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Fano effect in an ultracold atom-molecule coupled system
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The Fano resonance, with a unique asymmetric line shape, is a well-known manifestation of quantum
interference with numerous promising applications for light-harvesting devices. Here we report an experimental
observation of the Fano effect in an ultracold atom-molecule coupled system realized by photoassociation near
a magnetically tunable d-wave Feshbach resonance. Our result shows that, compared to ubiquitous single-peak
Fano-type line shapes, the coupled Fano resonances feature a two-peak profile. We develop a theory of coupled
Fano resonances which agrees very well with the experimental results. This work may open a new perspective
for tuning ultracold collisional interaction using the Fano resonance and studying bound states in continuum.
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I. INTRODUCTION

The dispersive and nontrivial line shapes exhibited by
resonantly coupled physical systems are of high interest in
many fields [1,2]. One paradigmatic example is represented
by the Fano resonance [3,4], a ubiquitous phenomenon that
has been observed in molecular spectroscopy [5] and in the
fluorescence or absorption of diverse systems ranging from
atomic [6,7] and nuclear [8,9] to solid-state systems [10,11].
Characterized by asymmetric line shapes, the Fano effect
arises when quantum interference occurs between two com-
peting optical paths: one connects a continuum of states to a
discrete state, while the other couples a bound state embedded
in the continuum to this discrete state. The unique properties
associated with the Fano line shapes, particularly in optical
nanoscale systems, such as semiconductors, quantum dots,
and photonic crystals [12–14], are highly promising in many
potential applications, including optical filtering [15], sensing
[16], all-optical switching [17], and novel photonic devices.

In the above Fano resonances in individual systems, the
coupling of a discrete state to a continuum of states through
an autoionizing or analogous process is, in general, uncon-
trollable. Although intensive efforts toward precisely control-
ling asymmetric line shape have made significant progress,
studies on the control of this pivotal coupling between the
discrete state and continuum still have great interest. Recently,
Fano resonances with tunable coupling between the discrete
state and continuum were attained in the coupled plasmonic-
molecular [18,19] and plasmonic-atomic [20] systems, in
which the tunable broad plasmonic resonance is resonantly
coupled to a narrow atomic or molecular resonance. It would
therefore be of great interest to further explore such an
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effect in a coupled ultracold atomic-molecular system, where
ultracold atoms and molecules can precisely be controlled
experimentally. In particular, the magneto-optically tunable
coupling between the atomic continuum and the molecular
bound states promises to generate asymmetric Fano line
shapes, which can be controlled by magnetically tuning the
energy of a quasibound state [21] in the presence of optical
continuum-bound and bound-bound couplings [22].

In this work, we report an experimental demonstration of
the Fano resonances in an ultracold atom-molecule coupled
system. We reveal the Fano effect in the spectra of atom loss
as a function of the magnetic field tuned close to a d-wave
quasibound state in the presence of photoassociation (PA)
of ultracold Cs atoms. The continuum-bound PA transitions
between the atomic collisional continuum and an excited
molecular state are resonantly coupled to the bound-bound
transitions between the quasibound state and the excited state.
In the absence of a PA laser, the tunable magnetic field induces
a multichannel scattering resonance (known as a magnetic
Feshbach resonance) in the ground-state manifold. In fact,
both Feshbach and Fano resonances describe a continuum-
bound coupled system. However, by Fano effect we here refer
to a physical situation where a continuum-bound superpo-
sition state is optically coupled to one or multiple bound
states, leading to an asymmetric spectral profile. Our results
feature, aside from the familiar Fano minimum reflecting the
underlying destructive quantum interference, an intriguing
two-peak structure. We explain these findings as a result of
dual Fano resonances, and our theoretical model provides very
good quantitative agreement with the experimental data.

