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Coherence

Quantum Discord
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Discord for top quarks

Quantum Discord

p=|A,B><A,B|

Pt = Hp) - Tt I(paB) = S(pa) + S(pB) — S(paB)
/ \ Ja(paB) = max Ja(pag;n)
Mutual Information Conditional information
(all correlations) (only classical correlations)

7 ( ) =0 Classical
A\P) —_ # (0 Quantum (Can have separable states w D, # 0)



Discord for top quarks

Da(p) = 1(p) — Ja(p)

I(paB) = S(pa) +S(pB) — S(paB)

Ja(pap) = max Ja(pap; 1)

n

Ja(pap;n) = S(pa) — S(palps;n)
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Discord for top quarks

Da(p) = 1(p) — Ja(p)

I(paB) = S(pa) +S(pB) — S(paB)

Ja(paB) = i Ja(pap;n) S(palppin) = p+asS(p+a) + P—aS(p-n)
Ja(papin) = S(pa) — S(palpsin) / Pti = p_l_,\ trp(Illeapapllis)
e B
[, =1 ® |£n) (£n] l/ \’] o
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Discord for top quarks

Da(p) = 1(p) — Ja(p)

I(paB) = S(pa) +S(pB) — S(paB)

Ja(paB) = o Ja(pap;n) S(palps;n) = praS(p4a) + P—aS(p—a)
. : / 1
Ja(papin) = S(pa) — S(palppin) - Y tre(Ilinpapllis)
=10
I, =1, ® [£n) (£n /~ _‘ __7,.'\
& e 1/ ) p+a = tr(ll+apaBll+a)




Discord for top quarks

I(paB) = S(pa) + S(pB) — S(paB)
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Discord for top quarks

Ja(paB) = S(pa) — min (p4aS(p+a) +p—aS(p—2))
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Discord for top quarks

Ja(paB) = S(pa) — min (p4aS(p+a) +p—aS(p—2))
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Discord for top quarks

Da(p) =1(p) — Ja(p)

= S(pB) — S(pap) + min (pyS(psa) + P_aS(p_4a))
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Discord for top quarks

Da(p) =1(p) — Ja(p)

= S(p) — S(pap) + min (p;

I
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Discord for top quarks

Da(p) =1(p) — Ja(p)

e S(/)B) — S(/)AB) + Il'lAill (]) ﬁ,S(P fz) +p—ﬁ,S(/)—ﬁ,))

I

A; = Singular values of C;; in any basis of choice
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Discord for top quarks

Da(p) =1(p) — Ja(p)

— S(/)B) e S(/)AB) o IIlAill (p .ﬁ,S(/) 'fz.) i p—'ﬁ.S(p—'ﬁ.))

T

1 1+ A 1 1 — A
Da(pap) =1+ Zé’z logy (€i) — 5(1 + A) log, ( 5 ) = 5(1 — A) logy ( 5 )

¢
e; = Eigenvalues of p,5

A = Largest singular value of C;;
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Discord for top quarks

Da(p) =1(p) — Ja(p)

— S(/)B) e S(/)AB) o IIlAill (p .ﬁ,S(/) 'fz.) i p—'ﬁ.S(p—'ﬁ.))

T

1 1+ A 1 1 — A
Da(pap) =1+ Zé’z logy (€i) — 5(1 + A) log, ( 5 ) = 5(1 — A) logy ( 5 )

¢
e; = Eigenvalues of p,5

A = Largest singular value of C;;

Calculation appeared before:
S. Luo, Quantum discord for two-qubit systems, Phys. Rev. A 77 (2008) 042303.
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Discord for top quarks

1 L4+ A 1
Dalap) = 1+ X exlogs (e) - (1.4 X oz (52 ) = 51— Ao

e; = Eigenvalues of p,5

A = Largest singular value of C;;

Da(pag) =1+ i(l ~ G — Cn — Cy) logy (U = _4071 : Cr))
+ 3(1 e ((1 + Cj —4Cn, + Cr))
. i(l . ((1 3t CI - A)) . 3(1 +C, + A)log, ((1 + Ci, + A))
. %(1 + ) log, (1 ; /\) . %U . (1 3 A)

where A = \/CE +4C2 + C2 — 2C;C,,, and A = max{|C,|, % |Cr + C. — A, % |Cr + C. + A}

Experiments - C »
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Discord at colliders

Experiments

B ik do
CZJ — on (IQ(IOC

Fictitious states
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Discord at colliders

Experiments

do 1 do
g el Lo el G (g 1)
T STy At

Fictitious states

For entanglement, not a
big deal:
Clpl #0 = Clp] #0

K. Cheng, T. Han, M. Low: Phys.Rev.D 109 (2024)
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Discord at colliders

Experiments . . .
P For discord, it can be disastrous:

e Set of zero-discord states not
convex: mixtures ot zero-discord
states can lead to a fictitious

o 1 s s 50
Cij = = H(ZQTQCU(Q) states with D,[p] # O..
Fictitious states p =Apy+ (1 = A)p,

