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Resonant interactions associated with the emergence of a bound state con-
stitute one of the cornerstones of modern many-body physics. Here we pre-
sent a Feshbach perspective on the origin of strong pairing in Fermi-Hubbard
type models. We perform a theoretical analysis of interactions between spin-
polaron charge carriers in doped Mott insulators, modeled by a near-resonant

two-channel scattering problem, and report evidence for Feshbach-type
interactions in the d,._,» channel, consistent with the established phenom-
enology of cuprates. Existing experimental and numerical results on hole-
doped cuprates lead us to conjecture the existence of a light, long-lived, low-
energy excited state of two holes, which enables near-resonant interactions.
To put our theory to a test we suggest to use coincidence angle-resolved
photoemission spectroscopy (CARPES), pair-tunneling measurements or
pump-probe experiments. The emergent Feshbach resonance among spin-
polarons could also underlie superconductivity in other doped anti-
ferromagnetic Mott insulators highlighting its potential as a unifying strong-
coupling pairing mechanism rooted in quantum magnetism.

High-temperature superconductivity in the cuprate compounds has a
long and storied history and has remained an active field of research
since its discovery in 1986'. The phase diagram of hole-doped cuprates
features several types of orders or regimes, such as antiferromagnet-
ism, the pseudogap phase, and the charge and spin density wave
states>. How the superconducting phase arises from these potential
parent states—as a competing or intertwined order or as a separate
phenomenon—remains debated until today, and a generally accepted
unifying theme capturing all phases continues to appear out of sight.

Naturally, the question about the origin of high-temperature
superconductivity is closely tied to the question about the under-
lying pairing mechanism. In this regard, many aspects are well
understood today. While in principle present, electron-phonon
coupling responsible for conventional Bardeen-Cooper-Schrieffer
(BCS) superconductivity® is widely believed to be insufficient and too
weak for explaining the high transition temperatures and rich

phenomenology of cuprate compounds’. There is wide agreement
that magnetic correlations play a central role in pairing, a view that is
also supported by experimental evidence®. In the weak-coupling limit
it is well understood how magnetic fluctuations can mediate d-wave
attractive interactions’'®, explaining the BCS-like appearance of the
order parameter” in overdoped cuprates and its experimentally
established nodal d,._ symmetry®. This picture of magnetic pairing
has been further corroborated by numerous theoretical studies®*>',
leading to various proposed scenarios such as (para-) magnon
exchange” ', spin-bag mechanism'?° and antiferromagnetic (AFM)
Fermi liquids®*.

The strong coupling regime of the Fermi-Hubbard type models
has been analyzed with numerical methods*™', variational RVB
approach?®?, by the functional renormalization group'®", and using
field theoretical methods*°. While these studies indicated the
emergent strong pairing from magnetic fluctuations, they did not
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provide a simple physical picture that explains its origin. To provide a
simple physical explanation of this phenomenon is the central goal of
our paper.

On the experimental side, a key motivation for our analysis comes
from observations that the superconducting transition in underdoped
cuprates is qualitatively different from the conventional, mean-field,
BCS-like characteristics observed at high doping"”. Uemura®, Emery
and Kivelson®® suggested that the superconducting T, corresponds to
the phase ordering transition with a non-BCS character®*; thereby,
holes may bind into (preformed) Cooper pairs already at temperatures
higher than T.. This points towards much stronger attractive interac-
tions in the underdoped regime.

One of the surprising findings of recent state-of-the-art numerical
studies in the context of Fermi-Hubbard-type models has been a
strong sensitivity of d-wave pairing to details of the model. The ground
state of the plain-vanilla Hubbard model at typical parameters has
been shown to be non-superconducting” owing to a competition with
stripes; however slight modifications of e.g., the band structure lead to
d-wave superconductivity”, in line with predictions by functional
renormalization group calculations'®"*,

Another line of theoretical studies into the properties of high-T,
cuprates has been to introduce strong attraction between charge
carriers phenomenologically and investigate generic properties of
such systems. This approach has been pursued by Noziéres and
Schmitt-Rink*, Leggett**, Randeria*, and several others. Their meth-
odology has been to introduce an effective attractive interaction
between electrons that could be varied to tune the system between the
BCS and BEC regimes, where spatially extended Cooper pairs con-
tinuously evolve into tightly bound bosonic pairs. These studies shed
light on some of the surprising properties of high-T,. cuprates*®*” but
do not address the origin of the strong attraction between electrons.

Here we propose an alternative perspective on the pairing
mechanism at strong coupling, also based on magnetic correlations:
emergent Feshbach resonance. The central message of this paper is
that the microscopic mechanism behind strong pairing in doped Mott
insulators is a Feshbach resonance that enhances interactions between
doped holes. Recent numerical studies of the -/ model*® pointed out
the existence of light but tightly bound, bosonic d-wave pairs of two
holes with bi-polaron character in Mott insulators. These pairs com-
plement individual fermionic holes to provide the basis of a two-
channel Feshbach resonance model of pairing, see Fig. 1. We point out

a Emergent constituents b Feshbach mechanism

that our scenario does not require the d-wave bi-polarons to be the
ground state in systems with only two doped holes. Instead, we con-
sider the case when the bi-polaron corresponds to a resonance at finite
positive energy, however this energy is small. Then coupling of fer-
mionic holes to the bosonic channel can give rise to strong attractive d-
wave interactions between holes. In the scenario we describe, the
short-distance microscopic structure of the fermionic and bosonic
charge carriers in the AFM background leads to the long-lived state at
finite energies associated with the bosonic bi-polaron. This distin-
guishes our perspective from geometric resonances usually discussed
in the context of BEC-BCS crossover**, where the bosonic state
ceases to exist on the BCS side.

Feshbach resonances have been observed in various settings,
from nuclear reactions in high-energy physics*’, cold atoms® %, to
solid state materials®***; they have recently been proposed as a route to
unconventional pairing in strongly correlated electron systems> ?,
and give rise to universal strong-coupling behavior e.g., in the above-
mentioned BEC-BCS crossover*®*. The microscopic description we
provide here suggests that this scenario is also relevant to underdoped
cuprates, and the Feshbach-paradigm naturally leads to near-resonant
d,»_y, attraction, in line with the established phenomenology in these
systems.

