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Statistical uncertainty estimation of higher-order cumulants with finite efficiency
and its application in heavy-ion collisions
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We derive the general analytical expressions for the statistical uncertainties of cumulants up to fourth order
including an efficiency correction. The analytical expressions have been tested with a toy Monte Carlo model
analysis. An application to the study of particle multiplicity fluctuations in heavy-ion collisions is investigated.
In this derivation, a mathematical proof is given that the validity of an averaged efficiency correction and
the fluctuations induced by the nonuniformity of efficiency can be eliminated. The estimation of statistical
uncertainties using the analytical formulas is found to be significantly faster than the commonly used bootstrap
method. The simplicity and efficiency of using the analytical formulas may be useful for massive data analysis

in many fields.
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I. INTRODUCTION

The cumulants of a probability distribution and their cal-
culation have been thoroughly studied in probability theory
and statistics [1]. The first two cumulants are the mean p and
variance 0. The third one is the same as the third central
moment (So3, S for skewness), but the fourth (ko*, « for
kurtosis) and higher-order cumulants are not equal to the
central moments. Cumulants are a series of additive statistics:
for several independent stochastic variables, the cumulant of
their sum is equal to the sum of their individual cumulants.
Since the cumulants higher than second order of the Gaussian
distribution remain zero, they are useful for the description
of non-Gaussian fluctuations. Due to their unique properties,
cumulants have been widely used in many fields, such as the
fluctuation research in heavy-ion physics [2,3], wave spectrum
and signal analysis in electronic technology [4—6], biomedical
signal processing [7,8], and the application of economic statis-
tics [9—11]. The statistical uncertainty estimation of cumulants
has been studied previously in Ref. [1]. However, due to the
complexity of the analytical derivations, as an alternative, the
statistical uncertainties are commonly estimated via a boot-
strap method [12] through computationally intensive Monte
Carlo resampling, and its calculation time cost is proportional
to the scale of the data sample and the number of resamplings.

In particular, in many cases of data collection and mea-
surements of statistics, the objects of interests are observed
in imperfection with a probability less than unity, namely,
measuring efficiency, and the recorded distribution is dis-
torted compared with the original one as a result. This is
called the finite-efficiency effect. For example, the limited
capability of the detector system in heavy-ion collision ex-
periments results in lost tracks and missing particles with
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the nonuniform efficiency depending on many factors, such
as the collision centrality and particle kinematic parameters
(transverse momentum, azimuth angle, and rapidity) [13],
which strongly affect the measured event-by-event particle
multiplicity distribution. The measured statistics describing
higher-order fluctuations and their statistical uncertainties are
more sensitive to the efficiency, so an efficiency correc-
tion [14-16] should be carefully applied to estimate the true
values of higher-order cumulants of the original distribution.
However, since the statistical uncertainty estimation of the
efficiency-corrected higher-order cumulants becomes much
more complicated, no analytical formula derivation has been
given to solve this issue so far. Although the statistical un-
certainties can be estimated via the bootstrap method [16]
costing lots of CPU time, their components and how they
are essentially affected are incomprehensible. As an example,
the final-state conserved quantities in heavy-ion collisions,
like net charge, net strangeness, and net baryon multiplici-
ties, have been proposed as signatures for the phase-transition
critical point between the quark-gluon plasma (QGP) phase
and hadronic gas in the quantum chromodynamics (QCD)
phase diagram [17-19]. A first glance at the nonmonotonic
distributions of the net-proton multiplicities as a function of
the collision energy from the RHIC BES-I program has been
given by the STAR Collaboration with large uncertainties, in
particular in the high-baryon-density region near the possi-
ble critical area [19,20]. Thus, the estimation of statistical
uncertainties with the imperfect and nonuniform efficiency
correction is crucial to the significance of this observation.

In a previous study [21], the validity of an averaged
efficiency correction for higher-order cumulants was analyt-
ically proved, and in a toy Monte Carlo model analysis, the
statistical fluctuations of the efficiency-corrected cumulants
were observed to depend on the nonuniformity of the valid
efficiency employed in the efficiency correction, namely, cor-
recting efficiency. In this paper, the analytical formulas for
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the statistical uncertainty estimation of efficiency-corrected
higher-order cumulants are derived and then mathematically
decomposed into their principle components to study their
functional form and dependence on critical parameters such as
the efficiency. A toy Monte Carlo model analysis is employed
to check the analytical results, and a comparison between the
analytical method and the bootstrap method is given.

II. ASSUMPTION AND DEFINITION

A. Binomial efficiency assumption

In this paper, the finite measuring efficiency is assumed to
be binomial efficiency, and, accordingly, the efficiency correc-
tion is employed with the binomial model. For example, there
exist objects of interest where the number X is a non-negative
integer stochastic variable following the probability distribu-
tion function P(X ). The binomial efficiency « € [0, 1] makes
that each individual object is observed independently with
probability «, and, thus, the measured number x of objects
follows

P(x) =) P(X)Byq(x), (1)
X
where By ,(x) denotes the binomial distribution defined by
_ . X _ X —x
By o(x) = A o (I —a)y ™, 2
i — W
with o = X

In heavy-ion collisions, the nonbinomial effects are esti-
mated by the efficiency correction with the unfolding method
rather than the binomial model, and results shows that even
if the maximum nonbinomial effects are expected, their con-
tribution can be quoted by the binomial efficiency correction
within uncertainties [20].

B. Phase-space definition

In this paper, the definition of a phase space is the same as
Ref. [21]. Suppose that there exist M series of objects of inter-
est, whose numbers X = (Xi, X3, ..., X)y) are non-negative
integer stochastic variables following the probability distri-
bution function P(X), and their total number X = Zf‘il X;
follows P’(X). A phase space is defined to contain these series
of objects if

P(X) =" P'(X)My ,(X), 3)
X

where My ,(X) denotes the multinomial distribution defined
as

™ X! ﬁ X

xpX) = —r—| | P}’ 4)
Hi:lXi! i=1

with p = (p1, p2, ..., pu) and p; = % in other words, ob-

jects in a phase space are produced with the total number X
determined by a certain distribution P(X) and then allocated
into each series by a certain probability vector p. For example,
if there are independent X; ~ Poisson(A;), Eq. (3) holds for
X ~ Poisson(}_ ;).

In heavy-ion collisions, the phase space under this defini-
tion needs to be further studied.

