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1 Introduction

One of the most ubiquitous manifestations of the fundamental degrees of freedom of Quan-
tum Chromodynamics (QCD), quark and gluons, are the collimated bunches of hadrons
(“jets”) produced in high-energy particle collisions. The evolution of a parton into a final
distribution of hadrons is driven by perturbative dynamics dominated by soft and collinear
gluon bremsstrahlung [1, 2| followed by the final conversion of the radiated partons into
hadrons at non-perturbative scales approaching A,., ~ 0.2GeV. The quantitative de-
scription of the distribution of hadrons of type A in a jet is encoded in a (dimensionless)
fragmentation function (FF) which can be experimentally obtained, e.g. in eTe™ collisions

at c.m. energy /s, via

do(ee — hX)
Dh(ln(l/az),s) = m7

where x = 2 p, /+/s is the scaled momentum of hadron h, and oo the total ete™ hadronic
cross section. Its integral over = gives the average hadron multiplicity in jets. Writing



the FF as a function of the (log of the) inverse of x, £ = In(1/z), emphasises the region
of relatively low momenta that dominates the spectrum of hadrons inside a jet. Indeed,
the emission of successive gluons inside a jet follows a parton cascade where the emission
angles decrease as the jet evolves towards the hadronisation stage, the so-called “angular
ordering” [1, 3-5]. Thus, due to QCD colour coherence and interference of gluon radiation,
not the softest partons but those with intermediate energies (Ej Eﬁ)f’) multiply most ef-
fectively in QCD cascades [4, 5]. As a result, the energy spectrum of hadrons as a function
of £ takes a typical “hump-backed plateau” (HBP) shape [4-6], confirmed by jet measure-
ments at LEP [7] and Tevatron [8] colliders, that can be written to first approximation in

a Gaussian form of peak & and width o:

D (1n(1/2), Q) ~ exp [—2;@—92], £ = 10(1/ ) — im(Q) (1.1)

where Qg is the collinear cut-off parameter of the perturbative expansion which can be
qep (the so-called “limiting spectrum”). Both the HBP
peak and width evolve approximately logarithmically with the energy of the jet: the hadron
distribution peaks at £ = 2 (5) GeV with a dispersion of ¢ = 0.7 (1.4) GeV, for a parton
with Ejep = 10GeV (1TeV).

The measured fragmentation function (1) corresponds to the sum of contributions from

pushed down to the value of A

the fragmentation D! of different primary partons i = u,d,--- , g:

DM(In(1/z),s Z/ —C’ (s;z,a5) DMx/2,s),

and, although one cannot compute from perturbation theory the final parton-to-hadron
transition encoded in D! the evolution of the “intermediate” functions D% describing
the branching of a parton of type a into partons of type b,c can be indeed theoretically
predicted. The relevant kinematical variables in the parton splitting process are shown in
figure 1 for the splitting a(k) — b(k1)+c(kz2), such that b and ¢ carry the energy-momentum
fractions z and (1 — z) of a respectively. The Sudakov parametrisation for k; and ks, the
four-momentum of partons b and ¢, can be written as

E2+k% nt EQ—i—k% nt

kY = zk" — K + Ky =(1—2)k" + k] + T on

(1.2)

z n-k’

with the light-like vector n? = 0, and time-like transverse momentum /’<:2L > (0 such that,
k-ki =n-k; =0. Then, the scalar product ki - ko reads:

k2 =22(1 — 2)ky - ko. (1.3)

Writing now the 4-momenta k = (E,E), ki = <zE, E1>, ko = ((1 — z)E,E2> one has,

] Ky |= zE, | ko |= (1 — 2)E for on-shell and massless partons k? ~ 0. From energy-
momentum conservation:

k? = 2k; - ko = 22(1 — 2) E*(1 — cos ) (1.4)



kT =xE©

a=(q, g

Figure 1. Relevant kinematical variables in the parton splitting process a — bc: E is the energy
of the leading quark or gluon of virtuality Q@ = Ef, z and (1 — z) are the energy fractions of the
intermediate offsprings b and ¢ which finally fragment (at virtualities Q) into hadrons carrying a
fraction x of the parent parton momentum.

such that, replacing eq. (1.4) in (1.3), one finally obtains:
.0
ki =2z(1—z)Esin 3 (1.5)

In the collinear limit, one is left with k) ~ z(1 — 2)Q, where Q = Ef is the jet virtuality,
or transverse momentum of the jet.

The calculation of the evolution of Dgc inside a jet suffers from two types of singularities
at each order in the strong coupling as: collinear In #-singularities when the gluon emission
angle is very small (§ — 0), and infrared In(1/z)-singularities when the emitted gluon
takes a very small fraction z of the energy of the parent parton. Various perturbative
resummation schemes have been developed to deal with such singularities: (i) the Leading
Logarithmic Approximation (LLA) resums single logs of the type [as In (k:i / ,uz)]n where
k, is the transverse momentum of the emitted gluon with respect to the parent parton, (ii)
the Double Logarithmic Approximation (DLA) resums soft-collinear and infrared gluons,
g — gg and ¢(q) — ¢q(q), for small values of x and 6 [asIn(1/z)In )" ~ O(1) [9, 10], (iii)
Single Logarithms (SL) [4, 5, 11] account for the emission of hard collinear gluons (6 — 0),
[asIn 6] ~ O(y/as), and (iv) the Modified Leading Logarithmic Approximation (MLLA)
provides a SL correction to the DLA, resumming terms of order [agIn(1/2)Inf + agIn )" ~
[O(1)+(O(y/as)] [4, 5]. While the DLA resummation scheme [11] is known to overestimate
the cascading process, as it neglects the recoil of the parent parton with respect to its
offspring after radiation [10], the MLLA approximation reproduces very well the ete™ data,
although Tevatron jet results require further (next-to-MLLA, or NMLLA) refinements [12,
13]. The MLLA [4, 5], partially restores the energy-momentum balance by including SL
corrections of order O (\/OTS) coming from the emission of hard-collinear gluons and quarks
at large © ~ 1 and small 6; (¢ — g9, q(q9) — ¢9q(q) and g — ¢qG). Such corrections
are included in the standard Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [14-16]
splitting functions which describe the parton evolution at intermediate and large x in the
(time-like) FF's and (space-like) parton distribution functions (PDFs). The first comparison



of the MLLA analytical results to the inclusive particle spectra in jets, determining the
energy evolution of the HBP peak position was performed in [17].

The solution of the evolution equations for the gluon and quark jets is usually obtained
writing the FF in the form

D= Clatt)esp | [ tv(asa'))dt]  =hQ

where C(as(t)) = 1+ /oy + as. .. are the coefficient functions, and v =1+ /o, + as . ...
is the so-called anomalous dimension, which in Mellin space at LLA reads,

1
AW, a0) = 7 (—w+ V? +8Neas 7).

where w is the energy of the radiated gluon and N, the number of colours. At small
w or x, the expansion of the FF expression leads to a series of half-powers of ag, v =~
Vs 4 ag + ag’/ SN ., while at larger w or x in DGLAP, the expansion yields to a series
of integer powers of ag, v~ as + a2 + a2 + ... for FFs and PDFs. In the present work we
are mostly concerned with series of half-powers of /a5 generated at small w, which can be
truncated beyond O (ag) in the high-energy limit.

