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Abstract: We investigate the discovery potential of the T}, state with J¥ = 0* in proton-proton (pp) collisions at
LHCb at a center-of-mass energy of /s = 13 TeV. The study focuses on the decay channel Tj,. — B~D*. A phe-
nomenological approach is employed to construct the background model based on the associated production of B and
D mesons, incorporating previously published LHCb results. Background processes are simulated using
MadGraph5 aMC@NLO and Pythia8.3. We explore the parameter space of the Tp. mass, width, production cross
section, and the effective double-parton scattering cross section (o) relevant for the BD meson background. The
integrated luminosity required for a 5o discovery at LHCD is evaluated under various assumptions. In particular, we
consider three representative T, production cross section scenarios:-an optimistic estimate of 103 nb, an intermedi-
ate value of 18 nb obtained by scaling from the 7. production cross section, and a conservative lower bound of
0.3 nb. We find that a 5o~ observation is achievable for a production cross section of 103 nb, which is expected to be
within reach during Run~4. In contrast, the more realistic cross section estimate of 18 nb requires the full Run~5
dataset (300 fb!) under the most favorable parameter choices. For the conservative scenario, no significant signal
with 300 fb=' - In
0 (Tpe) X B(Tpe — B~D™) for a 50 discovery under different luminosity scenarios, providing guidance for future ex-

would be observable even addition, we estimate the minimum observable

perimental searches at LHCb.
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I. INTRODUCTION

Since the discovery of the X(3872) by the Belle ex-
periment in 2003 [1], numerous resonant states have been
observed that lie beyond the conventional quark-model
description of the hadron spectrum. These observations
have significantly broadened our understanding of had-
ron spectroscopy. Exotic hadrons also play an important
role in the study of quantum chromodynamics (QCD), as
they provide a unique window into the non-perturbative
dynamics of the strong interaction. Consequently, the in-
vestigation of exotic hadronic states has become a fronti-
er of hadron physics over the past two decades. A wide
variety of theoretical models have been proposed, accom-
panied by extensive experimental efforts to search for
new exotic states via various production mechanisms and
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to measure their masses, widths, production cross sec-
tions, and spin-parity quantum numbers to elucidate their
internal structure.

The observation of the doubly charmed tetraquark T,
and the doubly charmed baryon E!' in proton—proton
collisions [2, 3] has firmly established that hadrons con-
taining two heavy quarks can be produced promptly at
hadron colliders. These discoveries open a new frontier in
the search for other doubly heavy systems, among which
the Ty, and T,, tetraquarks have yet to be observed exper-
imentally.

Unlike the doubly charmed case, the T,. contains two
different heavy flavors, namely a bottom quark and a
charm quark. This distinctive composition makes it an in-
valuable probe of non-perturbative QCD dynamics in sys-
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tems with unequal heavy-quark masses. It provides a
unique opportunity to test heavy-quark symmetry and its
breaking, explore the flavor dependence of diquark cor-
relations, and constrain models of multiquark binding [4,
5]. Its discovery would enrich the spectrum of doubly
heavy tetraquarks and deepen our understanding of exot-
ic hadron structure.

Numerous theoretical predictions exist for the
ground-state mass of the T,.(bcud) tetraquark (charge
conjugation is implied throughout this paper). The T,
mass is generally expected to lie close to the open-bot-
tom—open-charm meson threshold. The predicted mass
difference with respect to the BD threshold falls in the
range [5—14]

-50MeV < m(Ty.)—m(B)—m(D) < 120 MeV. (1)
At present, it remains unclear whether the 7, mass lies
above or below the BD threshold. If the mass lies below
threshold, the T,. would be stable against strong decays
and could only be accessed via weak interactions [6—11].
Detailed studies of the weak decay modes of such.a
doubly heavy tetraquark, including both semileptonic and
nonleptonic channels induced by b- or c-quark decays,
have been performed using flavor SU(3) symmetry in ref.
[15]. It is worth noting that weak decay channels may
also provide promising discovery opportunities for T,
states at LHCD, and related experimental studies are on-
going. If the mass lies above threshold, the 7. is expec-
ted to appear as a relatively narrow resonance in the BD
invariant-mass spectrum and can therefore be searched
for directly [5, 12—14]. In this study, we focus on the lat-
ter scenario, where the 7,. lies above the threshold and
can be identified through its narrow resonance in the BD
invariant-mass spectrum. Studies of heavy-flavor hadron-
associated production thus provide a powerful experi-
mental avenue for the discovery of new hadronic states
containing different heavy quarks.

A central experimental challenge in searches for
doubly heavy tetraquarks at hadron colliders is the quant-
itative understanding of their prompt production and the
associated backgrounds. In particular, the prompt produc-
tion of heavy-meson pairs, such as BD, forms an irredu-
cible background for tetraquark states decaying into two
heavy mesons. A realistic description of such back-
grounds is therefore essential for evaluating the experi-
mental sensitivity and discovery potential for new states
like T..

