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We investigate the multiplicity dependence of the transverse momentum spectrum of the charged particle production in pp collisions at
LHC energies. To this end, we consider the experimental data sets classified with different multiplicity estimators, defined by the ALICE
Collaboration, that are analyzed within the framework of nonextensive particle production. We compute the variance, kurtosis, Shannon
entropy, and heat capacity of the spectrum to study the hardening process as a function of the multiplicity and temperature under the
different event classifiers. We found that both the Shannon entropy and the heat capacity show different responses for the triggers at the
forward-backward and midrapidity regions. We emphasize that the selection of event biases may induce different responses in estimating
theoretical and phenomenological observables that could lead to misleading conclusions.
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1. Introduction of mass energy grows. The latter inspired several authors
to introduce quasi-power law functions to describe phe
The study of particle production in ultrarelativistic collisions spectrum [23,29, 30]. In particular, the Hagedorn's proposal
provides insights into the physical phenomena occurring a$tands out above all of them because it is a QCD-inspired
very high energies, pressures, and temperatures [1-5]. THenction that appropriately describes the asymptotic limits of
transverse momentum spectrum of the produced particles {§€ pr spectrum observed experimentally [23]. The Hage-
a specific experimental measure used to extract or infer indorn function behaves asyg--exponential function at low
formation about the system created after the collision andr and incorporates the power law trend at hjghvalues.
its evolution [6-12]. Fundamentally, the, spectrum is a Later, the high energy particle physics community adopted
histogram built from the particles’ yield observed after the Tsallis g-exponential functions as generalizations of the
freeze-out hadronic phase. It contains information about th@xponential distribution [31-36], having a good performance

particle production and its underlying physics [13—18]. in fitting the experimentap spectrum data, leading to in-
fer information about the systems created in ultrarelativistic

particle collisions [37]. However, it is phenomenologically
uivalent to the Hagedorn function [38, 39].

Over time, various theoretical and phenomenological ap
proaches have been developed to describepthspectrum
based on different assumptions encompassing both perturb@\q
tive and non-perturbative QCD. For instance, the factoriza-  aAnother approach comes from the color string models,
tion theorem, collinear factorization, parton distribution andyhich are frameworks frequently used to study the parti-
fragmentation functions [19], parton-hadron duality [20, 21],cle production through the fragmentation of color strings
and multiple parton interactions [22], among others. In parstretched between the colliding partons [40]. One way to de-
ticular, we focus on those founded on statistical physics ofcribe the transverse momentum spectrum of the produced
large fluctuations to describe the experimental data [23].  particles is by incorporating the Schwinger mechanism [41]

One of the earliest approaches to describepthespec-  together with string tension fluctuations. For instance, the
trum data of the charged particle production waga thermal distribution can be obtained by assuming a Gaussian
exponential, which resembles the Boltzmann distributiondescription for the string tension fluctuations [42]. Never-
[24-26]. In this approach, the inverse of the decay constant iheless, heavy-tailed distributions should be considered in or-
identified as the effective temperature of the medium formedler to obtain g spectrum with adequate asymptotic lim-
after the collision [27, 28]. Even though the-exponential its: thermal distribution and a power-law tail at low and high
captures the experimental behavior of fhespectrum data p; values, respectively [43]. This consideration leads to a
for pp collisions at very low center of mass energies or in thenonextensive description of the particle production and the
low pr limit, it fails to describe the hard part of thg- spec- medium formed in the collision system, marking the depar-
trum, which substantially deviates from the data as the centdure from the thermal description [36, 44, 45].
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One way to study the processes involved in the chargetheir temperature dependence. In Sec. 4 we compute-the
particle production is by analyzing the- spectra under dif- moments of the spectrum. In Sec. 5, we show the results
ferent event classifications. This can be done by computingf the Shannon entropy and the heat capacity of the analyzed
the Shannon entropy for the normalized spectrum. For pr spectrum data. A discussion on the physical interpretation
instance, in Ref. [45], the authors computed the Shannon emf our finding is included in Sec. 6. Finally, we wrap up this
tropy for thepr spectrum of the produced charged particleswork with our concluding remarks and perspectives in Sec. 7.
in minimum bias pp collisions as a function of the center of
mass energy+(s). It was found that the Shannon entropy . ..
increases as\a[function Qfs. The latter is expected not 2. Nonextensive origin of the transverse mo-
only because of the increase in the production of soft par- ~ MeNtum spectrum
ticles (which increases the temperature of the medium) buI

also because of the hardening of the spectrum (greater n sftr.mg r_nodel_s, the particle production in u_ItrareIat|V|st|c
. . . collisions is basically based on the fragmentation of the color
production of highp particles).

