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Electronic structure of high-temperature superconducting cuprates is studied by analyzing experimental
data independently obtained from two complementary spectroscopies: one, quasiparticle interference (QPI)
measured by scanning-tunneling microscopy, and the other, angle-resolved photoemission spectroscopy
(ARPES). We combine these two sets of data in a unified theoretical analysis. Through explicit calculations
of experimentally measurable quantities, we show that a simple two-component fermion model (TCFM)
representing electron fractionalization succeeds in reproducing various detailed features of these
experimental data: ARPES and QPI data are concomitantly reproduced by the TCFM in full energy
and momentum spaces. The measured QPI pattern reveals a signature characteristic of the TCFM, distinct
from the conventional single-component prediction, supporting the validity of the electron fractionalization
in the cuprates. The integrated analysis also solves the puzzles of ARPES and QPI data that are seemingly
inconsistent with each other. The overall success of the TCFM offers a comprehensive understanding of the
electronic structure of the cuprates, in particular, the unoccupied side of the spectra, of which momentum-
resolved structure has long been unexplored experimentally. We further predict that a characteristic QPI
pattern should appear in the unoccupied high-energy part if the fractionalization is at work. We propose that
integrated-spectroscopy analyses offer a promising way to explore challenging issues of strongly correlated

electron systems.
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I. INTRODUCTION

The mechanism of high-temperature superconductivity
in cuprates [1] remains a major challenge in condensed
matter physics [2]. In nearly 40 years since its discovery, an
enormous amount of experimental data have been reported
and accumulated by using a variety of experimental
tools. Since each experimental result has often been
analyzed independently, a comprehensive and consistent
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understanding based on a unified picture is often lacking.
To overcome such disjointed analyses and sometimes
inconsistent conclusions, it is important to combine results
from different but complementary experimental tools, in
particular, energy (@w) and momentum (k) resolved spec-
troscopies, and analyze them in an integrated fashion using
a unified theoretical framework to reach a consistent
understanding of the electronic structure.

As one of the major experimental tools, angle-resolved
photoemission spectroscopy (ARPES) [3,4] has been
developed and improved in step with the advances in the
research history of the cuprates. A great advantage of
ARPES is its accessibility to a momentum-resolved single-
particle spectral function, while its applicable scope is
limited to the occupied part of the spectra. Although the
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unoccupied part of the spectra may hold a key to unlocking
the mechanism of the high-temperature superconductivity,
as well as the anomalous metallic behavior above the
critical temperature (7,), no high-resolution photoemssion
technique has been established for this purpose: Inverse
photoemission spectroscopy, which can in principle mea-
sure the unoccupied spectra, has not yet reached an energy
resolution sufficiently high to discuss the above issues.

Another experimental technique that can access the single-
particle excitation spectra is scanning tunneling spectroscopy
(STS) or scanning tunneling microscopy (STM) [5]. These
techniques can reveal the real-space electronic structure of a
sample surface in an atomic resolution, measuring a quantity
proportional to the local density of states (LDOS) at each
position on both sides of the Fermi energy at a high energy
resolution. While atomic-scale modulation in the LDOS
occurs within a unit cell, larger-scale modulation can be
observed when a defect or impurity exists on the sample
surface. This is owing to the interference effect between
electron waves before and after the scattering by the defect or
impurity, and is called quasiparticle interference (QPI)
effect [6,7]. The QPI pattern observed for the cuprates shows
various interesting signals [8—19], while it requires careful
theoretical analyses to interpret them in terms of the structure
of the single-particle excitation spectrum.

These experimental techniques have indeed revealed
various anomalous electronic structures in the cuprates,
e.g., the momentum-dependent pseudogap [20] and super-
conducting gap [21] including the arclike truncated Fermi
surface [22-25], growth of the pseudogap distinct from the
superconducting gap [26,27], asymmetric energy depend-
ence of the density of states (DOS) between occupied and
unoccupied sides [10] in contrast to the electron-hole
symmetry expected in the superconducting phase, and
the dopant-induced spatial inhomogeneity [28] as well as
the stripe and checkerboard type inhomogeneity [10,29].
For the occupied spectra, comparisons have been made
between the QPI results and autocorrelation of the ARPES
data [30-34]. These analyses have argued that most of the
strong QPI signals can be attributed to scatterings between
tips of banana-shaped constant-energy contours of the
spectral function, namely, end points of arclike conspicu-
ous spectral intensity. However, a discrepancy between
ARPES and QPI or STM results has also been pointed out
and remains puzzling: For instance, the dispersion of a QPI
signal (dubbed q; below) related to the d-wave super-
conducting gap seems to cut the Fermi energy at a finite
momentum [12,13,35], unlike the clear d-wave gap struc-
ture observed in ARPES.

To consider these issues, we would first point out that the
experimentally measured QPI spectra do not necessarily
have the same spatial dependence, or equivalently the same
momentum-space structure, as the LDOS: While the
tunneling spectrum is proportional to the LDOS at each
spatial position, the normalization factor could depend on

the position, giving a spatial dependence different from that
of the LDOS. Therefore, a more faithful calculation of the
experimentally measurable quantities, beyond the LDOS, is
necessary to discuss the QPI pattern.

Here, by such a faithful calculation of the QPI pattern,
we show that a simple theoretical model, derived from an
electron fractionalization due to a strong correlation effect,
gives a consistent explanation for many essential features of
the observed results of ARPES, STM or STS, and QPI,
resolving the puzzles and showing the power of integrated
spectroscopy analysis. It renders support for the validity of
the fractionalization as well. The model, which we call the
two-component fermion model (TCFM) [36,37], material-
izes the fractionalization in the simplest form of a one-body
Hamiltonian involving a measurable quasiparticle and a
hidden fermion, which hybridize with each other. Through
the hybridization with the hidden fermion, the quasiparticle
acquires a pole singularity in the self-energy, which
describes nonperturbative correlation effects and resultant
formation of the Mott gap in Mott insulators and the
pseudogap in doped Mott insulators.

The concept of the electron fractionalization has been
proposed in various contexts such as the spin-charge
separation in 1D Tomonaga-Luttinger liquid [38,39], sol-
itons in polyacetylene [40], fractional quantum Hall
state [41], and slave-boson or slave-fermion approaches
for doped Mott insulators [42,43]. The present fractionali-
zation is distinct from any of these proposals and represents
two bistable fermion excitations splintered off from one
electron to describe physics around the Mott insulator such
as the cuprates.

The cuprates are considered to be doped Mott insulators
and often modeled by the two-dimensional (2D) Hubbard
model as one of the simplest models. Without paying serious
attention to the fractionalization, the 2D Hubbard model has
been extensively studied by the cluster extension [44,45] of
the dynamical mean-field theory (cDMFT) [46,47] and
related methods, for the ARPES spectra [45,48-61], elec-
tronic Raman spectroscopy [62-65], optical conductivity
[63,66,67], and STS [63,68-70]. These analyses were able
to capture some aspects of the cuprate physics.

On the other hand, aside from the above clarifications,
cDMFT studies have also revealed the existence of self-
energy poles in the 2D Hubbard model, naturally accounting
for the emergence of the Mott gap in the Mott insulator and
the pseudogap in the low-energy region of the underdoped
normal state, both of which are beyond the scope of the
perturbative treatments of the electron correlation and are
manifestations of the Mott physics [69,71-76]. Furthermore,
the cDMFT studies in the d-wave superconducting phase
revealed the existence of the poles in the normal and
anomalous self-energies and their unexpected cancellation
in the electron Green’s function [36,37]. However, the nature
and root of the self-energy poles had been highly nontrivial at
the time of the discovery of the cancellation.
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The TCFM was first proposed [36,37] to offer a unique
way of understanding the abovementioned emergence of
the self-energy poles and their enigmatic cancellation in the
superconducting state discovered in the cDMFT studies.
The self-energy poles can be interpreted as a consequence
of the hybridization of a quasiparticle with a hidden
fermion degree of freedom, which is correctly described
by the TCFM. It was shown [37,77] that the Hubbard
model at any carrier densities can be generally and exactly
mapped onto a multicomponent noninteracting fermion
model with a hybridization between original electrons and
hidden fermions (see Secs. II C 1 and II C 2 in Ref. [37]; see
also Sec. IV in Ref. [77]). Based on the Hubbard model
studies, it was proposed [36,37] that the Mott gap and
pseudogap can be obtained as the hybridization gaps of
these multicomponent fermions. In particular, in the pseu-
dogap and high-temperature superconducting states of our
interest, essential physics can be captured by the mapping
to the TCFM, which has only one hidden fermion ener-
getically well separated from the energy scale of the
Mott gap and can therefore be treated separately by
incorporating the effect of the Mott-gap formation as the
renormalization of the TCFM parameters. For a review, see
also Ref. [78].

Furthermore, without relying on the Hubbard model, the
machine-learning analysis of the ARPES data has shown
the cancellation of the self-energy peaks consistently with
the prediction of the TCFM [79], suggesting the dominance
of the fractionalization in real cuprates. The TCFM with the
fractionalized electrons has also predicted an enhancement
of high-energy excitonic signal below T, in resonant
inelastic x-ray spectroscopy [80], which has been evi-
denced experimentally [81].

Recently, other related methods such as ghost orbital in
Ref. [82] and an ancilla qubit in Ref. [83], capable of
describing nonperturbative effects and the emergence of
spectral gaps and self-energy poles, were proposed.

It has been argued that one of the two fermions in the
TCFM is interpreted as the conventional quasiparticle and
the other as an electron weakly bound to a hole [76] or the
incoherent part of the same electron [84], respectively,
which emerge as a consequence of local bistability ascribed
to a direct consequence of the Mottness. The bistability
directly generates emergent attraction and the Cooper pairs.
In ab initio calculations of the cuprates, the emergence of
the bistability and resultant effective attraction were evi-
denced counterintuitively in the local repulsive interaction
term, where the local emergent attraction has shown one-to-
one correspondence to the calculated d-wave supercon-
ducting long-ranged order [85].

Since the electron fractionalization offers an entirely
different picture from the conventional electronic structure
and experimental evidence is limited, it is desired to test
whether the fractionalization is indeed a valid and useful
concept in real cuprates by thorough and combined

analyses using independent spectroscopy tools. In this
paper, we explore the consistency of ARPES and QPI in
their integrated analyses by employing the TCFM to further
critically examine the validity of the electron fractionali-
zation and its microscopic basis. For this purpose, we first
determine the TCFM parameters so as to reproduce the
ARPES experimental result [§6] measured for an optimally
doped Bi,Sr,CaCu,0g 5 (Bi2212). We then calculate the
QPI pattern based on the same model, and finally compare
it with the experimental results for the same material. For
this comparison, we faithfully calculate experimentally
measurable QPI spectra without resorting to the LDOS,
which has often been used in the literature but is not
directly measurable by QPI. We find that the TCFM can
reproduce the main features of both the ARPES and QPI
experimental results at the same time and solve the known
puzzle of the seemingly inconsistent results between the
ARPES and QPI data on the quasiparticle dispersions
mentioned above.

We further find that the available experimental QPI data
are not consistent with the single-component description
without fractionalization but are accounted for by the
TCFM. Through these integrated spectroscopy analyses,
we establish that the electron fractionalization indeed takes
place in cuprate superconductors. We also predict another
possible piece of evidence for the fractionalization to be
observed in the future QPI measurements for the high-
energy region.

All in all, our work establishes that the hypothesis of
electron fractionalization proposed in Refs. [36,37,76,84] is
indeed at work in the integrated-spectroscopy analysis of
ARPES and QPI for the real cuprate compound.

The rest of the paper is organized as follows. In Sec. II,
we introduce the TCFM Hamiltonian. Section III explains
our method (details of the method are described in
Appendix A). In Sec. IV, we show the ARPES experimental
data. The calculated results are presented and their com-
parison with the experimental data are discussed in Sec. V.
Section VI is devoted to a summary and outlook.

II. MODEL

As is outlined in Sec. I, we consider the following TCFM
Hamiltonian,

H = Z[eckcigcka + €dkd£gdko' + Vk(dligcka + Cltgdka)]
k.o

- Z[Dckcmc—u + Dagxdyyd_x +Hel, (1)
k

where ¢ and d represent a quasiparticle and the hidden
fermion, respectively. €.(4x and D, denote the normal
and anomalous dispersions of ¢ (d), and V) denotes the
hybridization between them. Integrating out the d degrees
of freedom from H, we obtain an effective action for

011018-3



SHIRO SAKALI et al.

