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Recent results on short-lived hadronic resonances obtained with the ALICE
detector at LHC energies are presented. These results include masses, widths,
transverse momentum spectra, yields, and ratios of resonance yields to longer-lived
ground-state particles, and elliptic flows. The results are compared with model
predictions and measurements at lower energies.
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The study of resonance production is important in proton-proton, proton-
nucleus, and heavy-ion collisions. Since the lifetimes of short-lived resonances
are comparable with the lifetime of the late hadronic phase produced in
heavy-ion collisions, resonance yields are affected by the regeneration and
rescattering of their decay daughters in the hadronic phase. These compet-
ing effects are investigated by measuring the yield ratios of resonances to that
of the ground-state longer-lived hadron as a function of charged-particle mul-
tiplicity. From these measurements, it is possible to obtain information on
the time interval between the chemical and the kinetic freeze-out. Measure-
ments in pp and p—Pb collisions constitute a reference for nuclear collisions
and provide information for tuning event generators inspired by Quantum
Chromodynamics. Moreover, some heavy-ion effects (elliptic flow [1]- [2],
strangeness enhancement [3]) were also unexpectedly observed in small col-
lision systems.

Results on short-lived mesonic p(770)%, K*(892)%, K*(892)%, f4(980), ¢(1020),
f1(1275) as well as baryonic %(1385)%, A(1520) Z(1530)? and Q(2012)~ res-
onances (hereafter denoted as p°, K*, K*=, fo, ¢, f1, ¥, A*, =*9 Q%) have
been obtained using data reconstructed with the ALICE detector. The res-
onances are reconstructed in their hadronic decay channels and have very
different lifetimes as shown in Table 1.

This contribution reports recent results obtained for f; [29], Q* [32], K**
[21] and fy [24] in pp collisions at 13 TeV, for K** and ¢ in Pb-Pb collisions
at 5.36 TeV, and for f;(1710) in pp collisions at 13.6 TeV.

The first measurement of the f; meson has been made in pp collisions
at /s = 13 TeV. The mass of f; is in reasonable agreement with the world-
average value, Fig. 1 (top, left). Figure 1 (top, right) shows the pr spectrum
with a fit by a Lévy—Tsallis function, to extrapolate the yield down to zero
pr and extract the pr-integrated yield dN/dy and the average transverse
momentum (pr). Since there are only two pr bins above 6 GeV/c with
large bin width, the Lévy—Tsallis fit in the default case is performed in the
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Fig. 1. Mass (top, left) and pp-differential yield (top, right) of the fi. The pr
spectrum is fitted by a Levy-Tsallis [35] function. (bottom, left) The average
transverse momentum of f; with that of all other light flavor hadrons [14], [27].
(bottom, right) The particle yield ratios ¢/m [14] and f1/7 with model predictions
from v5-CSM [36].



Table 1. Lifetime values [4], reconstructed decay mode, reactions and the corre-
sponding references where ALICE results for the hadronic resonances are reported.

Resonance e¢7r(fm) Decay System @ energy(TeV) ALICE papers

o0 1.3 7w pp/p-Pb @ 2.76 [5]

K0 4.3 Kr  pp/p—Pb/Pb—Pb/Xe-Xe @ all energies [6]- [18]

K*+ 4.3 K(S)T( pp @ 5.02/8/13 Pb—Pb @ 5.02 [19]- [21]

fo ~5 71  pp/p-Pb@5.02 [22]- [24]

yrE 5-5.5 A pp @ 7/13 p—Pb/Pb-Pb @ 5.02 [25]- [28]

fi 8.7 KiKr pp@ 13 [29]

A* 12.6 pK  pp @7 p-Pb @ 5.02 Pb-Pb@ 5.02 [30]- [31]

=0 21.7 =1 pp @7/13 p-Pb @ 5.02 [25]- [27]