In this work, we aim to analyze the multiplicity depen- strings stretched between the partons in the colliding projec-

dence of the Shannon entropy and heat capacity obghe tiles. In this way, the transverse momentum of the produced
Py pacty Opine -, icles is modeled by the Schwinger mechanism [41], given
spectrum for the charged particles produced in pp coIhsmn%

at/s = 5.02, 7, and 13 TeV, considering the ALICE VOM y AN -
and SPD multiplicity classifiers [46, 47]. To this end, we a2 > e T/ (1)
T

adopt the nonextensive particle production approach, con-
sidering the Schwinger mechanism with heavy-tailed stringvheredN/dp3. denotes ther spectrum. Equatioril can
tension fluctuations to describe the spectrum data. One be interpreted as the probability of producing a particle with
consequence of this approach is that the particle productioiansverse momentupy- coming from the fragmentation of
departs from the thermal equilibrium [36]. a color string with tension?. In a general scenario, the string
We consider the normalizgelr spectrum as a probabil- tension may fluctuate [42—44]. Then, the spectrum should
ity density function to compute its moments and the Shannofe computed as the following marginal probability
entropy. The latter is useful to study the dependence of the AN oo
pr spectrum on the multiplicity classifiers. Variations are — o e—ﬂp%/ﬁp(m)d% 2)
expected since the VOM and SPD classifications are defined dpr 0
from the detectors’ signals allocated at two complementaryovherep
regions, forward-backward and midrapidity, respectively.
The forward-backward region is sensitive to initial col-
lision scatters and long-range correlations, providing infor-
mation about the longitudinal fragmentation process and th
structure of the colliding particles [48]. It is important to

(z) is the probability distribution function for the
string tension fluctuations.

It has been shown that the Schwinger mechanism convo-
luted with a heavy-tailed distribution for the string tension
fluctuations gives an adequate description for particle pro-

. o _ ) uction in pp collisions [43—-45]. The main implication of
note that this region is used to determine the centrality o his approach is that the high- particle production requires
events in heavy-ion collisions using the Glauber model [49].

. ; "~1a nonextensive description of the initial state, and then, the
Additionally, the ALICE Collaboration uses the VOM multi- medium formed is no longer thermal [36]. These phenom-

plicity estimator as a strategy that may minimize the possibl%na can be well-modeled by using thexponential function
auto-correlations induced by using the midrapidity eStima;given by [52] ’

tor [47,50]. For instance, the transverse jet fragmentatio
and event multiplicity may be correlated because they are eq(z) =1+ (1— q>w]1/(lfq). 3)
measured within the same rapidity interval [51]. In contrast,
the multiplicity estimator defined in the midrapidity region |n particular, if P(x) is ag-Gaussian distribution [53]
mainly captures the information of particles created in earlier
stages of the medium formed in the collision, which is useful P(z) = Nyeq (—2*/20%), 4
for studying its properties [15, 17].

We emphasize that this manuscript is focused on studyinghere/, is the normalization constant, E2) becomes
the evolution of thepr spectrum across multiplicity classes, AN
highlighting the entropy and heat capacity responses in each — o« Ula, 1/2, Zopgp), (5)
event classifier. dpr

The rest of the paper is organized as follows. In Sec. 2, wg ... a=1/(g—1)—1/2andz = (g — 1)/202 [43].

d_lscuss t_he derlvat|o_n of ther sp_ectrum from a nonexten- In Eqg. ), U denotes the confluent hypergeometric function
sive particle production perspective. In Sec. 3, we commen(talso known as the Tricomi's function), defined as
on the methodology and results of the fits to the experimen- ’
tal data for different energies and multiplicity classes. We 1

also discuss the correlations between model parameters and Ula,b,2) = I'(a)

/ et 14172 dt.  (6)
0
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Remarkably, the Tricomi's functiorE] has the appropriate whereP(z) is given by

asymptotic behaviors observed experimentally. At low "

values, Eq.5) recovers the thermal distributiafiV/dp?. o Pu() = RN [46137@3} U (a 1 4a§7TTe2> (10)
e—Pr/Tu \We adopt the use of the inverse of the constant de- e | q22? 2 @2x? )7

cay as the soft scale of thg- spectrum, usually interpreted

as an effective temperature, given b
P g y mates toexp[—x2(2¢? — g.)/27T?]. In contrast, for large
B(a,1/2) 7) z, P.(x) ~ x72%. In consequence?,(z) is a heavy-tailed
NV distribution [36].

here is the beta functionT b derstood as th We remark that thé/ function 5) is derived by consid-
whereb 1S the beta tunction.fy can be understood as the ering that the string tension fluctuations obey-&aussian

temperature linked to they spectrum, computed over the (distribution, which is a nonextensive description of the ini-

ensemble of collision events occurring under the same bIt'ial state. In contrast, the Tsallisexponential distribution

ases [44]. We must emphasize_ that the thermal distributio%, a priori, proposed to describe the spectrum based on