III. COVARIANCES OF ESTIMATED CUMULANTS

The moments and cumulants for a bivariant probability
distribution function P(X,Y), for example, are defined by
their generating functions as [1]

(X*Y") = 850,G(6, m)lg=p=0, (5)

GO, m) =) PX, Y)W = () (6)
XY

(X*Y")e = 049)Ge(8, Mlo=p=0, ()

Ge(6,m) =InG(,n) =1In (X, ®)

respectively, where dy represents 9/96.
The relation between cumulants and moments can be ob-
tained from

(X*¥')e = 901 Ge(®. Mlp—y—o
= 959} I G(6., )lo——o- ©)
For example,
(XY)e = 369,Gc(0, Mly_,_o

B <aganG B (agc)(an(;)>
- G G? P

= (XY) — (X)(Y). (10)

For moment estimation, the sample moments are used to
estimate the population moments, and then the covariance of
two estimated moments is obtained with [1]

nCov({X( Xz - -- Xz), (12 --- 1))
=XXo- - XV V) — (X Xy X)) (V1Yo V),
(1D

where X; i =1,2,...,k)andY; (j = 1,2,...,]) are stochas-
tic variables and n denotes the number of samples. The hat (7)
represents an estimated quantity obtained from samples.

With the relation between cumulants and moments and
Eq. (11), the covariances (Cov) and variances (Var) of es-
timated cumulants can be obtained [1]. The formulas for
cumulants up to fourth order are given below (P, O, R, S, T,
and U are stochastic variables with large n):

First-order cumulants:

— o~

nCov((P).. (Q).) = nCov({P). (Q))
)

= (PQ) — (P)(Q
= (PQ).. (12)

nCov((P?),, (0),) = (P*0).. (13)
nCov({PQ).., (R).) = (POR).. (14)
nCov({P?).. (@).) = (P°Q). (15)
nCov((PQR),. (S).) = (PQRS).. (16)
nCov((P*)., (Q)0) = (P*Q)e. (17)
nCov((PORS),, (T),) = (PORST).. (18)
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Second-order cumulants: TN
C P%, (P20).
nCov((P?).. (%)) = (P*Q%)c +2(PQ)2, ag VP PO
= (P°Q)c +4P°)c(PQ).
nCov(PQ).. (RS):) = (PORS). + (PR)-(0S). +8(P*Q)e (P?)e + 14(P)(P2Q).
o TR <0 F16(P° 0)elP) + 24(P))c (P)
nCov((P?)e, (Q%)e) = (P*Q)c + 6(P?Q)c(PQ).,  (21) x (PO} + 12(P*Q) (P)2. (28)
nCov((P/Q-F)C, ﬂ) = (PORST). + (POS)(RT), Fourth-order cumulants:
+H(POT)e(RS)e + (PRS)AQT)e  pVar((P)e) = (PY)e + 16(P)c(P?)c + 48(P°)c(P):
 FERDPS). (22) L oapy 29)
4 2 3
nCov((P4)e, (Q%)e) = (P'Q7)c + 8(P Q)c(PQ)e Here the covariances of estimated cumulants in the univari-
+6(P2Q)§, (23) ate case are summarized as
_— — _ min (k,[)
nCov({PQORS)., {TU),) = (PQRSTU), nCov((Xk » Xl Z Fk D), (30)
+(PORT) (SU). + (POST)(RU ).
+(PRST).(QU). + (ORST).(PU).  where f.(k, [) denotes a product of r cumulants defined by
+(PORU ) (ST). + (POSU) (RT). filk, 1) = (x*y., (31)
+(PRSU) QT ). + (QRSU) (PT). Fl 1) = Z gr(k, iy, ip, ..., 0y) X (XY,
+(PQT)(RSU). + (PRT).({QSU), e iz
+(PST)c(QRU), + (PQU)(RST), e
“(X")e, (32)
+(PRU)(QST). + (PSU)(QRT).
(24) with the numerical coefficients
Third-order cumulants: gk, Lyir, ia, o0y 0p)
nCov((P3)., (03).) B k i k— i\ (1—ii+
= (P’Q)c +9(P*Q%)c(PQ). - KJIZ@,I [(h) (l’l - J’lﬂ [( J2 )( =2 ﬂ
+9(PQ*)c(P*Q)c + 6(PQ).. (25) 1< i
o Jitiattje=k
nCov({PQR)., (STU).) N (i
- ~[G)G=) @
- <PQRSTU)C + (PQST)C(RU>C Jr lr—Jr
(POSU)(RT). + (POTU)(RS). and A; ;.. denotes the factorial product of counts of the
+(PRST).(QU). + (PRSU).(QOT) same numbers in iy, ip, . . ., i,, for example, Ay 553 = 3! x 1!
¢ ¢ ¢ ¢ and A2.2’3’3 =2! x 2!
+(PRTU)(OS) + (ORST) (PU). In the multivariate case,
+(QRSU) (PT). + (QRTU) (PS). min (k,1)
+(POS).(RTU), + (POT).(RSU), nCov((XiXz - Xi)e, (V2 ---V))o) = Z [, D), (34)
r=1
HPOU)ARST e + (PRS) QT U) where f/(k, ) denotes a product of  cumulants meeting the
+(PRT).(QSU). + (PRU) (QST). following requirements:
+(ORS) (PTU). + (QRT) (PSU). D (X, X,---Xg)e and (Y|Y5---Y;). contribute each
+(QRU) (PST). + (PS).(QT).(RU). stochastic variable only once to each product.
+H(PS)(QU)(RT), + (PT).(0S).(RU), (a) gl—lf ls.um of cumulant orders in each product is
+(PT).(QU).(RS), + (PU) (OS).(RT), I XiX,---Xy). and (Y1Y»---Y;). contribute one
+(PU),(QT),(RS)., (26) stochastic variable at least to each cumulant in each
o product.
nCov({P%., (03).) (a) The order of each cumulant is not less than two.

