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Abstract: We develop a framework for the formation of exotic muonic kaon atoms (Kp) in semileptonic D° de-
cays, using the effective weak Hamiltonian, a helicity-based treatment of the leptonic current, and a nonrelativistic
bound-state projection. The resulting branching ratio, BR(D® — (K vy =2.29% 10719, is implemented in a ROOT-
based code to estimate yields at RHIC, LHC, and STCF. We show quantitatively that Ku atoms—also produced
through coalescence in the quark—gluon plasma (QGP)—provide a sensitive probe of low-momentum primordial
muons and early-time electromagnetic radiation, offering complementary constraints in an otherwise unexplored
phase space for thermal dilepton and photon emission. Newly estimated dissociation cross sections in detector mater-
ial indicate that secondary-vertex reconstruction should be experimentally feasible, allowing clean experimental
identification of the atoms. Projected yields from QGP coalescence in LHC and RHIC heavy-ion collisions, and
from D° decays in LHC high-luminosity p+ p collisions indicate that the first observation of Ku atoms is within
reach.
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I. INTRODUCTION

Muonic atoms are exotic Coulomb bound states in
which an electron in an ordinary atom is replaced by a
muon. Owing to the muon mass, m, =~ 207 m,, the charac-
teristic Bohr radius is reduced by the same factor, bring-
ing the lepton wave function deep inside the
hadronic/nuclear charge distribution [1, 2]. As a con-
sequence, atomic energy levels, hyperfine splittings, and
transition rates in muonic atoms become unusually sensit-
ive to finite-size and internal-structure effects of the
bound hadron or nucleus, providing clean and quantitat-
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ive access to electromagnetic form factors [3], charge
radii [4], and polarizabilities [5, 6]. Historically, preci-
sion spectroscopy of muonic systems has enabled some
of the most stringent determinations of nuclear charge
radii [4] and has stimulated broad interest in testing
bound-state QED in strong fields [7-9] and in disen-
tangling hadronic-structure corrections [10]. From this
perspective, extending muonic-atom studies from the
well-established muonic hydrogen/deuterium and muon-
ic helium to muon—meson atoms opens a qualitatively
new window: mesons are composite QCD bound states
with short lifetimes and distinct internal dynamics, so
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producing and identifying such “muonic mesonic atoms”
would provide a rare laboratory for probing meson struc-
ture in an atomic setting.

Despite this motivation, muonic meson atoms remain
largely unexplored experimentally. To date, only one
muonic meson atom, the (mu).om, has been experiment-
ally observed in kaon decay experiments [11, 12]. In
those measurements, (7u).om Was formed in semileptonic
K? decays, K? — (mp)aomv, Where the pion and muon can
be produced with ultra-small relative momentum and
bind via the Coulomb interaction. A long evacuated de-
cay region was essential to suppress secondary interac-
tions and to preserve such a fragile bound state, while a
thin downstream foil was used to dissociate the electric-
ally neutral atom into a detectable 7—u ‘“‘atomic pair”.
After breakup, the two tracks emerge nearly collinear
with (approximately) the same velocity, yielding a dis-
tinctive momentum correlation, and muon identification
further suppresses pion/electron contamination. This ex-
periment already illustrates that mesonic muonic atoms
are rare and experimentally delicate objects.

For the kaon—muon system (Ku).om, One might con-
sider a beamline-style search based on a heavy-flavor
parent, e.g. D° — (Ku)yomvy, in analogy with breakup-
based identification strategies. In practice, however, such
an approach is not viable because the D° has a very short
proper decay length, ¢t =~ 123 um [13], corresponding to
sub-mm to mm decay lengths for typical collider-boosts,
far too short for a beamline-style transported decay re-
gion and a controlled downstream breakup stage as in the
K; — (mu)v process. Consequently, realistic searches for
(Kp)aom must be carried out directly in collider events.
This naturally points to two complementary directions:
coalescence formation driven by Coulomb final-state in-
teractions in high-energy particle collisions, and forma-
tion in heavy-flavor decays, where the decay channel it-
self provides a well-defined source of correlated K—u
pairs.

