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Triplet-assisted leakage during singlet-triplet qubit readout with a quantum point contact
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Quantum point contact readout theory for singlet-triplet qubits in a lateral double quantum dot is extended
by including tunneling of triplet configurations in a higher-energy level of the neighboring dot. This additional
channel creates energetically allowed leakage pathways that modify the branch-dependent charge and current-
noise signatures, even when the Pauli blockade remains effective within the ground-state manifold. The model
contains two single-particle levels in each dot. The resulting singlet and triplet block structure is derived together
with a Lindblad master equation. Quantum-jump simulations are then used to resolve the dynamics of individual
readout events. A complementary Liouvillian steady-state analysis identifies the regime in which tunneling to
the excited level qualitatively changes the readout signatures, with the crossover determined by the level spacing.
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I. INTRODUCTION

Spin qubits in semiconductor quantum dots have developed
rapidly since the proposal of Loss and DiVincenzo [1]. In
addition to single-spin encoding, a particularly important plat-
form is the singlet-triplet (S-7") qubit [2] realized in a lateral
double quantum dot (DQD). Its logical basis is commonly
written, in the spin basis of the two dots, as the singlet |S) =
(114) = 111))/+/2 and the zero-spin projection triplet |7p) =
() + |¢T))/\/§. This encoding enables control through
exchange [3] and magnetic field [4] gradients, suppresses
sensitivity to spatially uniform magnetic field fluctuations
because the logical states share the same spin projection [5],
and can operate at comparatively low magnetic fields, which
is attractive for hybrid superconducting and spin-photon ar-
chitectures [5,6]. Implementations span GaAs [3,7], Si/SiGe
[8-10], and more recently hole-based Si MOS devices [6],
while multiqubit implementations continue to improve in co-
herence and control fidelity [5,11,12].

The readout of S-T qubits is typically based on the Pauli
spin blockade (PSB) [13]. In the standard single-level picture,
the singlet can access a doubly occupied charge state, whereas
the triplet is blocked, so spin information is converted into
charge dynamics that can be detected by a nearby electrom-
eter such as a quantum point contact (QPC). The resulting
detector statistics are branch dependent. The singlet dynamics
allows for charge reorganization, and thus enhances the noise
of current flowing through the QPC, while the triplet branch
suppresses charge motion and approaches Poissonian detector
transport. Experimentally, QPC charge sensors have resolved
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time-domain charge dynamics and counting statistics in quan-
tum dots [14,15]. Theoretically, continuous-measurement and
backaction approaches have been developed for coupled dots
and DQDs monitored by QPCs [16-20].

For spin readout, Barrett and Stace developed a master-
equation description of two-spin measurements in exchange-
interaction quantum computers [21]. Later, Roszak, Marci-
nowski, and co-workers included phonon-assisted processes
and clarified how relaxation, dephasing, and measurement
backaction shape the stochastic current record [22,23]. How-
ever, a common assumption in essentially all of these
treatments is that each dot contributes only one active energy
level.

That approximation is not always justified. Realistic dots
support a first excited level separated from the ground level
by an energy ¢ that can be comparable to the QPC bias. In
that regime, a triplet can occupy a doubly occupied configura-
tion provided that one electron tunnels into the excited level,
thereby bypassing the usual blockade within the ground-level
manifold. Experimental studies in silicon DQDs have already
shown that excited states and phonon-assisted processes can
qualitatively modify PSB transport [24]. This raises the cen-
tral question addressed here, namely, of how strongly the
additional excited level compromises the charge and noise
signatures on which S-T readout relies.

In this work, this question is addressed with a DQD
model containing ground and excited single-particle levels
in each dot, coupled to a QPC. The system Hamiltonian is
decomposed into singlet and triplet blocks, the correspond-
ing Lindblad dynamics generated by QPC-induced charge
fluctuations is derived, and both individual trajectories and
steady-state current noise are analyzed. This extends earlier
single-level treatments [21-23] to the experimentally relevant
regime in which both ground and excited levels participate.
When the excited level enters the detector window, triplet
leakage can strongly enhance the low-frequency noise and
even make the triplet branch noisier than the singlet branch,
reversing the usual PSB intuition.
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https://orcid.org/0000-0002-3846-7437
https://ror.org/02yhj4v17
https://crossmark.crossref.org/dialog/?doi=10.1103/szv1-sjgs&domain=pdf&date_stamp=2026-07-28
https://doi.org/10.1103/szv1-sjgs
https://creativecommons.org/licenses/by/4.0/

KAROL KAWA PHYSICAL REVIEW B 114, 055302 (2026)
(c)
|L°) | R¢) (b)
(a)
| L8) —°— —e— | R8)
' | QPC jump current
tunneling time 4.
: | - o — -0 -0 — 00
@ QPC —O— — — - — i g S
- —
— —_—
+ +

FIG. 1. Schematic representation of the lateral double quantum
dot capacitively coupled to the QPC detector placed next to the right
dot. At the top: single-particle electron energy levels [cf. Eq. (2)] with
an exemplary charge-separated configuration in ground manifold.