II. THE EXPERIMENT

We prepare the ultracold 133Cs atoms in the hyperfine state
F = 3, mF = 3 using three-dimensional degenerated Raman
sideband cooling, after which the atoms are magnetically
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FIG. 1. Experimental details and schematic of energy levels and
their couplings. (a) Experimental geometry and configuration of both
lasers and magnetic coil pairs for generating Fano resonances. (b) A
schematic diagram of molecular potential. A pair of Cs atoms in the
open channel is coupled to a d-wave bound molecular state in the
closed channel |c〉 via Feshbach resonance. The PA laser near reso-
nant with the free-bound transition can also induce the bound-bound
transition and forms electronically excited molecular bound states in
the outer well of the 0−

g potential below the 6S1/2 + 6P3/2 threshold.
(c) Scheme for coupled dual Fano resonances. The same PA laser
can induce couplings of both | E〉 and | bc〉 to two quasidegenerate
excited molecular states, | b1〉 and | b2〉, having the same vibrational
and rotational quantum numbers but different molecular hyperfine
quantum numbers.

levitated loaded into a crossed optical dipole trap [23]. The
experimental setup for magnetically levitated loading the
cooled atoms and generating the Fano resonance are shown
in Fig. 1(a). The crossed dipole trap is formed by intersecting
two 1064 nm laser beams in the horizontal directions; the
dipole lasers are focused on the center of the vacuum chamber
with 1/e2 beam radii of 230 and 240 μm. The outer pairs
of magnetic field coils create the magnetic field gradient of
∂B/∂z = 31.3 G/cm in the center of the atomic sample for
magnetically levitating the cooled atoms. Meanwhile the inner
pairs of magnetic coils form a uniform magnetic field of
∼75 G in the z direction to cancel the resulting antitrapping
potential in the horizontal direction from the application of
the vertical magnetic field gradient. Then, an efficient thermal
equilibrium process dominated by a strong three-body loss
is implemented for 500 ms at a magnetic field of B = 75 G,
corresponding to the scattering length a = 1200a0 [24], with
a0 being the Bohr radius. The resulting atomic sample is
measured to have 2.5 × 105 Cs atoms with a temperature of
T = 3.5 μK.

Next, the uniform magnetic field is adiabatically ramped
down to the vicinity of the d-wave Feshbach resonance of

ultracold Cs atoms [25]. Afterwards, we switch on a PA laser
with an intensity of I = 141.5 W/cm2 to illuminate the opti-
cally trapped atoms for 100 ms. Due to the efficient thermal
equilibrium process dominated by the strong three-body loss
whose rate is proportional to the third power of atom density,
the dilute atomic sample in our experiment exhibits negligible
atom loss as a response to the d-wave Feshbach resonance.
Therefore, we can attribute the variation in the number of
atoms remaining in the dipole trap to the PA-induced loss that
is largely modified when the magnetic field is tuned near the
d-wave Feshbach resonance.

III. RESULTS AND DISCUSSIONS

As illustrated in Fig. 1(b), in the presence of the d-wave
Feshbach resonance described by a standard two-channel
model [21], application of a single PA laser can cause both
the continuum of atomic scattering states and quasibound state
|bc〉 embedded in the continuum to be simultaneously coupled
to an excited molecular bound state. Specifically, when the
laser is tuned near the resonance to a continuum-bound
transition, a pair of colliding atoms in the continuum are
photoassociated to form an excited molecule in their bound
state, which is located in the outer well of the Cs2 0−

g potential
[26] with the 6S1/2 + 6P3/2 asymptote. This gives rise to two
competing optical pathways to an excited molecular bound
state, i.e., continuum-bound and bound-bound PA transitions,
so that their quantum interference leads to the Fano resonance.
In general, a single PA laser can couple several excited bound
molecular states because of the hyperfine splitting of the
molecular rovibrational levels [27], resulting in multiple
Fano profiles, as demonstrated previously in the context of
nonlinear optical effects using multiple autoionizing [28].
Figure 1(c) shows a brief but relevant case involving two
excited bound states, labeled | b1〉 and | b2〉. As is shown, two
Fano resonances can arise, one from competing transitions
from both | E〉 and | bc〉 to | b1〉 (red curves) and the other
associated with couplings of | E〉 and | bc〉 to | b2〉 (blue
curves). Both states | b1〉 and | b2〉 can spontaneously decay
to a decay channel modeled as an artificial state | E

′′ 〉art

representing a PA loss [29]. These decay processes are
correlated, rendering an observable manifestation of the
coupled Fano resonances, as we show below.

