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Need for BSM physics - Lack of anti-matter

The matter antimatter asymmetry of our
universe is an established problem, with
several independent sources of evidence.

Sakharov’s Conditions [Sakharov 1991 Sov.
Phys. Usp. 34 392] for baryogenesis:

1. Baryon number must be violated.
C and CP symmetries must be violated.

The universe must undergo a state that is
away from thermal equilibrium;
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General approaches to parametrize CP violation in the Yukawa sector

We focus on the description of the SM and just one operator that emerges from pseudoscalar interactions
between the top quark and the Higgs. This simplified model characterized by Higgs-Top CP (HTCP) odd states is

given by

Yy — .
Lity = Litucp = _T%t(ath + ib.ysh)t,

People have studied this model since the 90s.[C. Schmidt and M. Peskin, Phys. Rev. Lett. 69, 410 (1992)] and have
studied its signals at the LHC [See 2208.02686, 2303.05974 and related]

The most accessible of these Yukawa couplings is the Higgs-top coupling given the large value of the top quark

mass.
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Constrains on HTCP

Multiple studies have constrained CP violation directly in VBF, hyy,hZZ, ht and htt.
Modern bounds have been set for a; and b;. From 2024 in ATLAS and 2023 CMS:
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Probing HTCP with pp — &t

* Can we look at other channels to complement constrains on these couplings? Can we use
Quantum Information based observables to achieve this?

* One of the “standard candle” processes at the LHC with an estimate of ~108 events using
run 2 data only [PDG, Review of Particle Physics (2024), ATLAS 2006.13076].

* Short lifetime of top quark allows it to decay before hadronizing. This habilitates the use
of perturbation theory to accurately study its properties [PDG, Review of Particle Physics

(2024)].

* Decaying lepton direction is highly correlated with top spin (spin analyzing power is
exactly 1)

a, = 1(100 % correlated)

/év R y L8 Picture taken from: Fabio Maltoni’s talk - PHENO 26
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Relevant kinematic observables

doNLOQCD+H—AONLOQCD

Y; — .
Litycp = _T%t(ath + ibsysh)t, Oweak = doNLOQCD

There are noticeable differences in certain kinematic observables when comparing different
values of couplings in the HTCP model:
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Incorporating NLO electroweak effects in the model

_ dUNLOQCD+H - dUNLOQCD

. . o) =
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Quantum information observables for CP-odd searches

Bernreuther et al. [Nuclear Physics B,Volume 388, Issue 1,1992] proposed searching
for CP odd interactions by measuring entanglement in 2 — 2 processes, specifically with
a top quark pair in the final state. In this context, the central ingredient is the spin
production density matrix, defined by

1 x
Rijizjijs = N, N, Z Millez'zjz ,

spin in {a,b}

colors Sketch generated using Microsoft Copilot Al

where Mij = (t(k1,9)t(k2, j)|T|a(p1)b(p2)) is the respective transition matrix element.
N, p corresponds to the number of degrees of freedom in particles a and b of the
initial state, respectively. {i,j} correspond to spin indices of the outgoing top and anti-
top, respectively.

We want to study the R matrix in view of quantum information language, which has
sparked resurgence of interest in this picture due to recent development in the area.

See Fabio Maltoni’s talk 8
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R' = f; [AI 1@ 1)+ B/ (c*®1)+ B (1® ")+ C(c' ® aj)]

We highlight the direct relation of the R matrix pieces to physical quantities:

do
* A is related to the differential cross section via ——— = fiBA (s, k1), where 8= \/1 — 4m?/s

is the velocity of the top quark pair. dfdds

. B{i are related to the degree of top and anti top polarization.
. dfg coefficients capture the correlations between the top and anti-top subsystems.

* Furthermore, the normalized R matrix corresponds to the density matrix describing the
quantum state of the system

RI

1 i _ i ; '
= 7|(18 )+ Bt (¢’ @ 1) + B/~ (1 0") + Cfj(0" ® o)

BI+ I
Where we defined BT = jI and C;; = =2




Reproducing known results - Concurrence

: B

1.0

For a pair of qubits with density matrix p the

concurrence observable is positive if and only if
there is entanglement in the system [Hill and

Wootters 2703041]
C(p) = max(0, A\ — A2 — Az — Ag),

Where the set A; are the square root of the
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Concurrence C[p] — gg (cf. Aoude et al. 2203.05619)
R

W = pp, where fis defined as

0.8

p = (oy®oy)p*(0y®0y).

We have computed this quantity for gg — Tt
and qq — T, reproducing known results for the
SM reported in [Aoude, Madge, Maltoni and
Mantani 2203.05619].
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Concurrence differences between these radically

different models reach 4%, proving Concurrence

is sensitive to CP violating Higgs-top Yukawas.
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Reproducing known results - Magic

Magic M, — gg

0.6

Magic quantifies how much non-stabilizer structure is

present in a state or operation. Defined as: 08

> pep, Tt'(pP)
Mz(p) = — log, DER 2 ) 0.6
ZPEPn Tr*(pP) '
where @
0.4+
7911,=191®P2®---@)PN3 Pa€{01302a03a1}a
which in terms of Fano coefficients yields 0.2
1+5, (BN 4+ (B{)] + X, . (CL)*
My(o") = —log, > [( 1T+)2 ( I_)Q] 25 I;)Z
1+ [(Bi )2+ (B 7)? + 32, ;(C) 02 04 06 0
|cos 6|
This quantity describes how far away the system is See White*2, 2412.07479,
from being efficiently simulated classically with Aoude, Banks, White”2, 2505.12522, and
stabilizer methods. -
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Quantum observables are sensitive to scalar

and pseudoscalar interactions, but they are not odd

under CP
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pp — ttin HTCP so far

* Reproduced existing known behavior of CP- even observables.