The organization of this paper is as follows. Section II
introduces the model system, including the DQD descrip-
tion with ground and excited levels and its coupling to the
QPC. Section III describes the methods used throughout
the work, i.e., the Lindblad master equation, the quantum-
jump (quantum-trajectory) approach employed to simulate
single measurement realizations, and the use of the quantum
regression theorem to evaluate the QPC current spectrum.
Section IV presents the numerical results, focusing on the
dependence of the Fano factor on the level spacing ¢ and
on the conditions under which leakage through the excited
level qualitatively alters the spin-dependent noise signatures.
Finally, Sec. V summarizes the main findings and outlines
implications for the design of high-fidelity S-7 readout in
realistic quantum-dot qubits with accessible excited levels.

II. MODEL SYSTEM

The model system is described by the total Hamiltonian,
H= HDQD + HQPC + ﬂgﬁlc,

where ﬁDQD denotes the double quantum-dot Hamiltonian,
ﬂQPC the electronic reservoir formed by the source and drain
leads of the QPC, and ﬁg}l‘c the QPC tunneling term, including
both the bare source-drain transfer and its modulation by the
DQD charge. The following subsections introduce these three
contributions, in turn.

A. Lateral double quantum dot

Consider a lateral GaAs DQD monitored by a nearby
QPC charge sensor, as sketched in Fig. 1. Each dot hosts
two single-particle energy levels, a ground level (g) and a
first excited level (e). The corresponding energetic picture,
together with the dependence of the QPC barrier on the oc-
cupation of the right dot, is illustrated in Fig. 2. The two dots
form an artificial molecule with spin-conserving tunneling
between them. Throughout, the interdot Coulomb repulsion
is neglected owing to the relatively large interdot separation,

FIG. 2. Band diagram illustrating the three relevant DQD charge
configurations and the corresponding QPC detector barrier. Panels
(a)—(c) show, respectively, both electrons localized in the left dot,
one electron in each dot, and both electrons localized in the right dot.
Since the QPC is placed next to the right dot, increasing the right-dot
occupation modifies the barrier between the source and drain leads.

and spin is treated as a passive degree of freedom so that the
DQD Hamiltonian is spin independent,

Hpop = Hy + Hun + He. (1)
The first term in Eq. (1),

HO =€ Z ﬁi,ea
i=L,R
describes the bare single-particle energies in the two dots,
which are taken to be identical. The reference energy of the
ground level in each dot is set to zero, so € is the energy of
the excited level. Electrons can tunnel between the dots via
spin-conserving processes,

Hun == ) 1a(e]yra +He)

a=g.e

—t Z (é] ,era + H.C.),

a=g.e

where @ denotes the opposite orbital (g =e, € = g). The
amplitudes f, and 7, describe tunneling between ground and
excited levels, respectively, while 7. is the cross-level tun-
neling amplitude between a ground level in one dot and an
excited level in the other. For simplicity, the calculations be-
low set t, = t, = t. = t. Local Coulomb repulsion is given by

- U . n

He = 5 Z ai(h; — 1),

i=L,R

with the on-site charging energy penalty U for double occupa-
tion of a single dot. The operators éiTa (Ciw) create (annihilate)
an electron in the left (i = L) or right (i = R) dot and in the
ground (o = g) or excited (« = e) orbital. The corresponding
number operators appearing in the above formulas are given
by
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Because interorbital tunnelings between dots, such as 6zg6Re,

are included in Hy,, the singlet and triplet symmetry blocks
of Hpgp have complex forms taking into account ground,
excited, and mixed manifolds.

1. Two-electron states: Singlets and triplets

Since I-?DQD conserves the total spin, it decomposes into
singlet and triplet blocks with total spin 0 and 1, respectively.
From this point on, kets such as |S(g)) and |T¢) denote the
orbital or configurational part of the corresponding antisym-
metrized two-electron states; the spin wave function fixes the
singlet or triplet symmetry. The two-particle Hilbert space is
spanned by configurational states labeled by the dot index (L
or R) and orbital (g or e),

H = {li* )} = (e}, &]glvac)), )

with i, j € {L, R}, «, B € {g, ¢}, and |vac) denoting an empty
DQD. With Hpgp [Eq. (1)] and the natural Hilbert space H
[Eq. (2)] as starting points, the block-diagonal Hamiltonian
with singlet and triplet spin symmetry is Hpgp = Hiingler +
Htriplet-

2. Singlet subspace

First, consider singlets in which both electrons occupy the
ground energy level. The ground-state manifold of singlets is
given by

8) =

1
Lng _ RgRg ,
7 (IL°L®) — |R°R®))

|S5) = %ﬂmlﬂ + [RSLE)),

153) = %(ILgL% + [R*R)).