A3 30 3 2 (b) The number of cumulants in each product is not
= (P'Q)c + 12(P°Q")c(PQ)c + 12(P* Q) (PO greater than min(k. ])

+18(P2Q%).(P*Q). + 36(P?Q)(PQ)?, 27 (II1) Each satisfied product appears only once.
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(a) The numerical coefficient pf each product is 1. G.(0) = In Z P(X)e’ = In (™). (36)
(b) The number of products with the cumulant orders "

il’i27 ~~-»ir lsgr(k9l;i17i2» "'1ir)/Ai],i2 ..... l'r'

IV. VARIANCES OF ESTIMATED The kth-order cumulant (X*). can be simply marked by C;.
EFFICIENCY-CORRECTED CUMULANTS If the measuring efficiency for each individual object is
L. a € [0, 1], the measured number x follows Eq. (1), and its
A. Univariate case cumulants can be generated from
Suppose that there exists a non-negative integer stochas-

tic variable X representing the number of produced objects

ky _ ok
of interest, such as the multiplicity of particles produced in (e = 9 Ge(@)lo=o, (7
heavy-ion collisions, which follows the population probability G.(6)=1In Z P(x)e? = In (™). (38)
distribution function P(X). The cumulants of X can be gener- P
ated from
(X5 = 85Ge(0)]9=0, 35) The formulas for efficiency-corrected cumulants up to
| fourth order derived in Ref. [14] are presented as
1
(X)e = —(X)c, (39)
o
) I, 1 1
XY= S0+ (= — = |, (40)
o o o
1 3 3 2 3 1
X = =)+ (——3 + —2)<x2>c + (—2 - =+ —)<x>c, (1)
o o o o) o o
(X4)—1(x4)+ 6+6 o). + 11 18+7 o). + 6+12 7+1 ) 42)
Tt at s ) at o’ o? ¢ at a3 o? o« «

The formula of the efficiency correction on the right-hand side for the kth-order cumulant is represented by C;*".
With the covariances of cumulants obtained in the previous section, the variances, as squares of statistical uncertainties, of
the estimated efficiency-corrected cumulants are derived accordingly as

~ 1
nVar(Cf"”) = —z(xz)c, (43)
o

N 1 o1y
nVar(Gs™") = J(MC +2(x%)?) + ;<— — ?><x3>c + (; - —) (e, (44)

o?

EAPE

2
+(—i T %) (e +20392) + %(3 S l) o).
o o

nVar(C3) = O%«xﬁ)c + 90 (%) +9(7)2 + 6(x%)]) + 5(—3 + %)((xﬂc +6(x)c(x)c)

o o o«
3 3\(2 3 1), , 23 1\,
+2 _01_3_’_05_2)(0[_3__2—'—_)()6)0—'_(5_?—}_&) (X)es (45)
nVar(C;°") = %(MC F16(8) e (¥ +48(x)e (¥)e + 34(x*)] + 72(x*)c (1) + 144(x)2 (%) + 24(x?)7)

+£(—£ + o (()e + 1207 (0% + 300 e () e + 36(x%) e (%)7)

s 4y .2 3,2 a3y, 2 (11 18 7 6 4y .2 3,2
) (e + 90 () +9(8°)2 + 6(x%)]) + a_4<a_4 -5t @)((x% + 8(x*)c(x%)e + 6(x°)7)

6 6\(11 18 T\ s . L, 2( 6 12 7T 1\
+2 —F+—3 a—4——3+a—2 ((x)c+6<x>c<x>c)+a_4 —;4——3——24-— ()

o o o o

118 7\ 6 6 6 12 7 1
+(———+—2> ((x4)c+2(x2)§)+2<—a—4+$><——+———2+—>(x4)c

at o} o ot o o« o

2
+2<;—}1 By l) <—£ + 2Ty l)(x3>c + (—3 F2 7y l) (e (46)

_l’_

|

| o
_l’_
leo\
_l’_

O

o’ ol ot ad a? o« ot a? o«
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B. Multivariate case

Suppose that M series of objects of interest are produced
with the numbers X = (Xj, X», ..., X)) as non-negative
integer stochastic variables following the population proba-
bility distribution function P(X). The linear combination of
the produced numbers with the numerical coefficients a =
(ai, aa, ..., ap) is represented by

M
Qw=a-X =) aX, (47)

i=1

which gives the conserved charge in heavy-ion collisions if X
and a denote the multiplicities and charges of the produced
particles of various series, and its cumulants are defined as

<Q](Cat)Qibﬂc = 8(ka;)a(lb)Gc(0)|o=o, (48)
Ge(®) =In Y PX)e" =In ("), (49)
X

with
M
day = Y aidy,- (50)

The kth-order diagonal cumulant (Q’(‘a))C can be simply
marked by C;.

Consider the measuring efficiency vector o =
(ay, a, . .., ap) € [0, 11 for these series of objects, and the
probability distribution function of the measured numbers

x = (x1, X2, ..., X)) can be expressed by
M
Px) = PX) [ ] Bxosxi). (51)
X f—
with ; = ) The linear combination of the measured num-

(Xi)
bers is represented by

qa) =a-x, (52)
and its cumulants are given by
(G dls))e = a5 Ge(O)],_ys (53)

Ge(6) =1In Y P(x)e’* =In (¢"). (54)

The formulas for efficiency-corrected diagonal cumulants
up to fourth order are presented as [14—16,21]

(Qu.0)e = {qu,n)e (55)

(Q10))e = {at1.1) + (@2n)e — (@22)e, (56)

(0d. 0l = (a1 1 ). +3(@a.nge.)e — 3(@a.nde)e
+{q6.1))c — 3(q3.2))c + 2(9G.3))es (57)

= (a1} + 6lat 1yae. ). — 6lat 1yae),
+4(q01.1)96.1))c—12(q1.1)9G.2)) c+8(901.1)9(3.3) )
+3(Q(22,1))C—6<Q(2,1>Q(2,2))c+3(4(22,2>>c+(Q(4,1))c
—T{q@2))e + 12(q@.3))c — 6(q@4,4))cs (58)

(O1.0)e

where

L
Ouv) = Qavjary = a—,lez, (59)
im1 Y
Mg
) = G /o) = Z ajx, (60)

i=1 t

Here o = (a0, o, ..., ) € [0, 11 denotes the correcting
efficiency and is not necessarily the same as the realistic mea-
suring efficiency «. In heavy-ion collisions, we have shown
elsewhere that the efficiency correction is valid if & is an
average of « for the particles with the same charges within
each single phase space [21]. Similarly in the general case,
the correcting efficiency is required to be an average of the
measuring efficiency taken respectively in one or several av-
erage ranges meeting two requirements:

(i) Numerical coefficients of all series of objects in each
average range are the same.

(i) Object numbers of all series in each average range
follow Eq. (3).

For each equation in Egs. (55)-(58), the left-hand side,
which denotes the true value of the produced kth-order di-
agonal cumulant, is represented by C;™°, and the right-hand
side as the formula of the efficiency correction with &’ from
the measurement with o is marked by C;°" (er; o').