Our starting point is a weakly hole-doped parent state with strong
local antiferromagnetism and a sufficiently large AFM correlation
length xpm > a, where a=1 is the lattice spacing. In cuprates, this
regime is believed to be realized below the pseudogap temperature,
T<T %%, Charge carriers in this regime correspond to mobile
holes and give rise to hole pockets, smoothly developing into Fermi-
arcs®, observed around the nodal points, k = (+71/2, +11/2), in angle-
resolved photoemission spectroscopy (ARPES)** and by quantum
oscillations®*®. At low doping in the square lattice Hubbard model
with large on-site interaction U > ¢, the individual holes are well
described by magnetic polarons, as revealed by analytical®®” and
numerical studies’7?, as well as experiments in solids®° and recently in
ultracold atoms®.,

In contrast, the two-hole excitation spectrum of the doped AFM is
much harder to access experimentally and less understood theoreti-
cally. On the one hand, weak attraction between magnetic polarons,
such as phonon- or magnon-exchange would suggest, could give rise
to loosely bound Cooper-like pairs and would naturally lead to a BCS-
type instability. On the other hand, numerical studies based on

¢ Feshbach hypothesis
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Fig. 1| Emergent Feshbach resonance. a In the presence of strong AFM correla-
tions, the emergent charge carriers can be described by partons, the spinon (s) and
chargon (c), which form the meson bound states: fermionic (sc)'s and bosonic
(cc)'s. If low-energy excitations in the ground state retain their fermionic character
—as observed experimentally®>****'*—the bosonic two-hole pairs must correspond
to meta-stable excited states. This situation is familiar from the case of Feshbach
resonances and in the context of two particles: on the BCS side, the tightly bound
bosonic state is replaced by a low energy two-particle resonance. b In the low-

energy scattering process between two (sc)'s with opposite spin, the mesons vir-
tually recombine into an excited, light and tightly-bound (cc) bound state. Due to
the mesons' internal structure, this process is dominated by d,._.-wave scattering.
cIf the formation of a (cc) state is a resonant process, the scattering length diverges
and yields strong effective interactions between the underlying (sc) mesons. In the
Feshbach hypothesis, we conjecture that the normal state of underdoped cuprates
is constituted by fermionic (sc)'s, located on the BCS side and in the vicinity of the
scattering resonance.
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Hubbard and ¢/ models have indicated the existence of much more
tightly bound pairs of holes®®***%¢ with only small energy differences
between different pairing channels*****’, Moreover, recent density
matrix renormalization group (DMRG) studies of the ¢/ model repor-
ted the existence of long-lived two-hole resonances with distinct dis-
persion relations associated with different pairing symmetries*:. The
observed spectral features in that study can be explained by models of
tightly bound holes connected with a string of displaced spins®**®
(light bi-polarons).

Results

Feshbach hypothesis

To formulate our idea of Feshbach resonances, we need to describe in
a common theoretical framework the individual fermionic charge
carriers, which we model as magnetic polarons, and the tightly bound
bosonic pairs. To this end, the parton picture provides a powerful
construction, in which the fundamental constituents are decomposed
into spinons (s) and chargons (c)** %%, see Fig. 1a. Within this picture,
magnetic polarons constitute a mesonic spinon-chargon bound state
(sc)®>** with a rich set of internal ro-vibrational excitations. Hereby,
the parton picture of confined (sc) bound states provides an alter-
native and fully consistent description of the single-hole quasiparticle
observed in ARPES*. Similarly, the tightly-bound two-hole states are
viewed as mesonic chargon-chargon bound states (cc). Their internal
rotational quantum numbers correspond to different pairing
symmetries**®**¢, Among the evidence for the parton picture are
numerical studies at low doping which have confirmed the predicted
internal excitations’*® and effective masses of the mesons**®,

Next, we discuss how the (sc) pairs (magnetic polarons) con-
stituting the normal state in our model interact upon including a
coupling to (cc) states. To this end, we consider an individual scat-
tering event between two (sc) mesons with opposite spin. When they
start to overlap spatially, they can recombine into a virtual (cc) state,
realizing the sequence

(s€) +(sc), — (€c) — (sC); +(SC), . 1)

This naturally leads us to a two-channel description of the emergent
(mesonic) Feshbach resonance, with (sc)? defining the open- and (cc)
defining the closed channel, respectively, see Fig. 1b. As we will argue
below, the scattering process is dominated by a resonant d-wave (cc)
state in the doped Hubbard model.

This leads us to formulate the following hypothesis:

Cuprates, as well as commonly used models of the latter, i.e.,
Fermi-Hubbard or -/ models at strong coupling, have a low-
doping ground state close to a d-wave (sc)>-(cc) scattering
resonance.

More specifically, underdoped cuprates are on the BCS side of the
conjectured d-wave resonance, but sufficiently close for the
induced attraction to overcome the intrinsic repulsion of two
charge carriers in the (sc) channel.

This situation is illustrated in Fig. 1c, where we took the liberty to
include an effective microscopic parameter tuning the relative energy
of (sc) and (cc) channels independently. In reality, changing micro-
scopic model parameters always affects the structure of both (sc) and
(cc) mesons. On the level of theoretical models, a nearest-neighbor
(NN) Hubbard interaction Vis a promising candidate to tune across the
resonance®®? 1%,

Such tuning of the interactions may find a realization in solids
when the screening of Coulomb interactions becomes increasingly
poor in the low-doping regime'®: Hence, at extremely low dopings,
strong Coulomb repulsion is expected to lead to highly excited (cc)
states and a normal state well in the BCS regime. Here, the attraction
induced by couplings to (cc) states is expected to be unable to

overcome the intrinsic repulsion between the individual dopants,
caused e.g., by kinetic (Pauli repulsion) or Coulomb effects. As the
Coulomb repulsion becomes screened, the emergent Feshbach reso-
nance is approached. Once the induced attraction among (sc)’s is
sufficiently large, a weak-coupling d-wave BCS state of magnetic
polarons is expected to form. This is consistent with recent observa-
tions of BCS quasiparticle peaks in ARPES studies of strongly under-
doped layered Ba,CasCugO1»(F, O), compounds®* at 4.3% hole doping.
At higher doping, screening effects become even more effective. Here,
the weak coupling BCS description can break down if near-resonant
induced interactions are realized, which can lead to high critical tem-
peratures T, as in BCS-BEC cross-over scenarios*®*” and may explain
the observed non-BCS nature of the superconducting transition®..

How close a given cuprate compound, or state in a given Hubbard
model, is to the conjectured resonance can depend sensitively on
details. On the one hand, this may require some fine-tuning in order to
reach the largest values of T, by reaching parameters closest to reso-
nant interactions. On the other hand, as explained below, we expect
relatively strong coupling between the open and closed channels, set
by the super-exchange energy / or the next-nearest neighbor (NNN)
tunneling ¢'. This can lead to a broad Feshbach resonance, realizing
strong attraction between (sc)’s even well before the resonance is
reached'®. Overall this scenario is broadly consistent with the con-
siderable range of maximally achievable critical temperatures T, in
different compounds.