Among these, |S5) is the only charge-separated state and
belongs to the standard S-T qubit basis. The corresponding
singlets belonging to the higher-energy manifold are

1
1S2) = —=(L°L*) —

R°R®)),
- IR°R°))
1
S¢) = —(|L°R* R°L?)),
|55) J5ILR) + KLY
1
Sy = —(|LL¢ R¢R%)Y).
189) = —5(LLY) + RRY)

Beyond these, there also exist mixed-manifold singlets, that
is, with one electron in the ground and the other in the excited
energy level (cf. Fig. 2),

127) = 3LELY) + |L°L®) — |RSR®) — |RR¥)),
117) = 3(IL*R°) + |R°LS) — |REL®) — |L°RY)),
127) = J(LEL) + |L°LE) + |RER) + |RR®)),
I1F) = J(ILSR®) + |R°LS) + |REL) + |L°RS)).

The singlet part of HDQD is a block-diagonal matrix and de-
composes into three independent terms,

Hsinglet - H(l) + H(z) + H(3)

singlet singlet singlet *

The first term is trivial,

Al = U +Olsi) sl

and consists of the eigenstate |s) =
E, =U+e.

The second singlet term couples ground and excited or-
bitals,

|2, ) with the eigenenergy

0o

singlet

=U|SE) (S| + (U +26)[8°)(S° | + €] 1;)(1; |
— V21 (I8%)(17 |+ H.c.)
+ /21 (IS )(1; ] + Hee),

and contributes to another three eigenstates,

|si) = Z

X=5%,5¢,15

Px|X), for i=2,3,4.

The remaining singlet term is

=U|S$)(SE] + 2€|Sg)(Ss| + (U + 26)185)(S% |
+ eI+ U + o120 (2] |
— 2 (|SE)(SE | + Hee.) — V21 (|S8)(2 | + Hee.)
— V20 (IS5)(1F| + Hee.)
— 2t (|S)(SS 1 + Hee!) —
— V21 (IS)(1] 1+ Hee)
=2t (117)(2] | + H.eo),

16

singlet —

V21 (184) (2| + H.e.)

with eigenstates
lsi) = Y Px|X),
X

and where X € {S5, S¢, S5, ¢, 1], 2F}. The singlet transition
scheme and the Correspondlng effectlve jump-rate matrix (see
Sec. III for details) are shown in the upper row of Fig. 3.
Panel (a) shows the complete high-bias graph of off-diagonal
QPC-induced transitions between reduced singlet eigenstates;
diagonal elastic channels are not drawn. The singlet states
are visually grouped into three manifolds, while the colors of
the state lines indicate the three block-Hamiltonian sectors,
namely, {s1}, {52, 53, 54}, and {ss, ..., s10}; panel (b) gives the
corresponding aggregated jump-rate matrix (cf. Sec. III).

3. Triplet subspace

Next, consider triplets. There is one ground-level triplet,
1

IT%) = —=(IL*R®) — |RSL®)).
V2

There are also four triplets with one electron occupying the
ground level and the other occupying the excited level,

11,7) = 5(IL*R®) — [R°L®) — |RSL®) + |L°R®)),
127) = L(LELY) — |L°L®) + |RSR¢) — |R°R¥)),
I17) = 2(LER¢) — |R°L#) + |[RSL?) — |L°R¥)),
27) = 3(LELY) — |L°L8) — |RSR®) + |R°R¥)).
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FIG. 3. QPC-induced transitions and aggregated jump-rate matrices in the reduced symmetry sectors. Panel (a) shows the complete
high-bias singlet graph of off-diagonal QPC-induced transitions between reduced singlet eigenstates; panel (c) shows schematic QPC-induced
pathways in the triplet sector; and panels (b), (d) show the corresponding aggregated jump-rate matrices for € = 40 meV and € = 20 meV on
a common color scale within each symmetry sector. In the schematic panels, darker arrow saturations denote transitions within the same
manifold, intermediate saturations denote transitions between adjacent manifolds, and the lightest saturation denotes transitions between
remote manifolds; this color coding also reflects the typical strength hierarchy of the corresponding transitions. In panel (a), the singlet
eigenstates are grouped visually into three manifolds, while the colors of the state lines mark the three block-Hamiltonian sectors {si},

{52, 53, 54}, and {ss, ..

shows the full six-state block structure, whereas panel (d) shows the reduced five-state sector {z,, ..

