1 = B%)m3)

0 1/4 1/2 3/4 1
O/n 45



Top quark pairs @ Lepton Collider

0.8}
0.6}
0.4}

0.2¢

Bell’s inequality violation

1/4

1/2
O/m

3/4

oo

11000

1900

1400
1365

my |GeV]

2.8
2.6

2.4

2.2

2.0
1.8

[Maltoni, Severi, Tentori, Vryonidoud '24]

[

0.8}

0.6

0.4

0.2+

/-

{/'|

02%

0 1/4

1/2  3/4
O/m

2% h

1400
1363

my [GeV]
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|[Han, Low, Su "25]
IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

* We can also consider the process yy — ft.

The process is very similar to the process gg — ft.

» Also independent with the process [T/~ — f7.

6412’ Q;
(1 — 3222)2’
A" = F, (14281 —2*) — B*(2 — 22* + %)),

CV = F,(1+2B8%*(1 — 2%) + B*(2 — 22% + %)),

CYY = —F,(1 —22%(1 — 22)3% — B4(2 — 222 + 2%)),
Oy = —F,(1- (2 —ﬂ )(2—22" +2 ))

CY = CY = F,22(1 — 22)%25%4/1 —

C')’? — ("Y" — C;/’;CY — C’Y’) — 0

nr T

F, = Bf =0,

a7



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

[Ginzburg, Kotkin, Serbo, Telnov "83]

Laser (w,)

,"I'-;igh-energy Y
*

CP (Conversion PSint\)

» Itis well established that at a future linear e e~ collider, the Compton backscattering of
the laser light with the e* beam can provide very high-energy photons.

» Especially, top-quark pair production is possible with large rates in (un)polarized

photon-photon fusion.
48



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider =~

* The yy luminosity of the two colliding photons with helicity (4, 4,) is

1 d[%‘;)‘2 2T 2T
— ((OO)T -+ )\1(20>7- + )\2<02>7- -+ )\1)\2<22>7-) (0_21 IEM(_‘;Z) (0_22 ZBMeQ)

L. dT
with 7 = §/s.
| 0 . | 0 L . N B Ymax dy -
o' = oo+ P.Peo,; 0)* =0, + P.Peoy,. (1)) = — fi(y) fi(T/y)
T/Ymax I
2ma’ | 4 8 1 8 1
0 __ . 1 . , L
g, = :BM? _(1 — ; — E) log(a: + 1) + 5 + ; 2(:1: n 1)2J ’ foly) = 1=y U —y) —4r(l 7‘)"9"'\3?1)'\3!/)%%-.‘
_ _ fy) = v L+ Q=pr = 1P o= @r-1) ({2 +1-v) P
L OO A PN D 1 | L
o. = — J —_ — - . folriy) = — (1—7/y) —4F(1—F) —Fz(2F —1)(2— 7/y)P.P.,
) z Mg | z) °° 2 z+1 2x+1)?% T = gy T 2r-1)E-7/y)
) . folr)y) = Fo [L+ (1 —1/y)(2F - 1)?] P. — (27 — 1) (l_l'r//y-l—l—r/y) P,
X is machine parameter
4 Fywo Ey wWo
T = 5— = 15.3 (—) (—) =48 . . _ - Y ~ /Yy
e ke y is fraction of the e~ to photon "= ;7= "“za—r/y)"
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Top quark pairs @ Photon Collider

* The yy luminosity weighted polarization coefficients

Al. A= Al,A2=
,w)\l)vz — LA L)\lf\-z — 1 dﬁ’?’{f)‘z
N A1Ao ] —

L/\l Azz: L L LCC d\/?
A1A2 o unp
Z L)\ 1 A9 — 1 1 dE’T’Y PePe = PePe = 0 y 1 dE’Y‘f
4 Lee dy/T Lee di/T

)\1 Ao =1 A1, A==

IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]
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IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

[Ginzburg, Kotkin, Serbo, Telnov '83]

* For the polarized laser beams we can almost
extract corresponding polarization of initial
photon.

)

—Bsin® (cos©® — 1) —BsinO (cos© + 1)
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IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

* The yy luminosity of the two colliding photons with helicity (4, 4,) for P,P. = P _P.