QO 323 ZKY pp @13 132]

o 46.2 KK  pp/p—Pb/Pb-Pb/Xe-Xe @ all energies [6]- [17], [33]- [34]

0 < pr < 6 GeV/c range. The extrapolation to the low pr ( < 1 GeV/c)
region encompasses approximately 41% of the total f; yield. The high pr
extrapolation is found to be negligible. Figure 1 (bottom, left) compares
the average transverse momentum of f; with that of all other light flavor
hadrons. For particles with similar masses, mesons exhibit a higher average
transverse momentum than baryons. Notably, f; aligns with the linear trend
of other mesons, although with large conservative systematic uncertainties.
This observation suggests that f; may have an ordinary meson structure.
Figure 1 (bottom, right) shows the particle yield ratios ¢/7 and f;/7 with
model predictions from vs-CSM for |S|=0 (zero strangeness content) and
|S|=2 (hidden strangeness content). As expected, for ¢/m the ratio with
|S|=2 is in good agreement with the data. For fi/m, the ratio with |S|=0
agrees with the data within 1o, and with |S|=2 deviates by ~ 20, suggesting
that f is a conventional non-strange meson.

A signal consistent with the Q* baryon has been observed with a sig-
nificance of 150 in high-multiplicity-triggered (HM) pp collisions at /s =
13 TeV. Figure 2 shows the mass and width of Q*. These values are con-
sistent with the previous measurements by Belle. The first measurement of
transverse-momentum spectrum has been made. The ©2* transverse-momentum
spectrum, not corrected for the unmeasured Q* — =ZK2 branching ratio, is
shown in Fig. 3. The spectrum is fitted with the parameterized spectrum
function, with only the overall scale factor allowed to vary.

Figure 4 (left) shows the multiplicity dependence of the K**/K ratio in
pp collisions at /s = 13 TeV, compared to the K** /K ratio. The decreasing
trend already outlined by the K*¥ analysis is confirmed by the K** results.
The K** /K ratio in the highest multiplicity class is lower than the low mul-
tiplicity value at ~ 7o level taking into account the multiplicity uncorrelated
uncertainties (~ 20 level for the K**/K ratio). This result represents the
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Fig. 2. Mass (a) and width (b) of the Q*. Results of Belle [37], [38] are also shown.
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Fig. 3. (a) The transverse-momentum spectrum of the Q* in HM pp collisions at /s
= 13 TeV (not corrected for the unmeasured branching ratio BR for the studied de-
cay channel). The shaded band surrounding the curve indicates the region spanned
by the envelope of alternate functions used to describe the spectrum, which affect
the extrapolation of the yield to low pp. (b) The ratio of the parameterized yield
to the measured yield.
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Fig. 4. (color online) Left: Ratios K**/K and K**/K [12] as a function of the
charged-particle multiplicity density in pp collisions at /s = 13 TeV. Model pre-
dictions from PYTHIAG [39], PYTHIAS [40], EPOS-LHC [41] and DIPSY [42] are
also shown. Right: Ratios K**/K as a function of pr for low (X) and high (I)
multiplicity classes.

first evidence of a clear K*/K suppression measured in small collision sys-
tems. EPOS-LHC provides good agreement with the measured data, well
reproducing the decreasing trend, while PYTHIA6 , PYTHIAS and DIPSY
tend to overestimate the ratios at high multiplicities and exhibit a fairly flat
trend. It is worth noting that none of these event generators consider the evo-
lution of a hadronic phase or the eventual hadronic interactions of generated
particles. The ratio of the high multiplicity K**/K differential pr distribu-
tion to the low multiplicity one helps to quantify the observed decrease in
the particle ratios, Fig. 4 (right). For pr < 2 GeV /¢, the double K** /K ratio
deviates from unity by more than 30, suggesting a low pr dominant process.