Finally, there is one triplet in the excited-level manifold,
1
V2

In the triplet sector, I{VDQD decomposes into three independent
terms,

IT) = —=(IL°R°) — [R°L*)).

g _ g 5 (2) 7 (3)
Htriplet - leiplet + Htriplet + Htriplet'
The first term is trivial,
A(1
Hyine = €ln)(nnl,

with eigenstate |t;) =|1,) and eigenenergy equal to the
excited-level energy E; = €. The second term is effectively
2 x 2 and can be written as

A2 = (e +J+U)n)(n| + (e — Dn) (],

triplet

., $10}; the approximate (or exact if possible) energies are indicated next to the levels. In panel (c), the triplet schematic

., 16} used in the steady-state analysis.

where the eigenstates are
0 4 A
|£2) =cos§|2, ) —sm§|1t ), E,=€e+J+U,
.0 L 0
|t3) = sin §|2t ) + cos §|1, ), E,=¢€—J,

with @ = arctan(4t/U). Here, J = (v/U? + 1612 — U)/2 de-
notes an effective exchange contribution originating from
virtual tunneling processes. The remaining triplet states form
a 3 x 3 block,

a®

triplet

=2€|T*NT°| + (U + €)[2,)(2/ |
—V21(T%)(2] | +H.c.)
+/21(1T°)(27 | + Hee.),
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which is diagonalized as

D oxlX), i=456.

X=T8,Te,27

lt;) =

Again, the corresponding triplet transition scheme and the ef-
fective QPC-induced jump-rate matrix (see Sec. III) are shown
in the lower row of Fig. 3. Panel (c) summarizes representative
pathways in the full six-state triplet block, while panel (d)
shows the reduced five-state sector {r,,...,?} used in the
steady-state spectral analysis below.

B. Quantum point contact

The DQD charge configuration is monitored by a nearby
QPC, which acts as a mesoscopic charge sensor. The QPC
is modeled as two noninteracting electron reservoirs, i.e., an
electron source (S) and an electron drain (D) (cf. Fig. 1). The
bare QPC Hamiltonian reads

Hape = Z haw dyd,
te(S.D).k

where c?zk creates an electron with wave number k in lead £ €
{S, D} (the spin index is again suppressed). The QPC current is
sensitive to the right-dot occupation. Accordingly, the source-
drain tunneling through the QPC is described by

Hope = Z(qu + Xrg iR dpy + Hoc.),
kq

where Ty, = Ty is the bare tunneling amplitude through the
QPC and y;, fir is the occupation-dependent correction in-
duced by the DQD-QPC coupling [21]. Thus, ﬁgﬁ‘c describes
transport through the QPC, with a tunneling amplitude mod-
ulated by the charge in the right dot. In the eigenbasis of
I-?DQD, the operator 7ig contains both diagonal matrix elements
(generating pure dephasing due to QPC shot noise) and oft-
diagonal matrix elements that mediate inelastic transitions
between DQD eigenstates.

III. METHODS

A. Lindblad master equation

Under a standard Born-Markov-secular treatment, the re-
duced density matrix of DQD p obeys

p = —(i/MHpgp. p)+ Y _Dléalp=Lp,  (3)

where L is the Liouvillian superoperator, D[0] p = J[0]p —
%{?)Té, 0}, J[6]lp = 6p06", and « labels the retained QPC jump
channel. The jump operators are numerous, so only their gen-
eral form is listed, and it follows from Fermi’s “golden rule.”
Following Ref. [21], the QPC densities of states are absorbed
into the effective tunneling amplitudes 7 = /4w gsgp T,y and
Vv = /4w gsgp Xav, Where gg and gp are the source and drain
densities of states at the Fermi energy, while T;, ~ T,, and
Xkq ~ Xav are assumed to slowly vary throughout the trans-
port window. For an inelastic transition-resolved channel o =
(f, i, n), with final DQD eigenstate f, initial DQD eigenstate
i, and QPC tunneling direction n = &£, the jump operators

read

Crim =/ Tylp) (fIT + vagli)| f)(il, “

where hiwy; = Ef — E; is the energy difference between the
final and initial DQD eigenstates, V = (us — up) is the QPC
bias energy,

@) =H0V/h—w), n==,

and
H(x) = (x+ [x])/2

is the ramp function that encodes the energetically allowed
tunneling window. Here, n = + labels the forward QPC tun-
neling direction § — D, while n = — labels the backward
direction D — S. Thus, for each resolved transition f < i,
both forward and backward QPC channels are retained when-
ever they are energetically allowed. The calculations reported
here keep the inelastic channels transition resolved: the chan-
nel label is the transition pair together with the QPC direction,
and transitions are not grouped by numerical proximity of
their Bohr frequencies. For the reduced models used below, no
exact nonzero Bohr degeneracy among distinct transition pairs
occurs, so every retained inelastic jump operator contains a
single off-diagonal projector | f)(i|. The zero Bohr frequency
elastic contribution is the exception retained in grouped form:
all diagonal projectors are collected into a single forward
elastic jump operator, corresponding to = + and wy; = 0;
the backward elastic channel vanishes for the positive QPC
bias used here. The inelastic transitions in the singlet and
triplet subspaces are summarized in Fig. 3. Downward tran-
sitions are always open, while upward transitions require a
QPC bias large enough to supply the relevant eigenenergy
difference V/h > wy; for wy; > 0. The inclusion of mixed
and excited triplet configurations therefore creates additional
inelastic pathways that are absent in the standard single-level
description. In the parameter range studied below, the relevant
transition energies wy; remain well separated from the QPC-
induced rates, so the secular treatment is used consistently.
The very slow structures that appear in the spectra arise from
weak effective couplings between manifolds inside the re-
sulting Markovian Liouvillian. This mechanism underlies the
super-Poissonian triplet noise discussed in Sec. I'V.