In this spirit, one well-studied possibility is coales-
cence formation driven by Coulomb final-state interac-
tions in relativistic heavy-ion collisions (HIC) [9]. The
large particle multiplicities and the late-stage evolution of
the system enhance the probability that oppositely
charged constituents with sufficiently small relative mo-
mentum form a bound state. In our recent work [14], we
investigated the formation of muonic atoms in HIC and
showed that incorporating Coulomb correlations from
freeze-out to atom formation can significantly impact the
expected yields. At the same time, (Ku)yon measure-
ments can be used in the reverse direction: because atom-
ic formation requires a nearly comoving kaon—muon pair,
the (Ku)aom yield is tightly correlated with the abundance
of primordial low-p; muons from thermal QGP radiation
[9, 14, 15]. Therefore, observing (Ku).om provides an ex-
perimentally accessible way to constrain the thermal-

muon yield, which in turn helps constrain the QGP elec-
tromagnetic emissivity and the medium's temperature and
space—time evolution [16—19].

To follow up on the two complementary directions
outlined above, coalescence describes (Kpu)yom formation
in the bulk collision environment, while a second, chan-
nel-defined source can arise from heavy-flavor
semileptonic decays. To our knowledge, however, a ded-
icated quantitative estimate of (Ku)yom formation in
D° = (Ki)yomv, has been lacking. This paper provides
such a complementary proposal by developing a quantit-
ative description of (Ku)yom formation in the clean
semileptonic channel D’ — (Ki)yomv,, and evaluating its
contribution alongside the HIC coalescence mechanism.
Yield projections are presented for RHIC, the LHC, and
STCF. Crucially, newly estimated dissociation of (Ku)aom
in detector material is incorporated to translate formation
rates into measurable surviving (or breakup) signals and
to.motivate practical search strategies based on the char-
acteristic near-comoving “atomic-pair” kinematics after
dissociation.

The remainder of this paper is organized as follows.
Section II presents the theoretical framework for
D° = (Ki)yomV,» including the free semileptonic decay
amplitude, the bound-state projection, production-yield
estimates, and atomic dissociation in detector material.
Section III presents the predicted branching ratios and
yields, compares the decay and coalescence production
mechanisms, and discusses the implications for thermal-
muon sensitivity and experimental feasibility. Section IV
summarizes the main conclusions.

II. THEORETICAL FRAMEWORK AND
METHODOLOGY

In this section, we present the theoretical framework
for the decay-driven production of muonic kaon atoms in
the semileptonic channels

D’ - K ptv,, (D

D° — (K)uom Vi @)

where (Ku)yom denotes the Coulomb bound state of u*
and K~. Our strategy is to first construct the free three-
body decay amplitude using the effective weak Hamilto-
nian, the hadronic form factors, and the helicity-basis
leptonic current, and then project the near-threshold Ku
pair onto a nonrelativistic Coulomb bound state. This
framework allows us to evaluate the atomic branching ra-
tio and, together with facility-specific charm yields and
detector material budgets, to estimate the corresponding
production rates and experimental signatures at RHIC,
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the LHC, and STCF.

Throughout this work, we use natural units A=c=1.
The numerical values of the particle masses, the Fermi
constant G, and the CKM matrix element V,, are taken
from the Particle Data Group [13].

