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Emergent chiral Higgs mode in z-flux frustrated lattices
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Neutral-atom quantum simulators provide a powerful platform for realizing strongly correlated phases,
enabling access to dynamical signatures of quasiparticles and symmetry breaking processes. Motivated by
recent observations of quantum phases in flux-frustrated ladders with nonvanishing ground-state currents, we
investigate interacting bosons on the dimerized Benalcazar-Bernevig-Hughes (BBH) lattice in two dimensions—
originally introduced in the context of higher-order topology. After mapping out the phase diagram, which
includes vortex superfluid (V-SF), vortex Mott insulator (V-MI), and featureless Mott insulator (MI) phases,
we focus on the integer filling case. There, the MI/V-SF transition breaks the ZJ and U(1) symmetries, where
ZY corresponds to time-reversal symmetry (TRS). Using a slave boson description, we resolve the excitation
spectrum across the transition and uncover a chiral Higgs mode whose mass softens at criticality, providing
a dynamical hallmark of emergent chirality that manifests via the oscillation of the loop currents in quench
dynamics. Our results establish an experimentally realistic setting for probing unconventional TRS-broken
phases and quasiparticles with intrinsic chirality in strongly interacting quantum matter.

DOI: 10.1103/tfbh-ncfw

I. INTRODUCTION

Neutral-atom quantum simulators offer a versatile play-
ground to study strongly correlated phenomena [1,2]. Beyond
identifying equilibrium properties, monitoring real-time dy-
namics has given access to their collective excitations and
quantum correlations [3-7]. A prominent role in symmetry-
broken phases is played by amplitude (Higgs) excitations of
the order parameter [8], observed, for example, in interact-
ing bosonic [9,10] and fermionic systems [11,12], long-range
cavity systems [13], Rydberg spin systems [14], and predicted
for dipolar supersolids [15]. Identifying unconventional quasi-
particles in strongly correlated quantum systems, including
those appearing in lattice gauge theories [16,17], is currently
a major goal of quantum simulation platforms.

Synthetic gauge fields [18-20] provide a key ingredient
to simulate correlated phases that break time-reversal sym-
metry (TRS) as for fractional quantum Hall states [21-23].
These states can host quasiparticle excitations that include
Abelian and non-Abelian anyons [24,25] as well as chiral
graviton modes [26,27], thus stimulating efforts for their iden-
tification in synthetic matter systems [28,29]. Recent progress
in this direction has been demonstrated through the realiza-
tion of Laughlin and Pfaffian states with few atoms [30-32].
To date, many-body topologically ordered phases however
remain still a challenge for analog quantum simulators, as

*Contact author: marco.diliberto @unipd.it

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2026/114(22)/225126(9)

225126-1

compared to digital realizations [33]. However, TRS-broken
phases without topological order can also display strongly
correlated properties manifesting via unconventional quasi-
particles, which is the focus of this work.

Recent experimental advances have demonstrated that
many-body quantum phases that break TRS via specific
ground-state current patterns and correlations are within
reach. For example, quasi-one-dimensional (1D) optical lat-
tice geometries with fermions in synthetic dimensions [34]
have shown the signature of a Hall response [35]. Bosonic
ladder experiments [36,37] have demonstrated the prepara-
tion of a Meissner phase [38], a strongly interacting gapped
phase with broken TRS. Such a phase displays leg currents
that can be viewed as a precursor of fractional quantum
Hall (FQH) state edge modes in the sense of the wire con-
struction [39,40]. In this context, correlated bosonic quantum
phases with ground-state currents or vortices offer an intrigu-
ing quantum simulation scenario. The interplay of interactions
with magnetic and geometrical frustration can indeed give rise
to a variety of quantum phases with broken TRS whose ex-
citation properties remain largely unexplored. These include
the Meissner phase mentioned above, or phases character-
ized by loop currents forming staggered, commensurate, or
incommensurate vortex arrays [41-56], which can display
distinct Hall signatures [57]. The recent experimental devel-
opments [37] suggest some of them to be within reach. In
2D, this interplay can also give rise to topological bosonic
insulating phases [58—62] characterized by quantized Hall re-
sponses and topological order [63], which remain challenging
to realize, as we discussed above.

In this work, we examine ground-state and low-lying
excitations of interacting bosons on a flux-frustrated dimer-
ized model in two dimensions [Fig. 1(a)], relevant to
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FIG. 1. Model and main results. (a) Schematics of the BBH lat-
tice with dimerized hopping J, J" and uniform 7 flux for interacting
bosons. The unit cell is highlighted. (b) Ground-state loop current
(ﬁ) (black circles) and superfluid order parameter || (red triangles)
within the cluster Gutzwiller approximation marking phase transi-
tions between vortex superfluid (V-SF) and vortex Mott-insulating
(V-MI) phases for filling v =1/4 (top) and between V-SF and
Mott-insulating (MI) phases for v =1 (bottom) for J'/J = 0.03.
The region displaying a chiral Higgs excitation is highlighted. (c)
Pictorial representation of chiral Higgs mode dynamics within a
plaquette, where §; indicates the amplitude excitation and the mode
exhibits a finite loop current.

higher-order topological insulator models [64,65] and recent
optical lattice experiments [37]. We identify vortex superfluid
(V-SF), vortex Mott insulator (V-MI), and featureless Mott in-
sulator (MI) phases via density matrix renormalization group
(DMRG) numerical simulations and a cluster Gutzwiller ap-
proach [Fig. 1(b)]. The MI/V-SF transition at integer filling
spontaneously breaks the ZI and U(1) symmetries, where Z1
indicates TRS. A similar mechanism has been suggested to
occur in the context of flux-frustrated 2D Josephson junctions
arrays [41] and identified, for example, in p-band models [66]
and twisted superfluids [67,68]. In our 2D model, the key
features of this phase transition are reflected in the exci-
tation spectrum, where we identify a chiral Higgs mode
carrying nonvanishing vorticity [Fig. 1(c)]. This mode softens
across the transition and can be revealed by quench dynamics
manifesting in observable oscillations of the currents. Our
results, based on a minimal and experimentally accessible
construction, provide a pathway for investigating unexplored
properties of strongly correlated quantum matter, as for the
emergence of unconventional quasiparticles with intrinsic
chirality.

The paper is organized as follows. In Sec. II, we intro-
duce the model, the cluster mean-field approximation, and
discuss the corresponding phase diagram in 2D; in Sec. III,
we perform a DMRG analysis of the model in a ladder
geometry; in Sec. IV, we employ a slave boson method
to compute the excitations in the superfluid phase near the
critical point; in Sec. V, we discuss the results and draw
the conclusions.

II. MODEL AND QUANTUM PHASES

We consider soft-core bosons on a dimerized lattice de-
picted in Fig. 1(a) with uniform 7 flux per plaquette, and thus
corresponding to the Benalcazar-Bernevig-Hughes (BBH) ge-
ometry [64,65]. In this work, we study the strongly dimerized
limit J >> J', where J and J’ describe the intra- and the inter-
plaquette coupling amplitudes, respectively. The free-particle
Hamiltonian is thus

Ho=H; +Hy. (1

On-site interactions are described by

ZZM% 1>—MZZ A, (@)

where the number operator 7; , = b: pbi’ , acts on the sub-
lattice site i of the plaquette p according to the convention
in Fig. 1(a), U > 0 is the interaction strength, and p the
chemical potential. The model H = H, + #,, . describes
a BBH Bose-Hubbard model and can be readily realized in
optical superlattices via synthetic magnetic fields [37].