B. Quantum-jump method

The quantum-jump method (Monte Carlo wave-function
method) [25,26] is used to simulate single measurement re-
alizations. It unravels the Lindblad master equation (3) into
stochastic trajectories of vector states [/ (¢)).

The evolution alternates between deterministic nonunitary
propagation and stochastic jumps associated with the moni-
tored QPC channels. The continuous part is generated by the
effective non-Hermitian Hamiltonian:

- - ih A
Hets = Hpgp — 5 2 Cala:
o
In a short time step dt, the no-jump propagation first produces
the unnormalized state

1t +dt)) = (1 - % Aeffdt>|w(t)>.
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Since H.g is non-Hermitian, the norm decreases by the total
jump probability:

dp="Y dpa. dp,=dt (Y®)|eieal¥(®)).

Here, dp, is the probability that a jump occurs in channel «
during the interval dz. If no jump occurs during the interval
dt, the state is first propagated over the full step with H.g, and
the conditional no-jump state is obtained only afterward by
normalizing the result,

1 —dp

If a jump does occur, the channel « is selected according to
the relative weights d p,, /d p and the state is updated as

ColY ()

Y (®lekea v @)

The sequence of such stochastic updates generates a mea-
surement record in which each accepted jump corresponds
to a forward or backward QPC tunneling event. Ensemble
averages over many trajectories reproduce the Lindblad dy-
namics, while single trajectories provide the time-domain
current traces analyzed in Sec. IV.

Wt +db) =

C. Steady state and the current power spectrum

The statistics of the current through the QPC are character-
ized by the two-time current-current correlation function,

G(r) = (It +0)I@®)) — (I + T))((1)),

which, in the stationary regime, depends only on the time
difference t. Using the two-sided counting-current conven-
tion employed in the calculations below, the corresponding
current-noise spectrum is

oo
S(w) = / dt e " G(1).
—00
Within the quantum-jump description of the detector, tun-
neling events through the QPC are described by a set of
transition-resolved jump operators ¢, (4). Thus it is conve-
nient to introduce the QPC current superoperator,

fp=e) Jlelp,

where e is the elementary charge. The measured (classical)
detector current is then the expectation value,

1(t) = Tr{lp(®)}.
The corresponding stationary average current is
7 = Tr{fIOOO}’

where po, is the steady-state density matrix which, by defini-
tion, obeys Lo = 0.

The correlation function G(7) is evaluated with the quan-
tum regression theorem (QRT) [27-30], which provides a
direct connection between single-time dynamics and mul-
titime correlation functions in Markovian open quantum
systems. For a reduced density matrix p(¢) evolving as p(t) =

Lp(t), the QRT states that for arbitrary system operators A
and B,

(AG +T)B@) = TefA e~ [Bo@)]}, ©>0,  (5)

so that two-time correlators follow from the same Liouvillian
L. In the stationary regime, p(t) — ps and the correlator
becomes invariant under time translation,

(At + 7)B(1)) = (A(x)B(0)) = Tr{A e“"[Bpoo]}-

The validity of Eq. (5) relies on the same assumptions as the
derivation of the Markovian master equation (Born-Markov
and secular approximation). Beyond this regime, the QRT can
fail [31-33].

Applying the QRT to the jump-current observable gives the
regular part of the two-time product (/(t + 7)I(¢)) for t > 0
in terms of the same Liouvillian that governs the average
dynamics. Inserting this result into the definition of G(t) and
adding the equal-time shot-noise contribution of the jump
process gives

G(t) = Tr{f e~ [pas]) = T~ + €T 8(). (6)

The first term encodes dynamical relaxation governed by 7,

the second subtracts the product of stationary means 72, and
the last term is the instantaneous counting shot noise from
individual tunneling events.

Measurable frequency-domain noise is obtained by trans-
forming Eq. (6) into the Fourier domain. This transform
is most transparent in the eigenbasis of the Liouvillian,
where each decaying mode contributes a simple rational term
weighted by its coupling to the current operator /. Using the
spectral decomposition of the Liouvillian, with the right and
left eigenvectors |x;)) and [|y;)) satisfying L|x;)) = A;]x;))
and ((y;|£ = A;{(y;|, normalized by ((y;|x;)) = 8;;, and with
the steady mode |xp)) = |poo)) (o = 0) and |yg)) = 11)), the
noise spectrum can be written as [34]