PHYS. REV. X 16, 011018 (2026)

¢ (quasiparticle) degrees of freedom, where their normal
and anomalous dispersions are modified by

V2 (CO + €dk)
Z'T‘OCrFM(k’ w) = e (2)
o — 6?11( - D%zk
and
V2D
Z%HCOFM(k’w) == k > (3)

2 _ 2 2
w” — €y — Dy

respectively [36,37]. These modifications can be inter-
preted as a self-energy for c.

Namely, as far as there is only a single self-energy pole in
the low-energy region, the correlation effects in a many-
body system (such as the Hubbard model and first-
principles Hamiltonian for the cuprates) can be mapped
onto a one-body Hamiltonian of Eq. (1), where the low-
energy dynamics of the quasiparticle (¢) can be described
by the “bare” dispersions (e, and D) and the self-energy
corrections, Egs. (2) and (3). In other words, the presence of
a self-energy pole in a many-body system manifests a
fractionalization of an electron into a quasiparticle (con-
tinuously connected from the bare electron through a
renormalization) and a hidden fermion (corresponding to
a self-energy pole, i.e., incoherent excitation). In the
particular case relevant to high-7. cuprates, which are
doped Mott insulators, this hidden fermion may correspond
to an electron trapped around doped holes, namely, a
fermionic part of a weakly bound exciton [84], that appears
as the incoherent part of the carrier in experimental
measurements such as ARPES, optics, and transport,
because such a state can reduce the interaction energy
and hence be a low-energy excitation [87,88]. As was
introduced in Sec. I, the ab initio calculations of the
cuprates support the emergence of the bistable excitations,
one, the conventional quasiparticle represented by ¢, and
the other, the hidden fermion d, because the local Coulomb
energy has double-well type dependence on the carrier
density with the negative curvature in between, which
induces emergent local attraction between carriers as
well [85]. A more detailed physical picture is discussed
in Refs. [36,37,76,84,85].

In this study, we do not address the origin of d but utilize
the Hamiltonian, Eq. (1), to calculate the QPI pattern.
However, just in case, we note that the origin of the two
components has nothing to do with the separation of Cu-d
and O-p contributions nor the bilayer structure of Bi2212.
It has been established that the single-band description by
the antibonding orbital of strongly hybridized Cu-d and
O-p orbitals is enough for the analysis of low-energy
physics of cuprates [89]. Instead, the two components in the
TCFM emerge from the strong correlation effect of this
single-band degree of freedom. Although a unit cell of
Bi2212 contains two CuO, layers, only the bonding orbital

residing near the Fermi level is relevant to our analysis
thanks to the bonding-antibonding splitting, justifying the
single-layer TCFM Hamiltonian.

We determine the model parameters in Eq. (1) by fitting
the ARPES experimental result presented in Sec. IV. As the
CuO, planes, well separated by dopant layers, form a
square lattice, we employ

Ec(ad)k = ()0 = 2te(a)1(cOS ky + cos k)
—4t.(4)2 cOS k, cosk,

— 2t,(a)3(c0s 2k, + cos 2k,,), (4)

with 7. ; (i =0, 1, 2, 3) denoting the on-site potential,
and the nearest-, second-, and third-neighbor hoppings of
the ¢ (d) fermion. The hybridization,

Vi = Vo + Vi(cosk, +cosky) + 2V, cosk,cosk,, (5)

is parametrized in a similar way. We assume the d-wave
superconductivity by

1
Dc(d)k = EDc(d)ﬂ (COS kx — Cos ky) (6)

The detailed procedure for the fitting is described in
Appendix A 2.

While the TCFM Hamiltonian introduced in Eq. (1)
captures the most singular structure of self-energy, inter-
actions among ¢, d, and other degrees of freedom, such as
excitons mentioned previously, may remain [84], which
cause continuum structure in the self-energy of ¢ and d
fermions. To take these effects into account, we phenom-
enologically add less-singular components in the self-
energy of ¢ and d that induce their finite lifetimes and
reproduce the tail or satellite structures in the real cuprates’
spectral peaks. The candidates for the origin of these
additional self-energies have been discussed already in
the literature as the marginal Fermi liquid (MFL) [90],
possibly caused by the Planckian dissipation [91,92] near
the Fermi level and the background [3,93] at high energies.
We include these contributions as formulated in
Appendix A 1.

II1I. METHOD

We determine the parameters in the TCFM, Eq. (1), by
fitting the ARPES data [86], which will be presented in
Sec. IV. Then, the self-energy for the ¢ fermion is obtained
through Eqgs. (2) and (3), with additional contributions
(background and MFL components) mentioned above.
With this self-energy, the Green’s function for the ¢
fermions,

Gk.w) (G(k,a)) F(k,w) >’ )
F(k,w) G*(k,—w)
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is given as Eq. (A9) in Appendix A. Then, the spectral
function A(k,w) and the DOS for ¢ fermions can be
derived from G(k,w). See Appendixes A1 and A2 for
technical details.

While the ARPES and STM offer information about
A(k,® < 0) and the DOS, the QPI measures the local
(r-dependent) differential conductance,

d7 p(r,eV)
reV)=—=ely————, 8
9 ) dv tfoevse‘p(r, )dw ®)

modulated by the impurity scattering, where p(r, @) is the
local density of states. Here, e is the electron charge and V
denotes the bias voltage applied to the sample. I/, and V
refer to the set-point current and voltage, respectively, used
for the constant-current scanning. Since the denominator of
Eq. (8) depends on r and V., the spatial modulations in
g(r,eV) and p(r,w) may exhibit qualitative differences
depending on V. [29]. To mitigate this so-called set-point
effect, we introduce a normalized conductance L(r,eV)
defined as

While the spatial modulations may still differ between
L(r,w) and p(r,w), L(r,) is independent of V, and
hence reflects the intrinsic electronic structure more explic-
itly than ¢(r, ). See Appendix A 3 c for more details.

p(r,w) can be decomposed into the nonperturbed part
po(r, ®) (directly given by the TCFM) and the impurity-
induced modulation 8p(r, w) as p = py + Sp. The Fourier
transform of dp(r, ®) is calculated as

2, 2

x [G(k, w)Vimp(q)G(k +q.0)
- {G(k +q’a))‘71mp(q)é*(k’w)}]ll’ (10)

where Vimp is the impurity potential, wy (r) is the tail of the
Wannier function at the surface, and Ny (N.) denotes the
number of momentum points (real-space points in the unit
cell) used in the calculation. See Appendix A 3 b for details.
In practice, we first calculate Eq. (10) and obtain 5p(r, ®)
through the inverse Fourier transformation. Then, we
calculate g(r, eV) and L(r, eV) through Egs. (8) and (9).
By Fourier transforming ¢(r, eV) and L(r, V), we obtain
9(q,eV) and L(q, eV) of our main interest.

e~ r

5,0((1’ Wk+q

2T[Nk

IV. ARPES EXPERIMENTAL DATA

We use high-resolution laser ARPES experimental data
measured for an optimally doped Bi2212 sample
(T, =90 K) [86], which has a layered perovskite structure
with conducting CuO, double layers separated by one Ca

@ .
0.5¢
0.0f
et
~ -
< [
-0.5
-1.0f
kel 04 03 02 01 0 01
* w (eV)
FIG. 1. ARPES experimental result for the optimally doped

Bi2212 [86]. (a) Momentum-space map of the low-energy
spectral intensity. The red solid (orange dashed) curves denote
the normal-state Fermi surface (shadow band), black solid lines
denote the momentum cuts along which the dispersion is
measured, and the orange arrows on them denote the data used
in the fitting in this study. (b) The EDCs at k = k,,,, along the
cuts 5-13.

layer and sandwiched by SrO and BiO layers. Figure 1(a)
shows a momentum-space map of the low-energy spectral
intensity in the superconducting state (7 = 12 K). The
strongest intensity in the lower left quadrant of the Brillouin
zone (denoted by red solid curves) roughly corresponds to
the position of the normal-state Fermi surface. Black lines,
1-13, represent the momentum cuts used in the following
analysis. We define k,,, for each cut as the wave number
giving the strongest low-energy intensity. We note that
another signal around (27, 0) comes from a superstructure
modulation specific to Bi2212 [94]. This superstructure
modulation can also be seen in the QPI experimental data as
additional spots in the direction of the modulation while
such additional spots do not exist in the direction
perpendicular to the modulation. In the analysis in the
subsequent sections, we exclude these superstructure-
induced spectra in the ARPES data by choosing the
momentum sections denoted by orange arrows, and com-
pare the calculated QPI results with the experimental data
in the direction without the modulation.

Figure 1(b) shows the energy-distribution curves (EDCs)
at k = k,,,, for cuts 5-13. The low-energy peak shifts to a
higher binding energy as the momentum goes from the
node (N, cut 8), where the superconducting gap vanishes, to
the antinode (AN, cut 13), where the superconducting gap
is maximized. Note that the dispersion along the cut 8
crosses the Fermi energy at k = (0.387,0.387z) while the
spectral peak of the minimal binding energy is located at
k = (7,0.147) along the cut 13, as was identified in
Ref. [86]. Hereafter, we denote (0.387,0.387) as ky and
(7,0.147) as k. Notably, a flat intensity is seen below
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Cut4
ARPES ~ antinode

-0.02
-0.06
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Cutb Cutb6 Cut7

Cut 8

~ node

Energy [eV]
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Cut 9 Cut 10 Cut 11 Cut 12

Cut 13

~ antinode

200
17s
15.0
25
100

Momentum

FIG. 2. Comparison between I xgpes(k, @) and Trcpy(k, @). Orange arrows denote the momentum cuts indicated in Fig. 1(a).

~—0.1 eV for all the momenta. This feature cannot be
reproduced solely by the TCFM, which applies only to a
low-energy region (|w| < 0.1 eV). We discuss this feature
in Appendix A l1c, where we take it into account by
introducing an additional self-energy. The energy disper-
sions along cuts 4-13 are displayed in Fig. 2.

V. RESULTS

A. Spectral function

We first show the results obtained by fitting the ARPES
data through the optimization procedure described in
Appendix A 2. The best parameters of the model Eq. (1)
are determined as t., = 0.700, ¢, = 0.545, t,, = —0.218,
tc3 :00250, tdO = 00545, tdl = —00161, td2 = —00137,
V(=0.0548, V; = 0.0623, V, = —0.0608, D, = 0.0668,
D,y = 0.0912, 6,e5,. = 0.008, and # = 0.003 in units of
eV, and fy, 4 = 0.222 and ¢y, = 0.218. For these param-
eters, the cost function, Eq. (A18), is 0.452. The present
optimized model indeed reproduces the unoccupied part
of the STS spectrum as well. To confirm the quality of
the fitting, we also quantify the deviation from the
ARPES data and conclude that our model reproduces
the inherent spectrum within the experimental noise (see
Appendix A 2 b for details).