In this paper, the set of next-to-MLLA corrections of order O (asg) for the single inclu-
sive hadron distribution in jets, which further improve energy conservation [18, 19], includ-
ing in addition the running of the coupling constant ag at two-loop or next-to-leading order
(NLO) [20], are computed for the first time. Corrections beyond MLLA were considered
first in [21], and more recently in [22], for the calculation of the jet mean multiplicity N and
the ratio r = Ny/N; in gluon and quark jets. We will follow the resummation scheme pre-
sented in [21] and apply it not just to the jet multiplicities but extend it to the full properties
of parton fragmentation functions using the distorted Gaussian (DG) parametrisation [23]
for the HBP which was only used so far to compute the evolution of FFs at MLLA. The
approach followed consists in writing the exponential of eq. (1) as a DG with mean peak &
and width o, including higher moments (skewness and kurtosis) that provide an improved
shape of the quasi-Gaussian behaviour of the final distribution of hadrons, and compute
the energy evolution of all its (normalised) moments at NMLLA+NLO* accuracy, which

just depend on A as a single free parameter.

CD
Since the evo?ution of each moment is independent of the ansatz for the initial condi-
tions assumed for the jet hadron spectrum, and since each moment evolves independently
of one another, we can obtain five different constraints on A,. By fitting all the measured
ete” jet distributions in the range of collision energies /s &~ 2-200 GeV [7, 24-35, 35-38] a

value of A can be extracted which agrees very well with that obtained from the NLO cou-

CD
pling cons?cant evaluated at the Z resonance, as(m2), in the minimal subtraction (MS) fac-
torisation scheme [39-41]. Similar studies —at (N)MLLA+LO accuracy under different ap-
proximations, and with a more reduced experimental data-set— were done previously for var-
ious parametrizations of the input fragmentation function [42—45] but only with a relatively

modest data-theory agreement, and an extracted LO value of A with large uncertainties.

QCD
The paper is organised as follows. In section 2 we write the evolution equations and

provide the generic solution including the set of O (ag) terms from the splitting func-



tions in Mellin space. In subsection 3.1, the new NMLLA+NLO* anomalous dimension,
YMLLAFNLO® " ig obtained from the evolution equations in Mellin space, being the main
theoretical result of this paper. In subsection 3.2 the Fong and Webber DG parametri-
sation [23] for the single-inclusive hadron distribution is used and the energy evolution of
its moments (mean multiplicity, peak position, width, skewness and kurtosis) is computed
making use of 5 ATNEO" In subsection 3.3, the results of our approach are compared
for the quark and gluon multiplicities, recovering the NMLLA multiplicity ratio first ob-
tained in [18]. The energy-evolution for all the moments in the limiting spectrum case
(Qo — Aycp) are derived in subsection 3.4, and the role of higher-order corrections con-
tributing to the resummed components of the DG which improve the overall behaviour of
the perturbative series, are discussed in subsection 3.5, and the final analytical formulae
are provided. Subsection 3.6 discusses our treatment of finite-mass effects and heavy-quark
thresholds, as well as other subleading corrections. The phenomenological comparison of
our analytical results to the world eTe™ jet data is carried out in section 4, from which a

value of A can be extracted from the fits. Our results are summarised in section 5 and

QCD
the appendices provide more details on various ingredients used in the calculations.

2 Evolution equations for the low-x parton fragmentation functions

The fragmentation function of a parton a splitting into partons b and ¢ satisfies the following
system of evolution equations [4-6] as a function of the variables defined in figure 1:

1 s k2
Db (z,In E) = zc:/o =2 éﬁL)Pac(z) [ngg (g,lanG)} , (2.1)

0lnd

where P,.(z) are the regularised DGLAP splitting functions [14-16], which at LO are given
by

Pyy(2) = 4Cr (i - 1) . Plz) =20 ([1 ! ZL - - ;) : (2.2)
P,y(2) =2C4 (i - [112] X +2(1—2) — 2) , Pyy(2) = nyTr[z* + (1 - 2)?], (2.3)

with Cr = (N2 —1)/2N, and N, respectively the Casimirs of the fundamental and adjoint
representation of the QCD colour group SU(3)., Tr = 1/2, and ny is the number of active
(anti)quark flavours. The regularisation of the splitting functions in eq. (2.1) is performed
through the + distribution® in egs. (2.2) and (2.3). The ay is the strong coupling which at
the two-loop level reads [20]

4T 2631 Inln qz] k2

2 2 1

as(q”) = - — , for q¢°= , 2.4
(@) Bolng? [ 85 Ing? A 24
with 11 dn T 51 38n¢T

nflR niiR
= Nc— ) = N — ;
o= 3 =73 3

!The plus distribution applied to a function F(z), written [F(z)]s, is defined as fol dz[F(x)])+9g(z) =
.y dz[F(2)](g(x) — g(1)) for any function g(z).



being the first two coefficients involved in the perturbative expansion of the @-function
through the renormalisation group equation:

2 3

Blas) = ~Bog — B + Olal).

The initial condition for the system of evolution equations (2.1) is given by a delta
function
aD% (2,10 E0) |10 po—in go)= 0y - 6(1 — )

running “backwards” from the end of the parton branching process, with a clear physical
interpretation: when the transverse momentum of the leading parton is low enough, it
can not fragment (x = 1) and hadronises into a single hadron. The equations (2.1) are
identical to the DGLAP evolution equations but for one detail, the shift in In z in the second
argument of the fragmentation function ngc’ (%, Inz+1In EG), that for hard partons is set
to zero, Inz ~ 0, in the LLA. It corresponds to the so-called scaling violation of DGLAP
FFs in time-like evolution, and that of space-like evolution of PDFs in in DIS. In our
framework, however, this term is responsible for the double soft-collinear contributions
that are resummed at all orders as (agIn?)", justifying the fact that the approach is said
to be modified (MLLA) with respect to the LLA.

The evolution equations are commonly expressed as a function of two variables:

E¢ Qo

Y =In -, A=1In 3
QO AQCD

(2.5)

where Y provides the parton-energy dependence of the fragmentation process, and the A

specifies, in units of A the value of the hadronisation scale ()g down to which the parton

QCD>
shower is evolved. Standard parton showers Monte Carlo codes, such as PYTHIA [46], use
Qo values of the order of O (1GeV) whereas in the limiting spectrum [4, 5], that will be
used here, it can be taken as low as A — 0,i.e. Qo — A,p. Applying the Mellin transform

to the single inclusive distribution in eq. (2.1)

DY) = [ e D(Y) (2.6)
0
and introducing
. 1 ki - E6
=ln—, g=In—, +gyg=In—=Y, 2.7
E=h-, g=hnps E+j=lhg (2.7)

with k) ~ zF#6 in the soft approximation (z < 1), one is left with the integro-differential
system of evolution equations for the non-singlet distributions

;;D(w, Y)= /Ooo dée_wép(é)iD(w, Y —¢), (2.8)

where



and the lower and upper indices have been omitted for the sake of simplicity. The NLO
strong coupling (2.4) can be rewritten as a function of the new variables (2.7), such that