~ N

52

(Pe, Pe) = (+1,+1) (Pevpe) = (+1,+1) (Peape) = (+1,+1) <P€7P€) = (+1,+1)
0 "Ny 100 TS 100 "0 0 T
: i I
IR 1 = °F 1 < °F[ ]
> \
0 kK — ¥ 0 0
0 04 0.8
\/?
(Peape) — <_17 _1) (Peape) — <_17 _1) (Pevpe) — <_17 _1)
10 L ].O __lllllllll—- ].O -_lllllllll—-
: s I 3
S 9 0 1 S °2°¢r .
0 0 Lk 0
(Peape):< (Peape):< (Peape):(_17+1)
10 _' ' 10 F 10 _—""""'—_
| T +
<9 °F B 3 0 CIRN B
cetNgT I e 7!
0 0 0 K —
0 04 0.8
\/F
(Pe,Pe) — (+17 _1) (Pevpe) — (—i_l? _1> (Pevpe) — (+17 _1)
10 T 10 "0 10 "y
Q0 F 1 = °F 1 < °F 1 S 9 ]
.s-'"'_"'--/\ : :
0 0 (A S 0 L
0 04 0.8




IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

P.=P.=P =P. =0

500 r— N — T T 1 N B —
i . Bell |1nequahty vkolatlon | i 2000 _i ]Igelu Ii
Nip] >0,Clp] >0, D < —1/3 - Np)
150 1500 —
> > I
1000 —
400 B 7
000 — —

300

—1 —0.9 0 0.5 1
cos © cos © 53



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

* For perfectly polarized colliding photons,

P~ 21+ B2)

0 0 0

0

0 (1+8)* [-(1-p5%) 0

0 —(1-p8%)| 1-8)* 0

0 0 0
_1-p
C[p]—1+ﬁ2>

0

0

(MiA2) | (00) = (++) (=) (—+) (+-)

,x_- ] AR AR , P — g ..\“

0 0 0 —(1-p?
1 0 (1+ B)? 0 0
2(1 + 5?) 0 0 |(1-82% 0
-(1-8% 0 0 0
(1-p%°
my, = 1 11 52 >

Entire region is Entangled and violate CHSH inequality
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Top quark pairs @ Photon Collider

* For perfectly polarized colliding photons,

wrt =1, wrm =wT=w" =0

1000

Clpl =0.1

300

V'3 |GeV]

0.2

0.4

0.6

400

—1 —0.9 0 0.0

cos ©

0.3

0.6

0.4

0.2

IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

()\1)\2) 1 (0‘5’) —

(++)

)| 2L[1+4]

|_ | | | I | | | I | | | |
| Nlp| ------- mi2 |
L - Clp D _
L T |
—\ ]
N o
400 600 300 1000
\/§ [GeV] 55



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

(MiA2) § (00) =] (+4) (—) (—+) (+-)

* For perfectly polarized colliding photons,

2M, 3 gin?

(1-z%)p*
2 — (1 = 22)p° 12 2= (1 -z2)p2)2

(1 —z%)p?

> () mT== =1 1

Glp]+ =

Entire region is Entangled and violate CHSH inequality
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Top quark pairs @ Photon Collider

* For perfectly polarized colliding photons,

+— — 17 T+ — —+ — = O
1000 ZIUW | 1 | IUIJI | QIUI [l |w’ | F |
800
% ] )
<
A
< 600
400 0.2
| | - — S - — IO |
—1 —0.5 0 0.5 '
cos ©

0.3

0.6

0.4

0.2

IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

wrm =1, wtrt=w T=w~"=0
|_ I | | | I | | | I | | | |
- Nlp] --=o--- miz
REEEREN! D
L= _
- cos©® =0 -
| I | | | I | | | I | | | —
400 600 800 1000
V'3 [GeV]

1

I | | | I | | | I | | | |
- Nlp] --=--- miz
- Clp D
k’ - |
cos® = 0.5 -

I | | | I | | | I | | |

400 600 800 1000
V5 [GeV]



IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

(PP, =P,P. = —1)and (P, P,) = (+1,+1)

