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Motivation

- In general, top pair produced entangled

- In the SM, there are two point of maximal entanglement

and regions of vanishing of entanglement

- How does SMEFT change these eftects”
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Entanglement in spin-space

We want the entanglement in the top pair spin Q\

(here illustrated by the trottola) % %
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for instance: 5 would be a maximal entangled state




Spin production density matrix [Afik and de Nova, 21]

The state-density matrix is obtained from the R-matrix

1
Ra1042,5152 N, N, Z Mazﬁz Malﬁl

colors
a,b spins

_ where Mqag = (t(k1, a)t(ks, B)|T|a(p1)b(p2))
I =99,qq



Spin production density matrix [Afik and de Nova, 21]

The state-density matrix is obtained from the R-matrix

1
ROé1042 5152 N Nb Z Mazﬁz Malﬁl
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) where Mg = (t(k1, a)t(k, 8)|T|a(p1)b(p2))
I = g9,qq
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Spin production density matrix [Afik and de Nova, 21]

The state-density matrix is obtained from the R-matrix

1
ROé1042 5152 N Nb Z Mazﬁz Malﬁl
2 SO
_ where Mqag = (t(k1, a)t(ks, B)|T|a(p1)b(p2))
I =g9g9,qq
:
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Mixed state of gg and gg Initiated channels, . B T/~ I/~
weighted by the luminosity functions R(3,k) = ZL (3)1°(3, k)



Spin production density matrix [Afik and de Nova, 21]

4x4 matrix in spin-space of the top pair.

Fano decomposition: (spanned by tensor prod. of Pauli and ldentity)

R = A]lz®]lz—|—éi+ai®]12—l—l§;]lz ®0’i—|—c~'7;j o' Rao’.

. do aQﬂ ~
10-coefficients where the norm _ s &
i0ds ~ g2 A&K



Spin production density matrix [Afik and de Nova, 21]

4x4 matrix in spin-space of the top pair.
Fano decomposition: (spanned by tensor prod. of Pauli and ldentity)
R = A]lg@]lz—l—ézrai@]lg—l—éi_]lz ®0’i—|-(77;j ' Rao’.

™ do a2 -~
16-coefficients where the norm _ s A
i0ds ~ g2 AR

Normalize the state as p = R/tr(R)

- 1o®1 5 + Bjai@)]lz -1 Bi_]lz®a73 4 Cij o' Ro’
— y |
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Density matrix and helicity-basis

Helicity basis:

_ (p—zk)
V1—22

{k,n,r}: r n=kxr,

To expand In this basis, e.g.

C,., = tr[(]ij n@n]

Phase-space parametrized by: 3

(1 —4m;/3)

and

cos ¢
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Entanglement in bipartite systems

Given a bipartite system Hap = Ha @ Hyp

Can you write |Wap) = |¥a) @ |Uy) ? No? Then it is entangled.

Or more generally as product (mixed states): Pab = Zpk Pa ® Py
k

Maximally entangled states (e.g Bell states):

T + ) £ 1)
ot — \TT>\/§\H> or |0 = =
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Entanglement in bipartite systems

An entanglement measure is more useful than the previous definition:

+ Peres-Horodecki Criterion;: A = —Chrn + |Cre + Crrr| — 1 >0
(in the helicity-basis) (entangled)

» Concurrence: C|p] = max(A/2,0)

Clp] =1 (maximally entangled)

12



What’s the story for the SM? [Afik and de Nova, 217]

1

1 ———

P

0.8 08 White regions: zero-entanglement
06 0.6
04 0.4 ClP)

0.2 10.2

X — 0 Maximal entanglement points/regions

1 ———

0.8 "

06 + At threshold: < = 0, V0
n

04 | ,

0.2 + high-E: 3 — 1,cos6 =0

0

0 02 04 06 08 10 02 04 06 08 1

lcos 6| lcos 6|
13



What'’s the story for the SM?