A. Free semileptonic decay amplitude for D° — K u*v,

At the hadronic scale, the semileptonic decay
D°(cit) > K~ (us) " v,

is described by the effective four-fermion interaction

G
Hew =~ Ver [57 (L =y)e] [An(1=yom] +he. ()
The decay amplitude is then written as
Gr
M=—V.,H'L,, 4
\/E u ( )

where G is the Fermi coupling constant, V,; is the relev-
ant Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ment, and A* and L, represent the hadronic and leptonic
currents, respectively, given by:

H* = (K"|57"(1 - y5)clD"),

Ly, = i, (p) yu(1 = ¥5)vu(p) - ®)

Since both D° and K- are pseudoscalar mesons, only
the vector part contributes to the hadronic matrix element.
It can be parameterized in terms of two form factors,

f+(g*) and fy(4?):

H" = (K~ (p)l5y" cID°(pp))
2 _ .2

= fo(@") |(po+ pr)' = % q"
+folq) mq}’" ¢, ©)
where
¢ = Pp =Pk Clzz(PD—PK)2~
The leptonic current is given by
L= a(p) ¥ (L= Wu(p), ™

and the corresponding spin-summed leptonic tensor can
be written as

L= LY =y L) LRy

hy=%1

(®)

spins

In the D° rest frame, p, = (mp,0), the differential de-
cay width takes the form

I GAV,P
dg*dcost, 2

Pk Py |
64m3m3 \/q* 2mp free?

)

where M3, = H,(H,)'L*" consistently denotes the spin-
summed squared matrix element for the free decay
throughout this work.

The total free width is obtained by integrating over ¢
and cosé;:

inax +1 2
L(D" = K7p'v,) = dz/d 0 ———. (10
D77 K5 v /qz 1 » cos “dgrdcos, (10)
The-corresponding branching ratio is
0 - 0 - o
BR(D" — K *v,) =T(D° = K u'v) ==, (1)

yielding an estimated value of BR ~ 0.034 based on cur-
rent lattice and experimental inputs [13, 20, 21].

B. Bound-state projection for D — (Kt atomVyu

To describe the formation of the atomic bound state in
the decay D°— (Kwaomvy, We develop a projection
framework based on the separation of physical scales. A
fundamental observation is that the D° meson has a prop-
er lifetime of 7~ 410.1 fs, which is approximately eleven
orders of magnitude longer than the expansion time of the
transient hadronic medium (~ 10 fm/c). This ensures that
the D° meson escapes the collision environment and de-
cays in vacuum. Thus, the (Ku)yon formationis a vacu-
um process governed by the total atomic mass
M, ~mg+my,. In the D° rest frame, the center-of-mass
momentum |p,| and energy E, of the outgoing atom are:

m3 — M3

2mD

m3 + M3

pal = , Ey= (12)

2mD

In general, an atomic bound state |A,,(P)) with total
momentum P, principal quantum number n, and orbital
angular momentum / is represented in second quantiza-
tion as:

dgk lznl(k)

|Anl(P)> = \/M/ (27[)3 \/ﬁ

X" (p), K~ (px)),

(13)
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where k is the relative momentum between the constitu-
ents, ¥, (k) is the momentum-space wavefunction, and
Du» Pk are the laboratory momenta satisfying p, + px = P.
The transition matrix element My,,q for the atomic chan-
nel is given by:

Mbound = <Anl(P)’V,u(pv)lq-{efleO(pD»

Ao [ Lk k)
= V2My / (2n)} \/2E,2Ex

In the non-relativistic limit, the wavefunction i,,(k) is
sharply peaked at |k|~0, with a characteristic width
~ auq much smaller than the constituent masses. In this
threshold region, the energies of the kaon and muon satis-

fy Exu= \/W ~mgy. This justifies replacing the
dynamical energy factors in the denominator with static
masses. Furthermore, since the free decay amplitude
Miee(k) varies smoothly, it can be evaluated at the
threshold (s,x = M3) and factored out of the integral:

Mfree(k)- (14)

Mfree|g#,( M dik ~
ound = \/ A n(k
Mb d zmﬂme (271')3 wnl( )
free'gHK M

= /2Mu(0) ———= (15)

\/2m 2K

where ¢,,(0) is the real-space wavefunction at the origin.
Since ,,(0) vanishes for all states with />0 due to the
centrifugal barrier, only the nS states (/= 0) contribute to
the formation.