* Computed the dominant one loop EW corrections to the spin density matrix p of the processes
g% - Tt and qqh—> tt, habilitating the computation and simulation of quantum entanglement
o nt

servables i

Analytical
computation of
helicity

amplitudes at
NLO

ese processes for the HTCP model.

gg — tt

qq — tt Z

Numerical Analytical Numerical
computation of | computation of | simulation of p
helicity p and QI and QI
amplitudes at | observables observables
NLO in MG5

4 v ~ (WIP)

Y M ~ (WIP)

* Can these QI based observables be used to constrain a; and b;2 We can see that they are
sensitive to these couplings, but including recent CMS bounds is WIP

14



Future directions

* Can we include threshold effects (toponium /resummation) to our HTCP
computations?

* Are there quantum observables that are odd under CP and we could compute?
Would these perform better than the ones presented here?

* Can we use the above observables to tighten bounds on a; and b; when using
available LHC data?

* How does soft/collinear effects alter this picture in terms of the decoherence? See
F. Maltoni’s work!

— Decoherence ?°

——

Sketch generated using Microsoft Copilot Al
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* We have crosschecked several other QI observables with our
framework, including:

Von Neumann entropy, entanglement of formation, CHSH inequality
parameters, D parameter from concurrence, Purity, Negativity. All these
definitions crosschecked against Durupt, Maltoni, and Mattelaer

[2510.17730]
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https://arxiv.org/pdf/2510.17730

Helicity basis for rho

* Of course, we need to pick a vector basis in Lorentz space to be able to compute
phenomenologically relevant quantities. We do this by picking the top quark’s flight direction as
the z-axis

p — Kcos(0) § = pXxK
sin(@) ’ sin(®)

* K = top direction, r =

* where P corresponds to the beam direction, and 0 is the scattering angle of the top quark with
respect to P in the Tt rest frame, such that cos(8) = K- p

18



HTCP renormalization in the on-shell scheme

* The modification that we insert into the Lagrangian has consequences for the renormalization of the model.

* Using the following definition for the bare top quark field and mass:

1 1
to=1 (1 - 5(522 + 623)) =t (1 — §5Zt)
mo = m¢ + 0my

* We get the following renormalization constants when using the on-shell renormalization scheme for the top quark
self energy functions (This was not reported in the literature).

0

62}, = —(af + b} — Ziacbe) Re[ By ()] — 2(a; + ) my 5 5 Re[ X (p°) + B5(%)]
p*=mj]
_ 0
0Zp = —(ai + b} + 2iasb;) Re[SR(m7)] — 2(af + b7) m} B Re[EZ5(p%) + T5(07)]
p2=mj
2 b2
5y = 2T ) ; ) 1, Re [27.(m3) + Xx(mi) + 255(m7)]
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The difference is visible already at the 1/¢ pole level. From the NLOCT model file
(SMCPMinYQEDreno.nlo), the Yukawa contribution to the 1/e piece of the top self-energy
counterterm (setting gs — 0) is:

—im?

32202

IPL[{t, H] [Z(czt—ibt)Q myw_+2(ag+ibe)> mywy + (a2 +b2) (pw_+pwy)| . (15)

The p (wavefunction) pieces are proportional to (a? + b?) and carry no a;b; cross terms.
The mass-type pieces, however, have different coefficients for w_ and wi: expanding

(at F *ibt)2 = af F 21 asby — bt2 shows that the a;b; interference enters the mass counterterm
with opposite signs for the two chiralities.

20
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Implications for the (a;, b;) analysis

Since the CMS theory prediction already includes the SM Higgs-mediated contribution via the
HATHOR electroweak corrections, the Fano coefficients F;SM’theory in the HEPData tables incor-
porate gg — H* — tt interference evaluated at the SM Yukawa coupling (a¢, b:) = (1,0).

Our Born-level pp — tt calculation (using the ppttQCDQQED_SM nob_SO process) includes the
same Higgs-mediated one-loop contribution with a parametrically variable Yukawa coupling.
The shift due to non-SM values of (as, b;) modifies exactly this piece of the calculation, while
leaving all other contributions (NLO QCD, W/Z loops, toponium) unchanged.

Aour(lao)

Ri' 3b AOUT 5b
j(a t) — ,CMS (at, bt) p%l.lr(at,bt)_ ACMS Pg}lr(lao),

gACMS P ACMS
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Reproducing known results -

For the density matrix in the helicity basis the
condition:

A=-— nn _F'|(jkk:_k (jrr| >1

Is sufficient and necessary for entanglement in
accordance with the Peres-Horedecki criterion

(PHC) [Horodecki®3 2605038, Peres 9604005].

The degree of entanglement in the Tt system is

quantified by the concurrence, defined via
A

Cjbjl:: THLMB(?E-,O)
We have computed this quantity for gg — Tt
and qq — T, reproducing known results for the

SM reported in [Aoude, Madge, Maltoni and
Mantani 2203.05619].

Concurrence
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