1
S(w) =K 2912A :

0 T

(@) (il lpso))s (T

where

K=el=¢) Tr{e)tups).
o

Then the dimensionless Fano spectrum used for noise analysis
in Sec. IV is defined as the noise spectrum normalized by the
Poissonian value in the same counting-current convention,
S(w)

el
The zero-frequency value F = F(0) is the Fano factor,
defined as the ratio of zero-frequency noise to the Pois-
sonian noise value. For purely Poissonian transport, one
has F =1, while F <1 (F > 1) signals sub-Poissonian
(super-Poissonian) statistics and indicates anticorrelations
(correlations) between successive tunneling events [34-36].
In the present context, the average current fixes the stationary
detector response, while the full frequency dependence of
F (w) reflects the relaxation mechanisms that modulate the
QPC current within the singlet or triplet steady-state sector.
Therefore the steady-state Fano spectra serve as dynamical

F(w) = ®)
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fingerprints of the microscopic pathways that remain visible
in the measured current.

Equation (7) also gives the diagnostic used below to iden-
tify which microscopic paths dominate the low-frequency
noise. Each nonstationary Liouvillian mode contributes with
a denominator A; — iw and with a current weight

Wi = (L1 (1] pso))-

Thus a path can dominate the noise only if it feeds a slow
mode, with small —)A ;, and if that mode is visible in the mea-
sured QPC current; i.e., if W; is not negligible. For this reason,
the dominant paths cannot be inferred from the largest jump
rates alone. In postprocessing, the reduced-sector Liouvillian
is diagonalized first, and the slow population-carrying modes
are retained. For a transition pair a < b, all counted-current
jump channels that transfer the population from the reduced
eigenstate b to a are grouped into a superoperator J,. . The
importance of this pair for the mode j is ranked by the product
of its excitation of the slow mode from the steady state and the
current visibility of that mode,

S = N1 Tac oo X (LI X)) (€))

This score is used only as a controlled ranking, not as a unique
decomposition of S(w) into individual arrows. The ranked
pairs are then checked against two additional quantities. The
first is the effective dynamical population-transfer rate gener-
ated by the dissipative jump operators,

Tacn =Y laléulb)l,

where the sum runs over the jump operators retained in the
steady-state sector under consideration, singlet or triplet [cf.
Fig. 3]. The second is the current contrast between the two
reduced eigenstates,

Ay =1, — I,

I, = Tr{f|a)(al} = ¢ ) _(alé]éla),

a

with the same sector-restricted sum over jump operators. Thus
Al measures how strongly the detector current distinguishes
the two states connected by the transition pair; it is a visibility
criterion rather than a transition rate. The pathways quoted in
the results (Sec. IV) are precisely the pairs that occur in slow
population modes, have appreciable Sy(ib, and connect states
with a visible current contrast. Finally, the reduced connected
pathway models in Fig. 6 provide a numerical validation of
this interpretation: when only the selected pathways, weak
connector channels, and elastic background are retained, the
resulting F'(0) closely follows the full model.

IV. RESULTS

A. Time evolution

First, consider the time-domain detector signal generated
from the coherent initial state,

1

S5(1S5)+179) = 1158,

Vo) =

and postselect trajectories according to the singletlike or
tripletlike steady state that they approach at long times. This
choice of initial condition is natural for readout because it cor-
responds to a coherent superposition of the two branches that
the detector is meant to distinguish. For each trajectory, both
the state occupations and the full stochastic current record of
the QPC are monitored.

Unless stated otherwise, the on-site Coulomb energy
is fixed at U = 1meV, the QPC bias at V =30meV,
the interdot tunneling amplitude at t = 0.05meV, and the
QPC tunneling parameters at 7 = +/0.3 22 0.548 and v =
—0.157 ~ —0.082. Two representative level spacings are
considered, € =40meV and € = 20 meV, corresponding to
the regimes above and below the QPC bias window, respec-
tively. The steady-state current spectra in Fig. 5 are obtained
by averaging over 2000 quantum-jump trajectories for each
postselected branch. Each trajectory is evolved up to fiax /fi =
3.0 x 107 /U, and the numerical Fourier transform is applied
only to the final half of the record, after discarding the initial
transient.

Figure 4 shows representative quantum-jump trajectories
for two level spacings chosen on opposite sides of the detector
bias window. For each value of €, the figure displays one
representative stochastic realization for the postselected sin-
glet branch and one for the postselected triplet branch. Each
panel contains the corresponding occupation traces together
with the time-dependent QPC current recorded along the same
trajectory, so the plotted jumps show how changes in the
DQD state are accompanied by changes in the detector signal.
These examples are included only to illustrate the structure
of the postselected trajectories in the time domain. The cur-
rent statistics and noise spectra are analyzed quantitatively in
Fig. 5 and discussed below.