In the numerical implementation, the spin-summed
contraction H(,HEL”ﬁ is written as:

*JQ m,
H HyL" = 4ﬁ’; (m3,— M)

x [2my +m,+ 8@ ym, 1. (16)

where g(¢?) is the ¢*-dependent correction from the full
helicity structure. The 1S wavefunction at the origin is
determined by the reduced mass peq = (m,mg)/(m, +mg)
and the fine-structure constant a as |y5(0)]* = (urea)’ /7.
The final decay width for the 1S state is:

|pal M
16w m3,m, mg
GVl
2

F(DO — (Khisv) =

X |15 (0) M. (My).  (17)

For the full tower of nS states, the sum over all n
gives:

Z|W;zs(0)|2 G §~ 1 G OF, (19

n=1

where (3) ~1.202 is Apéry's constant, yielding a total
rate [y = 1.2XTI°(1S).

C. Yield estimates at STCF, RHIC, and the LHC

Once the branching ratio for D° — (Ki)yomV, is 0b-
tained, the expected atom yield at a given facility follows
from the produced D° yield, multiplied by the corres-
ponding branching ratio and by the relevant acceptance
and efficiency factors. For hadronic collisions, the D°
abundance is estimated from the charm-production cross
section, the' fragmentation fraction f(c — D°), and, for
nucleus—nucleus-collisions, binary-collision scaling with
the average number of nucleon—nucleon collisions (N ).
For e*e collisions at STCF, the estimate is based on the
expected integrated luminosity and the projected D°D°
production rate. These inputs are then used in Sec. III to
compare the production prospects in RHIC Au+Au, LHC
p+p and Pb+Pb, and STCF running scenarios.

D. Dissociation in detector material and observable

signatures

A characteristic feature of a neutral muonic kaon
atom 1is its dissociation in detector material. Once formed,
the (Ku)wom can be ionized or broken up through interac-
tions with nuclei or electrons in the beampipe and inner
tracking layers. The dissociation probability is estimated
using the standard exponential attenuation formula

f=1-e"", (19)
where f'is the dissociation fraction, » is the number dens-
ity of the material, ¢ is the atom—material interaction
cross section, and / is the material thickness. Following
Ref. [22], we use dissociation cross sections of those for
nK atoms, which are close in size to the Ku system:

= 140 barn with Carbon as target and o = 650 barn with
Al. Detector material budgets —including beampipes,
support structures, and inner tracking layers —are well
documented for STAR, CMS, and other experiments.
These material properties (density, composition, thick-
ness) allow for detailed calculations of dissociation prob-
ability [23—26]. The resulting dissociation probabilities
and their implications for secondary-vertex reconstruc-
tion are discussed in Sec. III E.

III. RESULTS AND DISCUSSION

A. Branching ratios for atomic channels

Analogously to the free case, the branching ratios for
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the atomic channels are

BR(D" — (Kpus ) = T(D" = (Kpus v,) 3
(20)

BR(DO - (K/'l)nS all V/J) ~1.2 BR(DO - (Kﬂ)lS V,u)-
21)

Numerically, the branching ratios for the 1S state and for
the sum over all nS states are found to be

BR(D" — (Ku)is v,) = 1.91x 1071,
BR (D" = (Ki)nsan V) =2.29x 10710,

These values are tiny compared with those of the free
three-body decay D° — K u*v,, but they provide the
quantitative basis for assessing whether the process can
nevertheless be accessed at modern high-luminosity col-
lider facilities.

B. Production yields at RHIC, the LHC, and STCF

Using Eq. (20), the expected yields of muonic kaon
atoms can be estimated for RHIC, the LHC, and STCF
[27, 28]. The results are summarized in Table 1.