1S also obt_alned from_ the Schwmggr mech_anlsm by assUMpe nonthermal arguments of the final state. Interestingly, as
Ing Gaussian fluctuatlpns of th_e string tension [42], wh|ch 'Swe discussed, both approaches can be derived from heavy-
a!so_recpvered by taking .th? "m’.t_’ 1in the g-Gaussian tailed distributions for the string tension fluctuations. In this
distribution @). Another limit of interest occurs whepr context, the emergence of a heavy-taifed spectrum im-
_takes high Ivalude;;s]. Clln;h's I'm;t’ Efg{?ﬁ%gﬂ?s t’t:e follr(])w- plies the existence of phenomena out of thermal equilibrium,
g p((j)wler awh [dpp (pr) ' _Iotle t r?t a necessary requirement for the production of higtparti-

g modulates the exponent of the: spectrum tail. In this cles [36, 44, 45]. This connection suggests that nonextensive

v_velly, Iargder;]] v:;lu%s mean fbigger productioln of hi.gb'l pa;— statistical physics provides a framework for describing a wide
ticles and the hardening of tie- spectrum. In particular, for range of effects in high-energy collisions, whether through

t_h(_a proc_iuctlon of charged pamdes in minimum bias pp COI'the fragmentation of color strings or temperature fluctuations.
lisions, it was found thag consistently grows with the center

; 45 In Sec. 3, we analyze the characteristics of the
° rTAaSS energy | 2 din the introduct tion. the H exponential distribution and thHe function in describing the
S we commented in the introduction section, the Hage- T Spectra, categorized by VOM and SPD multiplicity classes

.dom function represents an alternative apprgach for des_cn n pp collisions, and provide a correlation between the model
ing the pr spectrum data of charged particle production

f both hes.
[23,24,54], and its phenomenology is equivalent to the Tsa”ié)arameters of both approaches
g-exponential distribution [34, 38] which is given by [55-57]

ﬂ X €q, (*pT/Te) ) (8)

with a. = ¢./2(ge — 1). For smallz, P.(x) approxi-

Ty =

3. Data analisys

We analyze the experimenfa} spectrum data of the charged
wheregq, andT, are parameters related to the nonextensiv-p"’lrtiCIe production in pp collisions reported by the ALICE

ity and the soft scale of the system’s final state, respectivelyﬁ%:gbglgg]sat midrapidity using the VOM and SPD muilti-

Here, we introduce the subscriptio distinguish these pa In Table I, we provide detailed information on the kine-

rameters from other instances @fised in the context of- ] .
P of matic cuts of each data set. We fit ECS) and B) to the

ian strin nsion fl ions. The mappin ween .. . .
Ezuasage dS(Ern %utﬁctsioo al Ny;;;atg S<1 n (;T /Zf)p’mg gr?:’i eeentlre pr range reported experimentally using the ROOT 6

Eq. ) is the following: py — mT,, andm — 1/(q. — 1). At software. In Fig. 1, we show the fits to the spectrum data.
low pr,Eq. B behaves ;s atheer’mal distributiore1 V\ﬁth.be- In all cases, the ratig”/NDF takes values around 1, mean-
ing thé invé?se of the decay constant. At high i:c follows ing that both approaches provide a good description of the

a power-law~ pt/ "% Similar to the confluent hyperge-

ometric functionU, the Tsallis distribution also matches the TABLE |. Description of the experimentalr spectrum data of

asymptotlc.behawo.rs observed experimentally. the charged particle production in pp collisions analyzed in this
Interestingly, Wilk and Wiodarczyk expressed the Tsal-manyscript. The data is reported by the ALICE Collaboration at
lis distribution as the convolution of the thermal distribu- midrapidity, classified according to the VOM and SPD definitions
tion with nonlocal temperature fluctuatiorB)[31], which  at different center of mass energies.
is useful to derive the string tension fluctuatioRgx) as-
sociated with Eq.8). Since the thermal distribution is ob-
tained by the convolution of the Schwinger mechanism with VOMat5.02Gev 5[ <08  0.15-20Gev  [47]
Gaussian string tension fluctuatiod(x) can be derived by SPD at 5.02 GeV In| < 0.8 0.15-20GeV  [47]

Data set Rapidity cut pr range Ref.

convoluting the Gaussian distribution with[36]. Therefore VOM at 7 TeV In| < 0.5 0.16-40 GeV [46]
oo 2 g2 VOM at 13 TeV In| <0.8 0.15-20 GeV  [47]

_ — —TpPr/T .
¢q. (=pr/Te) = /0 eI FPe(w)da, (©) SPD at 13 TeV <08  0.15-20GeV  [47]
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FIGURE 1. Experimental data gfr spectrum (markers) of the charged particle production in pp collisions at different center of mass energies
under the VOM and SPD classifiers defined by the ALICE Collaboration: (a.1)+&2} 5.02 TeV (VOM), (b.1)-(b.2)\/s = 7 TeV (VOM),
(c.1)-(c.2)\/s = 13 TeV (VOM), (d.1)-(d.2)y/s = 5.02 TeV (SPD), and (e.1)-(e.2)s = 13 TeV (SPD). See Table | for detailed information

on the kinematic cuts of the data sets. The solid lines correspond to the fits to data performedSjgtBg.ganels) and the dashed lines
correspond to the fits using E@®)((bottom panels). In all cases, the shaded region corresponds toth@rtainty propagation.