In the strongly dimerized limit, each plaquette plays the
role of a supersite. Here, we perform our analysis using a clus-
ter Gutzwiller ansatz (cGWA) [69-73], generalizing the more
conventional single-site Gutzwiller ansatz [74,75], allowing
us to capture quantum phases at fractional filling as well as
to retain quantum correlations within a plaquette [76]. Specif-
ically, we perform a decoupling by considering a plaquette
product state of the form

|(D)C1 = ® Z C’("1172"2”3”4|n1n2n3n4>P ’ (3)

P nnyngn,

OH site —

where n; denotes the Fock occupation number on the sub-
lattice site i. Within this cluster mean-field decoupling, the
Hamiltonian reads

Ho— Y UGB 04 — )y + Hel), (4

(i,)

where /P = (bl p) is the superfluid order parameter and H
is the cluster Hamiltonian obtained by considering terms 1n
# that contain only operators acting on a single plaquette
(see Supplemental Material [77]). This allows us to write
H~ Z Hﬁ,’,’;, where ’H( contains only operators acting on
a single plaquette p. We solve for the ground state by assum-
ing (plaquette) translational symmetry for a two-dimensional
(2D) lattice, namely v"? = ¢ and by diagonalizing ”H,(p )
find the cluster wave-function parameters cf,] 2,2,13,14 via a self—
consistent algorithm (truncating 0 < #; < fpmax éorresponding
to a plaquette Hilbert space of dimension d = n* ). The
resulting phase diagram is shown in Fig. 2(a).

In the strongly dimerized case, Ref. [53] showed that at
low energies each plaquette p encodes two degenerate or-
bitals, |£),, that are eigenstates of an emergent (plaquette)
angular momentum operator I:;” 4 commuting with 7{, namely
L )|:i:) p» = £|£),, and carry (opposite) nonvanishing loop
currents. At the plaquette level, interactions take the approxi-
mate form Hopgie & —(U/16) Y p[I:§” )12 + ... and favor the

max
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FIG. 2. Phase diagram for J'/J = 0.03 of the 2D BBH model via
the cluster Gutzwiller approximation (1m.x = 5). () Color map of the
superfluid order parameter || showing the Mott phase (MI), vortex
Mott phases (V-MI) at different fillings, and the vortex superfluid
phase (V-SF). (b) Corresponding loop current per particle across the
phase diagram. Notice that only the Mott lobe at v = 1 has zero loop
current, while fractional fillings exhibit (LY #£0, indicating a V-MI
phase. The inset shows the current pattern in V-SF and V-MI phases.

formation of ground-state currents,

Jij = ilJijblb;, — H.c.), 5)
maximizing the angular momentum and thus leading to
spontaneous breaking of TRS. Indeed, the loop current oper-
ator within a plaquette, £7 = J=' 3" Ji; ~ V2L takes a
nonzero expectation value, where ) - indicates the oriented
sum on the plaquette p. In the weakly interacting limit, this
corresponds to a macroscopic occupation of either |[+) or |—),
similarly to what happens in higher-band systems [78-82].
However, this feature persists in the strongly correlated su-
perfluid phase. The value of (£) across the phase diagram is
shown in Fig. 2(b) and the corresponding phase is a V-SF that
breaks Zg x U(1). Strong interactions renormalize the loop
current, such that its value per particle is no longer exactly
quantized in units of +/2 as in the low-energy theory.

When interactions dominate, U > J’, different quantum
phase transitions occur depending on the filling v (bosons
per site). At filling v = 1/2, we confirm the transition iden-
tified via DMRG in Ref. [53] where the system enters a
vortex Mott-insulating phase (V-MI), namely an incompress-
ible translationally invariant phase lacking phase coherence
and with loop currents [37,48] localized at the plaquettes [see
the inset of Fig. 2(b)]. At filling v = 1/4, namely one particle
per plaquette, we also find a V-MI phase. This is in contrast
with what happens in p-band models, where the insulating
phase corresponds to a staggered paramagnet with no orbital

order [66,78,81]. To understand why the quantum fluctuations
in our model still favor a V-MI phase we perform second-order
perturbation theory at J'/U <« 1 for filling v = 1/4. For this,
we consider the chiral basis introduced above, |1), which
represents the two chiral single-particle modes of a m-flux
plaquette and can be mapped onto an effective spin-1/2 degree
of freedom. Perturbative calculations yield the quantum XXZ
2D Hamiltonian

Differently from p-band systems, where H.g is classical at
leading order, we obtain a quantum effective model. Further-
more, the parameters in H.g set the system in the easy-axis
regime [83] and put the ground state in the ferromagnetic
phase [84,85], which corresponds to a V-MI phase. Finally, we
also identified a transition to an insulating phase at v = 3/4 in
a small regime of phase space.

At integer filling, v = 1, a completely different scenario
takes place, which is the core of this work. Correlations within
a plaquette will be suppressed when U > J, J’ and the sys-
tem displays a transition onto a Mott-insulating (MI) phase
with a unique ground state, asymptotically connected to the
product state |1111...). Unlike the previous cases, a dis-
tinct symmetry-breaking pattern thus takes place. In addition
to U(1) [equivalently O(2)], the superfluid ground state also
displays different time-reversal properties as compared to the
nearby Mott phase, which therefore correspond to the break-
ing of ZZT x U(1) (see Fig. 1). This fact will have dramatic
consequences in the excitation spectrum, as we will discuss
down below.

III. DMRG ANALYSIS ON A LADDER

We complement our findings by performing DMRG simu-
lations via the itensor library [86] on a ladder of dimensions
L =2 x L, shown in Fig. 3(a) for J/ = 0.1J. We identify the
transitions by computing the fidelity susceptibility,

_ (U 4Dy W) =2+ (yU =)y U))
X7 = SUL :
@)

expected to diverge at the transition point [87]. We find two
distinct peaks displayed in Figs. 3(b) and 3(c): One occurs
at U/J ~ 0.65 for v = 1/4 and another one at U/J ~ 1.13
for v = 1, whereas the transition at v = 1/2 was identified
at U/J ~ 1.2 in Ref. [53]. The plaquette loop current (L)
manifests distinct behavior for the two types of transitions
[see Figs. 3(d) and 3(e)]. While for v = 1/4 the loop current
remains finite and smooth across the critical point, for v = 1
we observe a clear drop signaling that the ground state re-
stores time-reversal symmetry in the insulating phase [88]. In
the insets, we estimate the loop current correlations between
plaquettes, C, = (ﬁoﬁp), showing that the v = 1/4 insulating
phase displays ferromagnetic long-range order as predicted by
the perturbative analysis discussed above; instead, for v = 1,
C,, decays exponentially as expected in a featureless MI phase.
The identification of the transition at filling v = 3/4 with
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FIG. 3. DMRG numerical results for a ladder with J'/J = 0.1.
(a) Ladder geometry for DMRG simulations. (b), (c) Fidelity suscep-
tibilities x » for v = 1/4 and v = 1. The peaks growing with system
size are indication of the phase transition. (d), (¢) Loop current per
particle [(£)|/(A) for Ly = 106 (v = 1/4) and for L, = 48 (v = 1).
The v =1 curve and the drop of loop current show the V-SF/MI
phase transition. Insets show the C, correlator corresponding to the
solid symbols.

