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1. How strong is the entanglement between tt in LHC?
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Refutes local hidden variable theory

— If try to understand quantum with classical theory
= must be some nonlocal theory



Quantum state
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Quantum state

Density matrix

P = Zn? i) (@i (0) = Tr(Op)

Production density matrix for tt
Pab.ab X Rab,&g = ZM(XY — 1, t_@) M (XY — t 7?5)

initial

Decomposition of two-qgubit density matrix

1
p= Z(]Ll + PZ-A (Uz' X ]IQ) + HB (]IQ X Ji) + Oz'j (07; 0% Uj))
\ / l
Polarization vector

Spin correlation matrix



Entanglement

Concurrence
[ smax(|Cy + Co| — 1 — C3,0), C3 <0
= i Lmax(|Cy — Co| =1+ C5,0),  C3>0
0<C(p) <1 C;: eigenvalues of {Ci;}
/ N
Maximumly

No entanglement
entangled



Bell's inequality

(A1B1) — (A1B9) + (A2B1) + (A2 Bsy) < 2

E.g., choosing
1 1
Ay =01, Ay=o03 Bi=+—F(01+03), By=+—(—01+03)

V2 V2
= |C11 + C3] < V2
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Pab,ab can be extracted from the angular distribution of decay product

draa dbe

O'(XY — tt — (A1A2A3) (BlBZBB)) — / dQAdQB (dQA) Rab,&l_) (dQ—B)

I'4

dFac‘z

d0 ag T K)Uéagi

Spin analyzing power

do 1
dQAdOB (47)2
4

Direction of A, B

ﬁ_

(1 + KA PAQA 4 kB PPQOP 4 gARP Qf‘c;-jgf)



How to measure Pab.ab 7

Pab,ab can be extracted from the angular distribution of decay product
draa dbe

O'(XY — ti — (AlAgAg) (BlBng)) = /dQAdQB(dQA)Rab,ab (dQ—B)
I'4
Wag i+ kol O
d0 aa P
Spin analyzing power
1 do 1 + k4kBCy; cos 02 cos 07
o d(cos 04 cos 67) 2 log | cos 6 cos 65
|

Polar angle of A with respect to the i-th axis
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How to measure Pab.ab 7

Pab,ab can be extracted from the angular distribution of decay product

draa dbe

O'(XY — tt — (A1A2A3) (BlBZBB)) — / dQAdQB (dQA) Rab,&l_) (dQ—B)

I'4

dFac‘z

d0 ag T K)Uéaﬂi

Spin analyzing power

4 .Z\]'(costﬁ';;‘"cos!Ei’j;3 > 0) — N(cosﬁfcos@f < 0)
KkAKB N(cos@fcost?f > O) + N(cos@fcos@f < O)

1 1

kAKB /N

— Cij=

(503'3: X
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Which decay channel?

! Leptonic decay:
t v Ko+ = 1.0
b
d - .
Hadronic decay:
y u kg = 1.0

- v — 0.34 but cannot distinguish u, d

optimized direction:
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Which decay channel?

Leptonic decay:

Ko+ = 1.0

l+
{ Vv
b

d
{ u
b

optimized direction:

=

Hadronic decay:

kg = 1.0
Kk, = 0.34

but cannot distinguish u, d

Qc:-pt (COS QT-V) — -Pd—}'psoft (COS HW) Psoft + ‘Pd_>phard (COS QW" ) ﬁhard

H:'Opt = 0.64

(arXiv:1401.3021)



semi-Leptonic Decay

Larger branching ratio, higher significance

significance (12 — £j)  kekope |BR(tt — £7)
B BR(tt — 0¢)

~ 0.64 x V6 = 1.6

significance (tt — €0) Ky Ky




Which basis?
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Beam basis {x,y,z}:

Cancellation leads to null result

Helicity basis {r,k,n} is more sensitive!

Maintain the entanglement with no cancellations
after averaging over phase space



Which basis?