1-18—I ! ! ! ! I ! ! ! ! | I 022_'_I L LT FRE N A L S S '__

| 171.45.02 TeV SPD £ 45.02 TeV VOM | _J

"t ¥13 TeV SPD ~ 0.20r g
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2 Q . L ]

=t L1Sp ] 2, g ;
L1d; : =0 |
113 P : = 0.14F A ]
12 T Tendline 0.12( #13TeY VoM
1.25 1.30 1.35 0.150.170.19 0.21 0.23
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FIGURE 2. Correlations between the model parameters)(as a function of; and (b)7. as a function ofl; for all the analyzed cases.
The solid lines correspond to the linear trends.

experimental data for all ther range reported. However, b, = 0.46(1) [see Fig. 2a)], which is consistent with pre-
the error propagation via the model parameters is much betdous parametrizations [36]. On the other hand, the model
ter controlled by Eq.H), as seen in Fig. 1. In all cases, we temperatures folloWl, = ATy with A = 0.868(1) [see

assumed that the fitting parameters are independent. Fig. 2b)].
We found that the nonextensivity parameters are linearly  Additionally, the temperaturé&y; is a monotonically in-
correlated byg. = X,¢ + b, with A, = 0.53(1) and creasing function of the average multiplicity density,(as

Rev. Mex. Fis72010802
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FIGURE 3. a) Temperature as a function of the average multiplicity and & a function of temperature for all the analyzed data sets. The
solid line corresponds to EdL1). The shaded region corresponds to the uncertainty propagation.
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FIGURE 4. Dependence of the on the temperature for: a)fs = 5.02 TeV (VOM), b) /s = 7 TeV (VOM), ¢) /s = 13 TeV (VOM), d)
/s =5.02 TeV (SPD), and e)/s = 13 TeV (SPD). The markers correspond to the fitted value of each data set. The solid lines correspond
to the parametrization in EcL2). The shaded regions correspond to the uncertainty propagation.

whereqq, andTy are the minimal values af andTy,, corre-

TABLE Il. Values obtained of the relatianvs Ty in Eq. (12). sponding to the lowest multiplicity class of each estimator.
The obtained values af, andc, are reported in Table I1.

Vs (TeV) Classifier aq (GeV™™) ‘a Equation IL2) captures some dissimilarities between the
5.02 VOM 0.47+0.07 0.83+ 0.05 multiplicity classifiers through the dependenceqobn the
7 VOM 0.37+0.01 0.63+ 0.01 temperature. For instance, for the VOM classgexhibits
13 VOM 0.334 0.04 0.72+ 0.04 a concave-down increasing behavior with [see Figs 4a)-
5.02 SPD 3245 1.04 129+ 0.10 40)_],_wh_|ch leads to an apparent saturatlorqo*{s the mul- _
tiplicity increases. This means that there is no substantial
13 SPD 3.38:1.02 1.39+ 0.10

increment in the production of high- particles in the midra-
pidity region when the VO activity grows. In contrast, for the
SPD classifierg exhibits a concave-up increasing behavior
with Ty, as shown in Figs 4d)-4e). This means that an in-
crease in the multiplicity brings an increment in the produc-
tion of high pr particles. The last observation is consistent
with the py auto-correlation biases implicitly present in the
SPD classifier, because the multiplicity classification is deter-
mined in the same region where the spectrum is measured
[46], as we commented before.

seen in Fig. 3a). Therefore, it is possible to U3e as the

main natural variable. In all cases,andgq increase with the

multiplicity, and then, witHl;; [see Figs. 3b) and 4].
Moreover,o follows a global trend given by

o(Ty) = a.Tyy, (11

wherec, = 0.868(1) anda, = 1.94(2) GeV'"“. Re-
lation (11) is valid for all the analyzed data, as shown in
Fig. 3b).

Figure 4 shows the dependence gofs a function on 4. Moments and statistics of the transverse
the temperature for different center of mass energies and momentum spectrum
multiplicity classifiers. We also propose the following

parametrization The statistical moments of the- spectrum provide charac-
teristics on the central tendency, dispersion, and contribution
q(Tv) = qo + aq(Tv — Tp)“, (12)  of the tail to the whole spectrum, obtaining insights into the

Rev. Mex. Fis72010802
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FIGURE 5. Temperature dependence of the mean(Eq. (16)) of the charged particles produced in pp collisions a{/a)= 5.02 TeV
(VOM classes), b)/s = 7 TeV (VOM classes), ¢)/s = 13 TeV (VOM classes), d)/s = 5.02 TeV (SPD classes), and ¢ = 13 TeV
(SPD Classes). The markers correspond to the computed values using the val@esleffor each data set. The solid lines correspond
to the parametrization considering the temperature dependencarafo via Egs. (1) and (L2)). The shaded regions correspond to the
uncertainty propagation.

evolution of thepr spectrum as a function of the average 4.1. Average transverse momentum

multiplicity.
We compute then-th moments of the normalizegy ~ We calculate the mean transverse momentum by settiag
spectrum as follows 1in Eq. (15), resulting in
S oA dpr 2
(Pp) =~ (13) “1@Ee-5 [ T(H)
f%de (pr) = (¢ = 1)(3¢ = 5) 2 Ty. (16)

(2-q¢)(2¢-3) \ (& _ %)
By computing the integral from O to infinity, Ec18) can be a

expressed in the following closed form Note that(pr) is proportional tdl;;, where the proportional-