A o B n2(j + )\)] A )
ag(§) = — |1 AR TAN sy ¢ 2.10
R T et o == (210
The parton density xD(z,Y) is then obtained through the inverse Mellin transform:
- dw
DEY)= [ ——e*Dw,Y 2.11
€)= [ 2 D.y) (211)

where the contour C' lies to the right of all singularities in the w-complex plane. In the
high-energy limit (Q > Qo) and hard fragmentation region (Y > € or = ~ 1), one can

replace in the r.h.s. of eq. (2.8) the following expansion:?
as(Y — ED(w,Y — &) = e €3 s (Y)D(w,Y), e Sov = i (=" 9" (2.12)
) S b ) n:O n' 8Yn
Thus, replacing eq. (2.12) into (2.8) one obtains
0 e aina) as(Y)
—D(w,Y) = dée ¥ P(¢) ) ——D(w,Y 2.13
Pl = ([T aéeir©) i), (2.13)
which allows for the factorisation of as(Y)D(w,Y'), and leads to the equation
s(Y RN E /8
2w y) = POy, P@)= [Tde PO, 21
oY 27 0

more suitable for analytical solutions. Truncating the series at higher orders translates into
including corrections O («) which better account for energy conservation, particularly at
large x. In Mellin space, the expansion can be made in terms of the differential operator
Q =w+ 0/9Y such that, up to the second term in 2, one is left with NMLLA corrections
of order O (ag) [12]. Explicitly, the inclusion of higher-order corrections from the second
term of as(Y — &)D(w,Y — &) ~ asD — £0(asD)/dY, followed by the integration over
the splitting functions (2.2)—(2.3) in x space in the r.h.s. of eq. (2.8), is equivalent to the
expansion P(Q) = PO + PMQ in Mellin space in the r.h.s. of (2.14), where P©®) and
P are constants. The expansion of the matrix elements P(2) in  can be obtained
from the original expressions of the Mellin transformed splitting functions [47], as given in
egs. (A.la)-(A.1d) in appendix A, which leads to the following expressions:

4N, 11 4 67 w2 5
8nsTr  26n,T
P,y ()= ”J; R ”g R+ o0?), (2.15b)
4
qu(m:% 30+ ;CFQ L o@?), (2.15¢)
5 72 9

2Note that the MLLA solution [4, 5] to the evolution equations corresponds to the replacement as(Y —

ED(w,Y — &) = as(Y)D(w,Y) accounting for the single logarithmic corrections of relative order O (\/as).



where the finite terms for 2 — 0 constitute the new subset to be computed for the first
time in this work. The solution of the evolution equations in the MLLA were considered
in [4, 5] up to the regular terms with 0P,,(€2)Q2 = 0. By including those proportional to €2,
one is in addition considering the set of higher-order corrections O (as) known as NMLLA
that improve energy conservation [21]. The diagonalisation of the matrix (2.9) in order to
solve (2.14) results into two trajectories (eigenvalues), which can be written as [4, 5, 47]

Pes(Q) = 5 [ Pogl©) + Ppa(©) £/ (Pyg () — Pag( @) + 4P Py()] . (216)

2
Substituting eqgs. (2.15a)—(2.15d) into (2.16) and performing the expansion again up to
terms O (Q2), yields:

4N,
P++(Q): 0 caQQ + O(QQ)a (2173)
P__(Q)=—by +4CpbQ2 + O(Q?), (2.17b)

where the terms proportional to €2 are new in this framework. The set of constants involved
in egs. (2.17a) and (2.17b) reads:

11 4 Cr
=—N.+-nfIr|1—2— 2.1
a1=-g + 3" R< Nc> (2.18a)
67 72 nfTRCF 11 nyTr Cr
©=55 "6 a2 |3t P2 (2.18b)
8nfTRCF
S A 2.1
b1 3NC y ( 8C)
5 w2 nfTR 11 nfTR Cr
=>_= —N,—4 1-2=L£)]. 2.1
=576 T s, [ 3°° 7N, N. (2.184)
Therefore, the diagonalisation of eq. (2.14) leads to two equations:
0 1+ as(Y) 4
v P (W, Y, A) = Py (@)= =D (w, Y, A), (2.19)
such that in the new D*-basis the respective solutions read:
Pag(§2) -
Dy(w,Y, \ 19 DY (w,Y,\) =D (w,Y, \)], 2.20a
(Y )= gt [P ) } (2200)
P (Q)— P,y P _(Q2)—P,,(Q
Dy(w, Y, \)= ++(8) = Fog () D (w,Y, \) — () = Fyy(SY) D™ (w,Y, ). (2.20b)

P (Q) - P-_(Q) P () - P-_(Q)

where the ratios in front of D* are the coefficient functions that will be evaluated hereafter.
Notice that in the D* basis, the off-diagonal terms P, (2) = 0 and P_(Q) = 0 vanish for
LO splitting functions, while this is no longer true for time-like splitting functions obtained
from the MS factorisation scheme beyond LO [48], as explained in [22] for multiparticle
production. Following this logic, D* should first be determined in order to obtain the
gluon and quark jets single inclusive distributions.



3 Evolution of the parton fragmentation functions at NMLLA +NLO*

3.1 Anomalous dimension at NMLLA +NLO*

Our NMLLA+NLO* scheme involves adding further corrections O (ay) from contributions
proportional to £ in the Mellin representation of the expanded splitting functions, and
considering the two-loop strong coupling, eq. (2.10). We label our approach as NLO* to
indicate that the full set of NLO corrections are only approximately included, as the two-
loop splitting functions (discussed e.g. in [22]) are not incorporated. After diagonalisation
of the original evolution equations (2.1), the eqs. (2.19) for D* result in the following
expressions for DT and D~:

o\ 0 . |, 0 9\
(w+8Y> aTD (w,Y, )\)— [1—4NC <W+m/> “+as9 <w+m/>

o g 0\ as
87YD (w,Y,)\)——blﬁD (w, Y, A) + 4Cpby <w+0Y> %D (w, Y, A). (3.2)

Q.
AN, —=DV (w,Y, A 1
27_[_ (w? M ) (3 )

The leading contribution to D~ after setting bs = 0 in eq. (3.2) reads:

. Ao\
D™ (w,Y,\) ~ <Y—|—)\> D™ (w, A). (3.3)
The exponent by /(4N.fy) = O (102y/a,) induces a very small (non-Gaussian) correction,
which can be neglected asymptotically, for Y + A > A. Thus, the (+) trajectory (2.17a)
provides the main contribution to the single inclusive distribution D(§,Y) = zD(z,Y)
at small z < 1, after applying the inverse Mellin transform (2.11). Hard corrections
proportional to a; and ay account for the energy balance in the hard fragmentation region
and are of relative order O (,/as) and O (o) respectively with respect to the O (1) DLA
contribution. The NLO expression (2.4) results in corrections o 5y at MLLA, and Sy, 81
at NMLLA which provide a more accurate consideration of running coupling effects at
small x < 1 [21]. In ref. [21], the mean multiplicities, multiplicity correlators in gluon and
quark jets, and the ratio of gluon and quark jet multiplicities were also studied at NMLLA,
where corrections o< 81 were accordingly included. Here, we extend the NMLLA analysis
to all moments of the fragmentation function.
The solution of eq. (3.1) can be written in the compact form:

D (w,Y,\) = B4 (w,as(Y + X)DT (w, \), (3.4)

with the evolution “Hamiltonian”:

Y
E.(w,a5(Y + X)) =exp [/0 dyy(w,as(y+ N))| . (3.5)

that describes the parton jet evolution from its initial virtuality @) to the lowest possible
energy scale Qp, at which the parton-to-hadron transition occurs. In eq. (3.5), v(w, as(y))
is the anomalous dimension that mixes ¢ — g¢gg and g — ¢q splittings and is mainly
dominated by soft gluon bremsstrahlung (¢ — ¢gg). Introducing the shorthand notation