We measure the atom loss and observe how it is affected
by the magnetic field tuned close to a d-wave quasibound
state. In Fig. 2, we present our results for the laser detuning
close to the resonant PA transition with the J = 0 and J =
2 rotational levels of the excited Cs molecule in the v =
10 vibrational level, where PA laser wave number is about
11 672.039 cm−1 for the resonant transition to the J = 0
rotational level. In each case, we have observed a maximum
loss of atoms for a magnetic field close to the resonance
position, as can be expected from the Feshbach-optimized
PA [30,31]. However, both spectra of atom loss for J = 0
and J = 2 feature asymmetric variations with respect to the
magnetic field, which is particularly pronounced for J = 0,
where two distinctive peaks manifestly show up. These obser-
vations cannot be explained by the theory of enhancing PA
using Feshbach resonance [32,33]; instead, they represent a
clear manifestation of the Fano effect, as we will soon explain.
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FIG. 2. Two-dimensional spectra of atom-loss strength. The
number of atoms remaining in the trap after PA is recorded as a
function of PA laser frequency at different B around the d-wave
Feshbach resonance. The color map is inverted to show that the
PA-induced trap loss increases with a shift from blue to red.

By keeping the laser far off the PA resonance, we find that the
atom loss induced solely by the magnetic field is so small that
it can be ignored. This can be attributed to both the diluteness
of the atomic gas at thermal equilibrium and the narrowness
of the d-wave Feshbach resonance considered here.

To further reveal the Fano effect, we present in Fig. 3 the
thermally averaged loss rate of Cs atoms, labeled Kav, as a
function of the magnetic field B, keeping the laser frequency
ωL fixed on near resonance. Here Kav is determined from
the time evolution of the atomic density ṅ(t ) = −Kavn2(t )
[34]. The errors are mainly from the systematic uncertainty
induced by the fluctuation of the number of optically trapped
atoms in each experimental cycle, the error in determining
the resonance frequency of the PA laser, and the controlling
precision of the magnetic field near the Feshbach resonance.
For the rotational level J = 0 of the excited Cs molecule, we
have taken two different vibrational levels [v = 10 and v =
17; see Figs. 3(a) and 3(b), respectively], and for J = 2, we
have chosen v = 10 [see Fig. 3(c)]. Similar to the previously
observed coupled dual Fano profiles [28], the key features of
Figs. 3(a)–3(c) are the presence of two peaks reflecting the
existence of dual Fano profiles, with one having a stronger
asymmetric line shape than the other. In addition, we see that
different choices of excited molecular levels, in particular the
rotational level J , can significantly affect the Fano shape.

We now provide a theory for the above atom loss spectra in
terms of the dual Fano resonances, as illustrated in Fig. 1(c).
The Hamiltonian involving the scattering state of atoms in the
continuum, the bound d-wave Feshbach molecular state, two
excited molecular states, and the artificial channel is given
by H = H0 + HI , where the noninteracting Hamiltonian H0

is expressed as

H0 =
∫

EdE
∑
�,m�

| E , �m�〉〈E , �m� | −
∑

n=1,2

h̄δn | bn〉〈bn |

+ Ec | bc〉〈bc | +
∫

E ′′dE ′′ | E ′′〉art art〈E ′′ | . (1)
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FIG. 3. Kav (spheres with error bars) as a function of B near
the d-wave Feshbach resonance for the rovibrational levels (a) v =
10, J = 0, (b) v = 17, J = 0, and (c) v = 10, J = 2. By combining
the observed Fano minimum in B with other chosen parameters, we
have (a) q1 = −0.3 and q2 = 21.69, (b) q1 = 0.3 and q2 = 21.69,
and (c) q1 = 3.37 and q2 = 7.82. The solid line shows the prediction
of the analytical theory from the coupled dual Fano resonances model
with (a) �1 = 15.5 MHz and �2 = 0.04 MHz, (b) �1 = 10.5 MHz
and �2 = 0.001 MHz, and (c) �1 = 6.2 MHz and �2 = 0.3 MHz.