Effective string model

To support our hypothesis, we directly calculate the two-hole scat-
tering interactions using a truncated basis approach in which we treat
both the (sc) and (cc) channels on equal footing. To be concrete, we
consider the t-t'-/ model'”,

_t’z

(i) o )
Az 1. .
+-/Z Z(Si j — Zninj)
(i.j)
LS55 1 he
72 (55 rhe),
(i.J)
with spin-1/2 fermions &;ﬂ residing on sites j with spin 0 = ¥, 1, and

number (spin) operator n;=n;  +n; , (Sj). We denote the links
between NN and NNN sites as (i, j) and (i, j)), respectively. The
Gutzwiller projector P removes energetically costly double occu-
pancies such that f; <1for all j is enforced. The ground state |0) at half-
filling is AFM Néel ordered.

The Feshbach hypothesis we introduce is conveniently for-
mulated in the parton picture®®, which is an alternative framework and
equivalent to a strong-coupling description of the underlying ¢; ,
electrons; particularly single-hole ARPES spectra can be consistently
understood in the parton picture’ (see Methods). A related case is
spin-charge separation in the one-dimensional Fermi-Hubbard model
naturally described by the deconfined spinon (s) and chargon (c)
parton excitations'®; alternatively a formulation with ¢;, o fermions and
non-local string operators could be applied, but it is more challenging
to interpret the physical phenomenology. In contrast to the decon-
fined partons in one dimension, the antiferromagnetic correlations in
the two-dimensional square lattice’**® lead to a confining string
potential between the partons®*** and thus composite (sc) and (cc)
bound states®*'*’,

Next, we describe the (sc) and (cc) bound states, which arise in the
sectors of the Hilbert space with one and two holes, respectively, upon
doping the vacuum |0). We employ the semi-analytic geometric string
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Fig. 2 | Geometric string theory of the two-channel model. a Magnetic polarons,
i.e., (sc) mesons, are fermionic quasiparticles of single holes doped into an AFM

Mott insulator. In contrast, tightly bound (cc) mesons exist as long-lived s- and d-
wave resonances in the spectrum. The two types of mesons constitute open and

closed scattering channels, and can be described in a truncated string basis defined
in a classical Néel background (see insets); they are composed of chargons (white
circles) connected to a spinon (bottom) or another chargon (top) at the opposite
end of the string. The potential curves of the open and closed scattering channels

are sketches to illustrate the analogy to the Feshbach mechanism familiar from
atomic physics. We plot the (cc) excitation spectrum at Q = 0 obtained from the
string model®® (left) and from DMRG studies in the ¢/ model*® (right), which shows
the large energy separation between the s-wave and d-wave (cc) resonances. b Two
spinons, each bound to a single chargon, can recombine into a longer string con-
necting the two chargons. Thereby spin exchange /, and NNN tunneling ¢’ pro-
cesses couple the open and closed channel states and mediate an effective
scattering interaction between the former.

theory, in which (sc) [(cc)] meson eigenstates are expanded in a
truncated basis of orthonormal string states |j,, X) [IX., Z..)]. Here j,
[x.] denotes the spinon [first chargon] position and 2 [X.] is a
sequence of non-retracing string segments connecting to the other
parton, providing a confining force. These states can be constructed
explicitly for one and two holes in a classical Néel state by displacing
spins along the string Z, see Figure 2a and Methods, and have been
shown to provide an accurate, yet analytically tractable, approxima-
tion of the mesons’ ground and excited states®®¢75>878897.109,

The open channel (sc) states constitute the starting point of the
analysis. The gap to their internal excitations is sufficiently large O(/)
such that at low energies only s-wave (sc) mesons 17 , exist’. There-
fore, in the low-doping limit, we describe the open channel by the
following free-fermion Hamiltonian,

,Hopen = Z (€5 (k) — p] f[:(,aﬁk.ﬂ' 3)
k.o

The dispersion relation £,(k) has its minimum at the nodal points
k = (zm/2, +m/2)**”°, around which two Fermi pockets form upon
increasing the chemical potential u®*. In particular, the dispersion
relation (see Methods) is extracted from numerical studies of the
single hole™ and extended heuristically to finite doping, which we
expect to be valid description at low doping due to the qualitatively
good agreement between the shape of the hole pockets and the single-
hole dispersion. Moreover, since we assume the AFM correlation
length £ to be sufficiently larger than the size of a (sc) meson, we can
analyze the case of an AFM-ordered state. Thus, all excitations are
defined with momenta k in the magnetic Brillouin zone (MBZ), which is
rotated by 77/4 and reduced with respect to the original crystal Brillouin
zone (CBZ). .

The closed channel states are constituted by (cc) mesons b, m,
with momentum Q and band index a*®%%. As in the case of (sc) mesons
we ignore vibrational excitations; it is however important to include
their rotational structure described by the C, angular momentum
my=0,..,3. The resulting free (cc) Hamiltonian is

m, Al I
Helosed = Z o' (Q)bQ. a,m, bQ. a,my’

Qa,my,

“)

with the dispersion £0¢(Q)= — % J(cos(Qy) + cos(Qy) — 2) +AE,, of the
tightly bound pair*’; here AE,, denotes the energy above the scat-

in the CBZ. In order to describe their coupling to the open channel in
the next step, we fold the CBZ into the MBZ by restricting ourselves to
Q € MBZ and introducing the band index a =0, 1. Because the (cc)
wavefunction of the two fermionic holes can be (anti)symmetric in the
band index, any value of m4 can be realized at the C,-invariant
momenta; in particular at Q = 0 shown below to be relevant for low-
energy scattering.

Now we turn to a description of the coupling between the open
and closed channels. In the effective string basis, we recognize
microscopic processes o/ ,t' leading to recombination processes
from a (sc)? into a (cc) configuration, see Figure 2b: We highlight that
the recombination processes only require local terms in the Hamilto-
nian acting on states with AFM correlations of a few lattice sites. That
this scenario could be realized in the underdoped cuprates is corro-
borated by numerical cluster dynamical mean-field studies™ and
experiments with ultracold fermions in optical lattices">"” both finding
AFM and spin-polaron correlations beyond 5% doping. Our assumption
is further consistent with fractionalized Fermi liquids*®: recent studies
using a variational spin liquid ansatz for the normal state find polaronic
correlation across the underdoped regime'*'>. This suggests that the
Feshbach mechanism is a valid description in the underdoped cuprates
and can be established even for normal states without long-range AFM
order, which host (sc) and (cc) constituents.