Yo = Y(w, as(Y)), the MLLA anomalous dimension has been determined in the past [4, 5,
23], setting ag = 0 and 51 = 0 in eq. (3.1), and is given by

1
'yi\fLLAzi (—w +1/w? + 47(%)

Qg 1 w ’70 3/2
m | 2\ T @ 3.6
+o [ 2a1< + w2+47§> +Bow2+47§ + O(ay'?), (3.6)
where 72 is the DLA anomalous dimension amounting to
4N .« 4N,
2 cts c
- - : 3.7
70 27 Bo(Y + A) (3.7)

The first term of eq. (3.6) is the DLA main contribution, of order O(,/as), which physically
accounts for soft gluon multiplication, the second and third terms are SL corrections O(ag)
accounting for the energy balance (x a;1) and running coupling effects (o p). It is impor-
tant to make the difference between orders and relative orders mentioned above. Indeed, if
one looks at the L.h.s. of the evolution equation (3.1) for DT, (w+09/9Y)dD1/9Y = O («s),
the first term in the r.h.s. is O (ag), the second one proportional to a; is O (a§/2), and the

third one, proportional to as, is O (ag) such that after factorising the whole equation by
O (as) one is left with the relative orders of magnitude in /. Setting eq. (3.4) in (3.1)
leads to the perturbative differential equation

2N

Qg

2

Qg
M

d
:_5(as) L _al(w+7w) o

T (3.8)

a
(W)Y — —ﬁﬁ(as)+a2(w2+2w%+’y§)

which will be solved after inserting the two-loop coupling (2.4) in order to include correc-
tions o< 1 as well. The equation can be solved iteratively (perturbatively) by setting the
MLLA anomalous dimension written in eq. (3.6) in the main and subleading contributions
of eq. (3.8), to find:

,YNMLLA+NL0*_,YMLLA + ’761 a2 73 n a1 8o 1 B w3
N =
YN | TP 2\l A (@A)

+52< 278 B 5va ) 4 B In2(Y + )
CNW2 432 (WP +4n3)% “Bo \/w? + 402

2
n <w2+473>1/4] Lo, (3.9)

1, w
+70270 [(“124'473)1/4
which is the main theoretical result of this paper. Terms proportional to a?, a;fy and
32 are of order O(ag/ 2), and were previously calculated in the (N)MLLA+LO scheme
described in [43]. Those proportional to 3; and ay are computed for the first time in
our NMLLA+NLO* framework. Indeed, the single correction o 3 is obtained replacing
eq. (2.4) in the Lh.s. of (3.8), which leads to the equation,

4
2 2 P14 Yo ) Biln2(Y +4)
+w =70+ M2(Y 4+ A) +...=0 = 5, =70 — = -
Yo T @r =0+ e 2V + A W=~ {60 ey
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Figure 2. Comparison of various Gaussian-like hadron distributions in jets sharing the same mean
¢ position and width (£ = 3.5 and 0 = 1.4) but with different third and fourth moments: (i)
symmetric Gaussian, (ii) skewness s = —0.5, (iii) negative kurtosis k = —0.5, and (iv) full distorted
Gaussian with s = &k = —0.5.

with AD1A = 1 (—w + 473). Since In(Y +) = O(1) and w = O(y/as), and following

o power counting, this correction has naturally the same order of magnitude (’)(ag / 2) as the
other terms and should not be neglected. The other new correction oc agya x o adds those
NMLLA contributions arising from the oc w terms in the LO splitting functions (2.15a)-
(2.15d), known to better account for energy conservation. Since this correction is multiplied
by a term [...]2 = O(y/a;), the overall result is O(aﬁ:’p) and, thus, of the same order of

magnitude as the previous terms such that, the full resummed result is (’)(ag/ 2).

3.2 Distorted Gaussian (DG) parametrisation for the fragmentation function

The distorted Gaussian (DG) parametrisation of the single inclusive distribution of hadrons
in jets at small x (or w — 0) was introduced by Fong and Webber in 1991 [23], and in
x-space it reads:

1 1 1

N 1 1
“k— 88 — (24 k)6 + =88° + —ko* 3.10
ovas P |gh m 980 — g2 k)T + GsdT 4 opke T (3.10)

where, § = (¢ — £)/o, N is the asymptotic average multiplicity inside a jet, and &, o, s,

DT(E,Y,)\) =

and k are respectively the mean peak position, the dispersion, the skewness, and kurtosis
of the distribution. The distribution should be displayed in the interval 0 < & <Y which
depends on the jet energy, and the values of Qg and A,,. The three scales of the process
are organised in the form @ > Qo > A,.. The formula (3.10) reduces to a Gaussian for
s = k = 0 and its generic expression does not depend on the approach or level of accuracy
used for the computation of its evolution.

As an example of the effects of non-zero skewness and kurtosis, we compare in figure 2
the shapes of four different single-inclusive hadron distributions of width o = 1.4 and mean
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position at £ = 3.5 in the interval 0 < ¢ < 7 typical of jets at LEP-1 energies: (i) an exact
Gaussian, (ii) a skewed Gaussian with s = —0.5, k£ = 0, (iii) a kurtic Gaussian with s = 0,
k = —0.5, and (iv) a DG including both “distorting” s,k components above. As can be
seen, the shape of the DG differs from that of the pure Gaussian, mainly away from the
hump region. A negative skewness displaces the peak of the Gaussian to higher £ values
while adding a longer tail to low &, and a negative kurtosis tends to make “fatter” its width.

In order to obtain the evolution of the different DG components, we will proceed by
following the same steps as in [23] but making use instead of the expanded NMLLA+NLO*
anomalous dimension, eq. (3.9), computed here. Defining K, as the n-th moment of the

single inclusive distribution:

K,(Y,\) = (—d‘i> In [DF(w, Y, N)]__, (3.11)

the different components (normalised moments) of the DG are given by:3

K3 Ky Ks5

;7 k:O'4’ k5:

N=Ky (=K, oc=+Ky s= (3.12)

=2
o
such that after plugging eq. (3.5) into (3.4) and what results from it into (3.11), one is left
with

, (3.13)

w=0

Kp>o = /OY dy <—a(1>n’)’w(as(y +A))

which is more suitable for analytical calculations since it directly involves the anomalous

dimension expression (3.9).

Multiplicity. The multiplicity is obtained from the zeroth moment, i.e. the integral, of
the single-particle distribution. Setting w = 0 in eq. (3.9), one obtains

1 Bo
w0a0=0 - gy (@ - 3) 5 (319
1 1 a? 362 Liln2(Y +N)] 4
+§ {a2+32NC2<2+(1150+8> —W 70 s
from which the mean multiplicity N (Y, \) can be straightforwardly derived by integrating
over y:
where
16N, a1 2N, 1/ a \°  aif
= (= h _ -
A ot LR [‘”*4(41%) -t
3 ( 5\ B 16N,
— — In2 A 2 —_—. 3.16
16 <4Nc> I e NN rEDY (319

As expected, the mean multiplicity (3.15) including the two-loop ag exactly coincides with
the expression obtained in [21]. This cross-check supports the validity of our “master”