For RHIC, the STAR experiment collected a total of
about 20 billion AutAu collision-events at +/syn =200
GeV in the 2023 and 2025 runs [29]. The charm-pair pro-
duction cross section in p+p collisions at 200 GeV has
been measured to be o =170 ub [30]. Combined with
the fragmentation fraction f(c — D°)=0.565 [30], this
gives a D° production cross section of

o0 =0 X f(c — D) =170 ubx 0.565 = 96.0 ub.

With the proton—proton inelastic cross section
ol =42 mb [31] and the average number of binary colli-
sions for the 0-100% centrality range, (Ny)=235.1
[31], the total D° yield in Au+Au collisions is estimated

as

Table 1.

Npo = T2 5 Ny X New ~ 1.08x 10'°.
p

This translates into only a few (Ku),.m candidates from
the decay channel. Specifically, the expected yield of
K*u~ or K~u* atomic pairs from D° decays is about 2.5,
which is far smaller than the production expected from
QGP coalescence [14].

At the LHC, high-luminosity p+p running provides by
far the most favorable environment for decay-driven pro-
duction. Taking the projected CMS integrated luminosity
of 3000 fb~! by 2041 as'a benchmark, and using the c¢
production cross section of 1347.4 ub measured at /s =7
TeV [32] as the baseline input, one obtains a total yield of
about 5.23x'10° atoms, together with an equal number of
anti-atoms. Even under a conservative assumption of an
overall 'detection efficiency of only 1%, one would still
expecton the order of 5x 10° detected atoms.

For Pb+Pb collisions at the LHC, the integrated lu-
minosity collected by CMS during Run 2 and Run 3
reaches 8550 ub™' [33]. Using (Nu) =393 for 0-100%
Pb+Pb collisions at +/syy =5.02 TeV [34], the expected
yield from the D° decay channel is only of order unity.
For STCF, the conceptual design report projects an integ-
rated luminosity of about 1 ab~! over 20 years of opera-
tion [28]. Using the anticipated D°D° production cross
section, the total number of produced (Ku),om States is es-
timated to be O(10), which is challenging but still poten-
tially interesting because of the exceptionally clean e*e”
environment.

C. Comparison with coalescence production
in heavy-ion collisions
The branching ratio for the decay channel

D’ - (K v,

is of order 107!°, which is roughly seven orders of mag-
nitude smaller than that of the free three-body decay

D’ - K u'v,.

Total muonic atom yields at different facilities. RHIC Au+Au collisions correspond to STAR/sSPHENIX running. LHC p+p

assumes an effective trigger strategy for charm production. STCF assumes the integrated luminosity accumulated over 20 years of op-

eration. The QGP-coalescence yields are taken from Ref. [14].

RHIC (Aut+Au, 200 GeV) LHC (p+p, 7 TeV) LHC (Pb+Pb, 2.76-5.36 TeV) STCF
Luminosity 2000-5000 pb~! 3000 fb! 8550 ub™! 1 ab™!

D° counts 1010 2x 10 1x1012 8x 1010
(K*1™)atom from DO decay ~10 5%10° ~ 200 ~20
(K= )atom from QGP coalescence 10° N/A 10° N/A
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This strong suppression is expected, since the kaon and
muon must be produced with extremely small relative
momentum in order to bind into a Coulombic state. Nev-
ertheless, the very high luminosities available at modern
collider facilities still make the process experimentally
relevant, especially in LHC p+p running.

The decay-driven mechanism should be contrasted
with coalescence production in the bulk medium of
heavy-ion collisions. In that case, the yield of muonic
atoms can be written as [14]

dN, atom
dy d2p T,atom

1__dN, N,
Myed dydsz,h dydsz,l ’

= (Y 6pe) 22)

where dN,/dyd’ pr.. denotes the spectra of the hadron and

lepton constituents, dpgep is the relative-momentum
mpm

cutoff for coalescence, Mred = is the reduced

my, +my
mass, my, and m; denote the mass of the hadron and lepton

constituents.
The coalescence cutoff is estimated as [14]

1 2
Dy —— & =~ 5-10 MeV/c,

23
471'80 140) ( )

OPor <

where ro~3—10 fmis the correlation length in the ap-
proximately homogeneous freeze-out volume of A+A
collisions [14, 35—39].