From the perspective of production mechanisms, as-
sociated BD production proceeds primarily through
single parton scattering (SPS) and multiparton scattering.
The latter is dominated by double parton scattering
(DPS), while contributions from higher-order multipar-
ton interactions are expected to be suppressed. The relat-

ive importance of DPS is expected to increase with in-
creasing proton-proton collision energy. Studies of asso-
ciated BD production provide a sensitive probe of heavy-
flavor production mechanisms, enable quantitative tests
of SPS and DPS dynamics (see, e.g., ref. [16]), constrain
heavy-quark correlations and fragmentation, and supply
essential background information for searches for exotic
states such as the T, tetraquark.

Previous theoretical studies have primarily focused on
predicting the T,. mass and width. However, a critical
gap remains: a quantitative, data-driven assessment of the
actual discovery potential at LHCb. This work aims to fill
this gap by addressing the question: under what specific
conditions — interms of integrated luminosity, produc-
tion cross section, and branching fraction — can a 50 dis-
covery of the T,. be achieved amidst the formidable BD
background? ‘We provide a realistic evaluation of these
conditions based on simulations calibrated to LHCb data.

Owing to the high heavy-flavor production rate in pp
collisions, its excellent vertexing and tracking capability,
efficient trigger, and precise control of detector-induced
asymmetries, the LHCb experiment provides an ideal en-
vironment for searches for the 7).

The T,.(bcud) tetraquark with quantum numbers
JP =0% are expected to decay strongly into B°D°, B-D*,
and their charge-conjugate modes if the mass is above the
meson-pair thresholds. This analysis investigates the ex-
perimental potential of the LHCb experiment to discover
the T, through its production and decay into BD meson
pairs. The study focuses on the decay chain

Ty — B D",

B - J/Yy(— utu )K",
D" - K n'rn", )
This provides a clean experimental signature for the dis-
covery of the T, at LHCD.

Our approach maintains a close connection to experi-
mental reality. The DPS background is calibrated using
LHCDb data, while the SPS contribution is evaluated with
two different flavor-scheme calculations to account for
theoretical uncertainties. Rather than relying on a single
theoretical prediction, we treat o-(Ty.) X B(T,. — B~ D*) as
a free parameter and scan over a well-motivated range,
together with the T7,. mass, width, and effective DPS
cross section o.g. After incorporating realistic recon-
struction efficiencies, we translate the signal and back-
ground yields into the integrated luminosity required for a
50 discovery. This work provides a quantitative bench-
mark for the T,. search at LHCb and serves as a refer-
ence for future experimental studies in background-dom-
inated environments.
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II. METHOD

A. Background Simulations

In this analysis, both SPS and DPS processes are con-
sidered the dominant mechanisms contributing to the
background in the B*D* final state in the search for T..
The background samples for the two processes are gener-
ated separately, with the DPS sample reweighted to re-
produce the differential distributions observed by LHCb.
The following kinematic selection cuts are applied to
both background samples to reflect the acceptance of the
LHCb detector:

20< VB/p < 45,
pr.B < 40 GeV,

1GeV < prp <8GeV. 3)

The SPS and DPS background samples are generated us-
ing MadGraph5 aMC@NLO (MG5 aMC hereafter) [17, 18],
with parton showering and hadronization performed by
Pythia8.3 [19]. We consider proton-proton collisions at
vs =13 TeV. The charm- and bottom-quark masses are
set to m, = 1.55 GeV and m;, = 4.7 GeV, respectively. The
NNPDF2.3 parton distribution functions (PDFs) [20] are
employed, with next-to-leading order (NLO) PDFs used
for NLO simulations and leading order (LO) PDFs for
LO simulations. Both the renormalization and factoriza-
tion scales are chosen dynamically, with the central value
given by uo = Hy/2, where Hy is the scalar sum of the
transverse energies of the final-state particles. While the
scale choice for the background process pp — bbct+X is
not uniquely defined, using Hy/2 is common practice in
modern event generators, as it provides a natural estim-
ate of the typical momentum transfer in such processes.

For simulating the SPS background, we consider two
complementary approaches to generate samples. First, we
study the process pp — bbcé+ X in the 3-flavor number
scheme (3FNS) at NLO in QCD, with matching to parton
showers performed using the MC@NLO method [21]. We
take the 3FNS calculation as the nominal prediction. The
corresponding fiducial cross section, with fiducial cuts
given in eq. (3), is found to be

NLO SPS 3FNS
O g=p+

= 0.07470.033 ub, 4
The uncertainty is dominated by variations in the renor-
malization and factorization scales. The fiducial cross
section includes both B~D* and B*D~ final states. To-
gether with the DPS contribution, this NLO SPS predic-
tion defines the baseline background scenario used to as-
sess the T, discovery potential.