With the same technique as the univariate case, the
variances of estimated efficiency-corrected cumulants up to
second order can be obtained accordingly as

nVar (CY7) = (g7 1), 61)

nVar (C3) = (g 1) +2(at 1) + 2(a naen),

—2<61(21,1>61<2,2))C + <‘1<22,1>)c
—2<6](2,1)CI(2,2>)C + (‘1(22,2>>c’ (62)

and the results for third- and fourth-order cumulants can be
found in Appendix. In addition, the covariance between the
first two order ones is derived as
nCov(C5°™, Ci°) {ga.n9e.2)e,
(63)
and some other covariances are also presented in Appendix. In
fluctuation analysis in heavy-ion collision experiments, cumu-
lant ratios, such as C,/C;, C3/C;, and C4/C,, are commonly
studied, since the fluctuations induced by the system volume
can be canceled [2], and their statistical uncertainties can be
estimated from the variances and covariances in the above
derivations by

=(q.1)). T (aa.ndgen)e —

~corr corr \ 2 V. 600rr \V/ 6(:011‘
()~ () (2 e
&)~ \e=) Uiamp ™ iam)
2Cov 6corr’ 6corr
— C(Emkrc]m’ )). (64)
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C. Components of variances in multivariate case

In Ref. [21], statistical fluctuations of efficiency-corrected
higher-order cumulants are observed to depend on the nonuni-
formity of the valid correcting efficiency in a Monte Carlo
simulation. The components of variances are fully decom-
posed and discussed via an analytical derivation in the
following to understand how the statistical uncertainties are
affected.

Suppose that all series of the produced objects in the pre-
vious section are in a single phase space, which requires that
the object numbers follow Eq. (3) with the total number X and
the multinomial probability vector p [21]. The cumulants and
factorial cumulants of

Q) = aX (65)
are generated by
<nga)Q€b))c = a(ka)a(lb)G/c(GNG:O, (66)
G,©)=In) P X)™ =In™), (67
X
(Qfa)Qéb)>fc = é(ka)é([b)G/fc(s)|x:17 (68)
Gi(s) =In Y P'(X)s* = In(s"), (69)
X
respectively, with
d(a) = ade, (70)
é(a) = aBS. (71)

In addition, the factorial cumulants of X and x are defined
by

(Ql((a)Qib))fc = 5(ka)é([b)ch(s)|s:l, (72)
M M

Gic(s) = anP(X)l_[le" = ln<1_[sl’.(f>, (73)
X i=1 i=1

<q](ca)qéb))fc = 5(ka)é(]b)(~;fc(s)|s‘:l (74)

M M
Gre(s) =In Y P@)[]sf =In < I s;‘f>, (75)
x i=1

i=1

respectively, with

M
day= Y _ aid,. (76)
i=1

Relations between cumulants and factorial cumulants have
been derived in Ref. [14].
Grc(s) can be converted into Gf (s) with [21]

M
ch(s) =In Z P/(X) Z MX,p(X) 1_[ Si(i
X X i=1
Iy X
=In ZP’<X><Z pm)
X i=1
M
= G}, (Z PiSi) , (77
i=1

where the second line is obtained by the multinomial expan-
sion, SO

3y 01y Gre(8) = By p)0p.p Gt (9)- (78)

The relation between Gr.(s) and Gg.(s) can be obtained
by [14,15]

M
Gr(®) =Y PX) Y []Br.wxs)
X

x =1

M
=Y PX)[ leisi + (1 —an))®
X i=1
= Gre(s), (79)
where s} = a;5; + (1 — o) i=1,2,..., M), so

3y () Gtc(8) = By dipar) Gt (5, (80)

which connects the produced and measured factorial cumu-
lants. Here we define the expression

M
= a;o;
a(aa/a’) = Z Tas;o (81)

i=1 i

In a valid efficiency correction employing

a/z(aa"'aaaam+]7'~~vaM)7 (82)
with
o) Y aX) R aap
DS IR SR I

as the averaged efficiency with an average range covering the
first m € [1, M] series of objects, it is required that numerical
coefficients of objects in the average range should be the
same; thatis, a; = a, = - - - = a,, [21]. The relations between
generating functions of factorial cumulants can be derived as

dar ja) Gre(8)
= O(ara/a)Grc(s)

@l & O dlo;
4
== it Y pi oG
i=1

i=m+1 i
at mn M at
1 i /
= (&U_l Zpi + Z Fpi)astc(S)
i=1 i=m+1 1
= (g1 a1 Gre (), (34)
and so forth,
k ! k !

(90900 )ke = Q=1 Crovr—1) e (85)
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Hence, the variance of the estimated efficiency-corrected
first-order cumulant can be decomposed as

nVar(CP") = (g ),

= (q(21,l)>fc +{q0.2)t

=(Qlo) + (Qan)e

=(0%1.0)). — (Q2.0)te + (Qan)te

= nVar(C™°) + (Qa.1))te — (Q2.0))5e)

with two additive parts: one is an intrinsic part only depen-
dent on the initial population fluctuations, and the other also
depends on the correcting efficiency. One can find that

nVar(C) > nVar(CI™), (86)

from the expression of the second part

(Qan)e — (Ot

= (Q(az/ot’)>fc - (Q(a2)>fc

= é(az/a’)ch(st:] - Z_9(112)ch(s)|s:1

= d@(1/a—1)Gre () _,

>0, 87)
since the numerical coefficients a®(1/a’ — 1) is always non-
negative for each series of objects. The second part is not
explicitly related to the realistic measuring efficiency « but
its averaged value, since of keeps the same averaged value
as a. It is obvious that the second part of the variance de-
creases to zero as the efficiency increases to unity. To study
the contribution of nonuniformity of the correcting efficiency,

the efficiency-dependent part can be further decomposed with
its generating function as

Q@ ja))tc = ( ZP;

With Cauchy’s inequality, it can be derived that

m m 2
L= (30)
i=1 i=1

in other words,

(88)

2
Z —pl)a Gie(s)

i=m+1

s=1

m m

> aipi <Z§pi, (89)
i=1 i=1 !

(O /a)te < (Q@/a))tes (90)

and the relationship between the variances of estimated true
or efficiency-corrected cumulants can be obtained as

Var(ame) < Var(C“’rr (o; a)) Var(acm(a;a'))
< Var(CfO‘T(oc;oc)), 1)

where & denotes the &’ with m = M as the completely aver-
aged efficiency without any nonuniformity in the single phase
space. The averaged efficiency correction can suppress the

statistical uncertainties of higher-order cumulants compared
with use of a realistic efficiency correction, and the variance
decreases as the average range of efficiency expands, since
the nonuniformity of efficiency does not contribute to the
fluctuations.