For STAR at RHIC, the detector momentum resolu-
tion around a kaon momentum of 1 GeV/¢ is approxim-
ately 6pge =~ 1.5-3% p=~15-30 MeV/c [24]. This im-
plies a characteristic signal-to-background ratio

(%)3 ~ 1/200-1/10. (24)

6[7 det

In practice, Coulomb correlations near threshold further
increase the background by about a factor of 2 [40, 41],
making the search challenging, though still comparable in
difficulty to thermal dielectron measurements [19].

The physics information carried by the two mechan-
isms is complementary. Decay-driven production probes
weak-decay dynamics and the near-threshold projection
of a channel-defined Ku pair, whereas coalescence pro-
duction probes thermal momentum distributions, freeze-
out correlations, and the early-time electromagnetic
emissivity of the QGP. In heavy-ion collisions, the co-
alescence contribution clearly dominates the total
(Kp)aom yield, while in p+p collisions the decay channel
becomes the relevant production source.

D. Ky atoms as a probe of primordial low-p; muons

Because the quark—gluon plasma exists for only a few
fm/c, it cannot be observed directly. Its properties must

therefore be inferred from final-state particles recorded
by detectors. Stable hadrons are formed only during the
late hadronic stage, which limits their sensitivity to the
earliest QGP phase [42]. By contrast, leptons are pro-
duced throughout the full space—time evolution of the
collision and escape the medium with minimal final-state
interactions, making them especially valuable electro-
magnetic probes.

Experimental access to the QGP temperature remains
limited. Dilepton and direct virtual-photon measurements
are among the few observables capable of constraining
thermal radiation from the plasma, and major experi-
ments including NA60, STAR, PHENIX, and ALICE
have pursued such studies [16, 17, 19]. However, in the
low-transverse-momentum region of the direct virtual-
photon spectrum, where thermal radiation is strongest, the
absence of direct experimental constraints requires the
measured high-pr data to be fitted and extrapolated. Fol-
lowing Ref. [16], we use

STAR
Aerrim Nl o 14 p2 by
Top 12 T

(25)

to describe the direct virtual-photon spectrum. Figure 1
shows a schematic extrapolation of the STAR direct vir-
tual-photon pr spectrum into the low-p; region. The fig-
ure highlights the central issue relevant for the present
study: while the measured spectrum at moderate and high
pr 1s reasonably constrained, the low-py region—which
is most sensitive to thermal radiation from the QGP—still
suffers from substantial uncertainty. Below pr= 1
GeV/e, the lower limit from the fit drops sharply to zero.
Therefore, for pr < 1 GeV/c, the lower limit shown in the
figure is taken from the Ny -scaled p+p result [17, 43],
which results in an apparent discontinuity around 1
GeV/e. Even when the N,y -scaled p+p result is used as a
conservative lower bound [17, 43], the extrapolated low-
pr yield can still differ from the central estimate by
roughly an order of magnitude. This large uncertainty
motivates the search for complementary observables that
are directly sensitive to primordial low- p; muons.
Muonic kaon atoms provide such an alternative
handle. According to Eq. (22), the coalescence yield of
(Kt)aom 1s proportional to the yields of the constituent
hadrons and primordial muons. A measurement of the
atom yield therefore provides direct access to the primor-
dial low-p; muon abundance and can thus tighten con-
straints on the theoretical description of thermal electro-
magnetic radiation. Figure 2 schematically illustrates the
constraints of the pion-to-muon yield ratio 1/f,/, and the
coalescence radius ry. The cyan band corresponds to the
value of 1/f,/, and its 1o interval derived from the direct
virtual-photon spectrum shown in Fig. 1. To obtain the
primordial muon spectrum, one can perform a Monte
Carlo simulation of direct-photon decays using the trans-
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Fig. 1. (color online) Exponential-function fits to the STAR

direct virtual-photon pr spectrum [16] are used to extrapolate
into the low- pr region where no direct experimental measure-
ments exist. The integrated yield and its upper/lower limits are
indicated in the figure in the same color as the fit line.
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Fig. 2.
ratio 1/f,,» as a function of the coalescence radius ry. The cy-