Alternatively, as discussed in Ref. [22], the resumma-

tion of initial-state logarithms generated by gluon split-
ting into a charm-quark pair may be crucial for describ-
ing the LHCb J/y+ D measurement [23]. We therefore
also generate the SPS sample at LO with charm- or anti-
charm-gluon initial states in the 4-flavor number scheme
(4FNS). This LO 4FNS calculation yields a fiducial cross
section of

LO SPS 4FNS
o B¥D*

= 021714 ub. (5)
The dominant theoretical uncertainty arises from scale
variations. As in the J/y/+ D case [22], the 4FNS calcula-
tion significantly increases the SPS fiducial cross section
relative to the 3FNS result. To obtain a conservative es-
timate of the Ty, discovery potential under a maximal-
background assumption, we take the 1o~ upper bound of
the LO- SPS 4FNS prediction, o255 = 0.65 ub, and
combine it with the DPS contribution. This defines the
conservative maximal-background scenario.

To simulate the DPS background, two NLO event
samples for the processes pp — bb+X and pp — cc+X
are generated independently. The DPS BD sample is ob-
tained by randomly pairing events from the single-B* and
single-D* samples. In the DPS approximation, the kin-
ematic properties of the B and D mesons are largely gov-
erned by their respective single-particle distributions.
However, the single-particle rapidity spectra predicted by
MG5_aMC may differ from those observed in data. To re-
duce this model dependence, the DPS sample is re-
weighted on an event-by-event basis according to the
rapidity difference Ay = yz —yp, using a reference Ay dis-
tribution constructed from the LHCb Run 2 measure-
ments of the B- and D-meson single-particle do-/dy spec-
tra [24, 25], as illustrated in Fig. 1.

The total fiducial cross section of the DPS process is

DPS _l O-Bi'O'Dt_ 15 mb
O—BiDi— =

) (2.4+03) ub,  (6)

2 Teft Teft
where o =(86.6+6.4) ub [24] and op- = (834 +78) ub
[25], measured using the same fiducial cuts as in eq. (3).
The factor of 1/2 accounts for the fact that only the
charge-neutral combinations B~D* and B*D~ are con-
sidered, since op= and op+ include charge-conjugate con-
tributions. The effective DPS cross section o4 is not pre-
cisely known but has been extracted from LHCb meas-
urements of other heavy-flavor processes, such as Y+ D
[26], J/y+Y [27], and J/y + D [22, 23], with typical val-
ues in the range 5-30 mb. In this analysis, we consider
representative values o.¢ = 5,15, and 30 mb.

Differential cross sections for associated B*D* pro-
duction via SPS, DPS, and their combination (SPS+DPS)
are shown in Fig. \ref{fig:sps_dps effl15}. The upper
panels correspond to the NLO SPS prediction in the
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Fig. 1. (color online) Comparison of the rapidity difference
Ay between the B and D* mesons in the DPS background.
The black dashed line represents the published LHCb Run 2
data, while the red solid and blue dotted lines correspond to
the reweighted and unweighted DPS simulations, respectively.
Results are shown for oy = 15 mb.

3FNS, while the lower panels show the LO SPS predic-
tion in the 4FNS. The shaded bands denote the combined
statistical and systematic uncertainties. For both SPS and
DPS, statistical uncertainties are estimated from the event
samples. The DPS systematic uncertainty originates from
the uncertainties on o+ and op-, whereas the SPS sys-
tematic uncertainty is dominated by variations of the
renormalization and factorization scales in the perturbat-
ive calculations.

In the SPS mechanism, the azimuthal angle ~differ-
ence distribution, A¢ = |p¢(B)—¢(D)|, exhibits a promin-
ent peak near z, indicating that B* and D* mesons are
predominantly produced in a back-to-back configuration
in the transverse plane. In contrast, the DPS mechanism
yields a nearly uniform A¢ distribution, reflecting the ab-
sence of strong azimuthal correlations between the two
mesons. Similarly, the rapidity gap Ay shows distinct fea-
tures for the two mechanisms. SPS events produce an
asymmetric Ay distribution, with the B meson typically
more central in rapidity than the D meson, whereas DPS
events result in a nearly symmetric distribution around
Ay =0, consistent with largely uncorrelated production of
the two mesons. The invariant-mass distribution
M(B*D*) further highlights these differences. SPS events,
dominated by back-to-back configurations, lead to a relat-
ively broad distribution with a pronounced high-mass tail,
while DPS events produce a narrower peak, though occa-
sional high-momentum combinations can generate a
modest tail. Overall, these observables illustrate the dis-
tinct kinematic patterns of SPS and DPS and provide sev-
eral handles for disentangling their respective contribu-
tions.