1. Dispersion

Figure 2 compares the energy dispersions along the cuts
4-13 [shown in Fig. 1(a)] between ARPES [86] and the
TCFM. We see that the theory reproduces well the
dispersion and the normalized intensity of the ARPES
result for all the momentum cuts. Around the antinode (cuts
4 and 13), we see broad and flat spectra around —0.04 eV
and a gap opens above them. With approaching the node
(cut 8), the spectra become sharper and the gap diminishes,
where a backbending of the dispersion becomes noticeable
(cuts 5-7 and 9-12). In the nodal direction (cut 8), the

spectra show a strong intensity at low energy, which is a
quasiparticle band cutting the Fermi energy. Note that even
the small-intensity structures at high binding energies
(w < —0.05 eV) are well reproduced by our theory.
Based on this agreement for @ < 0, the TCFM predicts
the spectral function for @ > 0. Figure 3 shows A(k, w)
calculated for the TCFM up to @ = £0.2 eV along various
momentum cuts. In the nodal direction, (0,0) — (z, x),
A(k,w) shows a sharp dispersive band around the Fermi
energy, pseudogap for 0.05 < @ < 0.1 (eV), and the in-gap
state above it [Fig. 3(a)]. Around (r,0), the gap opens for
|w| < 0.04 eV, and broad spectra appear for || 2 0.04 eV
[Figs. 3(b) and 3(c)]. The latter is due to the large back-
ground self-energy (see Appendix A 1 c). In addition, we
plot in Figs. 3(d)-3(f) A(k, w) along the cuts often used in
ARPES experiments. The results indeed well reproduce the

02 T 45 02 14 02 g4
In-gap state |l ;5 12 ' In-gap state 0
L 35 N3
0.1 4 01 01 ]
Pseudogap | B i P
Quasiparticle| lf 25 0. r———1 25
0 (0.m i)l oo o Superconducting gap- 0 ofF Superconducting gapj .
a | X —
15 W15
0.1f o o otf 4 04 o
(a) o s c i
P A NG | Y 2 0.2 4( ) Ho
(0,0) (m,m) (,0) 0 ky Kan
02 20 02 4 02 3
Foaje OF o],
16 -
0.1} 0.1f N ERRAIS ]
14 5
12 ‘ 25
oF 0") (" ml 10 0 2 oF W15
8
. 1.5 4
0.1 —— 1. o 1Rt 0f 1
2 Hos 1os
02 ©0) WWOREFEP Uo 02 o
(0,0.5m) (0. 511) (0,0.7511) (m,0.75m)  (0,m) (mr,mm)

FIG. 3. A(k,w) calculated for the TCFM along (a) (0, 0)—(x, ),
®) (0,0)=(7.0), () ky-kan, (@ (0,0.57)~(z.0.57),
(e) (0,0.757)—(x,0.75x), and (f) (0, z)—(x, z). Insets in (a) and
(d) illustrate the momentum cuts used in (a)—(f).
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experimental results (see Fig. 2 in Ref. [95], for instance),
including the kink between the strong-intensity renormal-
ized band at low binding energies and a steeply dispersive
broad spectra below ~ — 50 meV [96]. Qualitatively sim-
ilar spectra have been obtained by the previous cDMFT
calculation [63] for the underdoped regime of the 2D
Hubbard model as well while a difference is that the TCFM
used in this study fits the ARPES spectra of an optimally
doped sample.

In Appendix B2, we show the spectra without the
smearing by the background self-energy (i.e., Im%,, =0
with keeping ReZXy,), where we find a clear dip above the
quasiparticle band also in the antinodal region. In
Appendix B 3, we further plot the spectra by switching
off all of the background self-energy (i.e., &,, = 0), to see
the electronic structure inherent to the TCFM.

2. Energy-distribution curve

Figure 4 plots the normalized EDCs at k = k,,, on
several cuts, obtained by ARPES [Fig. 4(a)] and the theory
[Fig. 4(b)]. The overall structure of the experimental
spectra is well reproduced by our theory. Note that the
ARPES data do not always show a monotonic decrease of
the low-energy intensity with moving from the node (cut 8)
to the antinode (cut 13): For instance, cut 11 shows a higher
maximum than cut 9. This would be attributed to errors
arising from the limited statistics of electrons counted in the
ARPES measurement as is implied by the large fluctuation
of the data, and limits the fitting by the TCFM assuming a
simple k dependence [i.e., Egs. (4)—(6), (A2), and (A6)].
The EDCs for other momenta along these cuts and
corresponding self-energies are presented in Figs. 17 and
18, respectively, in Appendix B 1.

Figure 5 shows the @ dependence of the Green’s function
and the self-energy of the TCFM at k = k zn. According to
Eq. (A10), the spectral function can be inferred from Im G,
which shows (negative) peaks at @ ~ £35 meV. This is

25 30
—— ARPES, cut 8 —— TCFM, cut 8
—— ARPES, cut9 25 ] —— TCFM, cut9
204 — ARPES, cut1l —— TCFM, cut 11
—— ARPES, cut 13 —— TCFM, cut 13
204
15 A
15

10 A
10

I(b)
-0.15 -0.10 -0.05 0.00
w [eV]

—OI.15 —OI.10 —OI.OS 0.60
w [eV]

FIG. 4. Energy distribution curves obtained by (a) ARPES
(IARPES) and (b) the TCFM (ITCFM) at k = kmax in each cut.

: Real part —---
(@) I iimag. gan

8
6
4
2

0

F(k,m)

2nor(k,m)

FIG. 5. Real (blue dashed curve) and imaginary (red solid
curve) parts of (a) G, (b) F, (c) "', and (d) Z* at the antinode,
k = kan = (7,0.147), calculated by the fitted TCFM.

consistent with the experimental value (—38 meV) [see cut
13 in Fig. 4(a)]. Im F' shows sharp peaks at the same
energies, and ReF is significantly enhanced in the lower-
energy region. Im X" and Im Z*"° also show low-energy
peaks at electron-hole symmetric positions, @ ~ +£40 meV.
This is consistent with the self-energy derived by a
machine-learning analysis [79] of the same ARPES data.
As a notable property of the TCFM, the trace of the self-
energy peaks disappears in G and F due to a cancellation
between X" and W at these peak energies [36,37] [see
Eq. (A12) for the definition of W]. The w-dependent
structure of the self-energy for other momenta is presented
in Figs. 18 and 19 in Appendix B 1.

3. Momentum-space maps

The upper and middle panels in Fig. 6 compare the
momentum-space maps of spectral intensity between
ARPES and the TCFM at various energies. The ARPES
data are available only for w < 0. At ® = 0, we can see a
small arc around the nodal direction. This is due to a finite
broadening of the spectra. As |w| increases, the arc expands
because of the d-wave structure of the superconducting
gap. For @ < —30 meV, the arc reaches the Brillouin-zone
boundary, where the spectra are rather broadened. These
are all consistent between the experiment and the theory. A
notable observation in the theory data is that the edges of
the arc (seen for |w| <30 meV) wrap around inward
(outward) for < 0 (w > 0). This electron-hole asymmet-
ric behavior results from a combination of the electron-hole
asymmetric position of the Fermi surface and the sym-
metric superconducting gap.
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No ARPES data
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FIG. 6. Comparison between momentum-space maps of ARPES spectra (top panels) and of A(k, w) calculated for the TCFM (middle
panels) and the single-component Hamiltonian [Eq. (11)] (bottom panels) at various energies. Red dashed curves at 0 meV in the
theoretical results depict the Fermi surface of the normal state (D, = D; = 0). In the TCFM result, we also plot tiny normal-state
Luttinger surfaces (zeros of the Green’s function) by blue solid curves around (z,0) and (0, r).

The bottom panels show A(k,w) calculated with an
ordinary mean-field (single-component) Hamiltonian,

le = D €aCioCho = Y _Dexlcipeo +He). (1)
k.o k

without d degrees of freedom. The parameters, €. and
Dy, in Eq. (11) follow Ref. [94], which fitted the ARPES
results for an optimally doped Bi2212 with the
Hamiltonian, Eq. (11). For |w| <20 meV, the momen-
tum-space structure is qualitatively similar to that of the
TCEFM although the spectra are much sharper in Hi,.
However, for |w| 2 30 meV, the H,. spectra show strong
intensity even in the antinodal region, in contrast to the
broadened weak spectra in the TCFM and ARPES in the
same region. This weak and broad signal in the TCFM, as
well as in the ARPES, is ascribed to a large imaginary part
of the self-energy (shown in Fig. 23) in this region. This
self-energy effect is nothing but the presence of the d
fermion: While it mainly resides above the Fermi level in
the normal state, the particle-hole counterpart appears
below the Fermi level, too, in the superconducting state.

B. Density of states

Figure 7 compares the calculated DOS with the site-
averaged d//dV measured by the STM or STS. We find
good agreement between them: (i) peaks at the gap edges,
(ii) electron-hole asymmetry, and (iii) V shape around zero
bias. Although the TCFM parameters are determined to
reproduce the ARPES data that are available only on the
occupied side, the theory remarkably reproduces the DOS
not only on the occupied side but also on the unoccupied
side. Note that the difference between py,. [Eq. (A13)] and
o LEq. (A26)] comes from the projection onto the d-wave
Wannier function [Eq. (A22)], which vanishes in the nodal
direction: p, is less contributed from the nodal region,
which has low-energy excitations as well as the in-gap
states around 100 meV.

A discrepancy is found, where the STM data show a
clear dip around —70 meV and a hump below it, whereas
they are less prominent in the TCFM. This discrepancy
originates from the apparent difference between the STM
and the ARPES: The dip-hump structure is substantially
weaker in ARPES at all the momenta, as seen in Figs. 1(b)
and 4(a), in contrast to Fig. 7(b) of the STM. Because the
TCFM parameters are based on the ARPES data, Fig. 7(a)
show only a weak dip-hump structure. Note that even in a
combined experiment of ARPES and STM for the same
sample [34], the angle-integrated photoemission DOS
exhibits a weaker dip-hump structure than the STM result.
The origin of this quantitative discrepancy is unclear but
several possibilities, like different matrix-element effects
and surface sensitivities, can be envisaged. Even for
ARPES spectra only, a variety of experimental data have
been reported with some sensitivities including sample,
doping concentration, temperature, momentum depend-
ence, and photon energy, where the origin of the variation
of the peak-dip-hump structure has been debated [3].

In our TCFM framework, the hump is generated by the
contribution from the fractionalized hidden fermion d,

(a)os

1(b) 18

1.4
0.5 0.8

1.2
0.4

Ao L
;

0.3 0.8

ddV [nS]

04 06

0.2

04

0.2
0.1 0.2

0 0 0
-100  -50 0 50 100 -100 -50 0 50 100

® [meV] vV [mV]

FIG.7. Comparison between (a) the calculated DOS and (b) the
STM experimental result of d7/dV. In (a), pj,. is the DOS of the
TCFM, defined by Eq. (A13), while p, is the DOS projected onto
the surface (and hence more suitable for the comparison with the
STM experimental result) as defined by Eq. (A26).

011018-8



UNIFIED DESCRIPTION OF CUPRATE SUPERCONDUCTORS BY ...

PHYS. REV. X 16, 011018 (2026)

although it is superimposed somehow by a large back-
ground, particularly around the antinode. Although the
main properties discussed in this work are robust, we note
that the depth of the dip and the height of the hump are
subject to change by a small modification of the model
parameters for the d fermions, resulting in a structure being
more similar to the STM result. These parameter variations
could come from the difference in the surface measurement
conditions of QPI from ARPES.

C. Comparison with QPI

We now turn to the QPI patterns calculated through the
procedure described in detail in Appendix A 3. To specify
the QPI signals, we employ a conventional notation,
q;(i =1,...,7), as shown in Fig. 8. This notation has been
used in the interpretation based on the octet model [8,9],
where the momenta connecting the tips of the banana-shaped
spectral intensity in the k space [Fig. 8(a)] are considered to
make a main contribution and give the strong-intensity spots
in the QPI pattern in the q space [Fig. 8(b)].

We emphasize that our calculation is not based on the
octet model but fully takes into account the contribution of
the Green’s function from the whole k space. We examine
the adequacy of the octet model through the comparison
between our calculated results and the experiment.

1. Overall features of QPI dispersions

Figures 9(a) and 9(b) show experimental |g(q, ®)| along
high-symmetry directions. The signals q; and q; are
observed along the (0,0)—(z, z) direction [Figs. 9(a) and
9(e)], while q; and qs appear along the (0,0)—(2x,0)
direction [Figs. 9(b) and 9(g)]. The signals qs, qs, and q-
merge into a flat background for |V| 2 30 mV and large |q|.

In addition to these previously known signals, we
identified an electron-hole asymmetric branch across the
Fermi energy at wave numbers slightly smaller than |qs/, as
shown in Fig. 9(e) (yellow dashed line). This branch

(a) k space (b) q space
% // g3 Y \\0\ 1) ,,,,,,,,,,,(Egz ,,,,,,,,, SO
/,,,>/ - éﬂ\\ )‘3@ 3 Q/(\
’ R 95
AN ! i
N | CI?\/ |
) 1o ol
(-mr,m) (1,-™),
! o o |
a1 R v o
. ! o |
~Q LN\ V. —_————m - 0 ¢
@‘Q\\ & tmem) Y
FIG. 8. Schematic of the relation between (a) the k-space

structure of the spectral function and (b) the QPI signals in the q
space. q;’s (i = 1, ...,7) denote momenta connecting the tips of
the banana-shaped spectral intensity. The vertical magenta arrows
passing through (0, O) represent the new branch observed
nearby (.

originates from a scattering between the opposite nodal
points, as indicated by the magenta arrow in Fig. 8(a). The
disappearance of the d-wave superconducting gap in the
nodal direction is consistent with the electron-hole asym-
metric dispersion of this signal. According to the stationary
phase approximation of QPI [97], it is reasonable to have
this branch because the scattering between the nodal points
satisfies the stationary condition. However, this branch has
been overlooked in experiments for more than two decades,
probably because of its low intensity. Although this
electron-hole asymmetric branch goes beyond the octet
model, our theoretical model accurately reproduces it, as
we will show below. Details of this branch will be discussed
elsewhere [98].