In order to describe the corresponding low-energy two-particle
scattering problem, we consider two (sc)’s in a spin-singlet state and
with momenta +k from opposite sides of the Fermi surface. Note that
we focus here on intra-pocket recombinations: two (sc)’s from the
same hole pocket recombine into a (cc) pair with total momentum
Q =m, which leads to zero-momentum Cooper pairs in the MBZ. Hence
the allowed pairing symmetries are of d- or s-wave nature.

To understand into which (cc) states the (sc)? can recombine, we
formulate the relevant selection rules associated with the translational
and C,-rotational symmetries of the system. The former ensures that
total momentum is conserved, i.e., only couplings to (cc) mesons with
Cy-invariant momenta Q =0 or m are allowed. At these momenta, the
latter symmetry further ensures conservation of total C, angular
momentum my. Since the individual (sc)’s have s-wave (internal)
character, only the orbital angular momentum associated with their
relative motion contributes to my, as defined by the corresponding
zero-momentum Cooper pair operator,

f —_

A 1 N T
tering threshold. In the truncated string basis, the (cc) states do not Ap, ﬁ;f m4(k)(" k4T, =T —m”m)- 4
distinguish between the two magnetic sublattices and can be defined
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Here, the function f,,, (k) transforms as f ,, (k) — e~™/2f . (k) under
C, rotations. Since only m,=0 (s-wave) and m,=2 (d-wave) lead to
non-vanishing Amu we conclude from the derived selection rules that
only couplings to closed channel (cc) states with d- or s-wave symmetry
are allowed. In principle, our formalism allows us to include finite
momentum Cooper pairs relevant for inter-pocket scattering and
potentially relevant for going beyond BCS mean-field theory.

In the next step, we integrate out the closed (cc) channels, which
yields mediated interactions that we can describe by the effective
Hamiltonian

~ _ A P N ~
Hine = ZVk,k’nfk,T”k,¢”*k’,Tnk'.¢’ (6)
KK

with scattering matrix elements Vy . of the form

1

1 * /
Vik Z FMW (KM, (K). (7)

=7z
L m,=0,2""My

Here we sum over the two allowed closed channels, m, =0, 2. The form
factors M., (k) will be calculated below from matrix elements cou-
pling open and closed channels that we obtain within the effective
string model. L2 denotes the two-dimensional volume.

An emergent Feshbach resonance with divergent attractive
interactions is realized when the closed channel approaches the scat-
tering threshold from above, i.e., AE > 0°. At the considered (cc)
momentum Q = O, only the d-wave (cc) state has low energy AE,; in
contrast, the s-wave (cc) state has energy AE, = O(t) owing to its strong
center-of-mass dispersion. This follows from string model
calculations®** and has been confirmed by large-scale exact-
diagonalization® and DMRG studies*® in the -/ model. We show the
corresponding energy distribution curves of the pair-spectral func-
tions at Q = 0 in Fig. 2a (right column), where the large splitting is
clearly visible.

This leads to the important conclusion that low-energy scattering
of magnetic polarons is dominated by couplings to the d-wave (cc)
channel; namely, since AEy = t, couplings to the s-wave channel can be
safely neglected in V, ., Eq. (7). This justifies the simplified two-
channel model underlying the Feshbach hypothesis formulated earlier
in our article. Accurate numerical calculations of the (cc) gap AE; are
extremely challenging: since it is defined as the distance of the bare
(cc) energy from the two-particle scattering threshold, it constitutes a
small difference of two much larger quantities and becomes sensitive
to details. Nevertheless we note that numerous studies have concluded
that tightly-bound d-wave pairs, i.e., with (cc) character, exist at low
energies close to the scattering threshold, see e.g., refs. 48,85,87,88.
This justifies our conjecture that strongly interacting doped Hubbard
models at low doping are close to an emergent d-wave Feshbach
resonance.

Scattering interaction

Now we use the truncated string basis to calculate the form factors
M,(K) characterizing the open-closed channel coupling. From the
underlying ¢t — ¢ —J model we find (see") two contributions corre-
sponding to the different recombination processes illustrated in
Fig. 2b,

My(K)=J | My-(K) — sgn(8)]t | M5 (K). 8)

This result assumes perturbative |¢'|<¢, such that the effective string
model remains valid. Moreover we generalized our description to
include hole and electron doping 6, characterized by sgn(6)= +1
(holes) and sgn(8) = — 1 (electrons) respectively; in deriving Eq. (8) we
further assumed ¢'<0 in Eq. (2). A typical value used to model cuprates
is t'/|t|= —0.2""5, In the following, we extend the two-body

scattering description to a many-body problem of weakly interacting
magnetic polarons and discuss implications of the effective model at
finite doping.

We show the two contributions to the form factor separately in
Fig. 3a, b and find a rich momentum dependence with a sign structure
reflecting the underlying d-wave symmetry of (cc) mesons. Notably,
within a weak coupling BCS description of the (sc) Fermi sea, the
superconducting order parameter A(k) oc M,(K) follows directly from
the BCS gap equation for Eq. (6), see ref."®. Therefore, Fig. 3 reveals the
structure of the pairing gap. In particular, we find for both recombi-
nation processes that the form factor (and hence the pairing gap) is
dominated by the ubiquitous d,._, nodal structure observed in hole
doped cuprate compounds.

Beyond the d,._,. structure dominating around the hole pockets
we find additional nodal lines in the CBZ, see Fig. 3a, originating from a
superimposed extended s-wave structure of the interactions. This rich
momentum-dependence of the induced interactions reflects the
extended spatial structure of the closed-channel (cc) state mediating
the attractive interaction. Nevertheless, within our theory, combining
J1 and ¢’ processes, pairing is dominated by d,. . structure in the
entire low hole doping regime 6 <15%, with only small deviations"*
from the ideal A._»(K) > | cos(k,) — cos(k))| structure; therefore the
additional nodal lines are outside the immediately relevant experi-
mental regime. In fact, the gap structure we find is consistent with
ARPES measurements of the pairing gap in cuprate compounds®*"%'?°,
which indicate that the quasiparticle gap differs from the simple d-
wave form A(K) « cos(2¢,) by the addition of a small 6AK) x
cos(6¢)) component (see Methods).