3We list also ks which is needed to obtain the maximum peak position &may from &, as discussed below.
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NMLLA+NLO* formula (3.9) for the anomalous dimension at small w, which is not sur-
prising as the gluon jet evolution equation solved in [21] for the mean multiplicity coincides
with eq. (3.1) after setting w = 0 and N (Y, \) = D*(0,Y, \). The first term in eq. (3.16)
is the DLA rate of multiparticle production, the second and third terms provide negative
corrections that account for energy conservation and decrease the multiplicity. However,
the third term, proportional to 31, is positive and can be large since it accounts for NLO
coupling corrections. Though, due to energy conservation, one may expect the multiplicity
to decrease in the present scheme running coupling effects take over and can drastically
increase the multiplicity as well as single inclusive cross-sections at the energy scales probed
so-far at eTe™ colliders. Only at asymptotically high-energy scales, that is for Q > Agens
the energy conservation becomes dominant over running coupling effects, thus inverting
these trends. The ratio of multiplicities in quark and gluon jets are discussed in section 3.3
and compared with the calculations of [21]. Performing the numerical evaluation for ny =5

4

quark flavours® we obtain the final expression for the multiplicity:

Y+ A
A

N(Y)ocexp [2.50217 (\/Y A fA) ~0.491546 In (3.17)

— (0.06889 — 0.41151In(Y + \)) +(0.06889 — 0.411511n \)

1 1
VY + X VAL
Peak position. The energy evolution dependence of the mean peak position is obtained
plugging eq. (3.9) into (3.5), and the latter into eq. (3.4) in order to get the K, moments
of the distribution from eq. (3.11). Thus, for n = 1 one obtains

§:§+\/1£770/30 <\/Y+)\—ﬁ> —2NC%(ln(Y+>\)—ln)\). (3.18)
The smallness of the constant in front of the NMLLA correction proportional to (In(Y +
A) —In A) should not drastically modify the MLLA peak position and should only affect it
at small energy scales.

The position of the mean peak is related to the corresponding maximum and median
values of the DG distribution by the expressions [49]:

_ 1ks 5 ~ 3 ks 1
Emax — €= 205(1 4s+6k>’ €m— &= as<1 + k:), (3.19)

for which we need the fifth moment of the DG, k5, which reads:

16

nay 16N,
M ) P\ By + N

1As will be seen below the dependence in ny is very weak and will not affect the final normalisation of
the distribution.

Y+ A

B} 9 3 3/2 Bo(Y +\) 1/4 1_<%H>5/2 A
=i () [ lres (2

_ 16N, [1_ (ﬁA)g/z]

. (3.20)
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The final numerical expressions for the mean and maximum peak positions, evaluated
for ny = 5 quark flavours, read:

) Y+
E0)=0.5Y +0.592722 (V¥ + A~ VA) +0.0021n ;r , (3.21)
Y A

1
Emax(Y)=0.5Y + 0.592722 (\/Y A fA) — 505+ 0.0021n

Width. The DG distribution dispersion o follows from its definition in eq. (3.13) for
n = 2. The full expression for the second moment K»(Y,\) can be found in appendix B,
eq. (B.4), from which taking the squared root, followed by the Taylor expansion in (1/y/y + X
or \/as) and keeping trace of all terms in (1/(y+ A) or ag), the NMLLA+NLO* expression
for the width is obtained:

1/4
O'(}/7 )\):< o ) \/(Y+ A)3/2 —)\3/2 {1 _ @fl()/7 )\) 16N,

(3.22)

144N, 64 Bo(Y + A)

9 3 3a? 2
+ L()’anQ(Y’ A) = o1 (16?\}3 f2(Y, ) + Zﬁgfg(}/, A) — Gf&gfz(y’ A)
355 B 16N,
* 128]2/’62 FEY. /\)> + 640, (In2(Y +A) = 2)f3(Y, A)] W} , (3.23)

where the functions f; are also defined in appendix B. The new correction term, propor-
tional to (1/(Y + \)), is of order O (as) and decreases the width of the distribution and so
does A for the truncated cascade with Qo > A
(for ny =5 quark flavours) reads:

qcp- The numerical expression for the width

1
 [1.12479f5(Y, A
+ 0.0449219f2(Y, A) + (0.32239 — 0.246692In(Y + X)) f3(Y, \)] Yik} . (3.24)

J(Y)=0-36499\/ (Y + A)3/2 — X3/2 {1 —0.299739f1(Y, \)

Skewness. The NMLLA term of the third DG moment, K3, turns out to vanish like the
leading order one [49]. According to the definition in eq. (3.13), the skewness s = Kzo 3
presents an extra subleading term which in this resummation scheme comes from the
expansion of the second contribution to =3, proportional to 1/4/(Y + )), as written in
eq. (B.8) of appendix B, such that

o ()Y e N
N =~ T T [1—64f1<m> sy

In [23], only the first term of this expression was provided, the subleading contribution given
here is thus new. This NMLLA+NLO* correction to eq. (3.25) increases the skewness of the
distribution, while for increasing A it should decrease again, thus revealing two competing
effects. The net result is a displacement of the tails of the HBP distribution downwards to
the left and upwards to the right from the peak position and depending on the sign given
by both effects (figure 2). The final numerical expression for the skewness (for ny = 5

quark flavours) reads:
)=~ 1'?‘)‘37/024 —— |1 - 020073011V,
_l’_ —

1
Nia (3.26)
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Kurtosis. The evolution of the kurtosis follows from the expressions for the fourth DG
moment, given in egs. (B.6) and (B.9) of appendix B. As shown in the same appendix,
the proper Taylor expansion in powers of (1//Y + X) which keeps trace of higher-order
corrections and leads to:

5/2
2T [Bo(Y+A) 1*(%+A> s 16N,
MY e T, ( T IR
BRSZEN

+[(Brsrn - Far a2+256N2 (9200 - )
+ 2?)532 (6f2(Y,A)=5f5(Y, \))+ 256]\72 <_ 2 ha(Y, )+%f12(y7 /\)+@f5(y )
B A YN (Y, /\)> + 956%0 (1 DY + \) > Fo(YoA)

5! 16N,
- 2y 43 =290 5o (3.7

where the functions f; can be again found in appendix B. The new NMLLA+NLO™* correc-
tion for the kurtosis affects the distribution by making it smoother in the tails and wider
in the hump region. The final numerical expression for the kurtosis (for ny = 5 quark
flavours) reads:

215812 1— (Y%A)m
_ 'Y + )\ |:1_< A\ >3/2:|2

1
VY + A

{1 + [1.19896 f1 (Y, ) — 1.99826 f4(Y, \)]

Y+

+ [LOT8I3f2(Y, A) + 4.49915 f5(Y, A) + 1.28956 f3(Y, ) — 2.39583 f1(Y, A) f4(Y, A)
— 3.76231f5(Y, \) + 0.0217751 f6(Y, A)

— (0.986767 f3(Y, \) — 0.822306 f5(Y, A)) In(Y + \)] YiA} . (3.28)

Final DG expression. The final expression of the DG parametrisation of the single
inclusive distribution of soft hadrons inside gluon and quark jets, eq. (3.10), can be obtained
summing all its individually-derived NMLLA+NLO*-resummed components: the mean
multiplicity N'(Y, ) eq. (3.15), the mean peak position £(Y,\) eq. (3.18), the dispersion
o(Y,\) eq. (3.23), the skewness eq. s(Y,A) (3.25), and kurtosis k(Y,\) eq. (3.27). In
figure 3, we display the resulting DG for two different values of the hadronisation parameter
A=14 (Y =58, Qo =1GeV, Ay, =025GeV) and A = 2.0 (Y = 5.2, Qo = 1GeV,
Aqep = 0.25GeV) for a jet of virtuality @@ = 350 GeV and reconstructed jet energy £ =
500 GeV inside a radius cone 6 = 0.7. The distribution is compared to the corresponding
MLLA predictions with the Fong-Webber results from [23] after setting to zero all terms
proportional to 1/Y in the same expressions.