Figure 5 demonstrates the double ratios of fy to 7 (left) and K*° (right)
as a function of multiplicity in pp collisions at /s = 13 TeV. The fo/7
suppression could be explained by the dominance of the rescattering effect.
The double ratio fyo/K** also decreases with increasing multiplicity. Even
if rescattering affects both f; and K*°, these resonances, which have similar
lifetimes, differ by their decay daughters: (m,7) for fy and (K,7) for K*°.
The rescattering effect for fy can be stronger than for K*° if the cross sec-
tion o(nm) > o(K7). The y5-CSM (where rescattering is not implemented)
predictions with |S|=0 scenario are closer to the data values. However, the
model does not reproduce the ratios at low multiplicity, in contrast to other

hadrons [36].

Figure 6 shows the ¢ and K*® meson elliptic flow as a function of pr in
Pb-PDb collisions at /sy = 5.36 TeV, along with the ALICE measurements
for other hadrons in Pb-Pb collisions at /sxy = 5.02 TeV for centrality
class 30-40%. Both K** and ¢ follow mass ordering at low pr < 3 GeV/c
and baryon-meson grouping at intermediate pr . These observations confirm
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Fig. 5. Double ratios of fy to 7 (left) and K* (right) as a function of multiplicity
in pp collisions at /syn = 13 TeV. Model predictions from vg-CSM [36] are also

shown.
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Fig. 6. The elliptic flow for ¢ and K* in Pb-Pb collisions at /sy — 5.36 TeV
from Run 3. Measurements for other hadrons from Run 2 [33] are also shown.



that both the K*¥ and ¢ mesons participate in the collective expansion of the
medium and undergo hadronization via quark coalescence in quark—gluon
plasma.

Figure 7 (left) presents the KJK$ invariant mass distribution in pp colli-
sions at /s = 13.6 TeV. The f,(1710) meson is observed. It can be the light-
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Fig. 7. Left: Background subtracted KgKg invariant mass distribution in pp colli-
sions at /s = 13.6 TeV. Right: Mass and width of f,(1710).

est scalar glueball candidate predicted by QCD [43]|. The mass of f,(1710) is
within 1.50 of the PDG value, the width aligns with the PDG value (Fig. 7,
right).

In summary, recent results on short-lived hadronic resonances f;, Q*, K**
and fy in pp collisions at /s = 13 TeV, K*, ¢ in Pb-Pb at /syy = 5.36 TeV,
and fp(1710) in pp at 13.6 TeV have been presented. The average transverse
momentum of f; aligns with the linear trend with mass observed for other
mesons. This observation suggests that f; may have an ordinary meson struc-
ture. The y5-CSM model prediction with |S|=0 (zero strangeness content)
for the fi/m ratio agrees with the data within 1o and with |S|=2 (hidden
strangeness content) deviates by ~ 20 suggesting that f; is a conventional
meson. The mass and width of 2* are consistent with the previous measure-
ments by Belle. Firstly the transverse-momentum spectrum of the Q* has
been measured. The K*%/K ratio in the highest multiplicity class is lower
than the low multiplicity value at ~ 7o level representing the first evidence of
a K* /K suppression measured in pp collisions. The EPOS-LHC model with-
out any hadronic afterburner is able to reproduce the measured suppression.
Both the fy/m and fo/K* ratios decrease with increasing multiplicity. The
fo/m suppression could be explained by the dominance of the rescattering
effect. The rescattering effect for f; can be stronger than for K*° if cross sec-
tion o(mm) > o(Km). For both resonances 7s-CSM (no rescattering effect)
predictions with |S|=0 scenario are closer to the data values. The elliptic flow
for ¢ and K*¥ follow mass ordering at low pp < 3 GeV/c and baryon-meson



grouping at intermediate pr . These observations confirm that both the K*9
and ¢ mesons participate in the collective expansion of the medium and un-
dergo hadronization via quark coalescence in quark—gluon plasma. The mass
of fo(1710) is within 1.50 of the PDG value, the width aligns with the PDG
value.
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