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Motivation

Entanglement has been measured by ATLAS and CMS

From the theory side, we should provide higher-order predictions

What are higher-orders?

Loops Multiplicity QCD/EW

/ We should also sharpen and understand our QFT tools /



Higher-order corrections
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Higher-order corrections: Diagrammatic

Formally, for ttbar production at NLO (in QCD) we need...

tree \/-UJ-W<

real W%f w \““4\ Extra radiation?
/izaw Larger Hilbert space.

If the radiation is unresolvable, can we see this as a quantum map?

Decoherence!




Open Systems: Quantum Maps

The evolution of a system+environment is unitary

p'(t) = U(t)ps(0) @ pe(0)U" (1) S
Tracing over the environment subsystem

ps(t) = trp [U(t)ps(0) @ pp(0)UT(t)]




Open Systems: Quantum Maps

The evolution of a system+environment is unitary
p'(t) = U(t)ps(0) ® pr(0)UT(t)
Tracing over the environment subsystem

ps(t) = trg [U(t)ps(0) @ pp(0)UT(t)]

1

which we can write as a operator-sum representation (Kraus operators)

ps(t) = Z KJPS(O)K;L .t

For bipartite qubits: /& ; Tensor product of Pauli

Y KK =1
J



Types Of Qllbit ChaHHEIS [Jagadish, Petruccione ’19]

Consider the Kraus operator acting on the top

« Phase damping channel: Ky = \/ 1 — gﬂ Ky = 203

» Depolarising K; =+/1—3p/41 K;=/p/4o

» Spin flip Ky=+/1-plI, Ki=.pX

« Amplitude damping Klz(l . ) KQZ(O \/f’)



Radiation as environment

‘weak’ coupling between system and environment

SOft collinear

~/

/System /jﬂ

system + env. system —+ env.




Application 1: Scalar Decay

f(p1)

f(p2)

[RA, Alan Barr, Fabio Maltoni, Leonardo Satrioni|
Phys. Rev D. 113 (2026) 7, 076007

+ WOrK In progress



Scalar decay: working example

f(p1) f(p1)

00O0O0
A4Ncysm3B% (01 1 0 1
At tree-level: Rio = 1 3 0110 OLO = IR ]RLO = U (U]
0000 LO
Maximally entangled: controlled place to study entanglement decrease



Scalar decay: working example

General interaction: Scalar, pseudo scalar, vector and axial
gr = {gs1,9p7", gv 7", 947"}

Virtual correction: one-loop Real emission
f(p1) f(p1)
Trace over the extra
p(p) ------ + p(p) ------ - d.o.f (environment)
be f(p2) l
Same Hilbert space Quantum Map.

Open Quantum system



Loop Corrections

Mio = yu(p1, h1)v(p2, ho) i(pl)
p(p) ------
M\ﬁito — ytu p17 p27 h2

f(p2)
/ \ Most general structure

Py, s Yus  TuVvs  TuVvYVas' ' —— (Chains of}ﬁ1 ,pQ



Loop Corrections

Mro = yiu(p1, h1)v(p2, ha) 2
MYLo = yea(pr, ha) To(pe, he) T Cf? |
/ \ Most general structure
PY Do T TuTvs o TpVvYestt ——  Chains of Zﬁl , pQ
Particles on-shell: Dirac Equation All structures reduce down to identity

True to all loop orders.
Special for scalar.

e ﬂ(pla hl)Tvirt.U(an hz) — Tvirt.ﬂ(pla hl)v(an hz)



Real Emission

f(p1)

M

real
NLO — Yt s €L

(pr)|u(p1, h1)THo(p2, ha)]

I

U
p'lf,pg | M pVO-'u
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Real Emission

f(p1)

real T

p(p) ------ Di MNLO — Yt gs ?u(pk)[a(pl?hl)rﬂluv(anhz)]

f(p2) / | \
PPy —— %—» pyot”
Gordon identity




Real Emission

f(p1)

p(p) ------ Dr

M

real

NLO — Yt Js 6']; (pk}) [a(pla hl)rﬂﬂv(p27 hQ)]

— O\

Py, Py pyot”
Monopole Dipole term
(IR-div) (IR-finite)
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Density matrices

Ri,0 = |[IMyo){Mi0] / Scalar case

R\lqutd = M o !"M K:rLto | + [M \|<ir|_to "M ol = Bvirt M Lo!"M 0]

Rico = IM B ("M {5 (h))
h

:'preaI“vI oM LO|+'e|- Kj“v' Lo "M LO‘KJ'

BN

Kraus operators
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Soft and Collinear Kraus Operators

0000

. 1 {0110 .
In the soft limit  lim Pz =5 (111 9| =¥ (¥ =pPs-m-  and the map is trivial

0000

. . .. 1
In the (strictly) collinear limit ~ lim pj4_174 = §(|<I>‘)(<I>‘| +[TNPT|) = pfglt{g].

6—0,7

1
Kraus operators K j = {ﬁ 01 ® I, NG o2 ® Hz} Non-unique set
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Full NLO map

Erall|pLO] = pid Lprol +q Z KJPLOK;

j#1d

L — n 4+ n soft o col. Identity part:
Pic (p O Pv PR P R does not change entanglement
Non-trivial Kraus part:
Decoherence!

q= qCol.