Within the LHCb kinematic acceptance, associated

B*D* production is dominated by the DPS mechanism
when using the nominal NLO SPS prediction in the
3FNS, under which the SPS contribution is negligible.
Only when adopting the conservative upper-bound LO
SPS calculation in the 4FNS does the SPS contribution
become comparable to DPS in certain kinematic regions.

These differential distributions, based on the kinemat-
ic cuts defined in eq. (3), will be used as the background
for the T, search in subsequent analyses.

B. Generation of the 7). Signal

In this analysis, the T}, signal is generated assuming
specific values for its mass m(T,.), width T'(T}.), and pro-
duction cross section o(T,.), motivated by theoretical ex-
pectations. Signal samples are produced for different
mass and width hypotheses. The T}, signal is modeled
with a Breit—-Wigner (BW) line shape to describe its nat-
ural width and is subsequently convolved with the detect-
ortresponse function to obtain the differential cross sec-
tion.

The differential cross section for 7). production can
be written as

d +oo
% = O'(Tbc)/ BW@m')-Gm—m',0s)dm’,  (7)
where o(Tp)=0(pp = Tpe + X)+0(pp = Tpe +X)  de-

notes the total production cross section for the T,. and
The states within the LHCb acceptance
(2 <n(Tye) <4.5)", and m = M(B*D*) denotes the invari-
ant mass of the reconstructed B*D* pair. The nonrelativ-
istic BW distribution is given by

1 L'(Ty)

BN = o ot —m(To) 2+ (T 2P

®)

The detector response function G is modeled as a Gaussi-
an distribution:

(m—m’)2} ’

exp | — 9
N d 202, ©

G(m - mla o—res) =

motivated by LHCb measurements of similar decay
modes, such as Bf — J/yD? and B — B%(— D x")n*
[29], for which the mass resolution is found to be in the
range 4-7 MeV. Given that the T,. —» B"D* decay chain,
eq. (2), involves multiple tracks and allows for intermedi-
ate mass constraints, we adopt a mass resolution of
s = 6 MeV in the simulation.

In this study, we consider two representative mass hy-

1) To obtain the inclusive cross section, or the inclusive limit on o"(Tpc) X B, over the full phase space (i.e., without fiducial cuts), the fiducial results should be di-
vided by the LHCb acceptance. The acceptance is estimated to be 22-24% based on simulations of Zj. and B, production and is assumed to be similar for T, produc-

tion.
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potheses for the Ty, m(T,)=7167MeV and
m(Ty.) = 7229 MeV, motivated by theoretical predictions
for exotic hadron states with quantum numbers J* = 0*
[5, 13]. These values correspond to possible T,. configur-
ations and span a reasonable range consistent with cur-
rent theoretical expectations for heavy tetraquarks. For
these mass hypotheses, we consider several representat-
ive values of the width and production cross section. The
width  values TI'(T,)=0.5,5MeV are used for
m(Ty.) = 7167 MeV, while I'(T,.) = 10, 40 MeV are adop-
ted for m(T,.) = 7229 MeV. These choices are motivated
by comparisons with similar exotic hadrons: the narrow
width of the T} (I'(T})~ 0.4 MeV) [2], and the broader
widths of states such as Z.(3900) and Z,(10610), which
have widths of order 10-30 MeV [30, 31].

The theoretical prediction for the T, production cross
section is highly uncertain, with different approaches
yielding results that can differ by two orders of mag-
nitude, ranging from a very conservative value of 0.3 nb
[32] to an optimistic estimate of 103 nb [33]. In addition
to the two spanning a wide range, we also consider an in-
termediate estimate using

T(E0) 45504 ~ 18 b,
o (Eee)

O-(Tbc) = O-(T:g) X (10)

where o(T7) =45+20nb is the prompt production cross
section of the T, tetraquark at LHCb within the typical
acceptance (2 < pr/GeV <20, 2.0<y<4.5) [34], and
0(Bpe)/o(E.) ~ 0.4 is adopted from theoretical calcula-
tions of doubly heavy baryon production at LHC ener-
gies [35]. In summary, all three representative values (op-
timistic: 103 nb, intermediate: 18 nb, conservative: 0.3
nb) are considered in this study.

Based on these assumptions, we simulate the T, sig-
nal and evaluate the discovery potential across different
parameter combinations. Since the 7). resonance is nar-
row and the background is largely smooth in the B*D* in-
variant mass spectrum, signal-background interference is
expected to be small. In particular, the interference effect
decreases as the signal width T'(7},.) decreases and can be
safely neglected for the narrowest width considered
(C(Tp.) =0.5MeV). Therefore, we neglect signal-back-
ground interference in our study.