" a1 (41 2—¢q ity constant only depends an In the thermal limity — 1,
(Pp) =m=2"T < 5 > <q_1> Eq. (16) reduces tqpr) = 27y, describing a purely thermal
system.
B (”Tz, =1 "§2> . In Fig. 5, we show the results of thgr) as a function
X YRR 17, (14)  of the temperature. In all cases, ther) increases as the
(ﬁ T E) temperature does. In particular, this increment is more pro-

nounced for the SPD classifier than for the VOM’s. We also
computed thépr) trend by considering thgando as a func-
tion of the temperature given by Eq41f and (12).
We observed that the highest values(pf-) correspond
to the systems with the largest multiplicities, for which we
(p) = (PR*YY ) (Pr). (15) found the largest values of However, in all cases, we found
that¢ > 1, meaning a non-negligible contribution of the
Itis important to emphasize that E4.3) can also be com- produced patrticles that come directly from rare events [36].
puted over thepy range reported experimentally, which is Those events are taken into account by assuming the nonex-
a kinematic cut defined by the setup where the experimentiensive description of the string tension fluctuations, where
have an optimal resolution. In those cases, our estimationstrong interactions lead to large momentum transfer, result-
match the data reported by the experiments, as discussediimg in the highpr and heavy particle production [36]. This is
Ref. [45]. aligned with other descriptions assuming nonextensivity for

which is well-defined fog < (4 +n)/(2 + n) [45].

Additionally, the computation of the moments reported
by the experiments requires multiplying the facap from
phase space to the- spectrum [23]. Thus, we found

Rev. Mex. Fis72010802
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T ' [ R We point out that the variance over the square of the temper-
3.6 - ature is a function ofy. Interestingly, this ratio tends to 1 in
b 1 4 ~ the thermal limit [45]
-7 | . It is important to extend the analysis of the spectrum
; 325 ._*p *HT 5.02 TeV VOM ] beyond the variance estimation and consider the information
£ '.P‘-{r— %7 TeV VOM 1 from the heavy tail to study ther spectrum shape. In par-
> A0 . & # 13TeVVOM ticular, the kurtosis measures the contribution of the tails to
)3 ;' 502 TeV SPD the total probability, \{vhich corresponds to the_ obser_vation of
r % 13TeVSPD 1 rare events that dommgte the production of rpgrpartlcles.
26 L. L . 1 We compute the kurtosis as the fourth standardized moment,
0 20 m 40 &0 defined as
i | (Pr) _4(Pt) | 6(P)
FIGURE 6. (pr) /Tu as a function ofu for all the analyzed data (Pr) _ /4 —3
sets (Pr)* (Pr)® (Pr)?
: kurt(Pr) = 5 (18)
[var(Pr)]

describing the systems created in high multiplicity pp colli-
sions [57-59]. Note that the calculation dfP7.) from Eq. [14) requires

In Fig. 6, we show the ratidpr) /Ty for all the experi- 1 < ¢ < 4/3 for a finite estimation of the kurtosis when
mental data analyzed, which deviates frénihe value esti- considering the integration range from 0 to infinity. This re-
mated for the medium form in central heavy ion collision for Striction is not presented in the kurtosis computation from the

systems undergoing to a very quick thermalization [60, 61]. experimentapr spectrum because it is reported in a limited
pr range.

_ _ We remark that in the thermal limit, the kurtosis tends to
4.2. Variance and kurtosis of the transverse momentum g meaning that the high, particle production rate is not
spectrum affected by increments in the center of mass energy or the

] ) ] multiplicity of the system.
The variance of the, spectrum is computed in the standard | Fig. 7, we show the behavior of the spectrum vari-

form, va(Pr) = (P7) — (Pr)?, obtaining [45] ance (top panels) and kurtosis (bottom panels) as a function
of the temperature for both the VOM and SPD classifiers at

var(Pr) _ 2(q—1) /5 = 5.02, 7 (only VOM), and 13 TeV. In Fig. 7 (bottom

T3 3—2q panels), we present the k(i) as a function of the tem-
. 2 perature for all the analyzed datasets. We also consider the

r (q_ﬁ) 4 —2q 2 parametrization off ando in terms of the temperature [see

171 |~ {5 _3 } ‘ a7 Egs. 1) and (2)] for estimating the trend of the variance

r(-L - 7) q !
-1 2 and kurtosis.
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FIGURE 7. Temperature dependence of variance (top panels), and kurtosis (bottom panels) of the transverse momentum spectrum of the

charged particles produced in pp collisions at (a.1)-(¢2)= 5.02 TeV (VOM classes), (b.1)-(b.2)s = 7 TeV (VOM classes), (c.1)-(c.2)

Vs = 13 TeV (VOM classes), (d.1)-(d.2)s = 5.02 TeV (SPD classes), and (e.4)-(ey2) = 13 TeV (SPD classes). Lines, figures, and
colors are the same as in Fig. 5.
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5. Dependence of the Shannon entropy and
heat capacity on the multiplicity classifiers