B. Steady-state analysis

To understand fluctuations in a stationary setting, the QPC
Fano spectrum F(w) is computed in two complementary
ways. First, the Liouvillian expression for F(w) is evaluated
in the reduced singlet and triplet sectors and normalized ac-
cording to Eq. (8). Second, long quantum-jump ensembles
are generated, and the same normalized quantity is extracted
numerically from the trajectory records. Figure 5 overlays
these two approaches and therefore serves as the main
consistency check between steady-state theory and direct
stochastic simulations. The plotted quantity is the steady-state
Fano spectrum, shown separately for the singlet and triplet
branches.

The microscopic assignments in the following paragraphs
use the modal pathway analysis described in Sec. III. The
relaxation-time panels in Fig. 5 identify which Liouvillian
modes are slow enough to generate low-frequency noise, but
they do not by themselves identify the responsible jumps. For
each slow mode |x;)), the dominant reduced-basis populations
are inspected, the transition pairs are ranked by 8;’(1 » [Eq. (9)],
and only those pairs that also have a visible QPC-current
contrast are retained. This is why some fast rearrangements
within closely connected pairs of states appear prominently
in the jump-rate matrices of Fig. 3 but are not interpreted as
the source of the low-frequency excess—they equilibrate local
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FIG. 4. Representative quantum-jump trajectories for postselected singlet and triplet branches. Left: ¢ = 40 meV, i.e., above the QPC bias.
Right: € =20meV, i.e., below the QPC bias. Each panel shows the corresponding occupation dynamics together with the detector current
record for a single representative trajectory in the singlet and triplet branches. The plotted QPC current is shown as a time histogram—counted
QPC events are summed in 120 equal-width bins and divided by the bin width, corresponding to At =~ 0.11 ns per displayed current bin.

state pairs, while the noise is generated by slower current-
contrasting transfers between shelved and conducting parts of
the network.

The lower-left panel of Fig. 5 shows that for € = 40 meV
the triplet represents the conventional PSB limit; that is, its
Fano spectrum is flat and stays close to the Poissonian value
F(w) = 1 throughout the resolved frequency range. The sin-
glet behaves differently. The singlet spectrum instead retains a
broad low-frequency enhancement, showing that slow internal
dynamics within the singlet manifold remains visible in the
current fluctuations even after the mean current has reached its
steady value. The upper-left panel should therefore not be read
as an absence of slow triplet eigenmodes (the plotted triplet
relaxation times are in fact longer than the singlet ones). The
flat triplet spectrum instead shows that, at € = 40 meV, these
triplet modes have negligible current visibility, whereas the
singlet slow modes remain visible in the connected current
correlator. Microscopically, the residual singlet excess noise
comes from weak but current-contrasting intramanifold shelf
cycles, most visibly the ground-manifold chain ss5 <> s, <> ¢
and the excited-manifold chain sg9 <> s4 <> s19. Thus above
the bias threshold the excited level leaves only a weak imprint
on the triplet sector, while the singlet retains a broadened low-
frequency response, consistent with the earlier QPC readout
analyses of Refs. [17,18,21-23].

The lower-right panel reveals the more interesting low-¢
regime. Here, the low-frequency noise becomes strongly en-
hanced in both sectors, but the triplet develops the sharper and
larger zero-frequency feature. The upper-right panel shows
the relevant timescale contrast. That is, the triplet is controlled
by one dominant slow mode, whereas the singlet involves
several comparable slow modes. Physically, the triplet branch
is governed by a shelving mechanism. Rare transitions involv-
ing #4, mainly t4 <> f, and t4 < t3, connect the low-current
shelved state to a more conducting part of the triplet net-
work; within that active sector, the fast process #, <> fs mainly
equilibrates the current-carrying states. Because entry into
and escape from that conducting branch are rare, the detector
current switches telegraphically and the corresponding noise
accumulates very close to w = 0. The logarithmic-frequency

insets in Fig. 5 make this low-w structure particularly visible.
The singlet remains super-Poissonian as well, but its excess
noise is broader and less sharply concentrated near @ = 0,
reflecting a different pattern of internal relaxation. In the sin-
glet branch, by contrast, the current is modulated by several
current-contrasting intramanifold shelf cycles, namely, s5 <
5y <> g, 7 <> 5] <> 8, and 59 <> 54 <> 510, Without a single
comparably long-lived shelved state dominating the dynam-
ics. The detector therefore samples a broader distribution of
relaxation times, which spreads the excess noise over a wider
frequency window instead of concentrating it into one narrow
low-frequency peak. This distinction is important. The two
branches are not merely “more” or “less” noisy, but encode
different dynamical mechanisms in the shape of their spectra.

The quantum-jump estimates reproduce the Liouvillian
spectra well over the resolved frequency window. The re-
maining deviations are restricted to the extremely narrow
structure closest to w = 0, where the correlation times become
so long that resolving the exact limit demands very long
trajectories. In that sense, the comparison is already infor-
mative even before perfect convergence at w = 0 is achieved.
The broad spectral shape and the hierarchy between singlet
and triplet branches are robust, while the unresolved resid-
ual mismatch is consistent with the presence of ultraslow
dynamics.