Experimental signatures

Now we turn to possible experimental signatures of the Feshbach
hypothesis. The key ingredient of the proposed pairing mechanism is
the existence of a tightly bound (cc) channel at low excitation energies
above the Fermi energy. At this point, it is important to contrast the
(cc) mesons to pre-formed Cooper pairs expected above the super-
conducting critical 7. where phase-coherence rather than pairing dis-
appears at low doping®®. From our perspective, pre-formed Cooper
pairs should be of (sc)*type and exist just above T, whereas (cc) pairs
can exist separately at higher energies and potentially well above T..

While the (cc) channel gives rise to a doping-dependent ARPES
feature in single-particle spectroscopy, we find the signal to be very
weak (see “Methods” and ref. 116). Therefore, we turn our attention to
two-hole (correlation) spectroscopy, where numerical studies*®®
found the pronounced (cc) peaks shown in Fig. 2a (right column). A
direct measurement of such two-hole spectra requires removal of a
tightly-bound pair, with or without well-defined C, angular momen-
tum, at a well-defined energy w and momentum k. Theoretical pro-
posals have been made on how this can be achieved in coincidence
ARPES spectroscopy, in a one-photon-in-two-electron-out'”'? or a
two-photon-in-two-electron-out'’” configuration. While the former
needs high-energy photons, the latter requires low-intensity light in
order to distinguish the coincidence signal from the one-particle
ARPES background'®, making both challenging. In Fig. 4a, we illustrate
the correlated ARPES process, which removes adjacent electrons and
creates a hole pair having overlap with all angular momentum m,
channels of the (cc) bound state if k # 0. The energy onset of the signal
relative to the Fermi energy £rand at Q = O would directly measure the
detuning AE,, from the (cc) resonance in our proposed Feshbach
scenario.

Further, we suggest two potential experiments based on the
coherent tunneling of pairs. First, if a sample with 7> T, is brought in
contact with a superconductor, the Cooper pairs from the latter can
tunnel through the junction into the (cc) channel, similar to
Anderson-Goldman pair tunneling'®. Such experiments have already
revealed some signatures of enhanced pairing fluctuations above T,*.
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Fig. 3 | Symmetry of the pairing interaction. We plot the dimensionless open-
closed channel form factors A+ (k) from spin-flip processes a, and M¢ (k) from
NNN tunneling processes b, as calculated within the two-channel model of the
emergent Feshbach resonance. They directly reflect the sign structure of the
resulting superconducting order parameter 4(k), and show a strong momentum

b NNN tunneling ¢
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dependence. Outside the MBZ we used reduced opacity for clarity. Upon doping,
charge carriers fill up the two hole pockets I and II, realizing scattering of total
momentum Q = 0 pairs on the Fermi surfaces (bottom). The mediated interactions,
and hence the pairing gap, vanish along the white nodal lines, featuring a dominant
d,._y» nodal structure in the CBZ.

By adding an in-plane magnetic field and a voltage across the junction,
the pair spectra could be directly probed with combined energy and
momentum resolution**'*, Second, scanning tunneling noise spec-
troscopy can directly probe local pairs by analyzing autocorrelations
of the current fluctuations”'?, We expect an onset of enhanced
pairing fluctuations at an energy AE,, above Eras a direct signature of
the near-resonant (cc) state, which should be present even above
T > T.. This is in line with recent noise-spectroscopy experiments
performed on LSCO** which reported an onset of enhanced pairing
fluctuations around an energy scale of 10 meV.

Finally, we propose to verify the existence of the tightly-bound
(cc) state in pump-probe experiments, in which the properties of the
transient state are modified, see Fig. 4b. By off-resonantly driving a
Raman-active phonon mode, the microscopic parameters ¢, t' and/ can
be modulated in time by the pump pulse, with frequency w. From our
microscopic model we predict that this can drive the transition
between the open (sc)? and closed channel (cc), achieving tunable
interactions in the transient state which become resonant for w = AE ,, .
On resonance we can expect creating a large population of long-lived
metastable (cc) pairs. This transient state can exhibit optical properties
similar to systems with strong superconducting correlations. This
scenario is potentially relevant for understanding light-induced

superconductivity'®.

Feshbach resonances in other settings
The Feshbach scenario™*"' we suggest may provide a long-sought
common perspective on pairing in a whole range of strongly

correlated systems. Experiments in solid-state systems have demon-
strated that in fine-tuned settings resonant Feshbach interactions can
lead to bound states of excitons®***. In the past years, resonant pairing
interactions have been proposed as a path towards unconventional
superconductivity in correlated materials and synthetic quantum
matter, such as two-dimensional semiconductors®* and transition
metal dichalcogenides®® -, which may allow to engineer materials with
topological superconductivity’®. The observation of high-
temperature superconductivity in the pressurized bilayer nickelates
further suggests the possibility of an emergent two-channel model
constituted by charge-1e spinful fermions and tightly-bound charge-2e
bosons®****? in these materials. Numerical studies in one-dimensional
toy models have found a pairing dome in analogy to the phenomen-
ology in the cuprate superconductors®.

Our study of doped antiferromagnets can therefore provide a
microscopic perspective towards a unifying paradigm of unconven-
tional superconductivity in two-dimensional materials originating from
repulsive interactions. We identify the existence of a near-resonant,
bosonic (cc) channel as a key ingredient in our model. The experi-
mental probes for solids we propose allow one to search for direct
signatures of such charge-2e pairs and therefore to test for Feshbach
scenarios in cuprates and other strongly-correlated materials.

Discussion

To summarize, we propose a new perspective on the pairing
mechanism  potentially underlying high-temperature super-
conductivity as observed in the cuprate compounds. It is based on the
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Fig. 4 | Experimental signatures of the closed channel (cc) state. a Two photons
with energy and momentum (w, k) remove two adjacent electrons from the system,
which can be detected in the correlations of the photoelectrons (coincidence
ARPES). This gives direct access to the dispersion relation of the (cc) meson as
shown for Q = 0 in Figure 2a (right). b We propose a pump-probe protocol, in which
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a Raman active phonon-mode is driven at frequency w (purple). This modulates the
microscopic couplings and drives a transition between the open channel (sc)’ and
closed channel (cc) states such that the energy difference A, in the proposed
Feshbach model can be overcome, potentially allowing to reach a transient state
with resonant interactions.

idea that an emergent Feshbach resonance between magnetic polaron-
like constituents, with spinon-chargon character, of the low-doping
normal state may arise when a near-resonant tightly bound bi-
polaronic state of two holes exists at low excitation energies AF,. We
find that the parton picture is a natural description for the two-channel
model, which allows us to perform calculations and derive the effective
d,»_,-wave pairing interaction between charge carriers.