C. Signal and Background Yields

In this analysis, once the cross-section distributions
for the signal and background have been constructed, the
numbers of signal and background events are estimated
based on the decay chain in Eq. (2). The event yields for
both signal and background are then computed using the
standard event-counting formula:

NZO'X-EimXBXS,

(11)

where

® o denotes the production cross section. For the sig-
nal, o = o(T}.), whereas for the background it is the sum
of the SPS and DPS contributions: o = o555, + o555, In
this study, we neglect the dependence of ¢ on the pp cen-

ter-of-mass energy between 13 TeV and 14 TeV.

e [, is the integrated luminosity. LHCb has already
collected approximately 6fb™' of pp collision data in
Run 2 at +/s =13 TeV. The Run 1 dataset is not included
in this study, as its relatively small integrated luminosity
and lower center-of-mass energies (7 and 8 TeV) make a
negligible contribution to the overall sensitivity. By the
end of Run 4, the total integrated luminosity from Runs 2,
3, and 4 isexpected to reach ~ 50 fb™', and by the end of
Run 5 it is expected to reach ~ 300 fb~'. Therefore, in this
study we scan L, over the range 5-300 fb™'.

e B denotes the branching fraction. The relevant val-
ues are B(B* — J/WK*) = (1.020£0.019)x 1073,
B(D* — K*r*n*) = (9.38 £0.16) x 102, and
B — ptp7) =(5.961 £0.033) x 1072 [36]. For the sig-
nal decay T,. — B~D*, we adopt a default branching frac-
tion B(T,. — B~D*) = 0.5. This choice is motivated by the
expectation that the J” =0* T, state decays predomin-
antly into the two open-heavy-flavor channels, B°D° and
B~D*, with comparable rates. In the absence of detailed
theoretical calculations, this symmetric assignment serves
as a reasonable reference point, and the associated uncer-
tainty is effectively accounted for by the scan over
o (Tp.) x B presented in Tables 3 and 4.

e ¢ denotes the overall event reconstruction and selec-
tion efficiency, including contributions from the detector
geometric acceptance, track reconstruction, trigger,
particle identification, and offline selection. For the de-
cay T,. —» B D*, the efficiency is given by the product
epXep, with the D-meson trigger efficiency excluded,
since the BD candidates are triggered by the B meson.
The total efficiency is estimated using measurements of
related decays [24, 25], yielding &zp = (0.6 +£0.3)%; the
50% relative uncertainty is a conservative estimate that
accounts for potential correlations between the two effi-
ciency factors and for variations across the full kinematic
range and different data-taking conditions.

Figure 3 shows an example of the invariant-mass
spectrum of the reconstructed B*D* pairs at an integrated
luminosity of 50 fb™', assuming a T, production cross
section o(7T,.) =103 nb and an effective DPS cross sec-
tion ot = 15 mb. In this case, the T, signal appears as a
distinct resonance peak at the expected mass.

D. Discovery Potential
After obtaining the signal and background yields, Ng;,
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Fig. 2. (color online) Differential cross sections for associated B¥D* production via SPS and DPS. Left: A¢ distribution; middle: Ay

distribution; right: invariant-mass M(B¥D*) distribution, shown for o= 15 mb. The upper (lower) panels show the SPS prediction at
NLO in the 3FNS (LO in the 4FNS). The SPS contribution is displayed as a red shaded band, with uncertainties dominated by renor-
malization- and factorization-scale variations, while the DPS contribution is displayed as a blue hatched band. In the upper panels, the

black solid line denotes the combined SPS+DPS central prediction, which defines the baseline background scenario. In the lower pan-
els, the red dashed line indicates the maximal SPS contribution, taken from the upper bound of the LO 4FNS prediction, while the
black solid line shows the corresponding SPS (max)+DPS prediction, which defines the conservative maximal background scenario.
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Fig. 3. (color online) Combined distribution of the T, sig-

nal and background in the BD invariant-mass spectrum, as-
suming an effective DPS cross section oeq=15mb,
m(Tpe) = 7229 MeV, and I['(Ty.) = 10 MeV. The black curve rep-
resents the B¥ D* background, the red curve the T} signal, and
the blue curve their sum.

and Ngy,, under different parameter assumptions, the sig-
nificance of the 7. signal is estimated using the standard
formula:

Nsig

/Nsig + Npig

where Ng;; and Ny, denote the numbers of signal and
background events within a +30.4.s mass window, as

Z= (12)

evaluated using Eq. (11). The effective mass resolution is

defined as
2
( ) o

The mass window is centered on the signal peak in the
B*D* invariant-mass spectrum.

In this study, we evaluate the discovery potential of
T,. by scanning the significance Z as a function of the in-
tegrated luminosity L, for different 7,. mass and width
hypotheses, as well as different values of the effective
DPS cross section o that contribute to the background.
This scan allows us to determine the minimum integrated
luminosity required for a 5o~ discovery of T, under these
assumptions.