Hamiltonian HI describes the coupling, i.e.,

HI =
∑
�m�

∫
dEV �m�

E | bc〉〈E , �m� | +
∑

n=1,2

�n | bc〉〈bn |

+
∑

n

∑
�m�

∫
dE��m�

n (E ) | bn〉〈E , �m� |

+
∑

n

∫
dE ′′Vn,art (E

′′) | bn〉 art〈E ′′ | + c.c. (2)

Let �� be the rotational angular momentum of relative mo-
tion of the two atoms and m� be its projection along the
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space-fixed z axis. States |bc〉 and |E , �m�〉 are connected
by Feshbach coupling V that arises from the second-order
spin-orbit and spin-spin dipole interactions [35], with the
matrix element being V �m�

E = 〈bc|V |E , �m�〉. The free-bound
coupling between |E , �m�〉 and |b1(2)〉 is represented by �

�m�

1(2),
which is responsible for the PA stimulated linewidth �1(2). The
optical transition process between |bc〉 and |b1(2)〉 is described
by the Rabi frequency �1(2). Following Fano theory, we can
derive the dressed continuum state |E , k̂〉, which is a coherent
superposition of |b1〉, |b2〉, |bc〉, |E〉, and |E ′′ 〉art. It is mainly
the spontaneous decay from such a dressed continuum |E , k̂〉
or, effectively, from a coherent superposition of |b1〉 and |b2〉
that leads to the loss of atoms from the trap, as shown in
Figs. 2 and 3. Our analytical results of Kav (see the detailed
derivation in the Appendix) show good agreement with the
experimental data.

IV. THEORETICAL METHODS

To understand the different asymmetric Fano lines
and the different amplitudes of two peaks exhibited by
various rovibrational molecular levels in Fig. 3, we use the
microscopic expressions of the Fano parameter qn contained
in the analytical expression of the probability amplitude for
excitation of |bn〉 (n = 1, 2) in the dressed continuum |E , k̂〉
(see the Appendix and Ref. [22]). This is given by (h̄ = 1)

qn = �n + Vn,eff

π
∑

�m�
�

�m�
n V �m�

E

, (3)

where n = 1, 2 and Vn,eff (E ) = ∑
�,m�

P
∫

dE ′ V
�m�

E ′ �n
�m�

(E ′ )
E−E ′ is

the effective coupling between | bc〉 and | bn〉 mediated
through the continuum. Since the different choices of v are
shown to have little influence on the Fano asymmetry param-
eter, the ratio �n/�n is mostly insensitive to the vibrational
level v for the same J , as we see in Figs. 3(a) and 3(b). By con-
trast, for the same vibrational level v = 10, the selection rules
allow for a much stronger bound-bound coupling, and thus a
larger �, for the rotational level J = 2 than for J = 0. This
implies that, according to Eq. (3), the Fano parameter q can
change significantly for different rotational levels J . Indeed,
comparisons of Figs. 3(a) and 3(c) reveal a much larger q1 for
J = 2 than J = 0. We note that, for J = 2, �2 and therefore
�

�m�

2 are also enhanced compared to the J = 0 counterparts.
Thus, a reduced q2 in Fig. 3(c) can be understood to be a con-
sequence of the trade-off between the increases in both �2 and
�2. We moreover see that the linewidth determined from the
loss rate in Fig. 3(c) is very close to the narrow linewidth � f

of the d-wave Feshbach resonance. This can be attributed to
the dominant bound-bound transitions in the Fano resonances
observed in our case. All plots in Fig. 3 feature the existence
of a small peak, corresponding to the second Fano maximum,
on the right side of the first dominant Fano minimum, which
results from �2 < �1. We remark that all parameters � are
smaller than the linewidth of the spontaneous decay γ , as
required by the unitarity-limited PA [29].

