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1. Introduction

e Motivation: Decoherence in Quantum Systems
e Decoherence Formalism for By Mesons

N

. Time-Dependent CP Asymmetry
e Formalism for BS — fep
e Extraction of Cp asymmetry parameters
3. Modeling Decoherence Through Pseudo Experiment

o Impact on ¢

e Definition of Ay
4. SU(3) Flavour Analysis

e BY — J/1 K2 (golden mode)
o By — J/7° (control mode)

5. Numerical Results From Pseudo Data

e |nput parameters and fits
e Extracted A¢y, interpretation



e Neutral meson systems serve as precise tools to test fundamental
quantum mechanics.

Decoherence is the loss of quantum coherence due to interactions
with an environment.
Possible origins:

e Quantum gravity effects (e.g., space-time foam)

e CP-violating interactions in open quantum systems
e Open quantum system framework:

e Total (system + environment): unitary evolution

e Subsystem (meson): non-unitary evolution due to entanglement
e Introduces a phenomenological parameter \:

P(t) oc e
e )\ is measurable in systems like neutral meson mixing.
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o Neutral B® mesons are treated as open quantum systems,
interacting weakly with the environment.
e Decoherence effects are modeled via a single parameter A,
modifying:
e Decay and oscillation probabilities Psyr(t), Posc(t),
e Mass difference Am,
e CP observables (e.g., sin20).
e Evolution follows a completely positive semigroup, described by
Kraus operators:

p(t) = ZK/(t)p(O) K (t)
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Assuming |g/p| = 1, the time-dependent CP asymmetry is:

Time-dependent CP Asymmetry with Decoherence
Let Pgo(t) = Prob(BJ(t) — f) and Pag(t) = Prob(BS(t) — f). Then the CP
asymmetry is:

Ppo(t) — Pao(t)

acp(t) = = 7 _

Peo(t) + Pgo(t)
_Adgircos(Amgt) + Amixsin(Amgt)  _ 5

a cosh (Ag"t) + Aar sinh (Ag"t) c o

e Decoherence is introduced via an exponential damping factor e~ t.

e It modifies only the oscillatory terms:
cos(Amt), sin(Amt) — e * cos(Amt), e sin(Amt)

e The non-oscillatory terms (cosh, sinh) remain unaffected.
e In the limit A — 0, we recover standard CP violation formulas.



e Consider non-leptonic decays Bg — fcp, where fep is a CP
eigenstate:

BY — J/yKs, B —ntn~, BY = KTK~
e Time-dependent CP asymmetry:

~T(BS(t) — fep) = T(BO(t) = fep)
acp(t) = M(BY(t) — fep) + F(Eg(t) — fcp)

e Extracted via time-dependent fit:
e Agi: direct CP violation (cos(Amgt))
e Anix: mixing-induced CP violation (sin(Amqt))
o Aar: from sinh(AT4t/2), if ATy # 0

e Decoherence ()\) suppresses only the oscillatory terms:

cos(Amgt), sin(Amgt) — e * cos(Amyt), e *sin(Am,t)



e Current CP violation analyses assume no decoherence (unitary
evolution).

e We test whether quantum decoherence (A > 0) would:

e Bias the extracted CP parameters Adgir, Amix
e Be detectable in a time-dependent analysis

e Use toy Monte Carlo with injected decoherence.
Asymmetry with Decoherence
Acp(t) = [Adir cos(Amgt) + Amix sin(Amgt)] g

e )\ = 0 — standard oscillation

e )\ > 0 — exponential damping of CP asymmetry



Pseudo-Experiment Steps

1

2
3

. Generate decay times: t ~ e~ "t with resolution smearing o
. Simulate CP-tagged asymmetries using injected \

. Perform fits:

e Without decoherence (A = 0)
o With \ free

. Extract and compare Agir, Amixs A



e Decay studied: B — fcp
e Events per toy: 100,000 Number of toys: 3000
e Time resolution: o; = 0.06 ps (Gaussian smearing)
e True parameters:
o Adir,  Amix
e Amy=0.506 ps—*, A =0 (no decoherence injected)

e Fit performed with and without decoherence parameter A
e Model: A(t) = e [Agir cos(Amyt) + Amixsin(Amyt)]
e Binned asymmetry extracted over 14 bins in t € [0, 10] ps

e Parameters extracted: Agir, Amix, Amg, and A



Time-Dependent CP Asymmetry Parameters

Decay Mode Adir Ame Reference

By — J/iK2  —0.007 £0.012 +0.014 +0.724 4+ 0.014 £ 0.008  https://hflav.web.cern.ch/.

B§ — J/ym® —0.38 +0.15 +0.02 —0.714+0.134+0.02  https://hflav.web.cern.ch/.

BS — ntm~ +0.38 4 0.06 —0.65+0.07 JHEP 10 (2013) 183
Decay Modes A [ps™1]

BY — J/K?  0.0056 + 0.0094
BY — J/¢n®  0.0032 + 0.0056
B — mtr~  0.0022 + 0.0041

Decoherence parameter \ extracted from different BS decay modes



Toy MC Fit Results

Decay Mode  Model Adir Amix Amg [ps~1]
Bg — J/YKs  Without A 0.005 £ 0.022 —0.694 £+ 0.043 0.507 + 0.011
With A —0.0165 + 0.026 —0.716 £ 0.027 0.5099 £ 0.009
BS, — J/’Lﬂﬂ'o Without A 0.053 £ 0.026 —0.8142 4+ 0.2019 0.5071 4 0.009
With A 0.0650 4 0.0234 —0.8776 + 0.018 0.509 + 0.008
Bg — ata— Without A —0.3765 + 0.04 —0.7142 + 0.03 0.5042 4+ 0.0151
With A —0.3784 + 0.039 —0.7242 + 0.026 0.5045 £+ 0.015

Table: Example results from toy MC fits comparing models with and without

decoherence ().



Flavour Symmetry Connection

e The decays B — J/¢K2 and BY — J/¢n® are related by SU(3)r
flavour symmetry:

d<s = b—ccd < b— cCs

e This implies the hadronic matrix elements and penguin contributions
are related in the SU(3) limit.

e Allows using BY — J/¢7* as a control mode to constrain penguin
effects in B — J/¢K2.

Amplitude Decomposition

A(BY = J/9pK2) = Nk [1 — ae®e]
A(BS — J/ym®) = N, [1 - a'e"ele"'q



Strategy

Simultaneously fit the CP asymmetries of:

o BY — J/ym®
o BY— J/YKO

to extract:(a, 0, ¢g)
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Parameters (Without decoherence)

e Penguin-to-tree ratio: a = 0.1494 4+ 0.1089
e Strong phase: 6 = 168° 4+ 18.96°
e Measured phase: ¢y = 44.42° +1.12°

Parameters (With Decoherence)

e Penguin-to-tree ratio: a = 0.1510 4+ 0.0185
e Strong phase: 6 = 165.09° + 3.41°
e Measured phase: ¢4 = 46.52° +1.10°

Penguin-Induced Phase Shift with Decoherence

= Ady =|—0.79° £1.9°
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Time-Dependent CP Asymmetry

A (t) = (Adir cos(Amgt) + Amixsin(Amgt)) - e~

I W _ 29(Arr
o Agir = 71H‘)\”|2, Amix = ﬁ

e Decoherence parameter A damps the oscillatory terms.

e Fit Agir, Amix, A from data.
Amix

V 1 _Aczzlir

sin(2aef) =

e . = o + Aa, where Aa comes from penguin pollution.

e Decoherence biases the extraction: correction required for A > 0.



Thank you!