(color online) Schematic dependence of the 7—u yield

an band shows the value of 1/f,,r and its lo interval derived
from the direct virtual-photon spectrum in Fig. 1, where extra-
polation into the low-pr region introduces significant uncer-
tainty. The blue band represents the constraint on ry from the
K—r correlation analysis [41]. The purple band indicates a pro-
jected yield and 1o interval obtained by combining an as-
sumed (Ku)aom yield with Eq. (22) and an assumed +10% un-
certainty. The overlap of the three bands provides a strong
combined constraint on the primordial muon yield.

verse-momentum spectrum in Fig. 1 together with the in-
variant-mass distribution in Ref. [16]. The pion yield can
be taken from Tsallis—Blast-Wave fits to Au+Au colli-
sions at /s, = 200 GeV [44]. The asymmetric uncer-
tainty originates solely from the muon yield uncertainty
shown in Fig. 1. Although the asymmetry in the muon
yield uncertainty is very small, the muon yield appears in
the denominator on the y-axis of Fig. 2, which amplifies
the apparent asymmetry of the uncertainty. The blue band
represents the constraint on ry from the K-z correlation

analysis [41]. The purple band shows a projected con-
straint obtained from a hypothetical (Ki)yom yield meas-
urement with a representative +10% uncertainty. The
overlap of the cyan, blue, and purple bands in Fig. 2 then
defines a combined constraint on the primordial muon
yield. Specifically, using the value of the cyan solid line,
the value of the blue solid line, and Eq. (22), we derive a
hypothetical central value for the muonic atom yield,
which is depicted as the purple solid line in the figure. A
10% uncertainty is subsequently assigned to this central
value, represented by the purple band. This makes
(Kw)aom measurements a potentially powerful tool for
constraining the low-p7 region of thermal dilepton and
direct-photon production, a region that remains terra in-
cognita for present experiments.

E. Experimental feasibility

A characteristic signature of a muonic kaon atom is
its-dissociation while traversing detector material. Once
formed, the neutral atom can be broken up through inter-
actions with nuclei or electrons in the beampipe and in-
ner tracking layers, producing a correlated K—u pair with
a very small relative velocity. Using the attenuation for-
mula introduced in Sec. II D and the dissociation cross
sections from Ref. [22], together with the material
budgets of STAR and CMS [23—26], one obtains sizable
breakup probabilities already in the first layers of the de-
tector. These probabilities are detailed in Table 2.

For STAR, the beryllium beampipe [23] (Z=4,
n=1236x10> atoms/cm®) with a thickness of 0.1 cm
yields a dissociation probability of about 53.5%. For
CMS, the slightly thinner beryllium beampipe (0.08 cm)
gives a dissociation probability of about 45.8%. After tra-
versing the beampipe, the surviving atoms pass through
air gaps and the first-layer tracking material, where nearly
all remaining atoms dissociate. In practice, this means
that the total breakup fraction is close to 100% before the
atom reaches the deeper tracking systems.

This large dissociation probability is experimentally
advantageous because the breakup products originate
from a secondary vertex downstream of the primary D°
decay point. The emerging kaon and muon are nearly co-
moving and therefore exhibit a small opening angle and a
distinctive low invariant mass. These topological and kin-
ematic features provide the main experimental handle for
identifying the signal.