For |V| <20 mV, a strong intensity around q =0 is
limited to small |q| while it extends to much larger |q| for
|V| Z 20 mV. All these features are well reproduced in the
calculated results in Figs. 9(c), 9(d), 9(f), and 9(h). The
strong intensity for q ~ 0 in the experimental results will be
attributed to the effect of multiple impurities or mesoscopic
fluctuation of the doping concentration [99].

Figure 10 shows the corresponding maps of |L(q, w)]|.
All the abovementioned features can also be seen here,
which means that these features are not due to the set-point
effect and are inherent to the cuprate.

Figures 11(a) and 11(b) show |5p(q, @), which is more
directly connected to G(k,w) [see Eq. (A29)] than
lg(q, ®)| and |L(q, )| though not directly measurable in
experiments. The resemblance of Figs. 11(a) and 11(b) to
Figs. 9 and 10 ensures that the origin of the signals
observed in the g and L maps can be discussed in terms
of G(k, ) in the same way as that of the 5p map.

As the amplitude at q # 0 in these plots is roughly
proportional to V', ,(q) and its Fourier transform V', ,(r)
extends up to riy, for our realistic choice of Egs. (A32) and
(A33), the plots are faint for large |q| > 72/7;y,. Then, it
will be instructive to see dp calculated with a q-independent
Vimp, in which the structures at large q’s are more clearly
seen. This is shown in Figs. 11(c) and 11(d), where the sign
of dp is distinguished by red and blue colors. Along
(0,0)—(x, x), the q3 dispersion and neighboring electron-
hole asymmetric dispersion can be clearly seen (though the
latter appears as a white curve for @ > 0 for the reason
explained below). In this high-q region, the overall sign is
opposite between @ > 0 and w < 0 while dp is always
positive for q ~0. Along (0,0)—(27,0), the q; and qs
dispersions are seen while these are overlapped with other
dispersions: These are mirrors of q; and (s starting from
the Bragg point (27, 0). [Note that the mirror symmetry is,
though, incomplete due to the Wannier projection,
Eq. (A24).] In this direction, the sign of dp(q,—w) is
mostly the same as that of §p(q, ®). For more details, see
Appendix C 1.

In the subsequent sections, we mainly discuss L(q, @),
because it is directly accessible in experiments, in contrast
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1 l9.w)l
g max

min

FIG. 9. Comparison of |g(q, w)| between (a), (b) the experiments and (c), (d) the TCFM along the (0,0)—(z, z) and (0, 0)—(2z,0)
lines. Vg, = —0.1 V. Enlarged structures are shown in (e)—(h) for areas enclosed by rectangles in (a), (c), (b), and (d), respectively, with
different gray scales for better visibility of the dispersions. In (e) and (f), q3 is visible as electron-hole symmetric dispersions while an
additional electron-hole asymmetric dispersion [denoted by yellow dashed line in (e)] is seen on the smaller-q side of 3. In (g) and (h),
electron-hole symmetric q; and qs are visible in small and large q regions, respectively. Red vertical lines denote (z, 0).

to 6p(q, ). In addition, L(q, w), which is free from the set-
point effect, reflects the features inherent to the system
more than g(q, w).

2. Signal of fractionalization in QPI

While we have so far discussed only the amplitudes of
9(q,w) and L(q,w), a characteristic feature of the QPI
signal, distinguishing the TCFM from the single-compo-
nent models, can be found in the phase (which is reduced to
a sign in our case because of the inversion symmetry) of
these quantities. Figure 12(a) shows the sign structure of
L(q, w) calculated with the TCFM along (0, 0)—(z, z) [see
Appendix C2 for (0,0)—(27,0)]. For comparison, in
Fig. 12(b), we show the same quantity calculated with
the ordinary mean-field (single-component) Hamiltonian,
Eq. (11). For the impurity potential and other parameters
not included in Eq. (11), we used the same values as those
used in the TCFM calculation.

A notable difference between Figs. 12(a) and 12(b) lies
in the smaller-g side (0.5 < ¢ < 1.2) of the q; dispersion:
While Fig. 12(b) shows positive values for both @ > 0 and
® < 0 in this region, Fig. 12(a) shows negative (positive)
values for w > 0 (w < 0). This difference is attributed to
the pseudogap (or, in other words, a contribution from the d

component of the electron) emergent on the positive-®
(~0.1 eV) side in the TCFM, as we explain in the
following.

We start from

L(q,eV)

poleV)eV Jg¥p(a.0)de
wo(eV) eV ’

1

p(q.eV)

e
12
wo(eV) 12)
with wy(@) = [ po(@')dw’, derived in Appendix A 3 d.
Since the factor {[pg(eV)eV]/[wg(eV)]} on the
right-hand side of Eq. (12) will be of the order of 1, we
consider the relative size between &p(q,eV) and
&V op(q.w)dw/eV, focusing on q=(1,1), where the
difference between Figs. 12(a) and 12(b) is most promi-
nent. For @ > 0, dp increases with energy up to the energy
e; of q7, so that

&V ép(q. w)dw

p(q.eV
p(q.eV) > oV

, (13)

i.e., L > 0, holds for 0 < eV < e; as the right-hand side is
the average of dp(q, w) over [0, eV]. Above e;, however,
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FIG. 10. Comparison of |L(q, w)| between (a), (b) the experiment and (c), (d) the TCFM along the (0, 0)—(z, z) and (0, 0)—(2z,0)
lines. Enlarged structures are shown in (e)—(h) for areas enclosed by rectangles in (a), (c), (b), and (d), respectively, for the same purpose
as in Fig. 9. Red arrows in (b) indicate the mirror signals of q5 discussed in Appendix C 1. Red vertical lines in (g) and (h) denote (z, 0).
In (a), (b), (e), and (g), it is difficult to obtain accurate experimental data for small |V| because both (d//dV) and (I/V) in L =
(V/I)(dI/dV) are not large enough compared to noise.
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FIG. 11. (a), (b) |6p(q,w)| calculated with the TCFM for r, = rosc = 0.4a along the (0,0)—(z, z) and (0, 0)—(27,0) lines. (c), (d)
Corresponding 6p (with signs) calculated with the TCFM for q-independent Vimp.
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FIG. 12. Sign structure of L(q,w) along (0,0)—(z, z) calculated with (a) the TCFM and (b) the Hamiltonian Eq. (11) without d

degrees of freedom. Dashed lines denote the q5 dispersions.

the pseudogap suppresses the spectral intensity, so that dp
decreases. (We remind the readers that the s-wave-like full
pseudogap, consistent with various numerical simulations
on the Hubbard [63] and ¢t —J models [100] as well as
spectroscopic experiments on cuprates [63], opens even in
the nodal region at @ > 0 in the TCFM.) This suppression
tends to invert the above inequality, resulting in L < 0O for
w2 e;. For <0, L(q,w) simply reflects the sign
structure of dp because of the absence of the pseudogap.
As we shall see in Sec. V C4, a similar sign change for
@ > 0 can also be seen in the (0,0)—(2x,0) direction at a
slightly higher energy.

On the other hand, since the one-component model,
Eq. (11), does not show the pseudogap, there is less
tendency to invert the inequality Eq. (13) above e;. This
results in a weak but positive sign above e; in Fig. 12(b) in
contrast to Fig. 12(a).

Although it is not straightforward to extract the sign of
L(q,w) experimentally (as explained in the second para-
graph of Appendix A 3), it is still possible to extract a
relative sign from the data taken at @ and — at the same q.
Namely, we define

L.(q, ) = L(q, w)sgn[L(q, —w)], (14)
similarly to g¢,(q,®) = g(q, ®)sgn[g(q, —®)]| defined in
Refs. [18,101,102]. L,(q,®) is positive (negative) if
L(q,—®) has the same sign as (opposite sign from)
L(q,w). We show the results of g, in Supplemental
Material [103] Fig. S4.

Figure 13(a) plots the TCFM prediction of L,(q,®),
which exhibits the same negative sign on both sides of ¢,
reflecting the sign structure of L in Fig. 12(a). On the other
hand, the single-component Hamiltonian Eq. (11) predicts
a weakly positive sign above e; as in Fig. 13(b). This
difference results in the different sign of L, in the
corresponding region, denoted by a light green arrow in
Figs. 13(a) and 13(b).

(@) Liaw)
S 2
Q
e 0
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4
(b) w0
S. 20
Q 0
S
— -20
3 -40
(C) 150
100
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—_ 0
> -50
100
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©0) qof (a,0) (mm
FIG. 13. Relative-sign structure L,(q,w > 0) along

(0,0)—(r, ), obtained by (a) the TCFM, (b) the single-compo-
nent Hamiltonian, Eq. (11), and (c) the experiment. The light
green arrows indicate the area discussed in the main text. Note
that the dashed line (q; dispersion) is drawn by following the
octet model illustrated in Fig. 8. Black region in (c) indicates an
energy range where accurate data are difficult to obtain because
both (d7/dV) and (I/V) in L = (V/I)(dI/dV) are not large
enough compared to noise.

011018-12



UNIFIED DESCRIPTION OF CUPRATE SUPERCONDUCTORS BY ...

PHYS. REV. X 16, 011018 (2026)

We are now able to compare these contrasting theoretical
L,’s with experimental data, which is shown in Fig. 13(c).
The experimental data support the TCFM prediction and
show qualitative disagreement with the single-component-
model prediction. In Sec. V C4, we will predict that the
effect of the fractionalization continues and becomes
extended at higher energies.

We note that the difference in the overall amplitudes of
Figs. 13(a) and 13(c) (see the color scales) is largely
attributed to the existence of the multiple impurities in the
experiment (in contrast to the single impurity in the theory),
as well as the difficulty in evaluating the strength of each
impurity potential. However, as is clear from Eqs. (A34)
and (A50), the overall intensity of L is roughly proportional
to the strength of the impurity potential, and, hence, the
relative structures will not be affected by these factors.

3. Relation to the ARPES dispersion

As was mentioned in the Introduction, it has been
recognized that the q; dispersion in the QPI experimental
data shows a deviation from the one expected from ARPES
observations. Namely, while q; extrapolated to @ = 0 cuts
a finite ¢ [see Figs. 9(a) and 10(a)], the ARPES shows a
clear d-wave superconducting gap, closing at the nodal
point at @ = 0, which should correspond to the ¢
dispersion crossing the origin q = @ = 0. This puzzle
can be resolved by looking into the calculated results,
Figs. 9(c) and 10(c).

In these figures, we find white lines just outside of the g
dispersion both in the experiment and the theory. In theory,
these are understood as a polelike structure of G and F.
Namely, when Im G and Im F show sharp peaks, ReG and
ReF change the sign around the peak position, crossing a
zero, as seen in Figs. 5(a) and 5(b). This zero of the real part
will explain the white lines because in the (0,0)—(x, x)
direction V(q) = 0 in Eq. (A34) and therefore 5p(q, ) is
contributed only from

3pG6(q. @) = —Zwk Wi q(T)e7a™
x ReG(k,w)ImG(k + q, w) (15)
and
(@) = S (1w (F)e
Nk Oy
x ReF(k,w)ImF(k + q, w). (16)

Both of these contributions vanish when the real parts of the
Green’s functions vanish. Since the zero of ReG corre-
sponds to the spectral-peak position, the white lines in our
calculation correspond to the ¢y dispersion conventionally
estimated by using the autocorrelation of the spectral
function.