In addition, we scan over o(T).) X B(Ty,. — B~D*) to
evaluate how different assumed signal strengths affect the
discovery significance. By calculating Z for various in-
tegrated luminosities, we determine the minimum observ-
able value of o(T,.) X B(Tp. — B~D*) corresponding to a
50 threshold, providing a quantitative assessment of the
T, discovery potential under different experimental con-
ditions.

(T
2.35

Oeffres = es (13)

E. Systematic Uncertainties

In this study, several sources of systematic uncer-
tainty affect the estimate of the significance Z. The
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branching fractions 8(B* — J/yK*), B(J/¥ — utu~), and
B(D* —» K n*n*) are taken from ref. [36], with relative
uncertainties of 1.9%, 0.6%, and 1.7%, respectively. The
detector efficiency, &=(0.6+0.3)%, corresponds to a
50% relative uncertainty. These uncertainties are fully
correlated between signal and background because both
yields depend on the same inputs.

An additional uncertainty affects only the back-
ground yield and arises from uncertainties in the meas-
ured B® and D* production cross sections. Propagating
the uncertainties on op- and op- yields an approximate
10% relative uncertainty in the DPS background cross
section. The normalization of the DPS cross section is
also subject to significant uncertainty due to os, which is
included in our evaluation. The SPS background uncer-
tainty is evaluated using the baseline and conservative
scenarios described in Section II A.

The total systematic uncertainty on the significance Z
is computed by propagating these uncertainties, account-
ing for the correlation structure outlined above. Among

the considered sources, the detector-efficiency uncer-
tainty dominates. This procedure is applied to each para-
meter scenario and is reflected in all results presented in
Section III.

III. RESULTS

A. Minimum Integrated Luminosity for a 50 Discov-
ery at LHCb

Figure 4 shows the statistical significance Z of the T,
signal in the BD invariant-mass spectrum as a function of
integrated luminosity £, for different values of the ef-
fective DPS cross section o and for various assump-
tions on the T, mass and width. The top, middle, and
bottom panels correspond to production cross sections of
0 (Tp.) =103 nb, 18 nb, and 0.3 nb, respectively. We as-
sume a baseline background scenario and take the
branching fraction to be B(T,. —» B-D*)=0.5. The val-
ues of o are set to 5, 15, and 30 mb, from left to right.

N 2sE T 1N E T AN 30F T
qé F run3eq 2= 5/ 1578 Run 5 ] § 25:, run 304 RSP Run5 E é 25:* runzeg 25/ 548 Run 5
5 20k o(T, ) = 103 nb 18 E o(T, ) =103 b 18 E o(T, ) = 103 nb
g UE 20 HE o oF
E’J E G, =5mb 1 ED F G =15 mb ED 20 = G =30mb
=sE = L = £
A i ©» |5 E B A5k =
10F ERARTS 1 wp =
5 “Q 3 L :
0 . s . M =7220 MeV, T = 40 MeV I: 0 fe ; . e . ;
0 100 200 300 0 300 100 200 300
Lumi [fb] Lumi [fb"'] Lumi [fb’']
N ; E T AN 10 r T TN F T ]
§ E Run3w z=s/\5+8 Run’S i § Wl rmzw 2”5/ Is+B Run'S i § 10~ runzea 2757 s+ Run'5 -
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s Lop o(T,)=031b vy | 8 LOE o(T,) =03 b 1§ 16F o(T,) =03 b o 3
E14F = 48 14 s o
= G, =5mb =] = G =15 mb = E G=30mb e Moo ovey
L 1S 49 g 49 g E
08F 4 08F 4 08F =
0.6E 4 oer 4 o6F =
0.4F 4 o4r 24 04p |
02F = 02F = 02F S
( ot 1] 0 e i i = i i i
0 100 200 300 0 100 200 300 0 100 200 300
Lumi [fb'] Lumi [fb'] Lumi [fb’']

Fig. 4.

(color online) Shown is the statistical significance Z of the T, signal in the BD invariant-mass spectrum as a function of the

integrated luminosity £y, for different 7, mass and width assumptions and for various values of the effective DPS cross section o .

The top, middle, and bottom panels correspond to production cross sections o(Tp.) = 103 nb, 18 nb, and 0.3 nb, respectively. A baseline
background scenario (DPS + NLO SPS in the 3FNS) and a branching fraction 8(T,. —» B~D%) = 0.5 are assumed. The left, middle, and
right panels correspond to oeg =5 mb, 15mb, and 30 mb, respectively. Different colors denote different 7,. mass and width assump-
tions: M =7167 MeV with I'=0.5, 5MeV, and M = 7229 MeV with T = 10, 40 MeV, where M = m(T}.) and T =I'(T).). The dashed line in-

dicates the 50 discovery threshold.
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As o increases, the DPS background cross section de-
creases, thereby enhancing the discovery potential for
Thc-