In 1948, C. E. Shannon introduced the quantiy =
—(In P(x)) as a measure of the information content in a
probability distribution describing the random variabie
[62]. In Ref. [45], the authors studied the Shannon entropy of
the normalizeg spectrum for the charged particle produc-

tion in minimum bias pp collisions. The study of the Shannon
entropy can provide information regarding the contribution of
the soft and hard parts. In particular, for the thermal distri-
bution, the Shannon entropy is+ In 7" [45]. However, we
expect deviations from the latter since the experimental data
of the pr spectrum exhibits a power law tail. In those cases,
the increment of the Shannon entropy not only comes from a
) o flattening of the soft part but also increases with an enhance-
Note that the highest multiplicity values are very close jant of the highp particle production, which may differ

to the limit value at which kurtosis diverges. In consequencey o m one event classification to another as a consequence of
there is a substantial increment in the uncertainty propagatiof, selection bias

in the data sets and the trend lines as shown in Fig. 7 panels y computed the Shannon entropy by considering the
(c.2)-(e.2). In fact, for the I' SPD class at 5.02 TeV and thenormalizede spectrum as follows
I, II', and I SPD classes at 13 TeV, théP7.) is not finite.

- 13 TeV SPD
1 L 1 | L 1 | L L L |

40 60

FIGURE 8. Shannon entropy as a function of the average multiplic-
ity density for all the analyzed data sets.

In both cases, variance and kurtosis exhibit an increasing H = _/ (1 d]\21> In (1 dj\;) dpr, (19)
trend with the temperature, with a more pronounced concave- o \lodpp Io dpy
up behavior observed for the SPD classification. This indi-Where
cates that the spectrum becomes flattened at lpy with
an enhancement of the probability of producing highpar- < dN o q—1
ticles as the temperature or the multiplicity increases Io= ﬁde - ’ (20)
: o dpr 2-q¢l(a)V 2
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FIGURE 9. Shannon entropy as a function of the temperature for/a)= 5.02 TeV (VOM), b) \/s = 7 TeV (VOM), ¢) /s = 13 TeV
(VOM), d) /s = 5.02 TeV (SPD), and e)/s = 13 TeV (SPD). The markers correspond to the computed values of the Shannon entropy
using Eq.[L9) for each data set. In all cases, the solid lines correspond to the estimatiboafsidering the parametrizationsofindg in

(11) and @2), respectively. The shaded regions correspond to the uncertainty propagation.

Rev. Mex. Fis72010802



MULTIPLICITY DEPENDENCE OF THE ENTROPY AND HEAT CAPACITY FOR PP COLLISIONS AT LHC ENERGIES 9

—4 5.02 TeV VOM

£ 7 Tev VOM

V13

—# 13 TeV VOM

1.2

=
i:::milllliﬂll

[T 1]
11 (T[T

|
a) T, (GeV) b) T, (GeV) o) T, (GeV)
I I T f % [ & © I I
o 18 T 7
L6 + :
e ;
12f + .
C —4 5.02 TeV SPD T = 13 TeV SPD ]
1.0 ‘0.‘16‘ ‘0.‘18‘ ‘O.‘ZO‘ ‘0.‘22‘ ‘0.‘24‘ ‘0.‘16‘ ‘0.‘18‘ ‘0.,‘20‘ ‘ ‘0.‘22‘ I ‘0.‘24I
d) Ty (GeV) ) Ty, (GeV)

FIGURE 10. Heat capacity as a function of the temperature for/a)= 5.02 TeV (VOM), b) /s = 7 TeV (VOM), ¢) /s = 13 TeV (VOM),

d) /s = 5.02 TeV (SPD), and e)/s = 13 TeV (SPD). The markers correspond to the computed values of the heat capacity using the values
of ¢ ando and the derivative with respect to the temperature of their parametrizations for each data set. In all cases, the solid lines corresponc
to the estimation of” considering the only parametrizationsgfndo. The shaded regions correspond to the uncertainty propagation.