2.0
T k pairs @ Photon Collider || = = ©
op quark pairs (@ rnoton Coliider ., = =

° ° ° /\ 10" .....
 Polarized colliding photons, \/E = 500 GeV e
osfb— T
1 - p° (1 -p%° |
C[p] ~ > O m12 ~ 1 | > | 0.07
o) 1 AV, | Cos ®=0
1+/ (1 + /%) ;
—0.5_'
e — 1.0 —— T 2.0 _1 o I S S S '
a10k ] 410k y Y350 360 370 380 390 400 410
| - | | V3 [GeV]
400 b— < os 400 s (PPy =P.P. = —1) and (P,,B,) = (+1,+1)
. Clp] =06 . . mq» = 1.36 ! 20" T T T
| - [ Mg ==--- Clo] — Nig] D -
390} : 390} , I :
% ! . e | : 16 A T .
Q | !
O 380 ——__ i ©. 380F - |
” 0.7 - \ 1.49 / [
- e _ | S -
i | . ‘ 1.4 P Z
370} 1 o7 370 1 o5} T
TR 0.8 - - . |
360} _' \ 1.64 / |
. - 360.- ! 1.2 ! Cos ® =05
:\ / 0.6 ~— P | —
350} 0.9 1 350} i ~05¢
-1.0 -05 0.0 0.5 1.0 10 —o0s o0 o’ 10 1w b L .
cos © cos O 350 360 370 380 390 400 410 58



800F

/00F

500

Clel=10:2
| 0.4 :
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| 06 |
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IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider . =~ = °

 Polarized colliding photons, \/§ = 1TeV

]
et
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'
o
.
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400 500 600 700 800
V8 [GeV]
- (PP, =P_P. = —1) and (P,,P,) = (+1,-1)
"""" My -==== C[p] —— N[p] D
15F
10}

---
-="
-
.-
-

~05¢

o '




IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

20 (PePc :'T:)e'E)c — _1) and (Pe:lse) — (+1:_1)

Top quark pairs @ Photon Collider .| -

» Polarized colliding photons, \/§ = 1 TeV 10

1.0 - 2.0
800} 800}
0.8 , 1.8 |
700 700f _
—_ 0.6 — 1.6 o
> % -
$ 600 & 600 i
L‘U) [<U) | c—
- -
kg 0.4 14 -
| 500} _
2007 Clp) = 0.2 | _
| 0.4 | 02 | mq, =104 12 N
e 400 -
400 B , | 116 _
0.6 ‘ ' 1.36 = el 0]
- _ pa _ 2 . _ _ _ 2 _ . _ _ a _ . . _ 2 2 2 2 1 ™ 4 2 ™ 1 = ™ " 2 1 2 - " " 1.0 |
-1.0 ~-05 0.0 0.5 10 © -10 -0.5 0.0 0.5 10 0 02 04 06 08
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cos® =0

IDWK, S.Y. Choi, J.S. Lee, and C. Park 26’]

Top quark pairs @ Photon Collider

cos© =0

|||||||__|

AN NN NN

| N R N R R A B T T
300 1000 600 300 1000
V5 [GeV]
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Conclusion

* The quantum observables, constructed by Polarization and Spin
correlations have become a powerful tools for BSM searches and

precision measurements.

* We present a general formalism to construct the spin density
matrix of a two qubit system at colliders from the amplitude level,

taking account of P, CP, and CPT properties.

Polarization coeffcient C 1 52 6’3 6'4 6, 6‘6 6’7 6’8
[P, CP, CPT] Parities| [+++ [-—-] [+++] [-++] [—++] [++-] [---] [+ — +]
, , A-Cy Bf—-B- A+Cw Bf+B- | Bt+B- Bt+B- Bt-B- B+-B-
Phvsical . k k k k T T n no_ 7 T n. n,
ysical quantity 5 5 5 5 5 5 5 5
Polarization coeficient 6’9 610 éll 6_12 613 614 615 616
[P, CP, CPT] Parities| [+——] [-—+] [+++] [— + —] [+ + +] [— — +] [+ + +] [— + —]
Phvsical antit érk — ak'r 6&71 — é\nk 6rk + akr _ é?kn + é’\'n.k, 6nn + éfr'r arn — an 6 — ann _ 67*71 + é\’n
yRIGA QuanLiy 2 2 2 2 2 2 2 2




Conclusion

* The quantum observables, constructed by Polarization and Spin
correlations have become a powerful tools for BSM searches and
precision measurements.

* We present a general formalism to construct the spin density
matrix of a two qubit system at colliders from the amplitude level,
taking account of P, CP, and CPT properties.

* We show that a Photon collider with polarization control, we could
also check Bell’s inequality violation at high energy collider!

e 77,727, WTW™, ... also suitable subject to study further.
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