For the optimistic estimate of o(T,.)=103nb (top
panels), Fig. 5 and Table 1 show the minimum integrated
luminosity required for a 50 discovery. For most para-
meter sets, this is achievable with 50 fb™' (Run 2 + Run 3
+ Run 4). A comparison between baseline and conservat-
ive background scenarios indicates that this requirement
is robust against SPS modeling uncertainties. For the in-
termediate estimate of o(T},.) = 18 nb, the discovery po-
tential is reduced relative to the optimistic case. Table 2
shows the minimum integrated luminosity required for
30 evidence and 50 discovery. At 300 fb™', correspond-
ing to the full LHCb dataset up to Run 5, the significance
exceeds 30 for most parameter sets, and only the most fa-
vorable scenarios reach 5¢-. In the most pessimistic scen-
ario with o(T,.) = 0.3 nb, the statistical significance re-
mains well below 3o for all parameter sets considered,
even with 300 fb~'. Under this pessimistic assumption, no
significant signal is expected.

B. Minimum Cross Section times Branching Fraction

for a 50 Discovery of T, at LHCb

Tables 3 and 4 show the minimum observable values
of the product o(Ty)XB(Ty. — B~ D*) required to

T T | T T ‘ T T
G, =5 mb m(T, )=7167, (T, )=0.5 MeV

L
m(T, )=7167, (T, )=5.0 MeV

m(’l'l )=7229, l"(Th )=10.0 MeV

m(T, )=7229, T(T, }=40.0 MeV

m(T )=7167,T(T_)=0.5 MeV

6, =15mb (T,)=7167. T(T, )
m(ThC):7 167, r(Tm):S'O MeV
m(T, )=7229, T(T, )=10.0 MeV

m(T, )=7229, [(T, )=40.0 MeV

m(T, )=7167, T(T, }=0.5 MeV
G, =30 mb

m(T, )=7167, (T, )=5.0 MeV

m(T, )=7229, [(T, )=10.0 MeV

m(T, )=7229, T(T, )=40.0 MeV

0 100 200
Luminosity [fb]

(color online) Discovery significance for 7. as a

300

Fig. S.
function of integrated luminosity for different 7,. mass and
width parameters, assuming the baseline background scenario
with o(Tp.) = 103 nb and B(Ty. — B~D*)=0.5.

achieve a 50 discovery of T, for different integrated-lu-
minosity scenarios. Table 3 corresponds to Li, =50 fb™",
combining data from Runs 2—4, while Table 4 corres-
ponds to L, =300fb~", including data from Runs 2-5.
Increasing the integrated luminosity from 50fb™"' to
300fb™"' substantially lowers the minimum observable

Table 1. The integrated luminosity required for a 50 discov-
ery is evaluated under different T,. parameter assumptions,
assuming o (Tp.) =103 nb and B(T,. — B~D*)=0.5. Both the
baseline and a conservative, maximal-background scenario are
considered. The quoted uncertainties include both statistical
and systematic contributions.

DPS oot m(Tpe), D(The)  Line [b7'T(NLO  Ling [fb7'] (LO SPS
[mb] [MeV] SPS 3FNS) 4FNS, max)
7167, 0.5 24 £12 25+13
7167,5.0 25+13 26+13
: 7229, 10 40 +20 40 +21
7229, 40 66 + 33 68 + 34
7167, 0.5 20+ 10 20+ 10
7167, 5.0 21+10 21+10
" 7229, 10 26+ 13 26+ 13
7229, 40 35+18 37+19
7167, 0.5 19+9 19+ 10
7167,5.0 19+10 20+ 10
% 7229, 10 22+ 11 23+11
7229, 40 27+ 14 29+15
Table 2. Integrated luminosities required for 3o evidence
and 50 discovery of the T,. state under different baseline
background assumptions. The calculation assumes

o(Tpe)=18nb and B(Ty. —» B-D*)=0.5. Entries marked with
" indicate that the required luminosity exceeds 300 fb~!. The
quoted uncertainties include both statistical and systematic

components.

DPS oe [mb] m(Tpe), T(The) [MeV] Lin [f67'1(3 0) Line [(b711(50)

7167,0.5 117 £ 65 318+ 162
7167,5.0 123 £ 68 335+£170
: 7229, 10 290 + 152 -
7229, 40 585+ 298 -
7167,0.5 64 +37 175+90
7167,5.0 68 £ 39 183+ 94
P 7229, 10 124 £ 69 339+ 172
7229, 40 226 + 120 -
7167,0.5 50+29 137+70
7167,5.0 52+£30 143 £73
% 7229, 10 82 +47 223+114
7229, 40 134+ 74 368 + 186
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Table 3.
B~D*) required to achieve a 50 discovery of T, at

Minimum observable value of o(Th.)x B(Tpe —

Lin =50fb7! (Runs 2-4), for different 7. parameter assump-
tions, shown for both the baseline and conservative, maximal-
background scenarios. The quoted uncertainties include both
statistical and systematic contributions.