is the normalization constant of Ed)( This marks a natural
way of computing Eq.18) by consideringr as the random C = TUdi7 (21)
variable, according to what is usually done in the general- dTy
ized ensemble theory [63, 64]. Since the description of thyhich is interpreted as a measure of how much heat is re-
pr spectrum throughb) involves the Tricomi's function, the  quired towarm upthe system at which the particles are pro-
computation of the Shannon entropy must be performed byyced. From the definition af; in Eq. (7), the temperature
using numerical methods. grows with increments of andg, but in all cases, it occurs
Figures 8 and 9 show our estimations of the Shannon ersimultaneously as a function of the average multiplicity. In
tropy for thepr spectrum data sets analyzed as a function othis way, heatingthe p spectrum means a flattening of the
the average multiplicity density and the temperature, respeasoft part (production of soft particles in a larger low re-
tively. In all casesH is a monotonically increasing function. gion) and an enhancement of the spectrum tail (higher
In Fig. 8, the Shannon entropy shows very similar behaviokate of producing higlpr particles).
for the SPD and VOM classifiers. In contrast, Fig. 9 shows  The computation of the heat capacii@l] demands
a concave-down increasing behavior with the temperature fagnowing the explicit or implicit dependence of the Shannon
the VOM classes, which is not observed for the SPD classifientropy on the temperature. To do this, we use the explicit de-
Note that the increment in the VOM signal correspondspendence of- andq as a function offy;, given by Egs.[11)
to an increment of the forward-backward activity, which hasand [L2), respectively. In general, the heat capacity can not be
a nontrivial response in the shape of fhe spectrum mea- expressed as a closed formula for the Tricomi’s functign (
sured in the midrapidity region [50, 65]. On the other hand,In fact, it requires the computation of some derivatives of the
for the SPD classifier, the Shannon entropy increases with thg function and the integration of terms of the fofifin U”,
multiplicity, which is expected because the SPD classifier isas discussed in Ref. [45]. In this way, we also numerically
directly defined through the number of tracklets detected ircompute the heat capacity for all cases. Figure 10 contains
the midrapidity region. Thus, the production of charged par-our estimations of the heat capacity for the analyzed data.
ticles with highpr is enhanced as the multiplicity increases,  We found that the heat capacity is sensitive to the multi-
raising the value of and, therefore, the temperature value. plicity classifier. The heat capacity for the SPD classification
We also analyze the rate of change of the Shannon erincreases as the multiplicity does, as expected. It means the
tropy as a function of temperature to determine the subtlsystem requires more energetic collisions to produce more
differences present in the multiplicity classifiers. This is donecharged particles and, at the same time, with higheval-
by computing the heat capacity, which is defined in thermoues. Interestingly, the heat capacity for the VOM classes
dynamics as follows shows a decreasing concave-up behavior more pronounced
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for pp collisions at 7 TeV, which could be attributed to the sive evidence of the jet quenching phenomena in pp colli-
more constrained pseudorapidity cii|(< 0.5). The main  sions [17,66]. This behavior contrasts with that observed in
implication is that the system demands more energetic colliAA collisions, whereq decreases with multiplicity, aligned
sions to lower the system’s temperature, which is opposite twith the suppression of higly; particles in larger sys-
the SPD classifier. This occurs because the VOM classes atems [43, 44].

defined over distributions of tracklets that are not mutually ~ We found significant differences in the dependence of
exclusive. Moreover, the increasing concave-behavior of thas a function ofly; across the multiplicity classifiers. For
g value for the VOM classes is a direct indication that the sys\VOM classesg saturates, indicating a poor enhancement of
tem produces highes; particles with a significantly lower the hard particle production with increments of the temper-
rate as the average multiplicity increases. This behavior imature or multiplicity. On the other hand, is a concave-
pacts the heat capacity at higher temperatures and makes thp function ofTy;, meaning the hardening of the- spec-

system less accessible at lower-temperature states. trum. This contrast is supported by the definitions of the
multiplicity estimators. The classification using the mid ra-
6. Discussion pidity signal (SPD classes) allows for harder spectra at high

multiplicities because th&ackletsclassification can distin-

In this manuscript, we have used a nonextensive approadjuish very high multiplicity events that make classes with
to study how thepr spectrum of charged particle produc- high (pr). For instance, the IV’ classes of SPD of pp col-
tion evolves with multiplicity in pp collisions. Where the lisions at\/s = 13 TeV contain 1.419% of the total events,
data are categorized using two different multiplicity estima-while the | class of VOM corresponds to 1% of the events, as
tors defined by the ALICE Collaboration: VOM and SPD. the ALICE collaboration reported in Ref. [47]. However, the
The model considers that the- spectrum arises from the VOM class | (highest multiplicity) does not necessarily con-
fragmentation of color strings with heavy-tailed tension fluc-tain information on all the highest multiplicity events in the
tuations. In particular, if the string tension fluctuations fol- transverse region. This is because the VOM classes are con-
low Egs. @) and {10), thep; spectrum becomes the Tricomi Stituted by tracklet distributions. Consequently, the mgan
function [5) and the Tsallis distributior], respectively. In-  takes smaller values due to the large contribution of low mul-
terestingly, both distributions resemble an exponential decafjplicity events. In contrast, the SPD classification discrim-
at low p7, allowing us to define the temperature as the in-inates events with higher multiplicity and, therefore, harder
verse of the decay constant, as usual. On the other hand, the spectra.
U and Tsallis distributions exhibit power-law tails at the high ~ We further studied the differences between the VOM and
pr regime, modulated by andgq., respectively. Thus, the SPD classifiers by analyzing the Shannon entropy as a func-
increase of they and g, values is directly linked to the en- tion of the multiplicity, which was computed by consider-
hancement of higlp particle production, which refers to a ing the normalizegh; spectrum through th& function [see
hardening of ther spectrum. Notably, the nonextensive ap- Eq. (19)]. Interestingly,H increases monotonically with mul-
proach accurately described the experimental data across thiplicity. This behavior indicates that ther spectrum be-
entire pr-range, indicating that the majority of the particle comes broader as a consequence of an increment of the tem-
production in pp collisions originates from string fragmenta-perature (flattening of ther spectrum) and the raising of the
tion. This is in agreement with the consensus that the collegerobability of producing highyr particles (hardening of the
tive phenomena have minimal influence on thespectrum  pr spectrum). However, the growth of the entropy as a func-
in pp collisions [17]. tion of temperature differs depending on the event classifier.