Around the zero, |[ReG| and |ReF| steeply increase
within the width of the sharp peak of the imaginary part
and produce a strong intensity in dp (and hence in g and L,
too) on both sides of the white lines. The strong intensity at
q7 in Figs. 9(c) and 10(c) is ascribed to one of these side
peaks. Therefore, its position shifts from the one expected
from the ARPES, i.e., autocorrelation of the spectral
function. In fact, the white lines better cross the origin
for both the experiments and the theory in Figs. 9 and 10 in
accordance with what is expected from ARPES.

4. High-energy structures

Figure 14 shows the high-energy structures of dp and L
calculated for a small-|q| region (|q| < 1) along the
(0,0)—(z,z) and (0,0)—(27,0) directions. As we show
in Supplemental Material [103] Fig. S5, the strong intensity
can be seen only in this small-|q| region or around (27, 0)
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FIG. 14. High-energy structure of (a), (b) dp(q,®), (c), (d)
L(q, w) along (0,0)—(1, 1) [(a), ()] and (0,0)—(1,0) [(b), ()],
calculated with the TCFM, and (e), (f) the same as (c), (d) but
without the Gaussian contribution, Eq. (A47), around q ~ 0. Plots
for full ranges, (0,0)—(xz,z) and (0,0)—(2x,0), are shown in
Fig. S5 of Supplemental Material [103].
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for |w| > 0.05 eV. This is consistent with the so-called
extinction known in the QPI experiments [12], and here in
the combined analysis, it turns out to have the same origin
as the broad background in ARPES.

In 6p [Figs. 14(a) and 14(b)], we see sign changes around
@ = 0.1 eV. This is attributed to the pseudogap while the
intensity above this energy is due to the in-gap states (see
Fig. 3). Since dp is not directly measurable in experiments,
we look for a related feature in ¢ and L. In particular,
because g is subject to the set-point effect, we focus on L in
the following while the results of g are presented in
Supplemental Material [103] Fig. S7.

In Figures 14(c) and 14(d), we find a negative-sign
region in L for 0.05 S w < 0.1 (eV) at small but finite g’s
followed back by the positive-sign region for 0.1 eV < w,
which is more pronounced for the (0,0)—(2z,0) direction.
If we erase the effect of the Gaussian contribution,
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FIG. 15. High-energy structure of (a), (b) dp(q,®), (c), (d)
L(q,w) along (0,0)—(1,1) and (0,0)—(1,0), calculated with the
Hamiltonian, Eq. (11), and (e), (f) the same as (c), (d) but without
the Gaussian contribution, Eq. (A47), around q ~ 0. Plots for
(0,0)—(m, z) and (0,0)—(27z,0) are shown in Fig. S6 of Supple-
mental Material [103].

Eq. (A47), around g ~ 0, we can see the sign change more
clearly as an w-dependent (rather than q-dependent)
feature, as shown in Figs. 14(e) and 14(f). These sign
changes are more pronounced and are an extended con-
tinuation of the sign change found in Fig. 12(a) to higher
energy region: The negative-sign region for o < 0.1 eV
identifies the pseudogap and the positive sign at higher
energy 2 0.1 eV reflects the in-gap states as was
explained above from the structure of Eq. (12). Such a
sign change in L cannot be seen in the results for the single-
component model, Eq. (11), as shown in Fig. 15.
Because only the relative sign between two different
energies can be obtained experimentally, we define

L'V (q,0) = L(q, w)sgn[L(q,0.2 eV)].  (17)

As L(q,0.2 eV) is always positive for |q| <1 in Figs. 14(c)

and 14(d), L£°'2°V> has the same sign structure as L for

|q| < 1. The experimental detection of the sign change

through the analysis of Lﬁ“’ze") is an intriguing future issue.

In addition, it would be possible to detect the corresponding
feature just by looking at the amplitude of L(q~0,w)
since the sign change necessarily involves a zero intensity
in between.

VI. SUMMARY AND OUTLOOK

We have performed an integrated analysis of combined
ARPES, STM, and QPI experimental data for an optimally
doped Bi2212 with the theory based on the TCFM, which
describes the electron fractionalization. The TCFM fitted
with ARPES data reproduces the QPI patterns even for
details, which makes a substantial step forward toward a
unified understanding of the high-T',. cuprates. In particular,
distinctive QPI patterns, obtained for the TCFM but absent
in the conventional electronic structure without the frac-
tionalization, agree with the experimental data, supporting
the unconventional fractionalization of electrons taking
place in the cuprates. At the same time, the seemingly
controversial data between ARPES and QPI for the
quasiparticle dispersion are understood by considering
the structure of the TCFM solutions.

The numerical results are obtained by faithfully calcu-
lating the experimentally measurable quantities, such as the
differential conductance, which has often been replaced
with the local density of states in theoretical analysis in the
literature despite their mutual inconsistencies often taking
place. We have also revealed that the relative-sign structure
in QPI data holds a key to unraveling the pseudogap
physics.

We also point out that the background intensity in ARPES
is related to the extinction in QPI. Its microscopic origin, as
well as that of the marginal Fermi liquid, is left for future
studies. These elements have been taken into account as
phenomenological self-energies in this study and are desired
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to be derived microscopically from the interactions of ¢ and
d as well as those with other relevant degrees of freedom,
such as excitons, phonons, and magnetic and charge
fluctuations, in an extended framework of the TCFM.

The results of fitting to the ARPES and QPI data are
consistent with the fractionalization scenario, where the in-
gap state emerging as the antibonding state of hybridized ¢
and d shows up as one of the isolated poles of the ¢ Green’s
function for each momentum and represents a nearly
localized bound state inside the Mott gap. This work has
thus established that this nearly localized bound state
proposed in Ref. [76] is found as a component of the
fractionalized fermion in the real cuprate.

These results suggest that the novel type of electron
fractionalization, emergent from the Mott physics, is at the
heart of the pseudogap and high-temperature superconduct-
ing mechanism in cuprates. This is distinct from the spin-
fluctuation scenario, where a bosonic excitation plays a
major role. Our fitting further imposes strong constraints on
the character of the fractionalized electron, or more gen-
erally, the momentum and frequency dependence of the
self-energy, in particular in the region above the Fermi
energy, which the ARPES cannot see. We have phenom-
enologically assumed that the impurity couples only to the
¢ fermion in the TCFM and have shown good agreements
with the experimental QPI results. Since the microscopic
identity of the d fermion has not been established yet, this
agreement imposes a helpful constraint in future pursuits of
the nature of the d fermion.

We have performed a combined analysis of ARPES,
STM, and QPI. To further enhance quantitative reliability
of the electron fractionalization theory, it would be impor-
tant to combine other experimental data, for instance, from
neutron, optics, magnetic resonance, muon, electron
energy-loss spectroscopy, and resonant inelastic Xx-ray
scattering, with the help of machine-learning analysis,
which is left for an important future study.

The significance of the electron fractionalization lies in
its link to the mechanism of the superconductivity itself, for
which some proposals were made [85] from ab initio
calculations, though it is not fully understood. Further
pursuit using integrated spectroscopy analyses is another
intriguing future subject.

The success of the integrated spectroscopy analyses in
this study opens a new avenue of experimental data analysis
for other challenging issues in strongly correlated electron
systems in general.
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APPENDIX A: DETAILS OF THE METHOD

In Appendix A1, we construct a self-energy form
capable of explaining the ARPES data presented in
Sec. IV. In Appendix A2, we explain how we fit the
ARPES data with the constructed self-energy form and
determine the TCFM parameters. In Appendix A 3, we
describe the method to calculate the QPI patterns based on
the TCFM, where we have assumed that the impurity
couples only to the ¢ fermion in the TCFM, which leads to
the bubble approximation of Eq. (A27).

1. Form of self-energy

While the TCFM Hamiltonian has been successful in
describing the low-energy structures of the spectral func-
tion and the self-energy [36,37,78-81] in the underdoped
region of the 2D Hubbard model at least qualitatively, more
detailed quantitative comparisons with the experimental
spectra of the cuprates become possible by incorporating
additional structures to the self-energy Xtcpy. Here, along
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the line addressed in the end of Sec. II, we provide
additional self-energy structures close to zero energy and
at high energies. The former is related to a so-called
marginal Fermi-liquid behavior [90], which gives a lin-
ear-in-energy scattering rate around the Fermi energy. The
latter is related to the flat feature of the ARPES spectra for
w < —0.1 eV, mentioned in Sec. IV. Indeed, the less-
singular part of the self-energy of the cuprate supercon-
ductors can be decomposed into an MFL-type component
and the remaining flat structure, as explained later [79]. In
the following, we elaborate on these contributions one
by one.

a. TCFM part

Equations (2) and (3) define the TCFM part of the self-
energy, describing the correlation effect of our main interest.
They have poles at the same energies, = +w, with

w,x = 1/ €% + D?. The contributions of these poles are

canceled out in the Green’s functions [see Eqs. (A11) and
(A12)] at the pole energies but still significantly influence the
quasiparticle dynamics [36,37].

b. Marginal Fermi-liquid part

As examined in the literature, low-energy ARPES spectra,
at least along the nodal direction, require a term proportional
to |w| in the imaginary part of normal self-energy [104]. This
nonanalytic structure is indeed found not only along the
nodal direction but also in the antinodal region [79]. Even
though a small deviation from the MFL was reported along
the nodal direction [104], the w-linear term is enough to
capture the essential behaviors of the low-energy spectra in
the entire Brillouin zone. The nonanalytical term has been
examined to describe the momentum-independent anoma-
lous behavior of the normal-state spectra known as the MFL
behavior [90].

As discussed in Ref. [90], the MFL component of the
self-energy can arise from electron scatterings by intensive
low-energy bosonic fluctuations not contained in Eq. (1). In
Ref. [79], the formation of the self-energy peaks causes
such electron scatterings, giving the MFL component. The
excitonic excitations that are not taken into account in the
TCFM Hamiltonian, Eq. (1), coupled to the d fermions,
are possibly responsible for the MFL component of the
self-energy. However, the microscopic origin of the MFL is
not well established.

Since it is observed universally in experiments on
cuprates, without specifying its origin, we model the
MFL component, Xy (), with a soft cutoff as

Im Sy (@) = —(1/7)\/@? + (/70)*

x{1 +exp[(® = A) /oy ]}

x{1 +exp[—(w+ A)/oyr |} 7' (A1)

Here, a small but finite inverse lifetime, 7 I'=1 meV is

introduced. The soft cutoff is defined by sigmoid functions
with the step width oy, = 30 meV and the cutoff energy
A = 0.4 eV. The real part of the Xy, is obtained by the
Kramers-Kronig transformation of Im Zygy .

c. Background part

As one can see in Fig. 1(b), the ARPES data show a
nearly flat intensity below ~ — 0.1 eV for all the momenta.
This flat spectrum has been attributed to a broad structure
of ImZ"" in the corresponding energy range [79,95,105].
In particular, according to the machine-learning analysis of
the ARPES spectrum at k = k,y [79], the self-energy
exhibits a component that is nearly constant over the high-
energy region for < —0.1 eV. Hereafter, this flat structure
in ImXZ"™" is referred to as the background, while its
microscopic origin remains debated.

The possible origin of the background has been dis-
cussed in the literature. For instance, when bosonic
excitations are coupled to fermions, a typical self-energy
structure appears at |w| larger than the bosonic energy
scales through a mechanism different from the origin of the
MFL. A well-studied example is the self-energy generated
by electron-phonon couplings [106,107]. For |w| larger
than the typical boson energy scale, flat structures appear in
Im X", irrespective of the origin of the boson [108]. Even
in the electron gas, where plasmons play an important role,
the broad structure in the self-energy was also found [109].
In the spectral function of the Hubbard model, the
incoherent continuum is found between the quasiparticle
dispersion and the incoherent lower Hubbard
band [61,69,110,111], which is possibly relevant to the
flat structure in ARPES. Though electron-phonon cou-
plings in the cuprates have been examined in detail [112],
contributions of spin fluctuations are also discussed based
on the analysis of the ARPES spectra [105]. The flat
structure may alternatively be induced by the excitonic
fluctuations, in addition to the MFL component. In the
TCFM picture, excitonic fluctuations may arise because it
was proposed that the d fermions represent the fermionic
degrees of freedom contained in the weakly bound
excitons [76,84,87,88], which might be responsible for
the incoherent continuum in the Hubbard model mentioned
above. However, the couplings between the d fermion and
neither the exciton, phonon, nor the spin fluctuation are
explicitly included in Eq. (1). Therefore, we add the flat
component to Im X3, in the TCFM description of the
ARPES spectra and QPI patterns to reproduce the ARPES
flat structure without specifying its origin.

