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Studying heavy-flavor hadron properties tests QCD predictions and provides a means to probe the
Standard Model's validity. The ATLAS experiment, a general-purpose detector at the LHC, is
particularly successful in such measurements with final states involving muons, due to large
collected integrated luminosity and precise muon reconstruction and triggering. This paper
overviews recent ATLAS results on b hadron production and decay properties and the
spectroscopy of exotic states.
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1. Differential cross section measurement of D* and D% meson production

The production of heavy hadrons in proton—proton collisions is a fundamental process that
provides a crucial test of perturbative quantum chromodynamics (QCD) calculations. However,
large uncertainties persist in current theoretical predictions due to the fact that the masses of heavy
quarks are comparable to the typical energy scales of the hard scattering processes. Moreover,
charm hadrons can be produced promptly via the hadronisation of charm quarks from the initial
hard scattering process, or non-promptly in decays of b-hadrons; precise predictions of such
processes are challenging, due to difficulties in modelling non-perturbative effects such as
hadronisation, as well as uncertainties in the fragmentation functions and decay dynamics of
heavy-flavor hadrons. Given the sizeable theoretical uncertainties, experimental constraints on
heavy hadron production cross-sections are important to improve calculation techniques, as well
as in searches for new physics phenomena, where heavy hadron production is often either a signal
process or a significant background process.

A measurement of D* and D*; meson differential production cross-sections has been
performed [1]. This study makes use of the decay channels D*/D*s — ¢(up)m" with semileptonic
final states. In comparison to reconstructing the fully hadronic decays of the D mesons, the
selected decay channels make use of the precise muon reconstruction, trigger, and identification
in the ATLAS detector, allowing a much cleaner signature with a lower background level. The
final state of two muons and one pion (uum) is fully reconstructed and identified, to construct the
D meson decay vertex. The yields of the D* and D*; meson signals are then extracted
simultaneously by fitting the invariant mass distributions of the pum system.

The inclusive and differential cross-sections of the D* and D*; mesons are reported in the
range of [ <2.5 and 12 <p1 < 100 GeV and compared with state-of-the-art next-to-leading order
(NLO) calculations. This is the first differential measurement of the D*; meson production
reported by the ATLAS Collaboration, and the first time such a measurement has been performed
up to transverse momenta of 100 GeV at the LHC.

The values of the measured differential cross-sections and the theory predictions are shown
in Figure 1. For the D* meson, good agreement is observed at low pr for both the general-mass—
variable-flavor-number scheme (GM-VFNS) [2] and fixed-order—next-to-leading-log (FONLL)
[3] predictions; the FONLL prediction is in general slightly lower than the measured differential
cross-sections, while the GM-VFNS prediction is slightly higher. For higher pr, the GM-VFNS
prediction gives a larger value than the measured differential cross-section, while the FONLL
prediction is still consistent with the measured values. When comparing in bins of ||, good
agreement is observed for both predictions, which is consistent with the observation in the low pr
bins. For the D*s meson, only the GM-VFNS prediction is available for comparison. Similar
behavior is observed; the GM-VFNS prediction gives a larger value than the measured differential
cross-section for both |n| and pr, with a trend towards a larger deviation at higher pr.

The results are compared in Ref. [1] with those measured with the pp collision data collected
at a center-of-mass energy of Vs = 7 TeV in 2010. For both the ATLAS measurements, and the
theory predictions, ratios between Vs = 7 TeV and Vs = 13 TeV are also computed. The ratios
obtained by GM-VFNS and FONLL are both consistent with the data within the uncertainties.
There is a significant difference between the ratios predicted by GM-VFNS and FONLL.
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Figure 1: Differential cross-sections for D* mesons in bins of (upper left) || and (upper right)
pr, and for D*s mesons in bins of (lower left) || and (lower right) pr. The measured values with
the statistical and systematic uncertainty are represented by the data points, while the theory
predictions from GM-VFNS and FONLL are shown as dotted and dashed lines, respectively; the
uncertainties on the theory predictions are represented by the hatched areas. The theory
predictions are also divided by the measured values to obtain the ratios between the predictions
and the measurements shown in the bottom panels.