For entanglement, not a

big deal: NS
Clpl #0 = Clp]l #0

K. Cheng, T. Han, M. Low: Phys.Rev.D 109 (2024)
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Discord at colliders

Quantum Discord and the Geometry of Bell-Diagonal States

Matthias D. Lang* and Carlton M. Caves
Center for Quantum Information and Control, Unwversity of New Mexico,
MSCO07-4220, Albuquerque, New Mexico 87131-0001, USA
(Dated: July 25, 2018)
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Discord at colliders

Quantum Discord and the Geometry of Bell-Diagonal States

Matthias D. Lanéﬂ and Carlton M. Caves
Center for Quantum Information and Control, University of New Mezico,
MSCO07-4220, Albuquerque, New Mexico 87131-0001, USA
(Dated: July 25, 2018)
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Discord at colliders

Quantum Discord and the Geometry of Bell-Diagonal States

Matthias D. Lanﬂ and Carlton M. Caves
Center for Quantum Information and Control, Unwversity of New Mexico,
MSCO07-4220, Albuquerque, New Mexico 87131-0001, USA
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Discord at colliders

Experiments . . .
P For discord, it can be disastrous:

e Set of zero-discord states not
convex: mixtures of zero-discord
states can lead to a fictitious

Rt x do
Cij = o deQC () states with D,[p] # O..
Fictitious states p = Apy+ (1 = )p,

For entanglement, not too
big a deal:
Clpl #0 = Clp] #0

K. Cheng, T. Han, M. Low: Phys.Rev.D 109 (2024)




Discord at colliders

Experiments . . .
P For discord, it can be disastrous:

e Set of zero-discord states not
convex: mixtures ot zero-discord
states can lead to a fictitious

gl % H(IQ%CU(Q) states with D,[p] # O..
Fictitious states Two solutions:
e Measure discord in regions of
For entanglement, not too phase space which give an
big a deal: entangled fictitious state
C[p]#0 = Clp] #0 * Restrict phase space to regions

where all sub-states have
K. Cheng, T. Han, M. Low: Phys.Rev.D 109 (2024) D O
Wpl #
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Discord at colliders

Three signal regions:
* Threshold

® Separable

e Boosted
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Discord at colliders

Three signal regions:
* Threshola

® Separable
e Boosted

Contours of concurrence
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Discord at colliders
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Discord at colliders

Three signal regions:

e Threshold Separable
o Se parable states w
e Boosted genuine
quant

corfelations!

Contours of concurrence

B(M)
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Collider Analysis

pp — tt — (50T +jets + B

e Decay methoa
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Collider Analysis

pp — tt — (50T +jets + B

e Decay methoa

Threshold Region

Separable Region

Boosted Region

(frec> DA (ptt_) <€rec> DA (ptf) <€rec> DA (ptf)
Parton 0.200 £+ 0.003 0.255 £+ 0.008 0.197 + 0.003
Reconstructed | 0.10 0.23 +£0.04 0.28 0.18 £ 0.05 0.08 0.20 £ 0.05

Uncertainties: statistical & = 139 fb~! + syst. (detector

efficiencies + unfolding)
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Collider Analysis

pp — tt — (50T +jets + Fr.

nrk
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Threshold Region Separable R¢ B ik £
Decay Method
(€rec) | Dalpg) |[(€rec) | D ot 2 g o S B S 347
Parton 0.200 + 0.003 0.255 100 200 500 1000 2000
Reconstructed | 0.10 | 0.23+0.04 || 028 | 0.18 L [} 0.0
| U.Z 0.4 0.6 0.8 1.0
Uncertainties: statistical & = 139 tb™" + svst. (detector 20/

efficiencies + unfolding)

Est. precision w/ current data: ~20%
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Collider Analysis

pp — tt — (50T +jets + Fr.
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Collider Analysis

pp — tt — (50T +jets + Fr.
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Collider Analysis

pp — tt — (50T +jets + Er.
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Collider Analysis

pp — tt — (50T +jets + Er.
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Collider Analysis
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Collider Analysis
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Metric Measured

D=rrCy3 | -0.221£0.010 From yesterday'’s talk:

Magic 0.238 £ 0.014
Est. precision w/ actual data: ~14%

Discord 0.073 £ 0.010

LQU 0.051 + 0.007 (USIﬂg full Spin—density matrix)

Obtained from the inclusive
(100k toys) — clear observa
But how do w
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Summary

 Discord is a clear next step in the exploration ot Ql at colliders

e Computable analytically for 7 (at LO) in terms of “collider friendly”
observables
e Can be framed in robust way in terms of existing analysis strategies
(dilepton, lepton + jets, etc.), clear advantages for kinematic method
 |[mportant subtleties uncovered (convexity, linearity) which must be
considered for other observables

® [Future directions:

® Higher order effects
® CP-odd corrections (EW, NP)
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