Similarly, the variance of the estimated -efficiency-
corrected second-order cumulant can be decomposed as

nVar(C5™) = nVar(C5**) +4(0% o) Q). —401 0)22.0));.
+ 4080 Q) e — 4O 0))r (Q20) e
+4(001.0)06.1)) e — HQ1.00G.0))te
+ 2000l = 2080k + 2ok
=200t + (Qu)re — (Quodre.  (92)

with two additive parts following the same principle as the
first-order case. One can also find that

nVar(a‘jO”) > nVar(Cy"), (93)
since the second part is always non-negative, which can be
proved by expressing it similarly with Eq. (87) with non-
negative numerical coefficients.

V. TOY MODEL ANALYSIS

In this section, a toy Monte Carlo model is employed with
several sets of efficiency with various nonuniformity for par-
ticle multiplicity fluctuations in heavy-ion collisions to check
the analytical derivation in the previous section.

For the Monte Carlo production of the data sample, 107
events were produced with the multiplicities of positively
(Npos) and negatively (Npeo) charged particles with charges
I and —1 following two independent Poisson distributions
with parameters A; = 12 and A, = 8, respectively. Thus, the
produced net-charge Nyet = Npos — Npeg follows the Skellam
distribution with parameters (1}, A;), whose population odd-
and even-order cumulants are A; — A, and A; + A;, respec-
tively. Note that these particles can be considered in a single
phase space since their multiplicities follow Eq. (3).

Each of the particles in the produced events is indepen-
dently allocated two parameters pr and ¢ sampled from the
probability distribution functions

f(pr) ~ prexp(—p1/t), 0.4 < pr <2, %94)
g(¢) ~ Uniform(0, 27), 95)

where r = 0.26 and 0.22 for positively and negatively charged
particles, respectively.

The efficiency is considered as a two-dimensional function
of the particle pr and ¢, which consists of two independent
one-dimensional components defined as

u(pr) = poexpl—(p1/pr)™1, (96)

where (po, p1, p2) = (0.7,0.4,4.8) for positively and
(0.6,0.4,4.2) for negatively charged particles, respectively,
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and

I
L—ps(pa—1), k<o/f<k+ -

v(p) =
1+ ps,

where (p3, ps) = (0.4, 3). Their averaged values weighted by
the input particle pt or ¢ distribution are defined as

Llu(pr)] = f02_4 S(pr)u(pr)dpr 98)
f02_4 f(pT)de ’
2w
ulap) = fo KOOy | 99)
o &lp)dy

respectively.
Three sets of efficiency with different nonuniformity are
given by

go(pr, @) = u(pr)v(p), (100)
e1(pr, @) = u(pr), (101)
e (pr, ¢) = plulpr)l, (102)

whose averaged values weighted by the input particle distri-
bution are equal to u[u(pr)]. The nonuniformity of ¢; (i = 0,
1, 2) decreases monotonically as i increases, and ¢, is com-
pletely uniform. Note that ¢ is an average of &g, and &; is an
average of gy for particles with the same charges within a
single phase-space distribution.

For the simulated data sample, each produced particle is
sampled with ¢; (i = 0, 1, 2) defined in Egs. (100)-(102) as
the probability. The so-called track-by-track efficiency cor-
rection [16] with Egs. (55)—(58) employing ¢; (j =0, 1, 2
and j > i) is performed for each of the three measurements to
obtain the Npet G (g55€5) (k =1, 2, 3, 4) and their ratios,
all of which can be successfully applied due to the valid-
ity of the averaged efficiency correction [21]. The statistical
uncertainties are analytically estimated from Egs. (61)—(64)
and (A1)—-(A4). For example, the C;°" (k = 1, 2, 3, 4) and the
ratios C3°/C7°", C3° /C5°™, and C{°"/C5°" measured and
corrected with gy are shown in Fig. 1, whose uncertainty bars
are magnified by the factor shown on the bottom scale in order
to make them visible. The uncertainties obtained from the
bootstrap method [16] with 300 resamplings are also shown
for comparison, and little difference between uncertainties
from the two different methods can be observed, which
supports the validity of the analytical method of statistical
uncertainty estimation for efficiency-corrected higher-order
cumulants. The bootstrap method is a computationally in-
tensive method whose CPU time cost is proportional to the
number of resampling times, number of events and number of
tracks of the data in heavy-ion collision experiments. Based
on this Monte Carlo sample, the bootstrap method costs about
1.2 x 10° seconds on the CPU “Intel Xeon E5-2650 v2 @
2.60 GHz,” however, the analytical method costs only 0.1
second on the same CPU, which improves the computational
efficiency more than 10° times.

(ke Z) 97)

k+ - <@/f <k+1,

P4

(

The above procedures, including the production, mea-
surement and efficiency correction, are repeated 1000 times
independently. The cumulants up to fourth order measured
with &; and corrected with ¢; (i, j = 0, 1, 2 and i < j) defined
in Egs. (100)—-(102) are shown in Fig. 2 with 100 points
instead of 1000 in each panel. The i and & shown at the
bottom of each panel represent the mean value and the stan-
dard deviation of 1000 points, respectively. The red solid lines
denote the true values of cumulants, and the fraction of the
uncertainty bars of efficiency-corrected cumulants touching
the red solid lines is shown at the top right of each panel. All
of the fractions are observed around 68% which is consistent
with the one-o probability of the Gaussian distribution, which
strongly supports the analytical statistical uncertainty estima-
tion for higher-order cumulants while considering efficiency
corrections with various nonuniformity. It can also be ob-
served that the statistical fluctuations of efficiency-corrected
cumulants quantified by 6 are not obviously affected by the
nonuniformity of the realistic measuring efficiency but depend
on the nonuniformity of the correcting efficiency when fix-
ing one and tuning another, which supports the uncertainty
component study in the previous section. Through tuning
the nonuniformity of the correcting efficiency, the fluctua-
tions of C7°", C5°" and C5°"/C{°" are less variable than
those of C5°, C{°, C5°7 /C5°, and C;°" /C5°™, which shows
that the statistical uncertainties of higher-order cumulants are
more sensitive to the nonuniformity of the correcting effi-
ciency, so the statistical uncertainty suppression of the valid
averaged efficiency correction is stronger for higher-order
cumulants.