A direct application of our theory is to analyze electron-doped
cuprates, where the topology of the magnetic polaron Fermi surface
changes™ and the realized pairing symmetry remains subject of
debate. Although in our calculations we assumed a long-range ordered
AFM, our ideas directly extend to disordered normal states such as
fractionalized Fermi liquids®"* ™. Particularly, the proposed Fes-
hbach mechanism only requires short-range polaronic correlations,
see Fig. 2, for which indications are found across the underdoped
regime in ultracold atom experiments">'*"** consistent with alter-
native descriptions of the normal state™'> and cluster dynamical
mean-field theory™.

In addition to the possible experimental signature discussed
above, numerical studies as well as quantum simulation experiments'*®
provide further possibilities to test our hypothesis. On one hand,
advances in calculating one- and two-particle spectral functions
numerically”® will allow to search for more direct signatures of the
emergent Feshbach resonance. On the other hand, ultracold atoms in
optical lattices'” or tweezer arrays'* allow to study clean systems with
widely tunable parameters, in and out-of-equilibrium, and including
higher-order correlation functions'’. A possible application of the
latter would be to look for direct signatures of the strings defining the
structure of spinon-chargon and chargon-chargon pairs, in a wide
range of dopings.

Methods

Parton picture

The proposed Feshbach hypothesis is formulated within a parton
picture starting from spinons (s) and chargons (c) constituents. The

purpose of this section is to provide a pedagogical overview of parton
models in doped AFMs.

The motion of a single hole through an AFM background has been
studied well before the discovery of high-Tc superconductivity in the
cuprate compounds. The phenomenology of a confining potential
from displaced spins in an AFM background, see Fig. 2a (inset), was
already described by Bulaevski, Nagaev and Khomskii in 1968. They
recognized that this confining force plays a crucial role in the disper-
sion of the hole. Later, the displaced spins were described as string
objects and a formal framework was developed®”**”>%3, however, the
notion of partons was not yet introduced.

With the discovery of high-Tc superconductivity, numerical and
theoretical studies of the single hole in an AFM were performed, see
e.g., refs. 69,70,110, which predict (i) the dispersion minimum of the
hole at k=(m/2, m/2) consistent with ARPES measurements in
cuprates® and (ii) long-lived quasiparticle excitation peaks at higher
energies. The connection between the excitation spectrum to the
string excitations was established by Liu and Manousakis’.

The numerical studies find a strongly renormalized dispersion of
the hole =/, while other properties such as the Drude conductivity are
related to the tunneling o £”>'*2, Beran, Poilblanc and Lauglin proposed
in ref. 93 that a picture of composite partons, where a spinon (s) and
chargon (c) are confined by a string-like object, naturally explains the
observed properties: if the composite particle is constituted by a heavy
spinon with mass «1// and a light chargon with mass o 1/¢, it is con-
sistent that properties of the quasiparticle can depend on either the
spinon or chargon. Further, the string excitations found numerically
are interpreted in this picture as internal excitations of the parton
bound state’*'*’.

In our article, the parton picture provides us with a powerful
framework: indeed, describing the open and closed scattering channel
in terms of two distinct parton bound states enables us to initially
develop the Feshbach hypothesis. We note that a description using the
underlying ¢; , electrons would be fully consistent with the parton
picture but requires the introduction of non-local, multi-body string
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operators. As we describe next, a much more accessible and compu-
tationally tractable approach is to introduce string objects on the level
of the Hilbert space with spinons (s) and chargons (c) attached to the
end of the strings'*'*,

Geometric string theory

In the proposed Feshbach scenario two meson-like parton-bound
states virtually recombine from an open channel (sc)’ into the closed
channel (cc). Hereby, the spatial structure of the meson-bound states is
crucial to determine the properties of the scattering channels and
recombination processes. A semi-analytical description of the bound
state wavefunction for ¢>/ can be obtained in a truncated basis
(geometric string) approach®°'% spanning the basis states of the
open and closed channel Hilbert spaces, # = qpen @ # cosed, With
exactly two holes. The strategy is to determine the properties of the
emergent Feshbach resonance in the few-body setting of two holes, for
which we can apply the geometric string theory to derive the effective
interactions V|, see Eq. (6). Since the effective interactions describe
the leading order two-body interactions between magnetic polarons, it
allows us to elevate the few-body problem to a many-body Hamilto-
nian in the low-doping regime with weakly interacting (sc)”’s/magnetic
polarons.

The truncated basis states in the open channel are given by
Hopen=1li,, X, ) @ liy,Z; )} and are defined as follows. Starting from
the undoped AFM Néel background, holes are inserted at position j,
(o0 = ¥, 1) but not on adjacent sites; further the fermionic two hole
states have to be antisymmetrized. In the limit ¢ >/, we assume the spin
background to be frozen such that the individual holes can tunnel on
NN sites and disturb the AFM spin background. The path of the holes,
excluding self-retracing paths, is encoded in the string X, with length ¢,
and thus the string object contains information about the displace-
ment of the AFM ordered background. Further, the string connects the
spinon ¢ at position j, with the corresponding chargon, see Fig. 2a
(inset). For distant holes, i.e., for the asymptotic free states in the
scattering problem, the strings give rise to a linear confining potential
Vs = J, - €, resulting in parton bound states with a discrete spectrum;
these asymptotic parton wavefunctions correspond to the wavefunc-
tions obtained for single holes'*”'**. Due to the increasing potential
energy with the length of the strings, the basis states can be truncated
in a controlled way.

A good parametrization of the internal states is given by the string
length ¢, and the angles between string segments of length ¢, and
¢, +1; thus, the eigenstates can be labeled by vibrational and rotational
quantum numbers, respectively, which become particularly good
quantum numbers around C, invariant momenta k,. The internal
ground state of these bound states are the magnetic polarons nf, or
(sc) meson-bound states in our model. Refined theoretical modeling
and including the spin-flip terms /, can accurately describe the (sc)
dispersion relation €,.(k)°”'°**3, From numerical simulations'’, the
form of the (sc) dispersion relation can be approximated by

&5 (K) =A[cos(2k,) + cos(2k))] 9
+B[cos(k, + k) + cos(k, — k)], ©
where A and B are fit parameters; for realistic parameters in cuprates
compounds #//=10/3, the fit parameters are A=0.31 and B=0.44"°,
In our work, we use the dispersion relation obtained from a single
hole and extend it to finite doping by introducing a chemical potential
for the magnetic polarons. This is consistent with ARPES measure-
ments at low doping®’; recent experiments suggest that the single-hole
dispersion smoothly crosses over into the Fermi arcs.®*. The geometric
string theory provides an alternative formalism, which is fully con-
sistent with single-hole ARPES®. In the string picture, the spectral
weight corresponds to the weight of the bound state wavefunction at
string length ¢, = O; this property is derived from the definition of the

spectral weight in single-hole ARPES Zy , o< [(¢""1¢, ,1¢")I?, where
[¢) is the ground state of a system with M electrons'**, by comparing
it to the length £, = 0 string basis state with [k, £=0) = ¢, ,|¢") and the
(sc) bound state wavefunction |V 1) of the single hole.