0 02 04 06 08 1
|cos 6]

|[Afik and de Nova, 217]

Maximal entanglement points/regions

. Atthreshold: 5% = 0, V0
(singlet)

Pag (0,2) = [¥7)n (¥ |n

+ high-E: 8% — 1,cos6 = 0

(triplet)

Pag (1,0) = [¥F)n(TF |
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What'’s the story for the SM?

lllllllll

0

0.2 04 06 0.8
lcos 6|

|[Afik and de Nova, 217]

Maximal entanglement points/regions
. Atthreshold: 5% = 0, V0

mixed but separable

+ high-E: 8% — 1,cos6 = 0

(triplet: same as gQ)

Pg(l;-w(lao) — I\Ij+>n<\p+|n-
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SMEFT

1
LsmerT = LsM A2 Z ¢;O;

LO-QCD in ttbar prod. [Degrande et. al, 08’
Luv
Og = gs fABCGArGBYGEr +4F operators
(8,1) ~(8,3) ~(8) ~(8) ~(8) ~(8) ~(8)
A ' v w ~A OQq ’OQq Ot O ’OQu’OQd’OtQ
Oug=|p'p : G, G,

O = g:(Qo" T4 1)3G2, + hec.

LSMEFT



SMEFT

LSMEFT

1
LsmerT = LsM A2 Z ¢;O;

LO-QCD in ttbar prod. [Degrande et. al, 08’
Og = gs fABCGLrGBYGEr +4F operators
(8,1) ~(8,3) ~(8) ~(8) ~(8) ~(8)
" v wv ~A OQCI ’OQq Ot'5 O ’OQu’ OQd’
Och — | PP 9 GA Gm/

Maximal points are affected by SMEFT?

Can SMEFT induce new regions?

8
O,
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SMEFT

1
Back to the R-matrix...  Rayas.6: = Y M s, Mays,
o s
With dim-six contributions:
| 1 (d6) B RSM 4 REFT
Map =M | AQMO‘B - = tr(RSM) + tr( REFT)

L vy, !

v A4X(2) where

The Fano coefficients X = X© |

~ ~

X = A, C;; and B;

O(A™") from dim-6 Sg.



SMEFT

1
Back to the R-matrix...  Rayas.6: = Y M s, Mays,
2D spins
With dim-six contributions:
| 1 (d6) B RSM 4 REFT
Map =M | AQMO‘B - = tr(RSM) + tr( REFT)
At O(A™7)
CQQ (1) _ gs 1 -_7g§vmt Cica 527”’21 oG | 99352mt ?
A21 - 222 1242 4m? — (1 — B2)m? 8
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SMEFT entanglement: gg-initiated [Aoude, Madge

Maltoni, Mantani, 22]

5 D O | RSM -I—REFT
only Yia,Va,Upa contributes P = (R 1 tr(REFT)

gg-initiated at threshold 8° = 0

. linear interference exactly cancel, maximally entangled state unchanged

. quadratics vanish for ngG and decreases for Otg, Dc

gg-initiated at high-E: 8% — 1 : EFT not valid but m% <L § < N2

. linear interference: sign dependent

* quadratics always decreases
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SMEFT entanglement: qq-initiated [Aoude, Madge.

Maltoni, Mantani, 22]

RSM +REFT
only Otc and 4F contributes P = (B + tr(REFT)

qg-initiated at threshold 5 = 0

. NO contributions for linear and quad

qg-initiated at high-E: m? <« § < A*

sign dependent for linear and quadratics always decreases

everything gets more involved for pp
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SMEFT entanglement Orc = 9s(Qa** T t)pGy,, + h.c.
M Inear quad
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SMEFT entanglement marker

RSM _I_REFT
P~ $r(RSM) + tr(REFT)

Ao calculated with SM R'’s

AlEA—AQ

k_, calculated with SMEFT R’s up to O(A—Q)
Ao =A—A; — AO

K» calculated with SMEFT R’s up to O(A_4)
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SMEFT entanglement marker

separate channels

Aq/Ag (%] Ao/ Ag (%]
-40 =20 0 20 40 -2 -1 0 1 2

mixed state

A1/Ao [70] As/ Ao [7]
40 -20 0 20 40 -2 -1 0 1 2

0.6

04

0.2 |

0 02 04 06 08 1 0 02 04 06 08 1
cos 6 cos 6



SMEFT averaged concurrence

Average over the solid angle

R = (4m)~* /dﬂ R(3,k), —

PHC implies

E—Cz+|20J_|—1>O

C'lp| = max(6/2,0)
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SMEFT averaged concurrence

Average over the solid angle PHC implies

R=(47T)_1/dQR(§,k), — =-C,+]2C |-1>0

C'lp] = max(d/2,0)

— SM
-=-- linear

""" quadratic
— ¢;/A\? = 0.7/TeV?
¢;/A% = —0.7/TeV?