The contributions from the set of NMLLA+NLO* corrections to the MLLA DG appear
to be quite substantial and decrease for increasing A, since A guarantees the convergence
of the perturbative series for Qo > A,,. Physically, for higher values of the shower en-
ergy cut-off @, the strength of the coupling constant decreases and the probability for
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Figure 3. Comparison of the distorted Gaussian hadron distributions obtained for a jet of virtuality
@ = 350GeV evolved using NMLLA+NLO* (solid curve) and MLLA (dashed curve) equations,
for two hadronisation parameters: A = 1.4 (left) and A = 2.0 (right).

the emission of soft gluon bremsstrahlung decreases accordingly, making the multiplic-
ity distribution and the peak position smaller. The difference between the MLLA and
NMLLA+NLO* resummed distributions is, as mentioned above, mainly due to running-
coupling effects, proportional to 1, at large £ (small z) which is not unexpected because in
this region they are more pronounced due to the In(zEf) dependence in the denominator
of the strong coupling. On the other hand, energy conservation plays a more important
role in the hard fragmentation region z ~ 1 (§ ~ 0), where the NMLLA+NLO* DG is
somewhat suppressed compared with the MLLA DG.

3.3 Multiplicities for the single inclusive D, and D, distributions

In this section we determine the coefficient function involved in eq. (2.20a) that provide
higher-order corrections to the quark/gluon multiplicity ratio. As shown through eq. (3.3),
the D~ (w, ) component is negligible and thus the solutions for the gluon and quark single
inclusive distributions can be directly obtained from DT in the form

PQQ(Q)

Dy, Y VSCHOD @ YN, CY0) = s, (320
Dyl VNS CIQD .V, Co() = 2D = Pl (3.20D)

P () - P (Q)

Making use of the expressions (2.15a)-(2.15d) and (2.17a)—(2.17b), and expanding in w
results in

CI(Q) ~ (]’;F 1400+ 02 + 0 (@], Co(9) ~ 1+00+D02+0 (27, (3.30)

where the numerical values of the constants, for ny = 5 quark flavours, read

b 3-
C‘(IO):alle L2 "2 0,049, (3.31)
C
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7 ar—bi (a1 —b C -
o=+ i <a1 ! —3) 4 ay =7 0,608, (3.32)

a 16N, N, N,
b1 ny=>
Cg’O):_élNc = 0.247, (3.33)
b C 5 7'('2 nr=>5
W _ ZE 2 2 )2 0.04 4
Cq 16Nc2( 1 a1)+ N, < 9 3 + 6 0.045. (33 )

The cgo) numerical constants in eq. (3.30) were obtained in [4, 5]. Performing the inverse

. . . ) )
Mellin-transform back to the xz-space, or making the equivalent replacement {2 — 2 T oy
one has

Dy, v, = EE

o 8 o 9\?
Lo (90 9N, w9 9
O <a§+aY>+cq o¢ T oy

a9 o 9\’
110 2 2 (ON
+ ¢y <8§+8Y>+cg 8§+8Y
which in a more compact form can be rewritten as

C ODT(£,Y,)\) ODT(£,Y, )\
Da(&ayv)‘)%ﬁ |:D+(£’Y7)\)+CEAO)< gé | ) (gi; | )>

[

(1) 62D+(§7 Y, )‘) 82D+(£7 va )‘) 82D+(£7 Y7 >\)
+ el ( e (3.36)

DY(£,Y,N), (3.35a)

Dy(&,Y, \)~ DY (Y, N, (3.35b)

for numerical considerations. The first and second derivatives in egs. (3.35a) and (3.35b)
can be evaluated numerically. They provide corrections which are suppressed for the first
and second terms of orders O(,/a5) and O(ag) respectively. In figure 4, we compare the
quark (Dg), gluon (D) and parton (D7) hadron spectra obtained in the MLLA (left)
and NMLLA-NLO* (right) schemes for a jet of virtuality @ = 350 GeV and hadronisa-
tion parameter A = 1.4. The NMLLA-NLO™* distributions are obtained from the above
egs. (3.35a), (3.35b) and (3.10), while the MLLA are obtained setting to zero cél) and cgl)
in egs. (3.35a) and (3.35b) respectively and removing the O (ag) corrections in (3.10) for
DT(£Y).

A clear difference is observed in the quark and gluon jet initiated distributions given
by the colour factor Cp/N, = 4/9 and the role of higher-order corrections which prove
more sizable for the NMLLA+NLO* scheme over the whole phase space 0 < ¢ < Y, as
observed in the right panel of figure 4. In [4, 5] however, the role of O (y/ay) corrections,

proportional to c((lo) and c(go) in egs. (3.35a) and (3.35b), was reabsorbed into the inclusive

spectrum D1 (£,Y) through a shift to a slightly different jet energy E4 = Eexp (cff)),
which allowed for a direct comparison between the MLLA D" (£,Y) and the hadronic
energy-momentum spectrum (for a complete review see [11]). Asymptotically (Q — o0),

the solution of the original eq. (3.36) has a Gaussian shape near its maximum:

Ca N_,
NcO’ 2 P

normalised by the inverse asymptotic value of the mean multiplicity ratio r~! = Cp/N,

Do(£,Q%) ~

- 5ale- €7 (3.37)

in a quark jet. The ratio of gluon and quark multiplicities can be recovered by replacing
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Figure 4. Comparison of the quark eq. (3.35a), gluon eq. (3.35b), and parton DT (£,Y) eq. (3.10),
distributions of hadrons for a jet of virtuality Q = 350 GeV and hadronisation parameter A = 1.4
evolved using MLLA (left) and NMLLA+NLO* (right) equations.

w=20 (8% = 0) in egs. (3.35a) and (3.35b), such that, after expanding the result in powers
of \/ag, one is left with

Ny _ Ne

N, Cr

where, as a result of the expansion,

(1 =770 =273 » (3.38)

aj 3
ri=cl — 0 — N1 (3.39)

_a 1 0 1 Bo\ - 3 Bo
rg—cg)—cg)—rlcg)— SN, <a1—> =az —az+r] (4— SNV, + 16Nc> , (3.40)

with

Notice that up to the order O (as), the multiplicity ratio does not involve corrections
proportional to 81, which only appear beyond this level of accuracy [21]. Up to the NMLLA
order in O (as), eq. (3.38) coincides with the expression found in [50], which gives further
support to the calculations carried out in our work. A more updated evaluation of the
mean multiplicity ratio, including two-loop splitting functions, was given recently in [22].

3.4 Limiting spectrum for the DG parametrisation

The so-called limiting spectrum, A — 0, implies pushing the validity of the partonic evo-
lution equations down to (non-perturbative) hadronisation scales, Qo ~ Ay, [1]. Such
an approach provides a minimal (and successful) approach with predictive power for the
measured experimental distributions. We derive here the evolution of the distorted Gaus-

sian moments for this limit which involves formule depending only on A as a single

QCD
parameter.
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Multiplicity. Among the various moments of the DG parametrisation, only its integral
(representing the total hadron multiplicity) needs an extra free parameter to fit the data.
The “local parton hadron duality” (LPHD) hypothesis is a powerful assumption which
states that the distribution of partons in inclusive processes is identical to that of the
final hadrons, up to an overall normalization factor, i.e. that the mean multiplicity of the
measured charged hadrons is proportional to the partonic one through a constant K%,

NOY) = KM"N(Y).