A simple phase-space estimate illustrates why vertex
separation is essential. Following Eq. (1) and Eq. (3) of
Ref. [14], the atom yield can be written as

dNyom ) 3 9 dN, dN,
— =87 (B)a’'m —— ———
dyd2pr atom £ g dyd®pr, dyd*pr,
4r 1 th le
=(—(@ a)3 _— 26
( 3 P > Myeq dydsz,h dydzpm (26)
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Table 2. Estimated dissociation fractions of (Ku).om in representative detector materials for STAR and CMS.

RHIC-STAR

LHC-CMS

Beampipe (Z,n,1)
Dissociation at beampipe
Air (Z,n,l)
Dissociation in air
First-layer detector (Z,n,/)

Total dissociation before deeper tracking

Be(4, 1.236 x 1023 atoms/cm3, 0.1cm)
53.5%
(7.2,2.54x 10" atoms/cm?, 46.19cm)
(1 —53.5%) x20.9%
Inner field cage (Kapton, 0.6%Xo)
=~ 100%

Be(4, 1.236 x 103 atoms/cm3, 0.08cm)
45.8%

otk
etk

Si(14,5.0x 1022 atoms/cm3, 13.1cm)
~100%

which corresponds to an effective coalescence mo-
mentum of 6p, =~ 1.8 MeV/c. For unbound kaons from D°
decay, the relevant momentum range iS dpge. < 800
MeV/e, so the approximate phase-space suppression
factor is

(D" — (Ku) _

( 0pa
I'(D° — Kuv)

3 —
6pdec) =10 8.

27)

This estimate is consistent with the more rigorous branch-
ing-ratio calculation based on Egs. (17) and (20).

Without vertex separation between the secondary ver-
tex from D° decay and the subsequent tertiary vertex
from atom dissociation at beampipe and detector layer,
the expected signal-to-background ratio would be only

(5&

3 —
6pdet) =10 3’

(28)

which is clearly too small for a practical search. By con-
trast, a displaced breakup tertiary vertex, together with
the characteristic near-comoving K—u topology, provides
a realistic path toward background suppression. With
modern inner trackers such as ALICE ITS2/ITS3 and the
CMS Phase-2 tracker, and with the large luminosities ex-
pected in future p+p and A+A running, the observation of
(Kuw)uom States appears feasible, especially for the high-
statistics LHC p+p program and, for coalescence produc-
tion, in heavy-ion collisions at RHIC and the LHC.

IV. SUMMARY

We have developed a quantitative theoretical frame-
work for the production of muonic kaon atoms in the
semileptonic decay channel D° — (Kp)yomV,, combining

the weak decay amplitude, the three-body phase-space
treatment, and the nonrelativistic bound-state projection
into a single consistent description. This framework
yields branching ratios of order 107! for the atomic chan-
nel, with

BR(D° — (Ku)isv,) = 1.91x 107",
BR (D’ = (Kpt)usan v,,) =2.29%x107"°.

Using these branching ratios, we estimated the expec-
ted yields at RHIC, the LHC, and STCF. The decay-driv-
en contribution is negligible in heavy-ion collisions com-
pared with the much larger coalescence production in the
QGP, whereas high-luminosity p+p running at the LHC
provides a particularly favorable environment for ob-
serving atoms produced in D° decays. At the same time,
the coalescence channel in A+A collisions remains espe-
cially interesting because of its sensitivity to the primor-
dial low-p; muon yield and thus to the thermal electro-
magnetic emissivity of the QGP.

We further incorporated atom dissociation in detector
material into the analysis. The estimated breakup probab-
ilities in the beampipe and first tracking layers are large,
implying that most produced atoms will dissociate into
nearly comoving correlated K—u pairs before reaching the
outer detector. This leads to a distinctive experimental
signature characterized by displaced breakup vertices,
small opening angles, and low invariant masses. Overall,
our results show that muonic kaon atoms are not only the-
oretically well defined in their formation but also experi-
mentally accessible at future high-statistics facilities.
They thus represent a promising new probe of exotic
bound-state formation, weak charm decays, and the elec-
tromagnetic radiation dynamics of the QGP.
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