DMRG has instead proven to be computationally challenging,
as already anticipated by the narrow parameters range pre-
dicted by the cGWA phase diagram.

IV. EXCITATIONS NEAR THE CRITICAL POINT

Quantum phase transitions with different symmetry-
breaking mechanisms are expected to display low-energy
excitations with distinct signatures [89]. The fractional fill-
ing transitions only break U(1) symmetry and thus display
analogous properties as the conventional Mott-superfluid tran-
sitions [8,89,90]. In this case, besides a low-energy gapless
Goldstone mode, an amplitude (Higgs) excitation softens, as it
was experimentally confirmed for the standard Bose-Hubbard
model [9,10]. At integer filling, the ground state additionally
breaks TRS across the critical point and one expects novel
modes and excitation channels to appear, which may signal
possible unconventional critical behavior.

To describe the low-energy excitation spectra, we apply
the slave boson formalism described in Ref. [91] to the
cluster framework used in this work. This and similar ap-
proaches [71,92-96] have proven to accurately capture the
excitation gaps observed experimentally [10] and can in-
clude quantum fluctuations in a controlled manner [91,97].
Within this framework, for each plaquette we introduce slave

boson operators Bp’n, spanning the plaquette Hilbert space

[nynynyny), = n), = Bpn|OSB) where |Ogg) is a fictitious

slave boson vacuum and ) B = 1. The diagonaliza-

B

p.nFpn
tion of the cluster mean-field Hamiltonian ’H(p ) provides
a set of plaquette normal modes described by the unitary
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FIG. 4. Low-energy excitations in the V-SF phase for filling v =
1. (a)-(c) Quasiparticle excitations for k, =k, =k, J'/U = 0.03,
J/U = 1.0, and u/U = —0.68, corresponding to the cross symbols
in Fig. 2. Spectra are colored based on the values of (a) flatness
Fax, (b) plaquette density, and (c) loop current (ﬁ)a.k. The index
o =1,...,5 labels the modes for increasing value of energy. (d)
Loop current per particle, (£)o/ (), for H1, H2, and superfluid
ground state (red dashed line). Solid symbols correspond to spectra
shown in the upper panel. (¢) cGWA time evolution of loop current
(black dashed line) and local order parameter (red solid line) oscil-
lations normalized to their ground-state values following a quench
of a staggered flux 380 per plaquette at unit filling. Parameters
as in (a)—(c) and 80 = 0.01(J — J)/J with J =0.88U. (f) Power
spectrum of the loop current time evolution for different values of
J/U. Dashed lines highlight the frequencies corresponding to H1
(red) and H2 (white) modes.

transformation U,;f ,), that we use to rotate the slave boson oper-

ators via the linear transformation 77; n= > U B ﬁp n» Where
m labels each plaquette normal mode with increasing energy.

The bosonic creation operator can then be expressed as

Bl = b} 0B} By = Y PhuFt Py ®

nn’ n,m

Within the slave boson approach, we approximate H(p )

by condensing Vp,m:() 1 and by t'reatlng JA/,E,T,;)I 20 a8 weak
quantum fluctuations up to quadratic order. In momentum
space, we obtain the quadratic Hamiltonian (see Supplemental

Material [77])

1O = Z(rk, POHMDG PO, )
where Hy is a (2d — 2) x (2d — 2) Bogoliubov—de Gennes
(BdG) Hamiltonian matrix, y, =1/ VN, e*rp  and
Vo= Pptsees Pppr oo f/p!d)T. As shown in Figs. 4(a)—4(c)
near the critical point of the transition at v = 1, the excitation
spectra obtained from Hy display several low-energy branches
in the superfluid phase. The gapless branch corresponds to the
Goldstone (phase) mode. However, other low-energy gapped
modes appear. The analysis of the phase and amplitude
character of the order parameter, obtained via the flatness
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Fox [10,77,95], reveals that two of the gapped excitations
(H1 and H2) are amplitude (Higgs) modes with F, x =~ 1
corresponding to oscillations of the superfluid density and
only one softening at the transition [see Fig. 4(d)], whereas
only the lowest mode is a phase (Goldstone) mode (F, x ~
—1). This result is in contrast to the more conventional
behavior of Mott-superfluid transitions with only a single
Higgs excitation. Two other dispersive modes appear with
neither amplitude nor phase character. As shown in Fig. 4(b),
these modes are particle or hole excitations as indicated by
computing the density variation carried by each of them and
their particle-hole character (see Ref. [95]). The chiral nature
of the excitations can be revealed by estimating the loop
current for each branch (£), as compared to the ground-state
value (£), as shown in Fig. 4(c). The two Higgs modes both
carry a finite loop current. Sufficiently within the superfluid
phase its value for k = 0 tends to the effective theory expecta-
tion (EA)HLHZ — +2 (per particle) [see Fig. 4(d)]. Crucially,
the lowest-energy Higgs mode (H1) exhibits a loop current of
opposite sign as compared to the ground-state one, thus bring-
ing a finite large differential value |A Ly, | = |(ﬁ)H1 — (ﬁ)| R
24/2 per particle, and manifesting a chiral nature. This
hierarchy is motivated by the fact that the nearby insulating
phase does not break TRS, and the lowest Higgs Hl mode is
there to carry away the ground-state loop current across the
transition. Notice that this multi-Higgs structure only appears
near the v = 1 critical point, whereas at fractional fillings
a more conventional picture with a single nonchiral Higgs
mode (ALy & 0) occurs (see Supplemental Material [77]).
In order to probe the lowest Higgs chiral mode H1, we per-
form a quench by adding a weak staggered flux perturbation
4486 [19], which preserves U(1) and explicitly breaks TRS. As
shown in Fig. 4(e), this selectively excites coherent in-phase
oscillations of loop current and order parameter. A Fourier
spectral analysis [Fig. 4(f)] reveals a dominant peak corre-
sponding to the chiral Higgs mode H1, negligible excitation of
H2, and no particle (hole) weight, consistent with the fact that
the quench preserves the global U(1) symmetry [10,98]. Sim-
ilar results are also obtained by the more traditional quench
of the hopping amplitude J [10]. The visibility of the Higgs
mode via current oscillations makes its detection relevant
in light of the recently developed protocol for (local/site-
resolved) current measurement in optical lattices [99].