— / ~———__ Beam basis {x,y,z}:
| Cancellation leads to null result

—¥e | Helicity basis {r,k,n} is more sensitive!

|| _— = H‘“‘mﬁ; : | . . . .
'é/ ST~ | Maintain the entanglement with no cancellations
-~ after averaging over phase space

\““_,, /_/'/ - . . . .
L Optimal basis to optimize entanglement!

arxiv:2407.01672
Kun Cheng, Tao Han, Matthew Low




Qutline

~

Measure €2y, Qop

Extract Cj; m—)

Cy =

4 ]\/v(coslS’;‘lcOSGJ@3 > 0) — N(cosG{‘cosé‘f < O)

kAKkB N(cosGiAcost > O) + N(cosé?{*cosef < O)

C(p)
Calculate ¢ 4y
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Theoretic & parton level result
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Theoretic & parton level result

Concurrence Con—Cir— N2
1000f 1 M 2000 : —
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Precision: 1.6%  precision: 4.8% S |
Significance: 7.00

(3ab~1)

(Uncertainties recalled by reconstruction efficiency from simulation)

(139fb~1)



Reconstruction

Full detector simulation with Madgraph 5+ Pythia 8 +Delphes 3
Reconstructed based on the pseudo-top algorithm.



Reconstruction

Full detector simulation with Madgraph 5+ Pythia 8+ Delphes 3
Reconstructed based on the pseudo-top algorithm.

Difficulties: @ Low efficiency
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We need:
angular distribution in all directions

pr,N cut:
throw away most of events :(

— Efficiency: 0.01-0.2

my| GeV |




Reconstruction

Full detector simulation with Madgraph 5+ Pythia 8 +Delphes 3
Reconstructed based on the pseudo-top algorithm.

Difficulties: @ Smeared angular distribution

2.57

— Truth

Detected

||||||||||||||||||

— Afterpr, n cut]

cos®!cosh?

An asymmetry of 0.5 was smeared to 0.05

(



Reconstruction

Solution: Parametric Fit
Detector effects can be quantified by the Response Matrix R:

7 folded, _R.T

ruth , ‘D ruth

etected
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Solution: Parametric Fit
Detector effects can be quantified by the Response Matrix R:

o folded o _ o o \

ruth etected ruth

Truth—level cosf? cos6B
N ow=, O al= N G|w als

_g_
-1 C1 1 1 1 1 .I

1 1 1 1 1
4 3 2 1 1 2 3 4
- 222 1 1z 3 1
5 5 5 0 5

Detector—level cos@cosdB



Reconstruction

Solution: Parametric Fit
Detector effects can be quantified by the Response Matrix R:

ruth r etected ruth

7 foded 5 _ 5 5 \

We can also fold the theoretical distribution:

folded
J-Leory(c) ? 'Predicted(c) — R ) Theory(c)

Truth—level cosf: cosd®
al= O al= aIN ol alks

1 1 1 1 1 1 1 1 1 1 1
4 3 2 1 1 2 3 4
4 -4 3 2 1 12 3 4y
5 5 5 0 5

5 5 5 5
Detector—level cosf:cosdB



Reconstruction

Solution: Parametric Fit
Detector effects can be quantified by the Response Matrix R:

folded \
Truth ’ Detected — R ) ]qll‘uth i

We can also fold the theoretical distribution:

fold
Ylmw(c) 0/e ? ‘lDredicted(C) — R ) 7-l’1eory(c)
4

N G, O = GIN Glw G|
T 1 1

Truth—level cosf? cos6B

Fitting (to é solves the problem Z)

_g_
-1 C1 1 1 1 1 .|

1 1 1 1 1
4 3 2 1 1 2 3 4
4 -4 3 2 1 1z 3 1
5 5 5 0 5

Detector—level cosf:cosdB



Result

Entanglement Bell's inequality violation

Result(139fb~") | Precision NP
Result(3ab~!) Significance

Boosted | 0276 +0.026 | 9.5%

0.23 + 0.06 4.10

Threshold @ 0.261 £ 0.008 30%




Conclusion

1. Semi-leptonic decay is much more sensitive than full leptonic decay.

2. There Is strong detector effect in reconstructing spin correlation matrix.



Thank you!
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