- T T T
P°a r — true value b
X 30+ ¢+ analytical uncert. _
g | ¢ bootstrap uncert. |
S 20+ H» -
o

= L i
o

© 10

IS .
uncertairn 3 102 10!

scale 3 10° 10? 10! 10° 10

| | | | | | ]
c, ¢, C, C, CJc.CJC,ClC,

FIG. 1. The C;*" (k =1, 2, 3, 4) and the ratios C5°"/C{",
C5°™ /C5°™, and C{°" /C5°™ measured and corrected with g defined in
Eq. (100). Uncertainties of solid and open circles are obtained from
the analytical and bootstrap methods, respectively. Uncertainty bars
are magnified with the scales shown at the bottom to be visible.
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FIG. 2. The C{°" (k =1, 2, 3, 4) and the ratios C5°" /C}°", C5° /C5°, and C;°" /C5°™ measured with g; and corrected with ¢; (i, j =0, 1,2
and i < j) defined in Egs. (100)—-(102). Each panel shows 100 points instead of 1000. The red solid lines denote the true values of cumulants
or their ratios. The number at the top right of each panel represents the fraction of the uncertainty bars of points touching the red solid lines.
The [ and 6 at the bottom of each panel show the mean value and the standard deviation of 1000 points, respectively.

VL

SUMMARY

In this paper, for the first time, the analytical formulas of
the statistical uncertainty estimation of efficiency-corrected
higher-order cumulants both in univariate and multivariate
cases are derived. The statistical uncertainties are decomposed
into essential components, and it is mathematically shown
that they correlate to the initial population fluctuations and
also depend on the averaged value of the efficiency in the
realistic measurement and nonuniformity of the efficiency
employed in the valid efficiency correction. A larger averaged
value or less nonuniformity of efficiency results in smaller
statistical uncertainties for the cumulants. As an application
in heavy-ion collisions, a toy Monte Carlo model analysis of

higher-order cumulants for particle multiplicity fluctuations
with efficiency corrections is found to be consistent with the
mathematical results. The statistical uncertainties estimated
via the analytical method are identical compared with that
from the bootstrap method but with 10° times faster in terms
of CPU consumption and are independent on the size of the
Monte Carlo sample. It is also observed that the statistical
uncertainties of higher-order cumulants are more sensitive to
the nonuniformity of the efficiency employed in the efficiency
correction and more strongly suppressed by the valid averaged
efficiency correction. This analysis can be used to estimate
and reduce the statistical uncertainties of efficiency-corrected
higher-order cumulants, which is crucial to fluctuation
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research in many fields besides the search for the QCD critical
point in heavy-ion collisions.
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APPENDIX

The variances of estimated efficiency-corrected third- and fourth-order cumulants in the multivariate case are shown below:

nVar(C5°)

={af 1), + gt Nati ), + 9<‘1?1,1>>i + 6<‘1(21,1)>i +9((gti. a0, + @00 (a0 ). + @a.ngen)?)

+9((951.1)90.2). +@tn) (a0, + (@a.09@.2)2) + (a6 1), +NaG o). + b ),

+6((g( yaa.n), + @) @angen). + 3(a0 naeo)ldan).)
—6((g,.1,92.2). + i) q0.n9e)e + 30 ae)la0.n).) + 2@ Hae.),

— 6(q01.1)96.2),

2 2
+ 4q196.9). — 18((g0genge), + (@0 ). gende). + (qangan)dande).)

+6{(qa.n92.1n96.1)). — 18(ga.n9e.196.2)) T 12(90.1)902.1)46.3)).
—6{(q(1,1)92.2943.1))c + 18(q(1.1)92.2)943.2))c — 12(q(1.1)92.2)43.3)) ¢
—6{(q3,1)93.2)) + 493.1)93.3)) e — 12(9(3.2)943.3)) ¢ (AD)

nVar(C5°") = (g, 1)), + 16(g8, 1)) (@ 1)), +48(a0. o)l ). + 34(‘1?1,1>)i
+ 72(‘1?1,1))C<‘1<21,1>>i + 144(‘1?1,1>>§(‘1<21,1>>C + 24(4(21,1))2

+ 36((‘1?1$1)‘1(22,1)>C + (q?l,l)>c(q(22,l)>c + “(‘1(31,1)51(2.1))C (qangen). + 4(4(21,1)‘1(22,1))C(51(21,1)>C

+4(gs 1) Jaa.0d0 ) + 5(qfl,1)q(2,1))i + 2(‘1(21.1)>i<q%2,1>>c +4{g51.1)){a0.090.0)7)

+ 36((‘1?1,1)‘1(22,2))c + (4?1,1)>C(Q(22,2)>c + 4(4(31,1)4(2,2))C<‘1(1.,1)Q<2,2)>C + 4<f](21,1)61(22,2)>c<61(21,1))c

+ 4(6](31,1)>c<6](1,1)61(22,2)>C + 5<6I%1,1)6](2,2))z + 2(‘]?1,1))3(4(22,2)>C + 4<6](21,1)>C (q0.192.2)7)

+ 16(<q(21,1)q(23,1)>c + (‘1?1,1))C(61(23,1))c + {ga.096.1))?)

+ 144((g 1 95.0)), +{40.0)1a6.0)) T @ange.2)8) + 64((a8 196 3), +(ahn)aG.5) + (@a.096.3)2)
+9((gtr.1)), + 240, 1>> ) +36((d.1)902.0)). + {001 MG + (e 92.2)?)

+9(at), + 2lata), ) +{ds 1)) +49(dts ), + 144{ats ), +36(ats ),

+12((g 1ge.),

+ a0 1) @angen). + 8lal naen) b ). F14dl )b, naen),

+16{q01 1yaen)(ai ), +24ad ) e o) @ange.n). + 12(61(21,1%1(2,1))0(61(21,1>>i)

— 12 (<q<1 n4Q, 2)> + 4(‘1(51 1)> (ga.n92.2)) + 8(“1?1,1)‘1(2,2)>C<CI(21,1))c +14<f]?1,1)>C(qgl,1)4(2,2)>c

+ 16(4?1,1)6](2,2)>C<CI(1,1))c + 24(61(1,1)>C(61(1 1)) (qa.n9e.2). + 12(‘1%1 n4a. 2)> (Q?l 1))2)

+8((401.1d6.0), + 4alin)taa.0g6.0) + Hatnaen)dat.). +6ldd. ) lah.naen).)

= 24((¢31.1)96.2), + Hd(1.)490.0d6.0) +Had nae) a0 1), F6lad,v) e nae).)

+16((q%1.1)96.9), + 4l (a0.0q6.3)e + Hainae3)dh.n). H6lad)lahnae).)