Finally, Fig. 6 condenses this behavior into the zero-
frequency Fano factor as a function of the level spacing.
The figure shows a clear crossover as € is reduced. For
large €, the triplet branch rapidly approaches the featureless
Poissonian QPC background associated with an effectively
blocked DQD branch, whereas the singlet branch remains
super-Poissonian. Decreasing e gradually activates excited
level assisted pathways, and the triplet noise increases sharply
until it overtakes the singlet. The additional dark-gray dotted
curves show reduced connected pathway models built from
the dominant shelving transitions identified by the Liouvil-
lian analysis, together with the weak connector channels and
elastic background needed to close the network dynamically.
For the singlet branch, the reduced pathway model retains
the broad enhancement almost unchanged, confirming that
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FIG. 5. Steady-state current Fano spectra obtained from the Li-
ouvillian formalism and from long-time quantum-jump trajectories.
The left column corresponds to € = 40meV and the right column
to € = 20meV. The upper panels summarize the relaxation times ©
of the three slowest Liouvillian modes for the two branches in each
case. The lower panels show the Fano spectra on a linear frequency
axis, while the insets display the same spectra on a logarithmic
frequency axis to resolve the low-w structure. The singlet spectrum
(solid vermilion line) and the triplet spectrum (dashed blue line) are
compared with the corresponding numerical trajectory estimates.

the low-frequency singlet noise is likewise a shelving ef-
fect, but distributed over several connected shelf cycles rather
than concentrated in a single dominant switch. For the triplet
branch, the dark-gray dotted reduced curve lies almost on top
of the full result as well, showing that the giant low-frequency
excess is already captured by one minimal shelving network
built around the #, bottleneck and the conducting branch con-
necting #, and #5. The inset highlights an intermediate regime
in which the singlet is still clearly super-Poissonian while the
triplet has already decayed toward F'(0) >~ 1. Taken together,
Figs. 4-6 show that the level spacing controls not only the
magnitude of the current noise but also which branch is noisier
and on what timescale the detector fluctuations are generated.

V. CONCLUSIONS

Extending the standard single-level picture of Pauli spin-
blockade readout to a DQD with ground and excited
single-particle levels does not merely renormalize the detec-
tor response, but can qualitatively change its noise statistics.
When the relevant excited-level transitions enter the QPC
bias window, the triplet is no longer an ideally blocked con-
figuration. Detector-induced transitions involving mixed and
excited configurations open additional pathways, so the cur-
rent fluctuations acquire a slow-switching component on top
of the Poissonian shot-noise background. In that regime, the
low-frequency part of the spectrum carries the clearest signa-
ture of the underlying level structure.

The key control parameter is the position of the level
spacing € relative to the QPC bias window. When the ex-
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FIG. 6. Zero-frequency Fano factor F(0) as a function of the
level spacing €. The singlet branch (solid vermilion line) and the
triplet branch (dashed blue line) are shown together. The dark-gray
dotted curves show reduced connected pathway models constructed
from the dominant shelving transitions and weak connector channels
selected by the modal pathway ranking of Sec. III. Both reduced
models also retain the elastic background channel needed to close
the dynamics. The inset highlights the range where the singlet re-
mains super-Poissonian while the triplet has already relaxed back to
Poissonian behavior.

cited level assisted transitions are energetically suppressed,
the familiar single-level PSB phenomenology is largely re-
covered. The triplet branch stays close to Poissonian detector
statistics, while the singlet remains super-Poissonian because
charge rearrangement within the singlet manifold still mod-
ulates the detector current. However, for smaller €, the QPC
can activate rare transitions through additional excited-state
configurations. These rare switching events act as a shelv-
ing mechanism that generates long correlation times and
strong enhancement of the zero-frequency noise. As a re-
sult, the triplet branch can become noisier than the singlet,
even though single-level intuition would suggest the opposite
ordering.

The comparison between long quantum-jump trajectories
and the Liouvillian calculation shows that this interpretation is
consistent across both approaches. The trajectory data repro-
duce the resolved frequency dependence of the Fano spectra
over the accessible frequency window, while the Liouvillian
treatment makes explicit that the giant low-frequency en-
hancements are tied to very slow relaxation modes. In this
sense, the QPC noise is not only a readout metric but also a
diagnostic of hidden leakage channels and their characteristic
timescales.

From a device-design perspective, these results identify the
level spacing as a central parameter for reliable PSB readout.
If one aims to preserve the conventional PSB readout contrast,
the detector bias should remain below the onset of excited
level assisted transitions, or the corresponding excited-level
admixture should be suppressed by design. In contrast, op-
erating close to that threshold provides a sensitive way to
diagnose excited-level leakage through the emergence of pro-
nounced low-frequency super-Poissonian noise. This makes
current-noise spectroscopy a useful complementary tool to
average-current measurements in spin-qubit devices with ac-
cessible excited levels.
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