V. CONCLUSION

In summary, we have demonstrated the Fano effect in an ul-
tracold atom-molecule coupled system, where the PA-induced

transitions from both the atomic continuum and quasibound
molecular state to the excited molecular state form quantum
interferences. A theoretical model of dual Fano resonances
shows good agreement with our experimental results. In a
broader context, our findings will offer insights into the fun-
damental aspect of the interference of resonances as a key
mechanism for the creation of bound states in the continuum
in an ultracold atom-molecular system [36,37].
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APPENDIX: DERIVATION OF THE
PHOTOASSOCIATION RATE

In the presence of a magnetic Feshbach resonance, we use
a photoassociation (PA) laser tuned near the rotational level
J = 0 or J = 2 of the vibrational state v = 10 or v = 17 in
the excited molecular 0−

g potential for Cs2 below the (6S1/2 +
6P3/2) dissociation. Here the rotational angular momentum
is defined by J = L + S +��, where L and S represent the
molecular electronic orbital and spin angular momenta and
�� is the rotational angular momentum of the relative motion
of the two atoms that constitute the molecule. In our theoret-
ical modeling, we consider hyperfine interaction in both the
ground- and excited-state potentials. Then the total angular
momentum is �T = f +�� = J + I, where f = Fa + Fb = Je +
I, Fa(b) is the hyperfine angular momentum of atom a (b),
Je = L + S is the total electronic angular momentum, and I is
the total nuclear spin of the two atoms. In the presence of an
external magnetic field B, T is not a good quantum number;
however, its projection M = m f + m� on the z axis remains
a good quantum number. Nevertheless, at a low magnetic
field, f and m f can be considered approximately as conserved
quantities.

Here we use a simplified model with multiple bound states
coupled to a continuum within the framework of Fano’s theory
[3]. Our model uses two ground-state channels: one of the
channels is open, and the other is closed. We assume that
the low-energy scattering under the influence of an external
magnetic fields exhibits a d-wave magnetic Feshbach reso-
nance (MFR), which was studied previously by the groups of
Chu and Grimm [25,38]. In our two-channel modeling of this
Feshbach resonance, the open channel is asymptotically char-
acterized by |(Fa = 3, Fb = 3) f = 6, � = 0; m f = 6〉, and the
closed channel corresponds to |(Fa = 3, Fb = 3) f = 4, � =
2; m f = 4〉 in the absence of a magnetic field. The channel
|c〉 supports a bound state |bc〉. Due to the hyperfine split-
ting of the excited molecular state, we assume that a single
PA laser can couple several excited bound molecular states.
For simplicity, we consider two excited bound states, |b1〉 ≡
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|(v, J ) f1, m f 1〉 and |b2〉 ≡ |(v, J ) f2, m f 2〉, coupled to the |E〉
and |bc〉 states.

Using the partial wave decomposition, the open channel
bare scattering state |E〉 in the absence of any external field
can be expressed as a superposition of partial-wave scattering
states |E , �m�〉. The state |E , �m�〉 is coupled to |bc〉 by
the second-order spin-orbit and spin-spin dipole interactions
[35]. To include spontaneous emission phenomenologically
in our model, we assume that both |b1〉 and |b2〉 decay to the
same artificial channel |E ′′〉art as first introduced by Bohn and
Julienne [29]. Let the interaction of an excited bound state
with |E ′′〉art be Vart. The relationship of the known spontaneous
emission linewidth γn with Vart is given by h̄γn = 2π |art〈E ′′ |
Vart | bn〉|2. The loss of atoms due to this spontaneous emission
at a particular collision energy E is described by the loss rate
KE (ωL, B).

To calculate the analytic loss rate of atoms we need to di-
agonalize the Hamiltonian H given in the main text following
Fano’s method [3] and obtain the probability amplitude of
excited states |bn〉 for the T matrix. The coupling V �,m�

E related
to the Feshbach resonance line width � f = 2π

∑
�,m�

|V �,m�

E |2
is a function of the collision energy E . Since the Feshbach
resonance occurs at a very low energy (<5 μK) almost close
to the threshold, we expect � f (E ) to have a maximum at
the energy E �= 0 since in the limit E → 0 we have VE → 0.
Similarly, the other two free-bound PA stimulated linewidths
�1 and �2 are also energy dependent. In fitting our model
to the experimental data, we have assumed that � f , �1,
and �2 are weakly energy dependent near the energy where
the Feshbach coupling is the maximum. Another important
parameter of our model is the spontaneous linewidth, which
we fix at γ1 = γ2 = γsp 	 17 MHz [39]. For our numerical
illustration, we have set � f = 0.065 MHz [21].