+ 6((‘1?1,1)‘1(22,1))0 + 8(‘1?1,1)‘1(2-,1)>c<q<1s1>‘1(2,1>>c + 6<q<21,1>‘1<2:1>)§)

4 3
— 12((g(1 naengea), + Hai naen).(aa.nge).
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+ 4(61(31,1)61(2,2))C<Q(1,1)Q(2,1)>C + 6(Q(21,1)Q(2,1)>C(Q(21,1)Q(2,2)>C)

+6((g(1.1)q0.0). + 8laide) (d0.nge). + 6(4(21,1)40,2)):)

+2(q81q@n), — 14gl1q6.0), + 24dhHaas), — 12(g0 1 96s),

- 72((g4. 9@ nge). + (@) genge) + 2 ) aen). @a.nge2).

+ 2(6]?1,1)6](2,2)) (ga,nge.), + 4<6](21 nae.nge. 2)) (6](21 1))C + 4(61(31,1)>C<61<1,1)6]<2,1)6](2,2))c

+ 5(6](1 nae. 1)) (6](1 nae. 2)) + 2(6](1 1)) (qange2). + 4(61%1,1))C(6](1,1)q(2,1)>c(61(1,1)61(2,2))c)
+ 48((61(1,1)Q(2,1>61<3,1)>c + 2(6](1,1))(:(61(1,1)q(2,1>61<3,1)>C + <61<21,1)61(3,1)>c (ga.nge.1).

+2(q0. 1 9en). (@a.0d6.0) + (@0 1).(dend6.0))

— 144((q0 1 92.0496.2), + 2d0.1).@0.nde096.2) + (@0.1H46.2). (900901
+2(q0.19en).(90.096.2) + (@01). (92962

+96((q, 1) 92.096.3). + 2{at1), (90.ndend6.3) + (q0.96.3).490.09@.0).

+ 2(6]%1,1)6](2,1))C(61(1,1)61(3,3))c + (61?1,1)>C (2.196.3).)

+36((q71. 190 )). + 200 naen) 0.0, + Haa.ndh.), (aa.nge).)

- 72(<61(21,1>61<22,1)61(2,2))C + <61(21,1)61(2,1))C(Q<2,1)Q(2,2)>C + <61(21,1)61(2,2))C<61(22,1))C

+ 2(61(1,I)Q(zz,l))CW(l,l)‘](z,zﬁ + 2(qa.n49e.1n90.2)(q0.nde.).)

+36((90 1ya2.1q0.0). + 20a0. 902 denden). +Haa.ngenden)daa.nge).)

2
(

2
+ 12(q0. 9@ ngen), — 84qh 1 ae.nge), + 144q0 1y ae.naes), — 72(a0 1 9enqus),

- 48((g{1 1yaeng6.n), + 2a0 ). la0.ngen96.0) + (40 H96.0). (0. nd0.2),
+ 2(61%1,1)61(2,2))C<Q<1,1)Q<3,1)>C + <61<1,1)>c (92.293.1).)
+ 144((61?1,1)61(2,2>61<3,2)>C + 2(61(21,1))C(61(1,1)61<2,2)6](3,2))C + (4(21,1)6]<3,2))C(Q(1,1)61(2,2)>C
+ 2(q(zl,1)Q<2,2>)C<61<1,1>61<3,2>> +(afy. Dle(d2296.2).)
—96((q01.1,92.0496.3), + 201 (00422963 + (@0.1963).(90.090.2).
+ 2(431,1)q<2,2)>c(Q<1,1)‘1(3,3))C + <q<1,1)>c (922496.3).)
= 36((q0.1,90.192.2), + 2(d0.1)9@.n). [@ende2) + Haangende)qandan).)
+ 72(<q<21,1>‘1<2,1)q<22,z>)c + <q(21,1>61<2,1>)c<q(22,z))c + (q(zl,nq(z,z))c(q<2,1>61<2.,2)>c
+2(q0.n9e.190.2)(q0.n9e.) + 2(qa.ngen)dda.0d0h.),)
36((a01.a020), + 20001 nae2) k.2, + 4Haa.0ah.), (@a.0de.).)
— 12{q5 1)61(2,2)61<4,1)>C + 84(6](1,1)6](2,2>Q(4,2>>c - 144(61(1,1>q<2,2)61(4,3))c + 72(q(21,1)q(2,2)61(4,4))c
6«61(21 1)6](3,1)61(3,2))C + <61(21,1)>C(61(3,1)61(3,2))C +(90.096.1)(a0.)96.2).)

+64((q0.1,96.096.3), + @01 (@6.096.3) + (@0.046.1)(90.)96.3).)
+ 24((qq, 1)61(2 143, 1)) + 2(qa.n92. 1) (q2.19G.1)e)
—48({qa.n92.n92.2496.1) T {qa.nge.n)(9e.096.1)) + {9a.n92.2) (g2 n96.1)) )
+ 24((61(1,1)6](22,2>61(3,1>)C + 2(q0.04¢.2) (922496,
+ 8(q(1.)9G.1)9@.1) — 56(q1.1)96.1)q4.2) + 96(q0.1H96.1)9@.3) . — 48(q1.1)9G.1)9@.4)) ¢
- 192((61(21,1)9(3,2)61<3,3))c + <f1<21,1)>c(61(3,2)61<3,3)>c +(90.096.2)(0.1)93.3).)
- 72((4(1,1)q(22,1)Q(3,2))C + 2(q0.092.1))(92.1)9G5.2).)
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+ 144({ga.n9e.n92.2096.2) T (qa.nge.1)(90.296.2) + (@a.n9e.2)(qe.96.2))

- 712((90.090.296.2), + 2(90.092.2) (92 293.2))

—24{qa.96.09@.n) T 168(q0.1)96.2)9@.2). — 288{q1.1193.294.3)) + 144q0.)96.29@.4).
+ 48((61(1,1)61(22,1)6](3,3>)C + 2(ga.n92.1) (42 193.3)e)

—96({g0.n92.1)92.29G.3) T {ga.n92.1) (902963 + (qa.1H90.2))(92.1)96.3))

+ 48((61(1,1)61(22,2)4(3,3))C + 290,922 (92.293.3)).)

+ 16{(q01.1H93.39@.1)) . — 112{901,1)93,3)9,2))c + 192(9(1,1)93,3)94.3)) . — 96(01,1)93.3)94.4))
- 36((61(32,1)6](2,2))C + 2(6](22,1))C(61(2,1)Q(2,2)>C) + 18(<61(22,1)61(22,2>)C +2(q0.190.2))7)
+6(q0,1)9@.n), — 42095.1)96.), + 72005, 1)96.), —36(ah, 1 d@s),

—36((9.190.)). + 2(a@.nq0.)cd0.0).)