V. DISCUSSION AND CONCLUSIONS

In this work we have shown that interacting bosons on
a dimerized flux-frustrated lattice display distinct quantum
phases that spontaneously break TRS manifesting in vortex
Mott and superfluid phases. The transition at integer filling
breaks TRS and U(1) symmetries, and the excitation spec-
trum in the chiral superfluid phase consists of two Higgs
quasiparticles, including a chiral one. Our results provide

an example of a strongly correlated system with nontrivial
quasiparticles that is especially relevant in the context of
very recent experimental developments employing dimerized
lattices with synthetic gauge fields [37] and the correspond-
ing direct measurement of the current patterns. Our work
opens several questions concerning, for example, the decay
and lifetime of the quasiparticles here identified [98], the
protocol to selectively excite the second Higgs mode, the
effective quantum field-theory description of the multi-Higgs
structure in the presence of coexisting orders, and the critical
properties of the v = 1 transition [89] to be investigated with
other methods, as for example large-scale quantum Monte
Carlo techniques [100]. Further work will clarify the possi-
bility that the two symmetries [TRS and U(1)] are broken
separately at integer filling through an intermediate phase in a
narrow parameter region, as identified via refined numerical
DMRG analyses in related nondimerized models [44-46].
Further investigations are needed to elucidate the interplay
between topology and interactions in the BBH model at
different fillings [101,102], as for the Su-Schrieffer-Heeger
(SSH) case [103], including the possibility to stabilize topo-
logical phases via interactions [62]. In addition, it would
be interesting to explore effects beyond strong dimerization
that are not captured by our analysis and the role played
by gauge symmetries [104] and chiral bound pairs [105]
in transport phenomena. Our work paves the way to the
identification of other unconventional critical points in chiral
systems [46], including those connected to deconfined critical
points [41,106,107].

ACKNOWLEDGMENTS

The authors thank N. Goldman, M. Morgavi, S. Mon-
tangero, and L. Pavesi¢ for fruitful discussions. The exact di-
agonalization calculations were performed with QUSPIN [108].
This work has received funding under the Horizon Europe
programme HORIZON-CL4-2022-QUANTUM-02-SGA via
the project 101113690 (PASQuanS2.1) and has been sup-
ported by the INFN project Iniziativa Specifica IS-Quantum,
the Italian Ministry of University and Research via the
Excellence grant 2023-2027 “Quantum Frontiers,” and the
Rita Levi-Montalcini program. The authors also acknowl-
edge computational resources by Cloud Veneto and INFN
Padova HPC cluster, funded by the NextGenerationEU Terabit
project on PNRR-Avviso n. 3264 “per il Rafforzamento e
creazione di Infrastrutture di Ricerca,” Missione 4, “Istruzione
e Ricerca.”

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] I. M. Georgescu, S. Ashhab, and F. Nori, Quantum simulation,
Rev. Mod. Phys. 86, 153 (2014).

[2] C. Gross and I. Bloch, Quantum simulations with ultracold
atoms in optical lattices, Science 357, 995 (2017).

[3] T. Fukuhara, P. Schauf3, M. Endres, S. Hild, M. Cheneau,
I. Bloch, and C. Gross, Microscopic observation of magnon
bound states and their dynamics, Nature (London) 502, 76
(2013).

225126-5


https://doi.org/10.1103/RevModPhys.86.153
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1038/nature12541

M. LANARO, L. MAFFI, AND M. DI LIBERTO

PHYSICAL REVIEW B 114, 225126 (2026)

[4] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran,
H. Pichler, S. Choi, A. S. Zibrov, M. Endres, M. Greiner,
V. Vuleti¢, and M. D. Lukin, Probing many-body dynamics
on a 51-atom quantum simulator, Nature (London) 551, 579
(2017).

[5] J. Koepsell, J. Vijayan, P. Sompet, F. Grusdt, T. A. Hilker,
E. Demler, G. Salomon, I. Bloch, and C. Gross, Imaging
magnetic polarons in the doped Fermi—Hubbard model, Nature
(London) 572, 358 (2019).

[6] M. L. Prichard, Z. Ba, 1. Morera, B. M. Spar, D. A. Huse,
E. Demler, and W. S. Bakr, Magnon-polarons in the Fermi—
Hubbard model, Nat. Phys. 21, 1548 (2025).

[7] C. Chen, G. Emperauger, G. Bornet, F. Caleca, B. Gély, M.
Bintz, S. Chatterjee, V. Liu, D. Barredo, N. Y. Yao, T. Lahaye,
F. Mezzacapo, T. Roscilde, and A. Browaeys, Spectroscopy of
elementary excitations from quench dynamics in a dipolar XY
Rydberg simulator, Science 389, 483 (2025).

[8] D. Pekker and C. M. Varma, Amplitude/Higgs modes in con-
densed matter physics, Annu. Rev. Condens. Matter Phys. 6,
269 (2015).

[9] U. Bissbort, S. Gotze, Y. Li, J. Heinze, J. S. Krauser, M.
Weinberg, C. Becker, K. Sengstock, and W. Hofstetter, De-
tecting the amplitude mode of strongly interacting lattice
bosons by Bragg scattering, Phys. Rev. Lett. 106, 205303
(2011).

[10] M. Endres, T. Fukuhara, D. Pekker, M. Cheneau, P. Schaup,
C. Gross, E. Demler, S. Kuhr, and I. Bloch, The ‘Higgs’ am-
plitude mode at the two-dimensional superfluid/Mott insulator
transition, Nature (London) 487, 454 (2012).

[11] A. Behrle, T. Harrison, J. Kombe, K. Gao, M. Link, J.-S.
Bernier, C. Kollath, and M. Ké6hl, Higgs mode in a strongly
interacting fermionic superfluid, Nat. Phys. 14, 781 (2018).

[12] A. Kell, M. Breyer, D. Eberz, and M. Kohl, Exciting the
Higgs mode in a strongly interacting Fermi gas by interaction
modulation, Phys. Rev. Lett. 133, 150403 (2024).

[13] J. Léonard, A. Morales, P. Zupancic, T. Donner, and T.
Esslinger, Monitoring and manipulating Higgs and Goldstone
modes in a supersolid quantum gas, Science 358, 1415 (2017).

[14] T. Manovitz, S. H. Li, S. Ebadi, R. Samajdar, A. A. Geim, S. J.
Evered, D. Bluvstein, H. Zhou, N. U. Koyluoglu, J. Feldmeier,
P. E. Dolgirev, N. Maskara, M. Kalinowski, S. Sachdev, D. A.
Huse, M. Greiner, V. Vuleti¢, and M. D. Lukin, Quantum
coarsening and collective dynamics on a programmable simu-
lator, Nature (London) 638, 86 (2025).

[15] J. Hertkorn, F. Bottcher, M. Guo, J. N. Schmidt, T. Langen,
H. P. Biichler, and T. Pfau, Fate of the amplitude mode in
a trapped dipolar supersolid, Phys. Rev. Lett. 123, 193002
(2019).

[16] M. Aidelsburger, L. Barbiero, A. Bermudez, T. Chanda, A.
Dauphin, D. Gonzilez-Cuadra, P. R. Grzybowski, S. Hands, F.
Jendrzejewski, J. Jiinemann, G. Juzelitinas, V. Kasper, A. Piga,
S.-J. Ran, M. Rizzi, G. Sierra, L. Tagliacozzo, E. Tirrito, T. V.
Zache, J. Zakrzewski, et al., Cold atoms meet lattice gauge
theory, Philos. Trans. R. Soc. A 380, 20210064 (2022).