Thus, in the limiting spectrum the mean multiplicity reads

2N,
Bo Bo 2 Bo

3 (B \ B
+ 16<4Nc> v, MY

16N, a1 1/ a \> 1af
chY: ch Cy_ 71_7 1 _ _ 1 - 1
NEY)=KT exp n VY “ry\an.) T 216Nz
/16N,
BOY}’ (3.41)

which is in agreement with the mean multiplicity first found in [21], supported by the

improved solution of the evolution equations accounting for the same set of corrections.

Peak position. For the limiting spectrum, the mean peak position eq. (3.18) can be
approximated as follows:

£=++

Yo o JI6Ney oy %2y (3.42)
2 16N\ Bo Bo

thanks to the fortuitous smallness O(1073) of the NMLLA correction to & at high-energy
where Y + X > A. Notice that, as shown in [23], the MLLA version of eq. (3.42) up to
the second order is finite. The origin of the third o InY correction in this resummation
framework comes from the truncated expansion of the anomalous dimension eq. (3.9) in
O(ag), which is proportional to 1/Y by making (—0,/0w) at w = 0, and hence yields
the o< InY term after integrating over Y. Therefore, we assume that eq. (3.42) is valid for
Q> Qo~Agep-

The maximum of the peak position for the limiting spectrum DG can be obtained
via eq. (3.19) which involves the mean peak position as well as the other higher-order
moments. In a generic form, the moments of the distorted Gaussian associated with the
dispersion (3.23), skewness (3.25), kurtosis (3.27), and ks (3.20), are finite for n > 2 for
the limiting spectrum and can be written as

Kn(as(Y +X), as(\)) as(Y + )~ 0+D/2 [/cg)) FEOas(Y + ) + KOay(Y + A)
—{as(Y +A) & as(V)}] (3.43)

where the constants IC%O) and the functions f;(A — 0) — 1 are written in appendix B. In

other words, the second A-dependent part of K, in eq. (3.43) can be dropped as A — 0
for sufficiently high energy scales, Y + A > A, where as(Y + A\) < ag(A) in the r.h.s. of
eq. (3.43). Performing the same approximation in eq. (3.43) as A — 0, the expressions for
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the rest of moments of the fragmentation functions in the limiting spectrum are derived
below. Thus inserting eqgs. (3.45a), (3.45b), (3.45¢) and (3.45d) into (3.19), we obtain:

— 1 ) 16N, - 1 19 16N,
gmax - f = 372(11 (1 + 67460 BOY > ) ém - f - %al <1 + %BO 6OY ) (344)

Width. The width of the DG distribution in the limiting spectrum is obtained from
eq. (3.23):

1 Boy \ M Bo [16N, 9 3 3 o5 a1fo 53
Y)=1/>Y 120 gy — =
“M)=y3 (16Nc> 64\ Boy 16" 64 \16n2 T T 3NZ T 12887
51 :| 16Nc}
In2Y — 2 .
6450( ) BoY

Skewness. The skewness of the DG distribution in the limiting spectrum reads, from

eq. (3.25),
N ENA AR Bo 16N,

Kurtosis. The kurtosis can be derived from eq. (3.27):

27 [BoY By [16N. [29 7, aifo 5
k(Y)=—2L,] R B i - -
¥)==5v\ 16w, { 24\ Boy [24“2 i (512N§a1 256N2  6144N2 0

5 26\ 16N,
b (v - BY] 01 (50

Accordingly, we give the last component, ks, following from eq. (3.20):

3/2 1/4
ks(Y) J a <3> < fo¥ > (1 + ﬁﬁo 16N

+

(3.45a)

2 . 3.45d
16 \Y 16N, 576 BoY ( )

N——

Final DG (limiting spectrum) expression. In order to get the DG in the limiting
spectrum, one should replace eqs. (3.41)—(3.45¢) into eq. (3.10). We note that in our
NMLLA+NLO* framework, the X" from the DG can be smaller than that found in [21]
since it should fix the right normalisation enhanced by second-loop coupling constant ef-
fects. Notice also that setting subleading corrections to zero, we recover the results from [23]
as expected. In figure 5, the MLLA and NMLLA+NLO* distorted Gaussians are displayed
in the limiting spectrum approximation for a jet virtuality Q = 350 GeV in the interval
0<e<Y, forY =7.5.

We can see a sizable difference between the MLLA D (£,Y) and the NMLLA+NLO*
DT (£,Y) evolutions, which is mainly driven by the two-loop o 31 correction in the mean
multiplicity and other moments of the DG, as mentioned above. The account of energy
conservation can be observed at low &, i.e. for harder partons. Similar effects have been
discussed in [51] where an exact numerical solution of the MLLA evolution equations was
provided with one-loop coupling constant. Numerical solutions of exact MLLA equations
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Figure 5. Comparison of the distorted Gaussian hadron distributions obtained for a jet of virtuality
@ = 350GeV evolved using MLLA and NMLLA+NLO* equations, in the limiting spectrum (i.e.
Qo = Aqcp, hadronization parameter A = 0).

provide a perfect account of energy conservation at every splitting vertex of the branching
process in the shower. For this reason, accounting for higher-order corrections (’)(a?/ 2) to
the truncated series of the single inclusive spectrum of hadrons should follow similar fea-
tures and trends to that provided by the numerical solutions of [51] (see also [52]), although
our NMLLA+NLO* solution incorporates in addition the two-loop coupling constant.

In figure 6 we display the same set of curves as in the figure 4 with the right normali-
sation given by the coefficient functions for quark and gluon jets. The overall corrections
provided by the coefficient functions slightly decrease the normalisation of the spectrum
in a gluon jet as well as its width o. In the quark jet, upon normalisation by the colour
factor Cp/N,, the normalisation is decreased while the width is slightly enlarged. In order
to better visualise the less trivial enlargement for the width, we can for instance con-
sider eTe -annihilation into hadrons at the LEP-2 centre of mass energy /s = 196 GeV
for a quark jet of virtuality Q@ = /s/2 = 98GeV with Y = In(y/s/(2Ayp)) =~ 6.0 for
Ayep = 0.25GeV. If the resulting distribution Dy (,Y) is refitted to a DG and compared
with the DT (£,Y), the enlargement of the width compared with that given by Dt (3.45a)
can reach 10%. This latter effect is mainly due to the positive O (as) correction to the
coefficient function Cj given by the larger numerical coefficient c((lo) = 0.487. Similar effects
have been discussed in [51]. In conclusion, we will directly fit the DT (&,Y") distribution to
the data of final state hadrons in the limiting spectrum approximation.

3.5 Higher-order corrections for the DG limiting spectrum

The exact solution of the MLLA evolution equations with one-loop coupling constant en-
tangles corrections which go beyond O (1/a), though the equations are originally obtained
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Figure 6. Comparison of the distorted Gaussian hadron distributions obtained for a quark
eq. (3.35a), gluon eq. (3.35b), and DT(£,Y) eq. (3.10), distribution for a jet of virtuality Q =
350 GeV evolved using MLLA (left) and NMLLA+NLO* (right) equations, in the limiting spec-
trum (i.e. Qo = Aqcp, hadronization parameter A = 0).

in this approximation [6]. The exact solution resums fast convergent Bessel series in the
limiting spectrum A — 0. Using the DG parametrisation it is possible to match the exact
solution in the vicinity of the peak position § < 1 after determining the DG moments:
& =&, & = (£%), & = (£3), & = (€%), related to the dispersion, skewness and kurtosis
through [53]:

02 =& — 527 (346)
5 = (e — 36:E + 289, (3.47)
b= (6~ 481 363+ 1268 — 68Y), (3.48)

where &, is determined via

16N,
6 =Y Lo (B+1,B+2,2), B= 1 o [10Ney (3.49)
Bo Bo

discussed in more detail in appendix C. Similarly, these extra corrections, which bet-

ter account for energy conservation and provide an improved description of the shape
of the inclusive hadron distribution in jets, will be computed and added hereafter
to all the NMLLA+NLO* DG moments, as it was done in [4, 5] for the particular
case of the mean peak position, &, but extended here also to all other components:
eqs. (3.42), (3.45a), (3.45b) and (3.45¢).