The diagonalization of the model Hamiltonian yields the
dressed continuum state

| E , k̂〉 =
∑
�′m�′

Y ∗
�′m�′

(k̂)

[ ∑
n

A�′m�′
n (E ) | bn〉 + B�′m�′

E | bc〉

+
∑
�m�

∫
dE ′C�′m�′

E ′,�m�
| E ′, �m�〉

+
∫

dE ′′D�′m�′
E ′′ | E ′′〉art

]
, (A1)

where k̂ is a unit vector along the incident relative momentum
of the two atoms and B�′m�′

E , A�′m�′
n , C�′m�′

E ′,�m�
, and D�′m�′

E ′′ are the
expansion coefficients.

We briefly discuss here the method of the derivation of the
dressed continuum of Eq. (A1). In particular, we can obtain
an analytical expression of the coefficient A�′m�′

n , which is
the probability amplitude for excitation of | bn〉 (n = 1, 2)
when the incident partial wave of the relative motion of the
two atoms is �′ and its projection along the space-fixed z
axis is m�′ . From the time-independent Schrödinger equation
Ĥ |E , k̂〉 = E |E , k̂〉, we obtain a set of five coupled algebraic
equations for A�′m�′

1 , A�′m�′
2 , B�′m�′

E , D�′m�′
E ′′ , and C�′m�′

E ′�m�
(E ). The

partial-wave symbols appearing in the superscript and sub-
script of C�′m�′

E ′�m�
refer to the incident and scattered partial

waves, respectively. C�′m�′
E ′�m�

is required to fulfill the scattering
boundary conditions at a large separation of the two atoms.
We first eliminate C�′m�′

E ′�m�
and D�′m�′

E ′′ to obtain three coupled
equations for the amplitudes of the three bound states of
our model. We can then explicitly solve these three coupled
equations. We introduce the dimensionless energy parameter
ε = (E − Ec − E shift

c )/(� f /2), where E shift
c is the shift of |bc〉

due to the interchannel coupling, and express A�′m�′
n (E ) in the

form

A�′m�′
n = D−1

n

[
R�′m�′

n + ξ−1
n′ Qnn′R�′m�′

n′
]
, n �= n′, (A2)

where

R�′m�′
n = ��′m�′

n (E ) + (qn − i)π
∑
�m�

��m�

n V �m�

E

V �′m�′
E

� f

2 (ε + i)
,

(A3)

��m�
n (E ) is the free-bound coupling between |bn〉 and the

scattering state |E , �m�〉, and V �m�

E is the coupling between
|E , �m�〉 and |bc〉 due to the second-order spin-orbit and spin-
spin dipole interactions. The stimulated linewidth of PA is
�n = 2π

∑
�m�

|��m�
n |2. The Fano q parameter qn is defined

by

qn = �n + Vn,eff

π
∑

�m�
�

�m�
n V �m�

E

, (A4)

where

Vn,eff (E ) =
∑
�m�

P
∫

dE ′ V
�m�

E ′ �n
�m�

(E ′)
E − E ′ (A5)

is the effective coupling between |bc〉 and |bn〉 mediated
through the open-channel continuum. Here P implies the
principal value integral. Here

Dn = E + h̄δn − E shift
n,pa − E shift

qn + ih̄(γn + �qn)/2

− ξ−1
n′ Qnn′Qn′n, (A6)

with �qn = �n − 2ImEqn and E shift
qn = ReEqn, where

Eqn =
[
(qn − i)π

∑
�m�

��m�
n V �m�

E

]2

� f

2 (ε + i)
. (A7)