DPS 0eft m(Tpe), T(The) 0(Tpe) X B [nb] (NLO 0(Tje) X B [nb] (LO SPS

[mb] [MeV] SPS 3FNS) 4FNS, max)
7167,0.5 30+11 30+11
7167,5.0 31+11 31+12

: 7229, 10 43+ 15 44+ 15
7229, 40 60+ 19 60+ 19
7167, 0.5 23+10 23+£10
7167,5.0 24 +£10 24 +£10
b 7229, 10 31+12 31+12
7229, 40 40+ 14 41+ 14
7167, 0.5 21+9 21+9
7167,5.0 21+£10 22+10
% 7229, 10 26+11 27+11
7229, 40 32+12 34+13

Table 4. Minimum observable o (T}.)x B(Tp.~ B~D") re-

quired for a 50 discovery of T, at Li =300fb~' (combined
Run 2, Run 3, and Run 4), under various T,. parameter as-
sumptions, is shown for both the baseline and conservative
maximal-background scenarios. The quoted uncertainties in-
clude both statistical and systematic contributions.

DPS oef m(Tpe), T(Tpe) 0(Tpe) X B [nb] (NLO o (Te) X B [nb] (LO SPS

[mb] [MeV] SPS 3FNS) 4FNS, max)
7167, 0.5 9+3 10+3
7167, 5.0 10+3 10+3
: 7229, 10 15+4 15+4
7229, 40 2146 2+6
7167, 0.5 6+2 6+2
7167, 5.0 6+2 7+2
P 7229, 10 10+3 10+3
7229, 40 13+4 14+4
7167, 0.5 5+£2 5+£2
7167, 5.0 5+2 6+2
30
7229, 10 7£2 8+3
7229, 40 10+3 11+3

0(Ty) X B(Ty. —» B~D"), thereby enhancing statistical
sensitivity. In particular, the minimum observable value
is reduced by a factor of three or more, depending on the
assumed T, parameters and background scenarios.
Assuming o (Ty.) X B(Ty,. — B~ D*) lies in the range

20—60 nb, a 50 observation of T, could be achieved by
the end of Run 4. Smaller values, in the range 5—-25 nb,
would require the full Run 5 dataset. These results em-
phasize that both the integrated luminosity and the pro-
duction cross section times branching fraction are key de-
terminants of the discovery potential.

IV. SUMMARY

In this study, we investigate the discovery potential of
the T, state at the LHCb experiment using a phenomeno-
logical approach. ‘The background is modeled with
MG5 aMC and Pythia8:3 generators, with simulations
tuned to published LHCb measurements. We scan the
parameter space of the T, mass (7167-7229 MeV),
width  (0.5-40 MeV), production cross section
(0(Ty.) =0.3,18,103 nb), and effective DPS cross section
(oer =5,15,30 mb) to determine the integrated luminos-
ity required for a 5o discovery.

Our results indicate that, for the optimistic produc-
tion cross section of o(Ty.) = 103 nb and a branching frac-
tion of B(T,, — B-D*)=0.5, a 50 discovery is expected
by the end of Run 4, except in the case of a heavy, broad
Ty state (mr, =7229 MeV, I'(T,.) =40 MeV) with a
large DPS background (ot =5 mb), for which the signi-
ficance is nevertheless still sizable. For the intermediate
estimate of o (T}.) = 18 nb, most parameter choices yield a
30 evidence with the full Run 5 dataset, while only the
most favorable scenarios reach 5¢-. In the most conservat-
ive scenario of o(T,.) = 0.5 nb, no signal would be ob-
servable even with 300 fb™'.

We also evaluated the minimum observable
0 (Tpe) X B(Tp. —» B~D*) required for a 5o discovery un-
der different integrated Iuminosity scenarios. With
50 fb~" of data (Run 2 to Run 4), a discovery is expected
if o(T}.) X B(T,. —» B~D") lies between 20 nb and 60 nb.
For smaller cross sections in the range 5 nb to 25 nb, the
full Run 5 dataset (300 fb™') is needed.

In conclusion, this work provides a quantitative, data-
driven assessment of the T}, discovery potential at LHCb,
addressing the challenge of background modeling for
prompt BD production. A systematic search for the T, at
LHCD is feasible, with promising prospects for evidence
(307) and potential discovery (50°), depending on the in-
tegrated luminosity and T,. production cross section.
Even in the absence of a signal, these results provide
valuable theoretical input by setting upper limits on
0 (Tpe) X B(Ty. — B~D*), thereby offering experimental
constraints to guide hadron models. Together, these find-
ings establish a foundation for further exploration of
exotic hadrons at LHCb.
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