We established the correlation between the temperatureSimilar tog, H shows signs of saturation for the VOM classes,
and nonextensivity parameters of both descriptions as pawhile for the SPD classes it follows a concave-up increasing
of our analysis. For instance, shows a linear correlation behavior.
q = 0.53¢. + 0.46, as seen in Fig. 2a), although consis- Due to the different responses of the Shannon entropy
tently remains below 1.2, within the expected range discusseds a function of the multiplicity in the different classifiers,
in Ref. [30]. The soft scal€g, andT, are proportional, with  we investigated the rate of change of entropy with temper-
T. = 0.871y, as shown in Fig. 2b). This is consistent with ature through the heat capacity, defined in E2f).( This
previous findings showing thd®.(x) has a smaller variance methodology allowed us to characterize in more detail the
than theg-Gaussian distribution at lower tensions, explain-deviations present in the evolution of the spectrum for the
ing the underestimation df, relative toTy [36]. Giventhe  VOM and SPD multiplicity classifiers. In the case of the VOM
correlations discussed above, it was sufficient to carry out thelasses, there are temperature intervals where the heat capac-
analysis using only the description based on the Tricomi'dty decreases (see top panels of Fig. 10). In particular, for
function. /s = 7 TeV, the heat capacity is a monotonically decreasing

We observed that, in all the analyzed casgBicreases function of 7;. An explanation for this phenomenon may
monotonically with the temperatufg;, as shown in Fig. 4. come from the perspective of an asymmetric relaxation of the
The latter implies that higlpr particle production is not system’s evolution produced by the event selection biases. In
suppressed, which is consistent with the lack of conclucontrast, for the SPD classes, the heat capacity always in-

Rev. Mex. Fis72010802



MULTIPLICITY DEPENDENCE OF THE ENTROPY AND HEAT CAPACITY FOR PP COLLISIONS AT LHC ENERGIES 11

creases with temperature (see bottom panels of Fig. 10). Thibe increasing values of the statistics are consequence of the
is expected because the increments in the number of tracklefisttening of the soft region along with a lifting of the dis-
in the midrapidity region are directly associated with the hightribution’s tail. All of the above result in an increase in the
pr particle production. information content in the entirgr spectrum as the classes

The behavior of the heat capacity can be interpreted imeach higher multiplicities, which was evaluated by comput-
the usual thermodynamic sense: An increasing heat capacityg the Shannon entropy through the normalizgedpectrum
indicates that more energy is requirechemt upthepr spec-  described by the Tricomi’s function. In all casésjncreases
trum, as seen for the SPD classes. In contrast, a decreasingth the multiplicity, aligned with a hardening of tipg spec-
heat capacity reflects that higher-temperature configurationsum. However, for SPD classes, the Shannon entropy shows
become more accessible than lower-temperature ones, as \&e increasing concave-up behavior. Meanwhile, for the VOM
obtained for the VOM classes. classes, the entropy shows an increasing concave-down be-
havior.

We also estimated the heat capacity as the derivative of
the entropy with respect to the temperature [see/Zl}].(We
In this work, we studied the dependence on the multiplicity offound different behaviors of the heat capacity as a function of
the averager, variance, kurtosis, Shannon entropy, and heathe multiplicity for the VOM and SPD classifiers. In the case
capacity of thepr- spectrum of charged particles produced in of the VOM classes, our analysis revealed that it is easier for
pp collisions. To this end, we analyzed the data sets for théhe system to get higher temperatures than to cool it down.
center of mass energies of 5.02, 7, and 13 TeV classified ufMeanwhile, for the SPD classes, more energy is required to
der the VOM and SPD multiplicity estimators reported by theincrease the temperature of the system. We must point out
ALICE Collaboration (see Table | for detailed information that the multiplicity classifier chosen to select events may
on the kinematic cuts of the analyzed data sets). We fittenduce different responses in estimating theoretical or phe-
the Tricomi's function ) and the Tasllis distributiorigj to nomenological observables that could lead to misleading in-
the experimental data of the- spectra. We found that the terpretations or conclusions.
nonextensivity parameters and temperatures of both descrip- Finally, an immediate extension of this work is the anal-
tions are correlated. In particular, we studied the dependendéis of thepr spectrum of the changed particle production
of ¢ ando on the average multiplicity and the temperatureunder different event shape selectors, such as the transverse
Ty (given by Eq. 7). We found that the behavior af is spherocity, relative transverse activity, or flatenicity, among
classifier-dependent: it saturates with VOM but it increase®thers.
monotonically with SPD without saturation signals. The lat-
ter implies a stronger enhancement of hard particle producacknowledgments
tion for the SPD classes.

In the computation of thépr), the variance, and the kur- This work was funded by Consejo Nacional de Humanidades,
tosis of thepr spectrum considering the range from 0 to in- Ciencias y Tecnoldgs (CONAHCYT-Mexico) under the
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