2. Precision measurement of the B’ meson lifetime using decays

The lifetime, or equivalently the decay width, is one of the fundamental properties of
elementary particles, and hence it represents an observable of primary phenomenological
importance. In particular, studies of b-hadron lifetimes can test our understanding of the weak
interaction. On the theoretical side, lifetimes of b-hadrons can be computed systematically in the
heavy-quark expansion (HQE) framework, which permits b-hadron observables to be calculated
through perturbative expansion in powers of the reciprocal of the b-quark mass, my. The
theoretical models typically provide predictions of the ratios of b-hadron lifetimes, since these
can be obtained with higher accuracy than is possible for the predictions of absolute lifetimes, due
to HQE terms cancelling out in the ratio. Lifetime differences among the b-hadrons are almost
entirely attributable to the corrections for Pauli interference and weak annihilation, both of which
are enhanced by a relatively large phase space factor where they enter the expansion at the term
proportional to m 5. This term also includes the non-perturbative matrix of four-quark operators,
which was recently calculated [4] using QCD sum rules formulated in Heavy Quark Effective
Theory (HQET). The largest contributions to the total uncertainty in the lifetime ratio, as
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predicted with the HQE, come from the hadronic matrix elements. The effective lifetime Tz is
related to the decay widths of the light (L) and heavy (H) mass eigenstates of the B’ — anti-B°
system.

A measurement of the effective lifetime of the B’ meson has been made by the ATLAS
experiment [5]. Data amounting to 140 fb™' of Vs = 13 TeV proton—proton (pp) collisions were
collected. The B° is identified using its decay channel B® — J/ApK*°(892) with J/ip — 'y~ and
K*°(892) — K'm . Inclusion of conjugate modes is implied. A combined analysis of the mass and
lifetime distributions is performed, where the mass is used to improve discrimination between the
signal and background. The average decay width I'q and the ratio of widths I'y /T, using the
ATLAS-measured value of ['s, are also determined in this analysis.

The B° effective lifetime value measured with a total of 2 450 500 + 2400 B° signal events
is found to be Tgo=1.5053 = 0.0012 (stat.) = 0.0035 (syst.) ps. The value of 2y =AI'y /T’y =0.001
+ 0.010 is taken from the combination of measurements by HFLAV [6]. The production rate
asymmetry A =—0.578 + 0.136 is calculated from the polarization amplitudes. Using the values
of y, A and the fitted B° lifetime, the average decay width is T's = 0.6639 = 0.0005 (stat.) £ 0.0016
(syst.) £ 0.0038 (ext.) ps .

A comparison of the current B° lifetime result with the latest and most precise results from
other experiments is shown in Figure 2. This result is compatible with most of the other
measurements. In each of the following comparisons, the quantity o is estimated by combining
the uncertainties from ATLAS and the other source. The latest world average measured value,
published in 2024 [7], is 1.517 £ 0.004 ps, which differs from this measurement by 2.10. This
value includes all results obtained in the history of B° lifetime measurements. Compared to the
previous ATLAS measurement [8] at Vs = 7 TeV, the new ATLAS measurement reduces the
systematic uncertainty by a factor of 4.7. Although the previous measurement was based on B’
— JApK’s, which typically has larger systematic uncertainties because of the longer-lived K,
much of the improvement comes from the insertable B-layer installed in ATLAS after Run 1,
which provides more precise vertexing and hence better time resolution. Furthermore, better Inner
Detector alignment in Run 2 than in Run 1 allowed the related systematic uncertainties to be
reduced. In addition, the larger dataset recorded in Run 2 allowed more precise modelling of the
decays and a decrease in related uncertainties.

The ATLAS T4 value extracted from this B’ lifetime measurement is compatible with the
HQE theory prediction of 0.63¥33% ps™! within 0.30, where the uncertainty o is estimated by
combining the uncertainty of this result and the theoretical uncertainty [9]. The ATLAS result for
I’y /T's is compatible with the theory predictions of HQE and lattice QCD models within 1.30 and
0.40, respectively, and with the experimental average (1.001 + 0.004) within 1.30, where the
respective g values are estimated by combining the uncertainties from the ATLAS measurements
and the other sources.
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Figure 2: A comparison of the current ATLAS result for the B° lifetime with the previous
ATLAS result in the B’ — J/ApKs channel, and with those from other experiments.

3. Measurement of the production cross section of J/y and y(2S) mesons

Studies involving heavy quarkonia provide a unique insight into the nature of quantum
chromodynamics (QCD) near the boundary of the perturbative and non-perturbative regimes.
However, despite a long history of research, quarkonium production in hadronic collisions still
presents significant challenges to both theory and experiment. In high-energy hadronic collisions,
charmonium states can be produced either from short-lived QCD sources (prompt production) or
from long-lived sources — decays of beauty hadrons (non-prompt production). These two sources
can be distinguished experimentally by measuring the distance between the production and decay
vertices of the charmonium state. Feed-down decays of higher charmonium states contribute to
the production of J/i) mesons for both of these sources, and should be taken into account when
comparing with theoretical predictions (there is no significant feed-down contribution to Y(2S)
production). While calculations within the framework of perturbative QCD have been reasonably
successful in describing the non-prompt contributions, a satisfactory understanding of the prompt
production mechanisms is still to be achieved.