Irrespective of its origin, the background component is
nearly constant over the high-energy region for w <
—0.1 eV in Bi2212 [79]. Because the background is not
contained in the TCFM Hamiltonian (which describes only
a few low-energy spectral peaks), we incorporate this
component as follows.
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We derive the @ dependence of this additional self-
energy %, from the ARPES data at k = Ky, where we
have high-resolution data. The self-energy derived from the
ARPES data [79] contains peak structures and MFL-like
contributions as well. Therefore, we need to subtract these
contributions when we construct the background compo-
nent to avoid double counting. We start from the imaginary
part of the total self-energy Im X*°* for the optimally doped
Bi2212. While the peak structures are canceled in Im X" as
in the TCFM Hamiltonian, observed in Ref. [79], Im X
contains a Lorentzian component generating the super-
conducting gap. By eliminating the Lorentzian component
and o independent impurity scattering contribution, we
obtain the imaginary part of the background component
ImZ,,, as shown in Fig. 16(b). The real part of Xy, is
obtained through the Kramers-Kronig relation. To perform
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FIG. 16. (a) Real and (b) imaginary parts of the background

self-energy Xy, (blue dashed curve), marginal Fermi-liquid self-
energy Xyp. (gray dashed curve), and their sum (red solid
curve), derived from the ARPES data at the antinodal point,
k = kan = (7,0.147). Inset of (a) shows Im X, interpolated by
the Gaussian process regression (blue dashed curve) and that
obtained from the ARPES data (black open circles).

the Kramers-Kronig transformation, the imaginary part is
interpolated using Gaussian process regression based on
512 normal distributions with a standard deviation of
0.01 eV, arranged at equal intervals from —0.4 to 0.4 eV,
which naturally introduces a soft cutoff as shown in the
inset of Fig. 16(a). Here, for simplicity, we assume
electron-hole symmetry for X,. This background contri-
bution is relevant to the so-called extinction of QPI signals,
as shown in Fig. 14.

The obtained self-energy is shown by blue dashed curves
in Fig. 16. As the momentum dependence of this self-
energy is not known in experiments, we assume the
following simple form to account for the difference
between nodal and antinodal regions, introducing a single
fitting parameter cpg:

Zog (K, @) = Zpg (Kan, @)[1 + cogh(kK)],  (A2)

with
h(k) = (cos k, — cos k;)? — (cos kan, — €0s kan,)?.

(A3)

h(k) =0 for k =k,y while Ah(k)= —(cosksn, —
cos kANy)2 ~ —3.63 in the nodal direction.

2. Fitting the ARPES data
a. Expression of the spectral function

Equation (1) can be rewritten into the following form,

Cva
t iy
ZE 3 ORI SIPINE TN Bl BOY)
K k.1
+
dly,
with
€x Dk Vi 0
D, -—e¢,. 0 \%
HkE ck ck k (AS)

Vi 0 €k Dax

0 Vi Dax —€ax

With Xy, and Zyp, the (1, 1) and (3, 3) (i.e., up-spin)
components of Eq. (A5) are modified as

€ck = €k + Zpg (K, @) + Zypr (@),

€k = €ax + fogazng(K, ) = € (). (A6)
Here, we have introduced the MFL self-energy only for the
¢ fermion while we have introduced a fitting parameter
fbg.a Tor the background self-energy of the d fermion. We
modify the (2, 2) and (4, 4) (i.e., down-spin) components of
Eq. (AS5) accordingly.
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Integrating out the d degrees of freedom, we obtain

Vilo + in+ &y (—w)]

2Nk, @) = — —
) = o i — e (@[ + in + gy (~0)] — Dl
+ Zpe (K, @) + Zypr (@) (A7)
and
2
Zano(k’w) — Vdek
(@ + in = e (0)][@ + in + &y (-0)] = DY
(A8)

as the self-energy for the ¢ fermion. Here, # is an energy-
and momentum-independent smearing factor.

The Green’s function matrix G for the ¢ fermion is then
given by

Gk, ) = <G(k,a)) F(k, ) )
F(k,w) G*(k,—w)
o+ in—eq — 2Kk, 0)
- ( —D e — (K, w)
-_Dck — a0 (k) )—1. (A9)
o+ in + € + 27 (k, —o)

This defines the spectral function as

1
Ak, w) = -—-ImG(k, w), (A10)
p3
with
Gk, ») = [o+in— ey — 2k, w)]". (All)
Here, 2°'(k, w) = 2" (k,w) + W(k, w) and
D Yano (o 2
Wik, o) = — Dox H XK )} (A12)

o+ in+ e + 2"k, —w)*

represents the contribution from the anomalous part. The
DOS is defined by

(@) = 5= S AK @) =~ iG]y (ALY
k

where Go.(@) = (1/Ny) >k G(k, ) is the local Green’s
function.

b. Cost function for fitting
To fit the ARPES data, we define

Incrn(K,®) = / " Ak, f(T,0)R(w—a)de, (Al4)

—0o0

where f(T, ) is the Fermi distribution function at temper-
ature 7 (=12 K) and

R(o) L ( o > (A15)
w) = xp| —
\% 2”0resol. P 2dfesol.

represents the energy resolution of the experimental
facility. Since the ARPES intensity depends on the
matrix-element effect, which may give an additional
momentum dependence in the intensity, we further normal-
ize the data as

. 0
ITCFM(k’w)_ITCFM(k’w)/[S Itcem (k.0 )do’  (A16)

at each momentum k and compare it with

- 0
Iarpes (K, @) = Irpgs (K, w)//g Iarpes (k, @')da,
(A17)

where Iagpps(k,®) is the raw ARPES data. We set
E. = —0.15 eV in the following.

We determine the fitting parameters, 7. (0.1.2.3}> fa,{0.12}>
Vioi2p Deos Daos fog: Cogs Oresors and 77 defined in
Egs. (4)—(6), (A2), (A6), and (Al5) to minimize the
following cost function:

1 0 . ~ )
C:N_Z [Itcem (K, @) = Iarpes (K, @) [*do. (A18)
k k JE

cut

Here, k runs over cuts 4-13 shown by orange arrows in
Fig. 1(a) and Ny = 580 is the number of the k points. Note
that we set 4,3 = 0 because the optimized value for it is
always found to be quite small even when we start from
nonzero values for it.

The noise in the ARPES data determines the lower
bound of the cost function C. The amplitude of the noise
also enables us to evaluate the quality of the fitting. We
assume that the ARPES data can be decomposed into a
smooth inherent spectrum f(k,w) and noise e(k,w) as
Iarpes(k, @) = f(k,®) + (K, ). Then, the cost function
C is decomposed as

1 0 .
C2- 3 [ (ko) - f(k.)Pdo
k k Ecy

1 0
+ = e(k,w)dw,
N.E/Ew'( )

where we assume that the noise e(k,w) is random and
independent at each (k, ®). The second term on the right-
hand side of Eq. (A19) provides an estimate of the lower
bound of C.

(A19)
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Here, we try to estimate the noise by fitting the
experimental ARPES data with a Gaussian process model.
We employ Gaussian distributions with the standard
deviation ¢ = 10 meV at each @ point and smoothly
interpolate the noisy ARPES data. Here, the ARPES data
are taken at 301w points ranging from —0.405 to 0.195 eV.
The standard deviation o of the Gaussian distributions is
chosen to be the experimental resolution. To avoid over-
fitting to the noise, we fit the ARPES data at five
consecutive k points by a single curve. (There are 120
k points along each momentum cut shown in Fig. 1. Out of
the 120 points, each locus indicated by an orange arrow
contains 31-81 k points.) We thus obtain a Gaussian
process model, Tgp(k,w). When the Gaussian process
model is a decent approximation of f(k, ), the following
integral,

1 (U ~ ’
Gy :N_Z/ [Igp(k, @) — Iarpgs (k. @) [*dw,  (A20)
k k Ecul

is a decent approximation of the integrated noise; i.e.,

1 /0
C,~—=— e(k,w)|*dw.
M%:%J( )

The deviation of the TCFM spectrum from the inherent
spectrum, f (K, ), is given by the first term on the right-hand
side of Eq. (A19). Then, the standard deviation of the TCFM

spectrum is measured by /(C — C,,)/ C,. Fitting the ARPES
data with the TCFM, we obtain the optimized cost function of

C = 0.452. As Eq. (A20) gives C, = 0.214, the standard
deviationis y/(C — C,)/C, =~ 1.05. Although the number of
the TCFM parameters is as small as 16, their optimization
turns out to reproduce the inherent spectrum within almost
one standard deviation in the full q — w space.

(A21)

3. Quasiparticle interference

Based on the electronic structure, i.e., G(k, w), obtained
by fitting the ARPES data, we calculate the QPI patterns
induced by a nonmagnetic impurity. To calculate the
spatial modulation of the LDOS, we follow the method
of a single-impurity scattering [113] (Appendix A 3 b) and
a projection onto a surface Wannier function [99,114-117]
(Appendix A 3 a). Because the experimentally measurable
quantities are not the LDOS itself, we further calculate the
quantities [g, L, and Z defined in Eqgs. (A40)-(A42),
respectively] which can be directly measured in experi-
ments (Appendix A 3 c¢).

In the calculation, we place a single impurity at the
origin. Since this conserves the inversion symmetry, the
Fourier-transformed quantities like Vimp(q), op(q, w),
g9(q,w), and L(q,w) (defined below) are real. In experi-
ments, however, these quantities can have a phase because
the overall phase depends on the impurity position, which

is difficult to locate experimentally, and because multiple
impurities can contribute. This prevents us from a direct
comparison of the phase of g(q,®) and L(q, ) between
experiments and the theory. We therefore use L, [defined
by Eq. (14)] and g, when we compare the calculated sign
structure with the experimental results.

a. Projection onto a surface Wannier function

To make a better comparison with STM experiments,
which have a spatial resolution of 0.1-nm scale, we project
the TCFM lattice Green’s function onto a Wannier function
respecting the d,>_,» symmetry [114-117] and thereby take
into account the structure inside a unit cell. Since STM
measures a current from the surface of a cleaved sample,
which consists of a Bi-O plane in the case of Bi2212, it
essentially measures a tail of the Wannier function center-
ing on the CuO, plane closest to the surface. To represent
this tail, we employ a d,2_,>-symmetry Gaussian function,

Xx=X)2=(y=Y)? r—R)2
=X exp[_mzaZ)

following Ref. [116]. Here, a = 1is the lattice constant, R =
(X,Y) represents the coordinate of the Wannier center
projected on the surface, and r = (x,y) represents the
continuous-space coordinate on the surface. We choose
B =4, with which the unperturbed DOS projected on the
surface, p, defined below, well reproduces the STM exper-

imental result. Although we choose A = \/B?/(za?), which
normalizes Eq. (A22), the conclusions obtained below do not
essentially depend on this choice since p(r, w) defined below
is simply proportional to A% and we are interested only in
relative intensity.

With  the  Fourier
ST wr(r)e ® R we define

wgr(r)=A

} . (A22)

transformation,  wy(r)

Golr. @) = - S I (DPGk0)  (A23)
k g

and

A

S(r,0) = Nik Sm)Gkw),  (A2)

in a real continuous space, where Ny is the number of k
points.

b. Calculation of LDOS modulation
After the above preparations, we now calculate the
LDOS at the surface, modulated by impurity scatterings
[113,118-121]. It is written as

p(r, @) = po(r, @) + 5p(r, ) (A25)
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with

polr.0) =~ TImGy(r. ) (A26)
representing the nonperturbed part, and 5p(r, @) represent-
ing the spatially modulated part induced by an impurity.
In the lowest order of the nonmagnetic impurity potential
Vimp, located at the origin, the spatially modulated part is
given by [113,122]

1 . N
Sp(r,w) = —=Im [G(r, ®) Vi, G(-1, )],

- (A27)

Note that the electron correlation effect is represented by
the self-energy contained in the c-Green’s function G
where the self-energy originates from the coupling to d
through integrating out the d degrees of freedom.