“in the leading soft/collinear limit



Decoherence

0
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0.98

= 1! 4m2/m? !

Entanglement is lost mainly due to collinear emission
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Gluon energy dependence

At leading-order Just summing over the helicity
o = ' "M T |Nfo =t hei[!no 1= o (Eg, cOS"g)

Collinear gluons - decoherence

1 do a _ _
for h> 17, \E = 500 GeV (C[p]) for ¢ - ttg, \/_ = 500 GeV, tt rest frame
o dE, I o -
0.25| — no cut
| — c0s82095 |
o] cos@ = 0.99
| cosf 2 0.999 | -
b Y’ 15: ~ 067
g v%] . §
—~ 5 O

0.05¢

0.00|
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100
E; (GeV)



Richardson, Webster ’18]

Splitting functions as Kraus operators Hamiton, Karlberg, Salam

Scyboz, Verheyen ’21]

In the collinear limit, a n-parton system undergoes a splitting 7 — 3k

1 Mi?ﬁf(apcapka) — S M?)’\Lz(ﬁpﬁ)

, 1—1k
O — \
» Helicity dependent AP splitting function

15



Richardson, Webster ’18]

Splitting functions as Kraus operators Hamiton, Karlberg, Salam

Scyboz, Verheyen ’21]

In the collinear limit, a n-parton system undergoes a splitting 7 — 3k

,. M (i Py - +) = SEN MOE (-, g, - )

1 \
: f—
» Helicity dependent AP splitting function

Tracing over the unresolved d.o.t

i, Ai\;O A7\ Ao col . T
Pred = Z/ Si ik TP S — 4 E :KJPLOKJ'
o=+ v Pk j#£id

Splitting functions as Kraus (here: one emission) 15



Application2: e"e” — tt + g

e t(p1)

et t(p2)

[RA, José Manuel Camacho, Valentin Durupt, Guillermo Garcia Mir,
F. Maltoni, M.M Llacer, Leonardo Satrioni, and M. Vos, '26]

[hep-ph/2604.16268]



What changes?

« Summation over initial d.o.t

16



What changes?

« Summation over initial d.o.t

e Virtual has new structures compared to the LO.

virt . — " Virt .

In dof
= 1ig5éCa (J1RLo + JoRy)

J1 o linear combinations of PV functions (A-Ds)

Jo is IRfinite JisIR-div — cancels with real.

16



What changes?

« Summation over initial d.o.t

e Virtual has new structures compared to the LO.

e t(p1)
 Real follows same approach (tensor operator)
hory. Z g(k)
et t(p2)
production decoherence
real _— J !ee 1 h T LI h |
M NCo = Yt Os > [9(p1, ) T v(pz, h2)]!, (Pk)

s! mg

16



What changes?

« Summation over initial d.o.t
e Virtual has new structures compared to the LO.
 Real follows same approach (tensor operator)

e Final differential density matrix

-1
 tr[R]

dp (Rro + R\fp) d®2 + R

real

NLO

19;]

17



Gluon energy dependence

dC'[(p)] 1 / )
_ dQ, w(E, . O
F()I' Eg > O dEg w(Eg)C[ gw( g g)ptt
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Gluon energy dependence

dC[{p)|] _
dE - w(Eg)C

|
/N

| : ) integrated over
W(Eq,! ) =
] gr* 9/ 7 {4 dE ttbar phase space

For Eg > 0 ng w(Egaﬂg)ptf]

weights  W(Eg) =

18



Spoiler!

CE s dC{{p)| _ 1 . _
ror Eg > O )C[/dﬂg (Eg,82g)p1i

—

dE, w(E,
0.35 - ) /
ee-tlg Vs =500GeV, [Ldt=8ab™! //
0.30 7 ® tomography of //
top decay products
automated calculation /é
E 0.254- 7 7 (arXiv:2510.17730v1) * ?
o
g 0.20 //
5 -l
§ 0.15 - ,l ﬁ/
0.10 -
|
0.05 - l ll
! See Marcel’s Talk !!
Decoherence " 00 %
0 20 40 60 80 100 120 140

18
Ey [GeV]



Analytical results vs. Madgraph

Concurrence for e e — ttg, \f = 500 GeV tt rest frame

j « C(o)] (Theory)
08| Cl{p)] (Madgraph)

06+
04}

0.2+

0.0 - LT I‘I_

0 o0 100 150

E, (GeV)

*No Z pole



Conclusions

Open quantum systems offers us new insights
Collinear radiation is responsible to flip the top spin (dipole operator)

Soft radiation, long-range, eftects do not flip*

Measurable eftect! ——— Marcel’s Talk
Resummation for massless quarks using SCET ——— See LianTao Wang’s talk

Many more to explore! Qutrits, N*2LO etfects, next-to-soft, ...
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ey

!

Thank You!

-5

IONS

THE UNIVERSITY
of EDINBURGH CF

MARIE CURIE

20



Backup slides



IR safe?

e IR cancellations are in the “identity part” of the map

Cancel as in the cross-section/decay: KLN theorem

e By power counting, one can see that the identity part contains integrals of

1
I | | = —_— -

| kHt aalk'r
e While the non-trivial Kraus has d! (k) CERICEDR IR finite for 0> 0
(rank-n tensor integral) P P