Similarly, the truncated basis states for the closed channel are
given by J# oseq = {1Xc, Zee )}¥%. Here, the basis is constructed in the
following way: we insert a pair of (distinguishable) holes on adjacent
sites and label the site of the first hole by x, which is connected by the
string 2. of length .. to the second hole. Now, both holes can tunnel
while remaining connected by the string tracing their paths’ through
the spin background. The length of the string is associated with a
confining potential. Again, at the C4-invariant momenta Q = 0, m the
quantum numbers of the bound state are given by the vibrational and
rotational modes; the former are energetically gapped O(t/3/>/3) and
we assume the vibrational ground state. Importantly, the eigenstates
have to be antisymmetrized in order to describe fermionic two-hole
bound states. In this procedure we assume a total spin singlet. Hence,
the bound state does not carry any spinon degree-of-freedom and can
be described by its chargon-chargon (cc) content. The (cc) bound
states IAJQ’ «,m, €an have different rotational eigenvalues m, =0, ..,3.In
contrast to the spinon positions j, in the open channel, the position x.
is defined on the crystal lattice. Therefore, we can either (i) describe
momenta in the CBZ or (ii) introduce a band index a that is acquired
from band folding into the MBZ, see main text. The (cc) bound state
has substantial overlap with a state, where two adjacent electrons are
removed from an AFM Mott insulator (see section on cARPES) corre-
sponding to a string length €. = 1 state in our description. This gives
rise to an ARPES-type two-hole spectrum with spectral weight at
energies E as plotted in Fig. 2a (right) for Q = 0 in the MBZ obtained
from geometric string theory*® in the ¢, model and state-of-the-art
DMRG calculations of the -/ model on 40 x 4 cylinders*.

The bare energy difference between the open and closed channel
states AE,, determines the distance in energy from the Feshbach
resonance and, hence, controls the scattering length. The previous
DMRG studies*® have also determined the dispersion relations of the
(cc) bound states revealing a strong m, dependence consistent with
geometric string calculations®®. While the s-wave (cc) state is highly
mobile = ¢, the d-wave band is flat in the ¢-/, limit and only disperses by
including spin flip-flop terms /. At the relevant scattering momenta
Q =0, m, the (cc)’s internal ground state has d-wave symmetry with gap
O(t) to internal rotational excitations. Therefore, the near-resonant
low-lying closed channel state is of d-wave symmetry with the (fitted)
dispersion £..(k)= — J(cos(ky) + cos(k,) — 2) + AE,, _».

Scattering form factors

The form factor M,, (k) is proportional to the coupling matrix ele-
ments between open (sc) and closed (cc) channel states. Specifically,
we consider open-closed channel couplings given by

Hoe =My +H,

.- % Z<i,j> <S"+ Sfi +He )

T i
Hp= — tZ((i,j)>Zu (ci'acj,0+ H.c.).

10)

Note that we include the NNN tunneling ¢ in a perturbative descrip-
tion, i.e., we assume the wavefunction and band structure of the (sc)
and (cc) bound state for t'=0 and calculate their coupling for small
NNN tunneling ¢'. The coupling between and within the open and
closed channels is illustrated in Fig. 5.

As argued in the main text, the zero momentum scattering (Q = 0)
is relevant for low-energy intra-pocket scattering of magnetic polar-
ons. In the MBZ, this also allows for closed channel states with Q=0
and antisymmetric band index. Therefore, the relevant form factor is
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related to the matrix elements by

My(K)=J | My-(K)+ M5 (K) (11a)

K ~ PN ~
e M5k = (Olbg -, m, ~2HyTt 171} ,10),

V2

(11b)

with k=/,t". These matrix elements can be used in a full BEC-BCS
crossover description, which captures strong hybridization between
the two channels.

Here, we integrate out the closed channel, i.e., the closed channel
is only virtually occupied in the scattering process, yielding the scat-
tering Eq. (7). We emphasize that the structure of the (cc) bound state
is inherited through the coupling matrix elements. To calculate the
matrix elements, we expand the mesons’ bound state wavefunctions in

rE

€

%pen

Fig. 5| Open and closed channel couplings. The Hamiltonian we consider, Eq.
(10), determines both (i) the properties of the bare scattering channels, such as the
dispersion relations and the energy difference AE,, , as well as (ii) the coupling
between open and closed channel states by spin flip-flop /; and NNN tunneling ¢’
processes. In this work, we only consider small NNN tunneling ¢’ and do not include
its effect on the dispersion relation or the (sc) bound state, which are found to be
small in studies using a refined truncated basis method".

their string length. Since the bulk of the meson wavefunctions only
span across a few lattice sites, the largest contribution to the form
factors are given by short string length states, where two magnetic
polarons of length ¢, = 1-2 recombine with a (cc) state of length
¢.. = 3-4; the convergence of the form factor in the string length is
confirmed in ref. 116. In Fig. 3, we show the resulting form factors for
(cc) strings up to length .. = 5 using the meson wavefunctions for
t/] = 3 determined in refs. 88,143.

The form factors M, (k) we consider in our model are constituted
by spin-flip /; and NNN tunneling ¢’ processes. Further, the string
description gives rise to an effective sign difference between electron
(6<0) and hole (6>0) doping, see Eq. (8), that originates from a
broken particle-hole symmetry for ¢'#0. In the main text in Fig. 3 we
plot the two contributions /\/t/; (k) and Mg (k) separately.

In Figure 6, we additionally provide the combined form factors
M, (K) for various ¢'//; note that we do not take into account the
attributed change in the (sc) and (cc) wavefunctions by the NNN tun-
neling. We find that the nodal ring of the spin-flip form factor moves
away from the hole pockets and towards the center of the Brillouin
zone as t' is increased. Further, we sketch the hole pockets for t//=10/3
and 6 =15%"°, which—for realistic values of t’ in cuprates—do not touch
the nodal ring. Our findings are consistent with ARPES gap measure-
ments in cuprate superconductors.