One way to add qualitatively new information is to extend the kinematic range of
quarkonium production measurements. The measurement of J/i ({(2S)) meson production via
decay in the dimuon channel, at \'s = 13 TeV for meson transverse momenta of 8-360 GeV (8—
140 GeV), which is a much broader range than in previous measurements, is presented [10]. The
measurements include the double-differential cross-sections for production of the two vector
charmonium states (separately for the prompt and non-prompt production mechanisms), the non-
prompt fraction for each state, and the prompt and non-prompt 1(2S)-to-//7) production ratios.

Model calculations of prompt production of charmonium are usually based on perturbative
QCD for the production of the c-anti-c pair, and differ in the mechanism of hadronisation and
formation of the bound state with specific quantum numbers. The predictions of a model using
the non-relativistic QCD approach to charmonium production cross-sections at next-to-leading
order (NLO NRQCD) [11], using predetermined long distance matrix elements (LDMEs), are
shown in comparison with our measurements of the J/ip and ¥Y(2S) production cross-sections in
the top panels of Figure 3. The predictions of the model largely overlap with the data points within



Recent B-Physics Results from ATLAS Sally Seidel

the theoretical uncertainties, which include variations of the renormalisation, factorisation and
NRQCD scales. However, the predictions seem to overestimate the cross-sections at high pr.

One generalisation of the NRQCD approach is a model which aims to improve the
description by taking into account the transverse degrees of freedom of the initial gluons in the
colliding protons (kr-factorisation model). The predictions of this model, obtained with the
PEGASUS event generator [12], are compared with our measured results as shown in the middle
panels of Figure 3, where the theoretical uncertainties only account for variations of the
renormalisation scale. The predictions of the model tend to underestimate the cross-sections at
low pr, while in the high pr region the range of comparison is limited by the availability of the
transverse-momentum-dependent parton distribution function (PDF) of the gluon.

A different approach is used by the Improved Colour Evaporation Model (ICEM) [13],
which assigns a fixed fraction of the c-anti-c production cross-section below the open charm
threshold to individual charmonium states. Comparisons of ICEM predictions with the parameter
values and their uncertainties previously determined from fits to LHCb data at 7 TeV [14] are
shown in the bottom panels of Figure 3. The model seems to predict somewhat harder pr spectra
than observed in the data for both J/y and Y (2S), and tends to underestimate the cross-section for
P(29).

Theoretical calculations of non-prompt charmonium production are based on perturbative
QCD for the production of a b-anti-b quark pair, their hadronisation into a pair of b-hadrons, and
their subsequent decay into a charmonium state with specific quantum numbers. Predictions from
one such model, based on FONLL QCD calculations, are shown in comparison with our
measurements in the top panels of Figure 4. Here the uncertainties cover variations of both the
renormalisation scale and the charm quark mass. Agreement is good at lower pr values, but the
FONLL model predicts higher cross-sections for J/i at the high pr end.

Another set of predictions, based on the next-to-leading order QCD calculation in the GM—
VFENS scheme [15] are shown in the middle panels of Figure 4. These predictions lead to similar
results, but the deviation from data at the highest pr values is somewhat more pronounced,
especially in the J/i case.

Finally, the NRQCD model with kr-factorisation can also be used to predict the pr
distributions of vector charmonia through the non-prompt production mechanisms [12, 16]
(bottom panels of Figure 4). Where available, the shapes of pr distributions are reproduced fairly
well for both /) and Y (2S), but the limitations of the transverse-momentum-dependent model
for the gluon PDF show up at even lower charmonium pr values. Also, in this model the cross-
section for (2S) non-prompt production at low pr is somewhat underestimated.

The general trend shown by all theoretical models is a slower-than-observed decrease of the
cross-section with pr, which could be related to insufficiently accounting for PDF evolution
and/or possible dependence of LDMEs on transverse momentum. In any case, these
measurements should help refine theoretical models of hadronic production of quarkonium at the
highest available energies and at transverse momenta well beyond 100 GeV.
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Figure 3: Ratios of various theoretical predictions to the data points from this measurement,

for the prompt production of (left) J/1) and (right) ¥(2S) in the central rapidity region. In each pr
bin, the shaded area represents the ratio of the theoretical prediction to the measured value, with

the vertical spread showing the uncertainties of the respective model. Error bars on the black

circles show fractional uncertainties of this measurement.
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Figure 4: Ratios of various theoretical predictions to the data points from this measurement,

for non-prompt production of (left) //4 and (right) ¥(2S) in the central rapidity region. In each pr
bin, the shaded area represents the ratio of the theoretical prediction to the measured value, with
the vertical spread showing the uncertainties of the respective model. Error bars on the black

circles show fractional uncertainties of this measurement.
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