[17] J. C. Halimeh, M. Aidelsburger, F. Grusdt, P. Hauke, and B.
Yang, Cold-atom quantum simulators of gauge theories, Nat.
Phys. 21, 25 (2025).

[18] D. Jaksch and P. Zoller, Creation of effective magnetic fields
in optical lattices: The Hofstadter butterfly for cold neutral
atoms, New J. Phys. 5, 56 (2003).

[19] M. Aidelsburger, M. Atala, S. Nascimbene, S. Trotzky, Y.-A.
Chen, and 1. Bloch, Experimental realization of strong effec-
tive magnetic fields in an optical lattice, Phys. Rev. Lett. 107,
255301 (2011).

[20] N. Goldman, J. C. Budich, and P. Zoller, Topological quantum
matter with ultracold gases in optical lattices, Nat. Phys. 12,
639 (2016).

[21] N. R. Cooper, J. Dalibard, and I. B. Spielman, Topologi-
cal bands for ultracold atoms, Rev. Mod. Phys. 91, 015005
(2019).

[22] R. B. Laughlin, Anomalous quantum Hall effect: An incom-
pressible quantum fluid with fractionally charged excitations,
Phys. Rev. Lett. 50, 1395 (1983).

[23] R. E. Prange and S. M. Girvin, The Quantum Hall effect
(Springer, Berlin, 1987).

[24] B. 1. Halperin, Statistics of quasiparticles and the hierarchy
of fractional quantized Hall states, Phys. Rev. Lett. 52, 1583
(1984).

[25] A. Stern, Anyons and the quantum Hall effect—A pedagogical
review, Ann. Phys. 323, 204 (2008).

[26] F. D. M. Haldane, Geometrical description of the fractional
quantum Hall effect, Phys. Rev. Lett. 107, 116801 (2011).

[27] J. Liang, Z. Liu, Z. Yang, Y. Huang, U. Wurstbauer, C. R.
Dean, K. W. West, L. N. Pfeiffer, L. Du, and A. Pinczuk,
Evidence for chiral graviton modes in fractional quantum Hall
liquids, Nature (London) 628, 78 (2024).

[28] Z. Bacciconi, H. B. Xavier, 1. Carusotto, T. Chanda, and M.
Dalmonte, Theory of fractional quantum Hall liquids coupled
to quantum light and emergent graviton-polaritons, Phys. Rev.
X 15, 021027 (2025).

[29] H. B. Xavier, Z. Bacciconi, T. Chanda, D. T. Son, and M.
Dalmonte, Chiral graviton modes on the lattice, Phys. Rev.
Lett. 135, 196501 (2025).

[30] J. Léonard, S. Kim, J. Kwan, P. Segura, F. Grusdt, C. Repellin,
N. Goldman, and M. Greiner, Realization of a fractional quan-
tum Hall state with ultracold atoms, Nature (London) 619, 495
(2023).

[31] P. Lunt, P. Hill, J. Reiter, P. M. Preiss, M. Gatka, and S.
Jochim, Realization of a Laughlin state of two rapidly rotating
fermions, Phys. Rev. Lett. 133, 253401 (2024).

[32] J. Kwan, P. Segura, Y. Li, T. Blatz, A. Zhi, B. Bakkali-Hassani,
A. Bohrdt, M. Greiter, F. Grusdt, and M. Greiner, A Pfaffian
quantum Hall state of ultracold bosons, arXiv:2606.124009.

[33] S. J. Evered, M. Kalinowski, A. A. Geim, T. Manovitz, D.
Bluvstein, S. H. Li, N. Maskara, H. Zhou, S. Ebadi, M. Xu,
J. Campo, M. Cain, S. Ostermann, S. F. Yelin, S. Sachdev, M.
Greiner, V. Vuleti¢, and M. D. Lukin, Probing the Kitaev hon-
eycomb model on a neutral-atom quantum computer, Nature
(London) 645, 341 (2025).

[34] T.-W. Zhou, G. Cappellini, D. Tusi, L. Franchi, J. Parravicini,
C. Repellin, S. Greschner, M. Inguscio, T. Giamarchi, M.
Filippone, J. Catani, and L. Fallani, Observation of universal
Hall response in strongly interacting fermions, Science 381,
427 (2023).

[35] S. Greschner, M. Filippone, and T. Giamarchi, Universal Hall
response in interacting quantum systems, Phys. Rev. Lett. 122,
083402 (2019).

[36] M. Atala, M. Aidelsburger, M. Lohse, J. T. Barreiro, B.
Paredes, and 1. Bloch, Observation of chiral currents with
ultracold atoms in bosonic ladders, Nat. Phys. 10, 588 (2014).

225126-6


https://doi.org/10.1038/nature24622
https://doi.org/10.1038/s41586-019-1463-1
https://doi.org/10.1038/s41567-025-03004-6
https://doi.org/10.1126/science.adn0618
https://doi.org/10.1146/annurev-conmatphys-031214-014350
https://doi.org/10.1103/PhysRevLett.106.205303
https://doi.org/10.1038/nature11255
https://doi.org/10.1038/s41567-018-0128-6
https://doi.org/10.1103/PhysRevLett.133.150403
https://doi.org/10.1126/science.aan2608
https://doi.org/10.1038/s41586-024-08353-5
https://doi.org/10.1103/PhysRevLett.123.193002
https://doi.org/10.1098/rsta.2021.0064
https://doi.org/10.1038/s41567-024-02721-8
https://doi.org/10.1088/1367-2630/5/1/356
https://doi.org/10.1103/PhysRevLett.107.255301
https://doi.org/10.1038/nphys3803
https://doi.org/10.1103/RevModPhys.91.015005
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.52.1583
https://doi.org/10.1016/j.aop.2007.10.008
https://doi.org/10.1103/PhysRevLett.107.116801
https://doi.org/10.1038/s41586-024-07201-w
https://doi.org/10.1103/PhysRevX.15.021027
https://doi.org/10.1103/1636-kl65
https://doi.org/10.1038/s41586-023-06122-4
https://doi.org/10.1103/PhysRevLett.133.253401
https://arxiv.org/abs/2606.12409
https://doi.org/10.1038/s41586-025-09475-0
https://doi.org/10.1126/science.add1969
https://doi.org/10.1103/PhysRevLett.122.083402
https://doi.org/10.1038/nphys2998

EMERGENT CHIRAL HIGGS MODE IN n-FLUX ...

PHYSICAL REVIEW B 114, 225126 (2026)

[37] A. Impertro, S. J. Huh, S. Karch, J. F. Wienand, I. Bloch, and
M. Aidelsburger, Strongly interacting Meissner phases in large
bosonic flux ladders, Nat. Phys. 21, 895 (2025).

[38] E. Orignac and T. Giamarchi, Meissner effect in a bosonic
ladder, Phys. Rev. B 64, 144515 (2001).