0 02 04 06 08 1 0 02 04 06 08 1
B p
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SMEFT quantum state

At threshold

pggFT(O’ z) = pgg‘\I’Jr}p(\I’ﬂp

(Induces a triplet)

Pag  (0,2) = Pag [11), (1T, + (L =pgg) ), (W,

(1 =Pgg) ¥ )p (¥ |p

(changes the mixed state)

where
72

Dgg = Wmf(B\/imt ca + v ctg)2 :

A2 | A4 iz,

8),u
1 _4C§/1)4 , Smjtl (’U\/i (8),u

(1),u (1),u

Cyvya Ctqg — 9cy 4 Cyiy +2C

At high-pl

(triplet prob.) pe+ = (¥ |np|¥)n,

Do+

8),u (8),u
VA ey,
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Conclusions

SM induces maximal entanglement points/regions in ttbar

Purely linear interterence SMEFT effects vanish in these regions!
Quadoratic interference decrease the entanglement at these points
Missing dim-8 linear interference and double-insertions at O(A™*)

Questions?

QI observables can help constrain SMEFT ops?
Other processes”? Future colliders..

All this effects due to approxs? Tree-level, only dim-six, no double insertions
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LO coefficients - gg channel

G99,(1) _ g° 1 "g2um(9842° + 7)c B*m o 993527715226
A21— 2,2 121/2 T am2 — (1 - B2)m2 ¥C 8 “
égg,(l) _ gg 1 -—7ggvmtc ,Bzm;’l ; | Qgglgzm%zzc -
o A21—3222| 122 ¢ 4am?2—(1-pB2)m2 ¢ S G|
F99:(1) _ gs 1 gaumy (98°2% +7) (B2 (2* —2° — 1) +1) e,
AL 12v/2 (8222 — 1) ¢
B*my 9g28%m; 2>
dmi — (1 - 52%)m;, 3 )
1m0 )
rT o A21 — ﬁ222 12\& (ﬁ2z2 — 1) @G
B2my 9g28%m; 2>
2 N\ 2 CoG CG |
dm; — (1 — %) m;, 3 i
Goa) _ 95 1 [goumifiz (1—27) (98° + (82 —2) 2% (9% (2" — 1) +7) —2)
rk A21— B222 | 24v/2,/(B2 — 1) (22 — 1) (8222 — 1) tG
- 9g958°miz [1—22
! Ca |-
8 1-p82 7




LO coefficients - qg channel

- 4qg2m? -
o) = SO V(1= e + (2= (1= 2)8) e+ 22865 |

9A2%(1 — B?) |
C’QQa(l) — gSmt 452(1 — < ) (8),u
o A2 9(1— B2) Cvv

2 2
qu W = gAszTtﬁz) 2\/—9 (1 — ﬂz)z CtG T+ (2 + /82

2,02 y
é’gg’(l) _ 4gsmt(1 — Z ) \/_g (1 L ,BZ)CtG _I_ (2 /82) (8),u

IN*(1-p2%) |

9 2,72 1 — 2 u-
G gsmt\/ = 132 (2 B2)zeig + 4z + 28¢5

oAz \[1—p2|

Bf’qq’(1)=49§£%21_152 (82 + D" + 22e3;)
BE93:(1) — _ 4,2 m% 1 — 22 (5 (8),u 19 (8),u)
r 9s a2 oA\ 1= 2 “Cavy VA
where
v = (Coy +con” + Cin + iy + cou)/4,
o8 = (e — o3 + o+l — B4,

(2-8%)(1-22

(8),u
Cap =

~8)u
Cva =

((81)_|_ (83)_|_ (8)

= (=c

(8,1)
€Qq

8 3)_|_ (8)
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8
— oMY /4,

)+c(8))/4
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Concurrence

Given the density matrix, build w = \/\fﬁp\fﬁ where
p = (02 ® 02)p* (02 ® 02)

The concurrence (in bipartite systems) is given by
C[,O] — INaX [O, )\1 — )\2 — )\3 — )\4]

where A; are the increasingly ordered eigenvalues of W
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