For comparison with experiments, we calculate the
Fourier transformation of Eq. (A25); i.e.,

=> p(r.w)eier
r

= po(q, w) + dp(q, w). (A28)

Here, r is summed over the whole real-space points, where
we consider N, = 4 x 4 points in each unit cell. We have
confirmed that the following results do not change quali-
tatively for a larger N.. Since po(r,w) is periodic with
respect to the lattice constant a, py(q, @) is nonzero only at
(2zm/a,2zn/a) with integers m and n. Hence, we focus
on q,,q, € (—27/a,2n/a), where p(q, ) is identical with
6p(q, ) except for q = (0, 0). Note that, while p(q, @) and
dp(q, w) can be complex in general, these quantities are
real in our calculated results since the impurity placed at the
origin preserves the inversion symmetry of the system.
Thus, for q # (0,0), p(q, w) is equal to

T 2

c /k
x [G(k, 0)Vinp,G(k + q, @)
- {G(k + q, a))VimpG(k’ w)}*]ll’

e~ r

5,0((1’ Wk+q

27'[Nk

(A29)

where r’ is summed over the N, positions in the unit cell. We
have used wy (—r) =wj (r) and wy (R + 1) = wy (r')e * R,

To further take into account a realistic form of the
impurity, we employ a finite spread of the impurity
potential in real space by replacing Vimp with [ Vimp(ro)dro
[35,119,121,123,124]. This is reasonable because the
source of the impurity potential in cuprates is considered
to be located in the dopant layer away from the CuO, plane.
In fact, as we see later in Sec. V C, this finite spread causes
a noticeable decay of the QPI intensity as |q| increases,
consistently with the experimental QPI data. Then, instead
of Eq. (A27), we start from

op(r, w)
=1 [ dro i G(x = 0. 0) iy )Gl + r0. ),
(A30)
and obtain
S S
x [G(K, 0)Vinp(@)G (k + q, )
—{G(k + q. ) Vinp ()G (k, @)}, (A31)

where Vipp(q) = [ Vi (rg)e™™0dry,.

Experimental data also indicate that both normal and
anomalous (i.e., superconducting) components of Vimp are
necessary: The importance of the anomalous component
has been highlighted in previous theoretical works as
well [31,124,125]. We therefore decompose Vimp(r) as
Vimp(r) =V,(r)é, + V,(r)é, with the Pauli matrices &,
and 6,. Following Ref. [126], to mimic the realistic
impurity potential, we take the Yukawa form,

\/l'2 + Z% - Zo) 20 (A32)
+z

r imp

vV (l‘) = Vo exp <_
rimp 0

Vi(r) =V (cosg — cos X)

a
X exp (_ \/ I'2 + Z(z) - ZO) 20 (A33)
imp rimp + )

with i, = 0.5a and z; = 2a. Note that the d-wave form
factor in V| is necessary to make a finite contribution in
Eq. (A31) since V connects the normal and anomalous
Green’s functions.

As the above impurity potentials, Egs. (A32) and (A33),
hold the inversion symmetry, their Fourier transformation,
V,(q) and V(q), is real. In this case, Eq. (A31) can be
recast into

5p(q.®) = V,(){6pcc(q. ®) — dprr(q. )}
V(@) {0pr(q. @) + dprc(q. @)}, (A34)
with
Soxy(a.0) = % Wi (F) (1) €10
rk
x Im[X(k,»)Y(k + q, »)], (A35)
for X, Y =G, F.
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The amplitude of the impurity potential is not known
experimentally, and we use small values within the realistic
range, namely, V,o = 0.1 eV and V, = 0.01 eV, in the
following unless otherwise mentioned. Our main interest is in
the relative intensity and sign of the QPI pattern in the energy-
momentum space, which are insensitive to the overall
impurity strength. The small impurity strength ensures the
validity of the lowest-order approximation in Eq. (A27)
while the 7-matrix theory has been extended to the momen-
tum-dependent impurity potentials [35,127]. This choice of
the small values of V, ) is indeed justified by the good
agreement with the experimental results as shown in Sec. V.
The remaining discrepancy from the experimental results, in
particular the relative intensity of the QPI signals at g;_;, will
mainly be ascribed either to higher-order scattering processes
or to the error in fitting the ARPES data.

c¢. Calculation of experimentally measurable data

The experimental data obtained by STS are not equal to
the LDOS, p(r, ), but require an appropriate analysis. The
STS measures the current / flowing between the tip and the
sample when the bias voltage V is applied between them.
Assuming that the LDOS of the tip does not significantly
depend on energy in the range of our interest, we can write
the current at a lateral position r on the sample surface as

I(r,z,V) = Ce*r) /

0

eV

p(r,w)dw,  (A36)

where x(r) > 0 describes the decay of the current against
the tip-sample distance z and C is a constant. In practice,
when measuring the tunneling current and the differential
conductance, z is adjusted to maintain a constant current
I at a fixed bias voltage V., at each r through

. eV
Lo = Gl / p(r,o)do,  (A37)
0

where z.. denotes a constant-current topographic image

obtained at the set-point voltage V., and current [g,.
Accordingly, the measured current is

eV
I(r’ ZCC’ V) = Ce_K(r>ch(l'§Vseulsel) / p(r’ w)dm_ (A38)
0

Combining Egs. (A37) and (A38), we can eliminate the
factor Ce (") to obtain

Lo foev p(l', w)dw
Jo < plr,w)de

I(l’, ev; Vset’ Iset) = (A39)

The differential conductance d//dV is then given by

dr p(r,eV)
ViV Ior) =—— = el —————. A40
g(r.e o Lset) av ¢ tfoev“‘p(l‘, )do (A40)

The presence of the denominator in Eq. (A40), known as
the set-point effect, prevents a direct comparison between
g(r,eV; V. l) and p(r,w). The following functions
are used in the analysis of experimental data to mitigate
the set-point effect:

; 1
L(l‘, ev) = g(r’ eV’ Vset’ set) — f‘yp(r’ eV) (A41)
I(r,eViVe 1) /V  [57 p(r, @)dw
and
eV, V%e ’ ]se eV
Z([_’ev) = g(r € setr £ t) —_ p(r € ) . (A42)
g(l', —eV; Vsetv Iset) p(l‘, —EV)

For simplicity, we write g(r, eV; Vi, I ;) as g(r, eV) in the
rest of the paper, abbreviating V., and I in the arguments.

To compare with the experimental results, we calculate
the Fourier transformation of these quantities as

9(g.0) =) g(r.w)e o, (A43)
L(q.0)= > L(r,w)e™dT, (A44)

and
(A45)

Z(q,w) = Zz(r, w)e T,

According to the above Fourier transformations, the
spatially unmodulated part will not contribute to the QPI
signals at finite q’s in the thermodynamic limit. However,
because of the finite size of the sample or more strictly the
domain where the assumption of a single impurity is valid,
the experimental data of g(q,®) and L(q, ®) show strong
intensities for nonzero but small q’s, as seen in Figs. 9 and
10, respectively. Although these q ~ 0 structures are not of
our interest, in order to make a comparison with the
experimental data, we have added the following
Gaussian functions

Agpo(@) exp(=(gx + 43)/ 45) (A46)
po(@)
AL Wexp(—(qi +43)/q5),  (A47)

respectively to Egs. (A43) and (A44). Here, py(w) is the
average of py(r, @) over the unit cell. We used A, = 2000,
A; =0.7,and g, = 0.5/a to fit the experimental data. Note
that since Eq. (A47) decays rapidly with |q|, it does not
affect the behavior for |q| = g, of our main interest. The
resemblance of the obtained q~ 0 structure [Figs. 9(c),
9(d), 10(c), and 10(d)] to the experimental results suggests
that the q ~ 0 signals in the experimental data indeed come
from the abovementioned size effect.
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d. Simple relations between g, L, and dp

When [6p| < |pg| holds in real space (as is indeed
satisfied for the small V,, and V; used in this study),

g(r.eV) — po(r,eV) +dp(r,eV)
el [5"{po(x,0) + op(r, ) }do

_po(r.eV) +p(r,eV)

SV po(r, @)dew

sV sp(r, w)dw

) {5 po(r, w)dw}?”

Assuming pq(r, eV) = po(eV), the Fourier transformation
of the above equation is given for q # 0 by

= po(r,eV

(A48)

5p(a. V) i
~ - Vv
WO(eVset) pO(e )

g(q.eV)
el

op(q, w)dw
WO(eVset>2

, (A49)

with wy(@) = [¢ po(@')de’. Similarly, we can derive

L(q.eV) dp(q.eV)

Js" 3p(q. w)dew
eV wy(eV) '

wo(eV)?
These equations are useful to understand the difference in

the q-w space maps between g, L, and dp and indeed used
in Secs. VC2 and VC4.

—po(eV) (A50)

APPENDIX B: SINGLE-PARTICLE SPECTRA OF
THE TCFM

1. Additional information of EDCs

Figure 17 displays the TCFM results of the EDCs of the
normalized spectra (I1cpy) along the cuts 8, 9, 11, and 13,
and compares them with the ARPES results (I ygpgs). We
see a good agreement, even quantitatively, between the two
methods though the ARPES spectra exhibit a larger noise.
Notably, the sharpness of the spectral peak strongly
depends on the momentum along each cut, in particular
near the node (cuts 8 and 9). This means that the imaginary
part of the self-energy strongly depends on the momentum
in the direction crossing the Fermi surface, beyond the
constant assumption used in Ref. [128].

This is indeed seen in Fig. 18, which plots the imaginary
part of the self-energies at the corresponding momenta. The
amplitude of the self-energy peaks significantly depends on
the momentum along the cuts, as well as on the cuts
themselves. In the nodal direction (cut 8), Im X"°" shows a
peak for w > 0 and its peak position depends on the
momentum. On the other hand, in the antinodal region
(cut 13), both Im Z"" and Im £ show peaks at electron-
hole symmetric positions, which do not significantly
depend on the momentum along the cut.

Figure 19 shows both the real and imaginary parts of the
TCFM self-energy at k = k,, in the cuts 8, 9, and 11.

120 100 100
(@) Cut8 ARPES ‘20% TCFM (b) Cut9 ARPES
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0 0
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w e
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FIG. 17. (a)—~(d) Comparison of the EDCs along the cuts 8, 9,
11, and 13 between ARPES (Tagpgs) and the TCEM (Trcpm)-
Each curve is shifted vertically by 5 for clarity. Orange arrows
correspond to those in Fig. 1 and bold curves denote the EDC
closest to K-
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FIG. 18. The w dependence of ImX"" and Im X*" along the
cuts 8,9, 11, and 13 [(a)—(d), respectively]. Each curve is shifted
vertically by 0.2 for clarity. The orange arrows correspond to
those in Fig. 1(a).

Note that the corresponding self-energy for the cut 13 is
presented in Figs. 5(c) and 5(d). As one goes from the
antinode (cut 13) to the node (cut 8), £*° diminishes while
X"or keeps a substantial intensity even at the node,
producing a pseudogap above the Fermi energy and
renormalizing the electron dispersion around the Fermi
energy. Notably, when Im X*"° shows a low-energy peak (as
in the cuts 11 and 13), Im Z"°" also shows a peak at the same

011018-22



UNIFIED DESCRIPTION OF CUPRATE SUPERCONDUCTORS BY ...

PHYS. REV. X 16, 011018 (2026)

0.6 T 0.8
(a) Cut8  Real part ———. 06 (b) Cut 8
0.4 {Imag. part :

5k )

-0.1 0 0.1 0.2

(c)Cut9
4

-0.2 -0.1 0.1 0.2

0
w[eV]

FIG. 19. The o dependence of the TCFM self-energy at
k = K. in the cuts 8 [(a), (b)], 9 [(c), (d)], and 11 [(e), (D],
corresponding to the spectra in Fig. 4(b). Note that the corre-
sponding self-energy for the cut 13 is presented in Figs. 5(c) and
5(d), to which the scale of the ordinate is adjusted.

energy. This is characteristic of the TCFM [36] and is
consistent with the cDMFT calculation for the Hubbard
model, as well as the self-energy structure of the cuprates
extracted with a machine-learning analysis [79].

2. Dispersions for Im X, =0

Figure 20 shows A(k, w) [Eq. (A10)] calculated for the
TCFM with ImZ%,, =0 (see Appendix A lc for the
definition of Xy.). This result represents the spectral
structure inherent to the TCFM, without the smearing by
the background self-energy. Note that ReXy,, remains in this
calculation, giving a large renormalization around the
Fermi energy and a deformation of the dispersion at higher
energies.