[39] C.L.Kane, R. Mukhopadhyay, and T. C. Lubensky, Fractional
quantum Hall effect in an array of quantum wires, Phys. Rev.
Lett. 88, 036401 (2002).

[40] M. Calvanese Strinati, E. Cornfeld, D. Rossini, S. Barbarino,
M. Dalmonte, R. Fazio, E. Sela, and L. Mazza, Laughlin-like
states in bosonic and fermionic atomic synthetic ladders, Phys.
Rev. X 7, 021033 (2017).

[41] M. Polini, R. Fazio, A. H. MacDonald, and M. P. Tosi, Real-
ization of fully frustrated Josephson-junction arrays with cold
atoms, Phys. Rev. Lett. 95, 010401 (2005).

[42] L.-K. Lim, C. M. Smith, and A. Hemmerich, Staggered-vortex
superfluid of ultracold bosons in an optical lattice, Phys. Rev.
Lett. 100, 130402 (2008).

[43] M.-C. Cha and J.-G. Shin, Two peaks in the momentum distri-
bution of bosons in a weakly frustrated two-leg optical ladder,
Phys. Rev. A 83, 055602 (2011).

[44] A. Dhar, T. Mishra, M. Maji, R. V. Pai, S. Mukerjee, and
A. Paramekanti, Chiral Mott insulator with staggered loop
currents in the fully frustrated Bose-Hubbard model, Phys.
Rev. B 87, 174501 (2013).

[45] S. Greschner, L. Santos, and T. Vekua, Ultracold bosons
in zig-zag optical lattices, Phys. Rev. A 87, 033609
(2013).

[46] M. P. Zaletel, S. A. Parameswaran, A. Riiegg, and E. Altman,
Chiral bosonic Mott insulator on the frustrated triangular lat-
tice, Phys. Rev. B 89, 155142 (2014).

[47] E. Kolley, M. Piraud, 1. P. McCulloch, U. Schollwéck, and F.
Heidrich-Meisner, Strongly interacting bosons on a three-leg
ladder in the presence of a homogeneous flux, New J. Phys.
17, 092001 (2015).

[48] M. Piraud, F. Heidrich-Meisner, I. P. McCulloch, S.
Greschner, T. Vekua, and U. Schollwock, Vortex and Meissner
phases of strongly interacting bosons on a two-leg ladder,
Phys. Rev. B 91, 140406(R) (2015).

[49] S. Greschner, M. Piraud, F. Heidrich-Meisner, 1. P.
McCulloch, U. Schollwock, and T. Vekua, Spontaneous in-
crease of magnetic flux and chiral-current reversal in bosonic
ladders: Swimming against the tide, Phys. Rev. Lett. 115,
190402 (2015).

[50] A. Petrescu, M. Piraud, G. Roux, I. P. McCulloch, and K. Le
Hur, Precursor of the Laughlin state of hard-core bosons on a
two-leg ladder, Phys. Rev. B 96, 014524 (2017).

[51] S. Greschner, M. Piraud, F. Heidrich-Meisner, 1. P.
McCulloch, U. Schollwock, and T. Vekua, Symmetry-broken
states in a system of interacting bosons on a two-leg ladder
with a uniform Abelian gauge field, Phys. Rev. A 94, 063628
(2016).

[52] C.-M. Halati and T. Giamarchi, Bose-Hubbard triangular lad-
der in an artificial gauge field, Phys. Rev. Res. 5, 013126
(2023).

[53] M. Di Liberto and N. Goldman, Chiral orbital order of inter-
acting bosons without higher bands, Phys. Rev. Res. 5, 023064
(2023).

[54] L. Barbiero, J. Cabedo, M. Lewenstein, L. Tarruell,
and A. Celi, Frustrated magnets without geometrical

frustration in bosonic flux ladders, Phys. Rev. Res. 5, L042008
(2023).

[55] A. Dasgupta, M. Lacki, H. Korbmacher, G. A. Dominguez-
Castro, J. Zakrzewski, and L. Santos, Chiral phases and
dynamics of dipoles in triangular optical ladders, Phys. Rev.
A 113, L031301 (2026).

[56] M. Hasan, L. Donini, S. Shanokprasith, D. Braund, T.
Marozsak, M. Epping, D. Reed, M. Melchner, T. Harte, and U.
Schneider, Superfluid-Mott transition in a frustrated triangular
optical lattice, arXiv:2509.20352.

[57] R. Citro, T. Giamarchi, and E. Orignac, Hall response in in-
teracting bosonic and fermionic ladders, Phys. Rev. Lett. 134,
056501 (2025).

[58] A.S. Sgrensen, E. Demler, and M. D. Lukin, Fractional quan-
tum Hall states of atoms in optical lattices, Phys. Rev. Lett. 94,
086803 (2005).

[59] M. Hafezi, A. S. Sgrensen, E. Demler, and M. D. Lukin,
Fractional quantum Hall effect in optical lattices, Phys. Rev.
A 76, 023613 (2007).

[60] Y.-C. He, S. Bhattacharjee, R. Moessner, and F. Pollmann,
Bosonic integer quantum Hall effect in an interacting lattice
model, Phys. Rev. Lett. 115, 116803 (2015).

[61] J. Boesl, R. Dilip, F. Pollmann, and M. Knap, Characterizing
fractional topological phases of lattice bosons near the first
Mott lobe, Phys. Rev. B 105, 075135 (2022).

[62] H. Kamal, J. Kemp, Y.-C. He, Y. Fuji, M. Aidelsburger, P.
Zoller, and N. Y. Yao, Floquet flux attachment in cold atomic
systems, Phys. Rev. Lett. 133, 163403 (2024).

[63] X.-G. Wen, Colloquium: Zoo of quantum-topological phases
of matter, Rev. Mod. Phys. 89, 041004 (2017).

[64] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Quan-
tized electric multipole insulators, Science 357, 61 (2017).

[65] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Electric
multipole moments, topological multipole moment pumping,
and chiral hinge states in crystalline insulators, Phys. Rev. B
96, 245115 (2017).

[66] X. Li, E. Zhao, and W. V. Liu, Effective action approach to the
p-band Mott insulator and superfluid transition, Phys. Rev. A
83, 063626 (2011).

[67] P. Soltan-Panahi, D.-S. Liihmann, J. Struck, P. Windpassinger,
and K. Sengstock, Quantum phase transition to unconventional
multi-orbital superfluidity in optical lattices, Nat. Phys. 8, 71
(2012).

[68] O. Jirgensen, K. Sengstock, and D.-S. Lithmann, Twisted
complex superfluids in optical lattices, Sci. Rep. 5, 12912
(2015).

[69] D.-S. Liihmann, Cluster Gutzwiller method for bosonic lattice
systems, Phys. Rev. A 87, 043619 (2013).

[70] D. Yamamoto, A. Masaki, and I. Danshita, Quantum phases
of hardcore bosons with long-range interactions on a square
lattice, Phys. Rev. B 86, 054516 (2012).

[71] D. Huerga, J. Dukelsky, and G. E. Scuseria, Composite bo-
son mapping for lattice boson systems, Phys. Rev. Lett. 111,
045701 (2013).