—12{(q0.1)90.29@.1)) + 84q2.1)90.2)91.2)) . — 144490.1)90.2)9@.3)) . + 712(90.1)90.2)94.4))
+6(d00d0.n), — 42096 290.2), +72a5.290.3), — 36(a% 29@.),

— 14gu.nqe.2). +24quq9a3). — 12(qa.1q@.4)).

— 168(qu.2)914.3)) + 8Hqu.29u.0) — 144(qu.39@.4)).-

Some covariances between estimated efficiency-corrected cumulants in the multivariate case are shown below:

nCov (5™, G5°) = (q{1.1)). + 6latn.n)elatin). + 30 naen). +2{a0, ) ga.nge.n).)
- 3((??1,1)%2,2))0 + 2(61?1,1))C(Q(1,1)61(2,2)>C) + (61(21,1)%3,1))c - 3(61(21,1)61(3,2))C
+ 2(61(21,1)61(3,3))C + <Q(31,1>61(2,1)>C + 3(‘10'1)‘1?2,1))(«, = 3{qa.n9¢e.1n9e.2).
+{ge.na6.0). — 3qe.n96.2) + 2{q2.196.3) . — (qgl,l)Q(z,zﬁc

- 3{ga.n9en9e). + 3d0.040.), — @end6.n) + 342962 — 2229630

nCov(C", G5°") = (g6}, + 8lg ). atin). + 6(‘1?1,1>>2
+6((g(1yaen), +4at vaen)laa), +
- 6((61?1,1)61(2,2))C + 4<61(21 nae. 2))C(61(21 1))C + <£](1 1)> (a.192.2).)
+4((¢81.nac.n), +2 )
—12((g31,1)96.2), + 2(a5.1)).{ga.ng6.2).)

2{qii ). (ga.ngen)e)
<q(21 1)> (90,1931,

8((q 1,1)4(3,3>> +2(q; qq, 1)) 40.1)96.3).)
2(

2
3({q 1,1)4(2,1))

3
(
2

( aa.nden)e)
2

(

2

(

6((g0.1y92.090.2), + 2(qa.n9e.n)(q0.092.2).)

3((q 1,1)61(22,2))C +2(q0.1190.2))?7)

+ (g0 9an), — Naha6), + 12(g0.1)96.3), — 6la0 1 d@s),

+ (g8 gan), + 6lat 1 de.n). — 6lahhaendes), +Haangenge.n).
—12(qa,1n902.196.2)) + 8(q0,1n902.1496,3)). + 3(q?2’1))c - 6<q(22’1)q(2,2))c

+ 3(61(2,1)61(22,2))c + (ge.nq9@.n). — T{ae,nq@.2) + 12{q2.1)94.3). — 6{9e.1)q@.4).
- <‘1?1,1)q<2,2))c - 6(‘1?1,1)61(2,1)%2,2))C + 6(61%1,1%1?2,2))0 — 491,192,296,

+ 12{ga,190.096.2). — 8(90.040.296.3). — 3(d0.n90.2), + 6ldendh.),

- 3(4?2,2)>C —{ge.n9u 1)) + T{90,296.2). — 12(92,294,3)). + 6{90,2)9@.4)).-

024907-12

(A2)

(A3)

(A4)



STATISTICAL UNCERTAINTY ESTIMATION ...

PHYSICAL REVIEW C 105, 024907 (2022)

[1] A. Stuart and J. K. Ord, Kendall’s Advanced Theory of Statis-
tics, Volume 1: Distribution Theory, 6th ed. (Wiley, London,
1994).

[2] X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017).

[3] X. Luo, S. Shi, N. Xu, and Y. Zhang, Particles 3, 278
(2020).

[4] G. Akbarizadeh, IEEE Trans. Geosci. Remote Sens. 50, 4358
(2012).

[5] B. Wang, J. J. Liu, and X. Y. Sun, IEEE Signal Process. Lett.
19, 487 (2012).

[6] S. L. Peng, H. Y. Jiang, H. X. Wang, H. Alwageed, Y. Zhou,
M. M. Sebdani, and Y. D. Yao, IEEE Trans. Neural Netw. Learn.
Syst. 30, 718 (2019).

[7]1 U. R. Acharya, S. V. Sree, and J. S. Suri, Int. J. Neur. Syst. 21,
403 (2011).

[8] K. P. Noronha, U. R. Acharya, K. P. Nayak, R. J. Martis, and
S. V. Bhandary, Biomedical Signal Processing Control 10, 174
(2014).

[9] I. W. R. Martin, Rev. Econ. Stud. 80, 745 (2013).

[10] J. Pender, Oper. Res. Lett. 43, 40 (2015).

[11] J. E. Zhang, E. C. Chang, and H. M. Zhao, Int. Rev. Finance 20,
605 (2020).

[12] B. Efron, Computers and the Theory of Statistics: Thinking the
Unthinkable (Society for Industrial and Applied Mathematics,
Philadelphia, 1979).

[13] M. Anderson et al., Nucl. Instrum. Methods Phys. Res., Sect. A
499, 659 (2003).

[14] T. Nonaka, M. Kitazawa, and S. Esumi, Phys. Rev. C 95,
064912 (2017); 103, 029901(E) (2021).

[15] M. Kitazawa and X. Luo, Phys. Rev. C 96, 024910 (2017).

[16] X. Luo and T. Nonaka, Phys. Rev. C 99, 044917 (2019).

[17] L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 113,
092301 (2014).

[18] L. Adamczyk et al. (STAR Collaboration), Phys. Lett. B 785,
551 (2018).

[19] J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 126,
092301 (2021).

[20] M. Abdallah et al. (STAR Collaboration), Phys. Rev. C 104,
024902 (2021).

[21] F. Si, Y. Zhang, and X. Luo, Chin. Phys. C 45, 124001 (2021).

024907-13


https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.3390/particles3020022
https://doi.org/10.1109/TGRS.2012.2194787
https://doi.org/10.1109/LSP.2012.2204248
https://doi.org/10.1109/TNNLS.2018.2850703
https://doi.org/10.1142/S0129065711002912
https://doi.org/10.1016/j.bspc.2013.11.006
https://doi.org/10.1093/restud/rds029
https://doi.org/10.1016/j.orl.2014.10.008
https://doi.org/10.1111/irfi.12234
https://doi.org/10.1016/S0168-9002(02)01964-2
https://doi.org/10.1103/PhysRevC.95.064912
https://doi.org/10.1103/PhysRevC.103.029901
https://doi.org/10.1103/PhysRevC.96.024910
https://doi.org/10.1103/PhysRevC.99.044917
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.104.024902
https://doi.org/10.1088/1674-1137/ac24f6