The most prominent difference from Figs. 3(a)-3(c) is
seen in the antinodal region, where X, is particularly
strong due to the momentum dependence of Eq. (A2) and
Cpg = 0.218. We can see a clear dip (gap) between the
Bogoliubov quasiparticle band and the in-gap state, which

0.2 T T @45 02— 45
} In-gap state |@ 4 ©
35 35
0.1F J 04
_ Pseudogap 20 ©
%, 25 ; 25
= 0 Quasiparticle | 0F Superconducting gap
3 2 20
15 15
01r o EPRCAl o
(@) s b 5
(0,0 () (0,0) (m,0) Ky Kan

FIG. 20. A(k,w) calculated for the TCFM along
(@) (0,0)=(x, ), (b) (0,0)—(x,0), and (c) ky—Kk 4n, With setting
Im 2y, = 0.

corresponds to a hump. A similar peak-dip-hump structure
appears for @ < 0 due to the particle-hole symmetric nature
of the superconductivity.

3. Dispersions for X;, =0

To see the intrinsic electronic structure of the
TCFM, without the smearing and renormalization by
the background self-energy, we plot in Fig. 21 A(k,w)
[Eq. (A10)] calculated with %, = 0. Figures 21(a)-21(c)
show the results for the superconducting state while
Figs. 21(d)-21(f) show those for the normal state calculated
with DC,O = Dd.O =0.

In the nodal direction [Figs. 21(a) and 21(d)], the
results are similar to Fig. 20(a) because of the small
renormalization by ReZX,,, where the pseudogap opens
above the Fermi energy. Along (0,0)—(z,0) [Figs. 21(b)
and 21(e)], quasiparticle band is located at w < —0.2 eV
(not shown) in the normal state and the in-gap state is
seen for 0 < w < 0.2 eV. In the superconducting state
[Fig. 21(b)], a particle-hole counterpart of the in-gap state
appears around @ = —0.1 eV. Note that the absolute value
of the in-gap energy is smaller than that of the quasiparticle

0.2 T T g5 02 T T g5 02 Hump 45
} In-gap state |l 49 4.5 ' Dip —‘q 40
4

35 0.1} 1 i ES

Pseudogap | 20 35 o1 30
3 25 8 r/ 25
= 0 Quasiparticle| OF Superconducting gap-{82.5 0F Superconducting gap]
3 20 5 20
15 15 15
0.1F Mo 01 i [ ;011 Mo
(a) 5 b Hos e Dip 5
-0.2 Ulo 02 (b) - L ] —0.2( ) Hump 4,
(0.0) (mm (00 (m0) ky Kan
0.2 - - 45 02 T g8 02 45
jln-gap state | @40 In-gap state ||} 7 40
01 Pseudogap | 01F _fle o1l 35
~ 30 5 Pseudogap %0
O, o- N o 4 0 2
E‘ Quasiparticle | § 20 20
15 8 15
0.1F 4 0.1} 1H2 01
0.1 100 01 Quasiparticle 10
H1
(d) s (e) ) 5
0.2 Hlo -02- L L Ulo 0.2 0
0,0) (mm,m) (0,0) (1,0) ky Kan
FIG. 21. (a)-(c) The same as Fig. 20 but with Xy, = 0.

(d)—(f) Normal-state dispersions corresponding to (a)—(c), calcu-
lated with Xy, = 0 and D, = D, = 0.
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in this region unlike the other regions. When the back-
ground self-energy is added, this is strongly modified and
becomes broadened as in Fig. 3(b). From the node to the
antinode [Figs. 21(c) and 21(f)], the quasiparticle band has
a small dispersion (of ~0.2 eV) and the in-gap state
disperses nearly in parallel with the quasiparticle band
[Fig. 21(f)]. When the superconducting gap opens
[Fig. 21(c)], the Bogoliubov bands appear. Around Ky,
the upper Bogoliubov band almost touches the in-gap state,
resulting in a weak dip between them. For @ < 0, the
particle-hole counterpart of this structure also shows a weak
dip. Note that the dip-hump structure will become more
prominent in the underdoped region as the previous
cDMFT studies showed [36,37].

4. k-space maps of Green’s function and self-energy

Figure 6 shows that the edges of the arc (for
|o| <30 meV) curve inward (outward) for w <0
(w > 0). Correspondingly, ReG = 0 (white curves) in
Fig. 22 encompasses (0, 0) [(z,z)] for @ =20 and
30 meV [-20 and —30 meV]. We show in Fig. 23 the
corresponding maps of the imaginary part of the self-
energy. Im X" shown in the upper panels exhibits a strong

-50 meV -40 meV -30meV  -20meV  -10 meV

< e AN

negative intensity around (z,z) particularly for @ > 0,
enhancing the electron-hole asymmetric behavior of the
Green’s function. Im ™" and Im X! also show a relatively
strong intensity around (7z,0)—(0,7) line, particularly on
the positive-energy side. This reduces and broadens the
spectral intensity in the antinodal region as seen in Fig. 6,
middle panels, in consistency with the ARPES results (top
panels). This suppression and broadening of the antinodal
spectra are ascribed to the presence of the d fermion, and
hence cannot be seen in the results of the single-component
Hamiltonian, H,., shown in Fig. 6, bottom panels.

APPENDIX C: ADDITIONAL RESULTS OF QPI

1. Decomposition of the contributions to dp

To understand the sign structure of Jdp shown in
Figs. 11(c) and 11(d), we plot in Fig. 24 each component,
Eq. (A35), contributing to dp. First, we notice that dppr is
antisymmetric with respect to @ = 0. This is because in
Eq. (16) ReF is symmetric about @ = 0 while Im F' is
antisymmetric. As for dpgg, the overall sign structure for
20 < |@| < 40 (meV) is antisymmetric. This can be under-
stood by an approximately electron-hole symmetric elec-
tronic structure at the optimal doping, where ImG is

0 meV 10 meV 20 meV 30meV 40 meV 50 meV

| N N NP
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ReF \\leﬁiﬁiﬁk‘ ‘ & \\ \I
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FIG. 22.

-50 meV -40 meV -20meV  -10 meV

Imzmrﬂﬁpq e T

|mzanoI - "‘
- .

|mztotrjrr AR \

3 -
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Isoenergy momentum-space maps of ReG, ReF, and Im F. For Im G, see A(k, w) =

-20
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Isoenergy momentum-space maps of Im X", Im X', and Im X",

011018-24



UNIFIED DESCRIPTION OF CUPRATE SUPERCONDUCTORS BY ...

PHYS. REV. X 16, 011018 (2026)
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FIG. 24. Each component, Eq. (A35), contributing to 5p(q, ®)
along the (0,0)—(z,z) and (0,0)—(27z,0) lines. Note that
Spcr(q, @) = dppg(q, @) =0 along (0,0)—(z, 7).

negative-definite while ReG changes sign around @ = 0 [as
is seen in Fig. 5(a)]. For dpgr and dprg [Fig. 24(c)], we plot
them only along (0,0)—(27,0) since they vanish for
(0,0)—(z,7z): As G (F) is (anti)symmetric around the
(0,0)—(z, x) line, the k summation in Eq. (A35) vanishes.
While the amplitudes of dpsr and Spp; are smaller than
those of dpgs and Oppp, it is interesting that the sign
structures of dpgr and dppg are overall symmetric about
@ = 0. This is because the combination of ReG and Im F,
as well as of ReF and Im G, keeps its sign across @ = 0 at
most k points. Because dpgr and dpps contribute to dp
only through V, the sign structure of dp could inform us of
the relative strength of V, to V,: In experiment, it is
possible to see the relative sign between Sp(q, ) and
8p(q, —), which is the same as that of g,(q, @) discussed
in Sec. VC2.

As discussed above, for (0,0)—(z,7z), Eq. (A34)
reduces to

op(q. @) = V,(4)[6p6e(a. @) = dprr(q.@)].  (C1)
In Figs. 24(a) and 24(b), we therefore see that both
contributions from G and F cooperatively strengthen the
qy dispersion through V,, particularly at @ > 0. On the
other hand, for ¢ smaller than |q,|, the same-sign con-
tributions from G and F give a destructive interference.
The contribution from dpg; to q3 is positive on both
sides of @ while that from —dpgp is positive (negative) for
o > 0 (w < 0). This difference leads to a stronger ampli-
tude of q3 for @ > 0 than w < 0, consistently with the
experimental result for g and L [Figs. 9(e) and 10(e)].
The electron-hole asymmetric dispersion next to the q3
signal comes from dpg, which is negative on both sides of

@ and stronger in amplitude for w <0 than w > 0.
Although —dppr gives only a broad intensity in the
corresponding region, it is positive (negative) for @ > 0
(w < 0). This further strengthens the @ < 0 part compared
to the w > 0 part, explaining the white curve seen for
6p(q, @ > 0) in Fig. 11(c). In the experimental results
[Figs. 9(a) and 10(a)], too, the electron-hole asymmetric
dispersion has a stronger intensity for @ < 0 than @ > 0.
For (0,0)—(27,0), 6pgc and Sppr have the same sign in
most (q, ®) points, so that they mostly cancel with each
other in Eq. (C1). Then, dpsr and dprg [Fig. 24(c)], which
are weaker than dpgs and dpgr but have a more symmetric
sign structure between @ > 0 and w < O for |@| < 30 meV,
contribute to dp through V, resulting in a nearly electron-
hole symmetric sign structure of dp shown in Fig. 11(d).
The plots for (0,0)—(27,0) show the q; and qs dis-
persions and their mirror dispersions. The bifurcated
signals denoted by red arrows in Fig. 10(a) would be
explained by the mirror of qs while the mirror of q; is not
visible in the experimental data because it is located at high
momenta where the impurity scattering is weak.

2. Sign structure along (0,0)—(2x,0)

Figure 25 shows L(q, ) along (0, 0)—(27, 0) calculated
with the TCFM [Fig. 25(a)] and the single-component
Hamiltonian, Eq. (11) [Fig. 25(b)]. In both cases, the sign is
almost symmetric about @ = 0. Thereby, the relative sign,
L,(q,®), is positive at most energy-momentum points in
both cases in accordance with experimental results [see
Supplemental Material [103], Fig. S2.]

3. Phase-reference maps

Figure 26 compares the calculated q-space maps of
L,(q, ®) with the experimental results at @ = 10, 20, and
30 meV. Corresponding results for g,(q, ) are shown in
Supplemental Material [103], Fig. S12. Overall, all the
results show a positive sign around the diagonal directions
[(0,0)—(£2x,0) and (0,0)—(0,+27)] and a negative sign
around the (0, 0)—(+£7, £7) directions. This means that the
q;.45 signals are positive while q, ¢ 7 signals are negative,
in accordance with the previous work [18] for g,(q,®),
where the sign was understood as the relative phase of the
d-wave superconducting gaps connected by q.

The amplitude in a large-|q| region increases as w
increases from 10 to 30 meV. The strong intensity in the

(a)* L(q,gs)(b)‘m 4 T Law)

== w

o [ 4

£

P A .
0,0) q0f (a0) (@m0) (0.0) qof (,0) @m0

FIG. 25. Sign structure of L(q, ) along (0,0)—(2x,0) calcu-

lated with (a) the TCFM and (b) the single-component Hamil-
tonian, Eq. (11).
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FIG. 26. Comparison of g-space maps of L, between (a) the
experiment and (b) the TCFM. Light green circles in (b) denote
the Bragg points, (£27,0) and (0, +27). Light green arrows
denote the signal discussed in Sec. V C 2. Black arrows denote
the q; spots.

diagonal directions corresponds to the broad flat intensity
for o = 30-40 meV in Fig. 10.

In the L, map at @ = 20 and 30 meV, red spots (denoted
by light green arrow in Fig. 26) appear inside q; spots.
These correspond to the negative-sign signal mentioned for
Fig. 13. Such signals are not seen in g,(q,®) shown in
Supplemental Material [103], Fig. S12.

Note that speckle patterns observed in experiments can
be reproduced by introducing multiple impurities [126] or
mesoscopic inhomogeneity of the doping concentration
[99]. While these effects will significantly improve the
appearance of the calculated results, providing a better
agreement with the experimental results, the center posi-
tions of the speckled signals are the same as those of the
single-impurity problem.
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