[72] D. Yamamoto, G. Marmorini, and I. Danshita, Quantum phase
diagram of the triangular-lattice XXZ model in a magnetic
field, Phys. Rev. Lett. 112, 127203 (2014).

[73] G. C. Paul, P. Recher, and L. Santos, Interacting Bose gases
in twisted-bilayer optical lattices, Phys. Rev. A 113, 013324
(2026).

225126-7


https://doi.org/10.1038/s41567-025-02890-0
https://doi.org/10.1103/PhysRevB.64.144515
https://doi.org/10.1103/PhysRevLett.88.036401
https://doi.org/10.1103/PhysRevX.7.021033
https://doi.org/10.1103/PhysRevLett.95.010401
https://doi.org/10.1103/PhysRevLett.100.130402
https://doi.org/10.1103/PhysRevA.83.055602
https://doi.org/10.1103/PhysRevB.87.174501
https://doi.org/10.1103/PhysRevA.87.033609
https://doi.org/10.1103/PhysRevB.89.155142
https://doi.org/10.1088/1367-2630/17/9/092001
https://doi.org/10.1103/PhysRevB.91.140406
https://doi.org/10.1103/PhysRevLett.115.190402
https://doi.org/10.1103/PhysRevB.96.014524
https://doi.org/10.1103/PhysRevA.94.063628
https://doi.org/10.1103/PhysRevResearch.5.013126
https://doi.org/10.1103/PhysRevResearch.5.023064
https://doi.org/10.1103/PhysRevResearch.5.L042008
https://doi.org/10.1103/wp7z-tg3v
https://arxiv.org/abs/2509.20352
https://doi.org/10.1103/PhysRevLett.134.056501
https://doi.org/10.1103/PhysRevLett.94.086803
https://doi.org/10.1103/PhysRevA.76.023613
https://doi.org/10.1103/PhysRevLett.115.116803
https://doi.org/10.1103/PhysRevB.105.075135
https://doi.org/10.1103/PhysRevLett.133.163403
https://doi.org/10.1103/RevModPhys.89.041004
https://doi.org/10.1126/science.aah6442
https://doi.org/10.1103/PhysRevB.96.245115
https://doi.org/10.1103/PhysRevA.83.063626
https://doi.org/10.1038/nphys2128
https://doi.org/10.1038/srep12912
https://doi.org/10.1103/PhysRevA.87.043619
https://doi.org/10.1103/PhysRevB.86.054516
https://doi.org/10.1103/PhysRevLett.111.045701
https://doi.org/10.1103/PhysRevLett.112.127203
https://doi.org/10.1103/3z9t-xbph

M. LANARO, L. MAFFI, AND M. DI LIBERTO

PHYSICAL REVIEW B 114, 225126 (2026)

[74] W. Krauth, M. Caffarel, and J.-P. Bouchaud, Gutzwiller wave
function for a model of strongly interacting bosons, Phys. Rev.
B 45,3137 (1992).

[75] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller,
Cold bosonic atoms in optical lattices, Phys. Rev. Lett. 81,
3108 (1998).

[76] A single-site ansatz is described by a wave function |¢;) =
>, ¢,In). Using such an ansatz, the fractional filling condition,
e.g., (1;) = 1/2, necessarily implies (l;[-> # 0. This forbids the
possibility to capture phase transitions into insulating phases
with fractional filling within a single-site Gutzwiller ansatz.

[77] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/tfbh-ncfw for details on the slave boson calculations,
additional excitation spectra, and DMRG results with the tree
tensor network ansatz, which includes Refs. [109-114].

[78] A. Isacsson and S. M. Girvin, Multiflavor bosonic Hubbard
models in the first excited Bloch band of an optical lattice,
Phys. Rev. A 72, 053604 (2005).

[79] W. V. Liu and C. Wu, Atomic matter of nonzero-momentum
Bose-Einstein condensation and orbital current order, Phys.
Rev. A 74, 013607 (2006).

[80] G. Wirth, M. Olschl'ager, and A. Hemmerich, Evidence for
orbital superfluidity in the P-band of a bipartite optical square
lattice, Nat. Phys. 7, 147 (2011).

[81] X. Li and W. V. Liu, Physics of higher orbital bands in optical
lattices: A review, Rep. Prog. Phys. 79, 116401 (2016).

[82] X. Li, Z. Zhang, and W. V. Liu, Time-reversal symmetry
breaking of p-orbital bosons in a one-dimensional optical lat-
tice, Phys. Rev. Lett. 108, 175302 (2012).

[83] E. Loh Jr., D. J. Scalapino, and P. M. Grant, Monte Carlo
simulations of the quantum XXZ model in two dimensions,
Phys. Scr. 32, 327 (1985).

[84] A. Cuccoli, T. Roscilde, V. Tognetti, R. Vaia, and P. Verrucchi,
Phase transitions in two-dimensional anisotropic quantum
magnets, Eur. Phys. J. B 20, 55 (2001).

[85] D. Peter, S. Miiller, S. Wessel, and H. P. Biichler, Anomalous
behavior of spin systems with dipolar interactions, Phys. Rev.
Lett. 109, 025303 (2012).

[86] M. Fishman, S. R. White, and E. M. Stoudenmire, The ITensor
software library for tensor network calculations, SciPost Phys.
Codebases, 4 (2022).

[87] J. Carrasquilla, S. R. Manmana, and M. Rigol, Scaling of the
gap, fidelity susceptibility, and Bloch oscillations across the
superfluid-to-Mott-insulator transition in the one-dimensional
Bose-Hubbard model, Phys. Rev. A 87, 043606 (2013).

[88] A similar behavior is identified also in a small 2D system via
tree tensor network calculation, as shown in Ref. [77].

[89] S. Sachdev, Quantum Phases of Matter (Cambridge University
Press, Cambridge, 2023).

[90] E. Altman and A. Auerbach, Oscillating superfluidity of
bosons in optical lattices, Phys. Rev. Lett. 89, 250404 (2002).

[91] L. Frérot and T. Roscilde, Entanglement entropy across the
superfluid-insulator transition: A signature of bosonic critical-
ity, Phys. Rev. Lett. 116, 190401 (2016).

[92] D. B. M. Dickerscheid, D. van Oosten, P. J. H. Denteneer, and
H. T. C. Stoof, Ultracold atoms in optical lattices, Phys. Rev.
A 68, 043623 (2003).

[93] S. D. Huber, E. Altman, H. P. Biichler, and G. Blatter, Dynam-
ical properties of ultracold bosons in an optical lattice, Phys.
Rev. B 75, 085106 (2007).

[94] K. V. Krutitsky, Ultracold bosons with short-range interaction
in regular optical lattices, Phys. Rep. 607, 1 (2016).

[95] M. Di Liberto, A. Recati, N. Trivedi, I. Carusotto, and C.
Menotti, Particle-hole character of the Higgs and Goldstone
modes in strongly interacting lattice bosons, Phys. Rev. Lett.
120, 073201 (2018).