The PA laser-intensity-induced shift of |bn〉 in the absence

of magnetic field is E shift
n,pa = ∑

�m�
P

∫
dE ′ |��m�

n (E ′ )|2
E−E ′ . The term

Qnn′ can be expressed by

Qnn′ =
∑
�m�

∫
dE ′ �

�m�
n (E ′){��m�

n′ (E ′)}∗
E − E ′

+
⎛
⎝(qn − i)π

∑
�m�

��m�

n V �m�

E

⎞
⎠

× π
∑

�m�
�

�m�

n′ V �m�

E (qn′ − i)
� f

2 (ε + i)
. (A8)

The first term on the right-hand side of Eq. (A8) arises
due to the laser-induced coupling, and the second is caused
by the combined effect of laser and magnetic fields. As a
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result of these couplings, the spontaneous emissions from the
two excited bound states become correlated. Thus, it is the
spontaneous decay from the dressed continuum or, effectively,
from a coherent superposition state of the two bound states
that leads to the loss of the atoms from the trap. The overall
shift of the state |bn〉 in the presence of magnetic field is then
given by

Eshift = E shift
n,pa + E shift

qn + Re
[
ξ−1

n′ Qnn′Qn′n
]
. (A9)

The T -matrix element for transition to the artificial decay
channel is given by

Tdecay = art〈E ′′ | Vart | E , k̂〉 =
∑

n

Vn,artA
�′m�′
n . (A10)

Since the s-wave contribution is most significant near the
threshold, if we neglect the term Qnn′ , we can use V 00

E 	√
� f /(2π ) and �00

n 	 √
�n/(2π ). Then R00

n of Eq. (A3)
reduces to the standard Fano profile form Fn = ε+qn

ε+i . Clearly,
Tdecay reduces to a superposition of two Fano profiles. As
shown in Ref. [28] of the main text, we have found that our
results are strongly affected by the term Qnn′ and thus deviate
from the standard Fano profile. The S-matrix element for the
decay is given by

Sdecay = −2π iTdecay. (A11)

The total inelastic scattering rate due to spontaneous emission
is given by

σinel = π

k2
| Sdecay |2 . (A12)

The unitarity limit dictates that | Sdecay |2� 1. The loss rate at
energy E is given by

KE (ωL, B) = vrelσinel, (A13)

where vrel is the relative velocity related to the collision
energy, which is given by E = μv2

rel/2 = h̄2k2/2μ. In fact,
the observed loss rate has a narrow line, which means that
only the low-energy atoms (E < 3.5kB μK) contribute to the

Fano effect. We thus have the thermally averaged loss rate at
the temperature T near the Feshbach resonance,

Kav(ωL, B) = 4π2h̄2

(2πμkBT )3/2

×
∫

dE exp

(
− E

kBT

)
|Sdecay|2. (A14)

At low collision energy E , close to the threshold of the open
channel, |Sdecay|2 is a slowly varying function of E .

Since the closed-channel bound-state energy is approxi-
mately a linearly varying function of B near the resonant value
B0, we expect that the derived formula will give accurate
results only near B0. According to the above formula, we plot
Kav as a function of B for the fixed laser detuning δn. The
fitting parameters are given in the caption of Fig. 3 in the
main text, and the input parameters are chosen based on the
earlier works on the d-wave Feshbach resonance of Cs atoms
in the hyperfine state F = 3, mF = 3 [25,38]. For a good
fitting of the experimental data, we add a small off-resonant
background contribution in Kav. As shown in Fig. 3 in the
main text, the theoretical result shows good agreement with
experimental data. Here Kav is given by the absolute square of
the superposition of two Fano profiles; it is consistent with the
fact that the spectra exhibit two peaks and one or two minima.
No peak exceeds the unitarity limit Sdecay → 1. Note that the
free-bound and bound-bound PA transitions predominantly
occur at interatom separations of around 20a0, where a0 is the
Bohr radius. At such a separation, several asymptotic channels
can be mixed up by spin-orbit, spin-spin dipole, and hyperfine
interactions. In fact, earlier calculations [25] for MFR show
that one has to take into account at least 24 channels in order to
get accurate quantitative results. Therefore, our model, which
uses only two ground-state channels and two excited bound
states, is a simplified version of the actual physical situation.
Nevertheless, we get reasonable agreement between theory
and experiment.
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