Gap anisotropy
In our phenomenological string model, we find additional extended
s-wave structure, which occurs from beyond point-like interactions,
i.e., from the finite extend of the meson wavefunctions. Similarly,
precise measurements of the superconducting gap in underdoped
Bi-2212 indicate an anisotropy in momentum space that cannot be
explained by the plain vanilla d,._,, symmetry as argued by Mesot
et al.”. Instead, it was found that the function

A(@y) o< Bcos(2¢y) + (1 — B) cos(6¢y) (12)
captures the gap structure in underdoped samples, where B is used as a
fit parameter. In ARPES measurements the pairing gap is determined
along the Fermi surface, conveniently parameterized by the angle ¢,
see Fig. 7b (inset) for definition. To model the cuprates in our calcu-
lations, we assume a Fermi surface of magnetic polarons for ' =0"° as
shown in Fig. 7 (inset). Next, we calculate the BCS pairing gap A(K) o
M, (k) (see main text) for different parameters |t'//,|=0.05,0.2 and
extract its features along the magnetic polaron’s Fermi surface. To this
end, we fit to (i) cos(2¢py ) (i.e., B=1) and (ii) to the refined gap function
Eq. (12) with B € [0, 1]. The fitted curves are shown by the dashed and

ky
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Fig. 6 | Combined ¢ and J, form factors. We show the form factor M, (K) for hole doping in cuprate superconductors (t'/|¢|<O0) for |t'//,|=0.05, 0.1, 0.2. The hole
pockets (dashed lines) correspond to the single hole magnetic polaron dispersion with #//=10/3"° at relatively large doping 6 =15%.
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solid gray lines in Fig. 7. We find excellent agreement of our calcula-
tions to the fit for the second case (ii), consistent with ARPES

measurements'’,

Coincidence ARPES (cARPES)

Coincidence ARPES, where two correlated photoelectrons are emitted,
gives access to the (cc) channel with different angular momentum my.
This can be realized in both a one-photon-in-two-electron-out and a
two-photon-in-two-electron-out scheme. The former requires high
energy photons and therefore places an additional experimental
challenge, while for the latter the typical ARPES photon energies can be
used”* and will be considered in the following.

ky CBZ
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<9
=
Y
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= O |t')J| =02
5 |t//Jl‘ =0.05
045 50 55 60
angle ¢ [°]

Fig. 7| Gap anisotropy. The form factor M, (k) is directly related to the pairing gap
A(k). We assume an elliptical Fermi surface of magnetic polarons, i.e., hole pockets,
at 6 = 10% doping. The Fermi surface is parameterized by the angle ¢ (inset). The
blue circles show the pairing gap, calculated from our two channel model, along the
Fermi surface for exemplary values |¢'//, | = 0.05, 0.2. We fit the pairing gap using a
plain vanilla d,._,. gap symmetry (dashed gray) and a refined gap function
including cos 6¢, terms (solid gray). The latter is an excellent fit function for an
entire range of parameters [t'//  |.

The two in-coming photons have momentum k; and k, (out-going
photonelectrons have momentum ks and k). Here, we consider the
special case with k;=k,=k, and k; =k + 6k and ks =k -dk. In this
sector, there is no momentum transfer to the sample and thus we
probe (cc) states with Q=0, m in the MBZ.

In the main text, we argue that for 6k # O the coupling matrix
elements or spectral weight of coincidence ARPES is non-zero for any
angular momentum my. To show this, we consider the matrix elements
R(6K) for removing two adjacent electrons at distance r,, given by four
individual processes on the square lattice:

3
R(6K) o » _ elimag ik, 13)

n=0

The matrix elements are momentum dependent (6k) and admit the
rotational symmetry my of the (cc) channel. Since the low-energy
channel has d-wave symmetry (m,=2), the matrix elements vanish
along the nodal directions, and in particular at 6k = 0. However, for
6k # 0 we find non-zero matrix elements to the (cc) bound state.

Single-hole ARPES

Alternatively to coincidence ARPES, one can—in principle—obtain a
less-direct signature of (cc) states in single-hole APRES spectroscopy.
However we find the signal to be very weak, as we will show in the
following. Nevertheless, high resolution ARPES in ultra-clean samples
or quantum simulation may enable to measure signatures of the (cc)
bound state in the future.

In order to extract two-hole properties from the ARPES spectrum,
involving the removal of just one electron, we make use of the non-
zero density of already existing charge carriers. In addition to the low-
energy one-hole excitations of the normal state directly probed in
ARPES, we predict a broad and doping-dependent feature associated
with the low-energy tightly-bound (cc) pair. Namely, if the additional
hole created by the photo-electron is in the vicinity of an existing
magnetic polaron, i.e., (sc), this state is generically expected to overlap
with the tightly bound (cc) pair, see Fig. 8. Owing to the two-body
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Fig. 8 | Single-hole ARPES. In the low-doping regime, the Fermi sea of charge
carriers forms two hole pockets I and 1I1°*. We consider photoemission processes,
where the photoelectron is removed in the vicinity of an already existing magnetic

polaron. This process can couple to the (cc) channel by leaving behind a hole-type
excitation (SC) in the Fermi sea; the two-body nature gives rise to broad spectral
continuum.
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nature of the created excitation, constituted by the (cc) pair and a hole-
type excitation (SC) in the normal state, energy and momentum can be
distributed and give rise to a two-body (5C) + (cc) continuum.

The shape of the broad (sc) + (cc) feature follows from the known
dispersion relations &..(p) (see e.g., ") of the (sc) and
£cc(P)= —J(cos(py) + cos(p,) — 2)+AE,, ** of the (cc) constituents.
Using momentum conservation we predicted a contribution to the
ARPES spectrum at momentum k and energy w,

d’p
Agscc(k, @)= / (2”)2
X 6(0) + gsc(p) —H- Scc(k + p)),

where nf(¢) is the Fermi-Dirac distribution and R(k, p) includes matrix
elements reflecting the microscopic structure of (sc) and (cc)
constituents. The matrix elements R(k, p) can be approximated using
the truncated basis technique of the (sc) and (cc) channels.

Altogether, the combination of several factors lead to a very weak,
estimated signal of about 107 relative to the quasiparticle peak at the
Fermi energy: (i) The signal depends on the hole density, which is small
in the regime of interest, (ii) the coupling matrix elements are sup-
pressed for the momenta k, which probe (cc) state at total momentum
Q=0, m, and (iii) the dispersion relation of the (cc) channel yields a
broad and flat signal distributing the spectral weight.

F _
N (E(P) — ) R(K, p) 14)
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