[96] J. Wang, Y. Deng, and W. Zheng, Topological Higgs amplitude
modes in strongly interacting superfluids, Phys. Rev. A 104,
043328 (2021).

[97] F. Caleffi, M. Capone, C. Menotti, I. Carusotto, and A. Recati,
Quantum fluctuations beyond the Gutzwiller approximation in
the Bose-Hubbard model, Phys. Rev. Res. 2, 033276 (2020).

[98] D. Podolsky, A. Auerbach, and D. P. Arovas, Visibility of the
amplitude (Higgs) mode in condensed matter, Phys. Rev. B 84,
174522 (2011).

[99] A. Impertro, S. Karch, J. E. Wienand, S. J. Huh, C. Schweizer,
L. Bloch, and M. Aidelsburger, Local readout and control of
current and kinetic energy operators in optical lattices, Phys.
Rev. Lett. 133, 063401 (2024).

[100] L. Pollet and N. Prokof’ev, Higgs mode in a two-dimensional
superfluid, Phys. Rev. Lett. 109, 010401 (2012).

[101] J. Bibo, I. Lovas, Y. You, F. Grusdt, and F. Pollmann,
Fractional corner charges in a two-dimensional superlattice
Bose-Hubbard model, Phys. Rev. B 102, 041126(R) (2020).

[102] D. Gonzdlez-Cuadra, Higher-order topological quantum para-
magnets, Phys. Rev. B 105, L020403 (2022).

[103] F. Grusdt, M. Honing, and M. Fleischhauer, Topological
edge states in the one-dimensional superlattice Bose-Hubbard
model, Phys. Rev. Lett. 110, 260405 (2013).

[104] M. Burgher, M. Di Liberto, N. Goldman, and I. Amelio, Fate
of chiral order and impurity self-pinning in flat bands with
local symmetry, Phys. Rev. B 111, 064514 (2025).

[105] A. A. Stepanenko and M. Di Liberto, Vortex bound states
in dimerized m-flux optical lattices: Characterization, state
preparation, and current measurement, Phys. Rev. A 110,
L061304 (2024).

[106] T. Senthil, A. Vishwanath, L. Balents, S. Sachdev, and M. P. A.
Fisher, Deconfined quantum critical points, Science 303, 1490
(2004).

[107] T. Senthil, Deconfined quantum critical points: A review, in
50 Years of the Renormalization Group Dedicated to the
Memory of Michael E. Fisher, edited by A. Aharony, O. Entin-
Wohlman, D. Huse, and L. Radzihovsky (World Scientific,
Singapore, 2024), Chap. 14, p. 169.

[108] P. Weinberg and M. Bukov, QuSpin: A Python package for
dynamics and exact diagonalisation of quantum many body
systems. Part II: Bosons, fermions and higher spins, SciPost
Phys. 7, 020 (2019).

[109] L. Tagliacozzo, G. Evenbly, and G. Vidal, Simulation of two-
dimensional quantum systems using a tree tensor network
that exploits the entropic area law, Phys. Rev. B 80, 235127
(2009).

[110] Introduction to Tensor Network Methods: From Many-body
Quantum Systems to Machine Learning, edited by T. Felser and
S. Montangero, Graduate Texts in Physics (Springer, Cham,
2026).

[111] L. Kohn, P. Silvi, M. Gerster, M. Keck, R. Fazio, G. E.
Santoro, and S. Montangero, Superfluid-to-Mott transition in a
Bose-Hubbard ring: Persistent currents and defect formation,
Phys. Rev. A 101, 023617 (2020).

225126-8


https://doi.org/10.1103/PhysRevB.45.3137
https://doi.org/10.1103/PhysRevLett.81.3108
http://link.aps.org/supplemental/10.1103/tfbh-ncfw
https://doi.org/10.1103/PhysRevA.72.053604
https://doi.org/10.1103/PhysRevA.74.013607
https://doi.org/10.1038/nphys1857
https://doi.org/10.1088/0034-4885/79/11/116401
https://doi.org/10.1103/PhysRevLett.108.175302
https://doi.org/10.1088/0031-8949/32/4/016
https://doi.org/10.1007/BF01313912
https://doi.org/10.1103/PhysRevLett.109.025303
https://doi.org/10.21468/SciPostPhysCodeb.4
https://doi.org/10.1103/PhysRevA.87.043606
https://doi.org/10.1103/PhysRevLett.89.250404
https://doi.org/10.1103/PhysRevLett.116.190401
https://doi.org/10.1103/PhysRevA.68.043623
https://doi.org/10.1103/PhysRevB.75.085106
https://doi.org/10.1016/j.physrep.2015.10.004
https://doi.org/10.1103/PhysRevLett.120.073201
https://doi.org/10.1103/PhysRevA.104.043328
https://doi.org/10.1103/PhysRevResearch.2.033276
https://doi.org/10.1103/PhysRevB.84.174522
https://doi.org/10.1103/PhysRevLett.133.063401
https://doi.org/10.1103/PhysRevLett.109.010401
https://doi.org/10.1103/PhysRevB.102.041126
https://doi.org/10.1103/PhysRevB.105.L020403
https://doi.org/10.1103/PhysRevLett.110.260405
https://doi.org/10.1103/PhysRevB.111.064514
https://doi.org/10.1103/PhysRevA.110.L061304
https://doi.org/10.1126/science.1091806
https://doi.org/10.21468/SciPostPhys.7.2.020
https://doi.org/10.1103/PhysRevB.80.235127
https://doi.org/10.1103/PhysRevA.101.023617

EMERGENT CHIRAL HIGGS MODE IN n-FLUX ... PHYSICAL REVIEW B 114, 225126 (2026)

[112] E. Baccari, D. Bacilieri, M. Ballarin, F. P. Barone, F. D. Rattacaso, and N. Reini¢, Quantum TEA: qredtea (Version

Campaioli, A. G. Catalano, G. Cataldi, M. Colombo, A. 0.2.0) [Computer software], Zenodo, 2025, https://doi.org/10.
Coppi, A. Costantini, A. Datta, A. De Girolamo, D. Jaschke, 5281/zenodo.14883296.
S. B. KoZié, G. Magnifico, C. Mordini, S. Montangero, M. [114] D. Jaschke, M. Ballarin, N. Reini¢, L. Pavesi¢, and S.
Menon, G. Mufioz Menés, S. Notarnicola, et al., Quan- Montangero, Benchmarking quantum red TEA on CPUs,
tum TEA: qtealeaves (Version 1.12.5) [Computer software], GPUs, and TPUs, in Proceedings of the 10th bwHPC Sympo-
Zenodo, 2026, https://doi.org/10.5281/zenodo.20109357. sium: HPC Activities in Baden- Wiirttemberg (KIT Scientific

[113] F. Baccari, M. Ballarin, F. P. Barone, A. Coppi, A. De Publishing, Karlsruhe, 2024), p. 45.

Girolamo, D. Jaschke, S. Montangero, C. Mordini, L. Pavesi¢,

225126-9


https://doi.org/10.5281/zenodo.20109357
https://doi.org/10.5281/zenodo.14883296
https://doi.org/10.58895/ksp/1000169488-4