Multiplicity. The extra “hidden” corrections discussed in appendix C result in one extra
term for the multiplicity in the DG limiting spectrum, which is inversely proportional to
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Y and amounts to:
0.168007 0.23252

AN:—?, for ng =3,and AN = — v

However, we can use directly the fullNLO result obtained in [21] for the multiplicity. In

forng =5. (3.50)

this case the extra correction amounts to:

1

AN'=—(0.08093 + 0.16539InY) 7, for ny = 3, and (3.51)
1

AN'=—(0.00068 — 0.161658 InY) -, for ny = 5. (3.52)

although the terms o< ﬁ and o % are almost constant and practically compensate to each
other at the currently accessible energies.

Peak position. The mean peak value of the DG distribution, £, truncated as done in
eq. (3.18) can be improved as discussed in [4, 5]. The NMLLA correction proportional to
InY is of relative order O(\/as) and is very small O(10~2InY) compared to the second
term. There is one extra correction (numerical constant) to & coming from the exact
solution of eq. (3.1) with ag = 0, written in terms of Bessel series in appendix C. Indeed,
substituting eq. (C.11) into (C.9) (see appendix C for a complete derivation), one obtains
the extra NMLLA term to &:

Bo
32N,

from the expansion of the Bessel series through the eq. (C.9) that should be added to
eq. (3.18). Therefore, the full resummed expression of the mean peak position reads

AE = — B(2B + 3), (3.53)

16N, 2 3
a1 cy_2NC@1ny_al( a1 + 36o)

16N\ Bo Bo 32N,080

£ = % + (3.54)

in its complete NMLLA+NLO* form. The corresponding position of the maximum is
related to the mean peak value by the expression [49]:

— 1 3a
fmax - 5 = _50'5 = 32]\170 y (355)
such that
Y a? as a3
= — Y -2N.—~InY — . 3.56
IR T e 17 220

where the DLA width o and skewness s are enough for the computation. Asymptotically
(Y — o0) and factorising by Y, one recovers the maximum of the peak position for the
DLA spectrum eq. (1.1). In the same approximation, since s(Y) — 0, the expression of
the mean peak position in eq. (3.55) coincides with that of the maximum of the Gaussian
distribution. Of course, the ensemble of NMLLA corrections written in eq. (3.54) can
be obtained from eq. (3.1), provided that one can determine the exact solution of the
evolution equations. Notice that eq. (3.56) does not include any term o (i, as this kind
of term appears when higher-order corrections are included in the evolution equations and
their solutions.
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Width. Similar extra corrections can be found for the dispersion by calculating &
through this recursive procedure. By making use of eq. (3.49) and the full derivation
presented in appendix C, it was found in [53]:

& 1 +B(B—|—%) N (B+ %) <1_ 2B(B+2)> Ipi2(2)

Y2 4 22 P2 22 Ipi1(2)

, (3.57)

such that, with 0% = & — £2 given by eq. (3.46), one finds the extra correction (for ny = 5)

Ao 1.98667
0.36499Y3/4 —  y3/2 (3.58)

which should be accordingly added to the r.h.s. of eq. (3.45a).

Skewness. In the case of the skewness, the expression for &3 reads

& 1 3B(B+1) <1_4B(B+3)> 2{33+2_B(B+1)(B+3) <1

Y38 222 322 z 8 22
2B(B + 2) IB+2(Z)
_ 3.59
4 )] Ipi1(2) (3.59)

such that, if one makes use of the expression (3.47), the extra correction reads (for ny = 5)

As 164393
—1.94703/Y3/4 Yy

(3.60)

to be added to the r.h.s. of eq. (3.45b). Notice that eq. (3.59) was given in [53] without
accounting for terms O (z*4) and O (z*7). Such terms cannot be neglected when dealing
with MLLA and NMLLA corrections.

Kurtosis. Finally, for the kurtosis, we obtain the formula for &4:

& 1 (B+4)(15B* +30B%*+ 5B — 2) ) 4B(B+3)> 9B% + 158 + 2

Y416 522 374 622
1[B+1 4(B+3)(B+4)(15B3+30B?+5B — 2) 2B(B +2)
_ + 1 _
z 2 1524 22
5B3 +35B2+50B+8] I
B + + + B+2(Z)’ (3.61)
522 IB+1(Z)

which can be cast into eq. (3.48) to obtain the corresponding correction which reads (for
ng=2>5):
Ak 8.05771

“215812/VY Y2
to be also added to eq. (3.45¢).

(3.62)

Final numerical formulse. For easiness of comparison to the data, we provide
here the final numerical expressions for the energy evolution of the NMLLA+NLO*
components of DG hadron distribution of jets in the limiting spectrum, evaluated
from eqs. (3.41), (3.42), (3.45a), (3.45b) and (3.45c) plus the higher-order corrections
eqgs. (3.52), (3.53), (3.58), (3.60) and (3.62). We include the expressions for ny = 3,4,5
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active quark flavours, although only the cases ny = 4,5 are relevant for most phenomeno-
logical applications (jets are usually measured with energies (well) above the charm and
bottom-quark mass thresholds). For ny = 3 quark flavours, one finds

1
N(Y)=K%exp [2.3094\/17 —0.3734571InY + (0.061654 + 0.456178 InY") Nia
1
+ (0.121834 — 0.147491In Y)Y] , (3.63)
£(Y)=0.5Y 4 0.539929vY — 0.051nY, (3.64)
Emax(Y)=0.5Y + 0.539929VY — 0.291524 — 0.05In Y, (3.65)
¥)=0.379918Y3/4 10324759 —— — (1.6206—0.206206 In V) 4+ 2= 09T | (3 65
1.84616 1 1.63978
2.33827 1 1 6.99062
E(Y)=— e [1—0.866025\/?+(0.713767—0.197531 InY) Y—W] . (3.68)
For ny = 4 quark flavours, relevant for jet analysis above the charm mass threshold
(me = 1.3GeV), one finds
1
N(Y)=K® exp [2.4\/? —0.4277781nY + (0.0214879 + 0.443521InY") %
1
+ (0.0682865 — 0.158071 In Y)Y] : (3.69)
£(Y)=0.5Y + 0.564815VY — 0.02878881n Y, (3.70)
Emax(Y)=0.5Y + 0.564815VY — 0.319015 — 0.0287888In Y, (3.71)
1 1 1.83441
o(Y)=0.372678Y3/4 {10.312499\/?(1.319780.2772 InY) Y+Y3/2} . (3.72)
1.89445 1 1.64009
sV )=~ [1 - 0'312499W - } , (3.73)
2.25 1 1 7.47314

and for ny = 5 quark flavours relevant for jet analysis above the bottom mass threshold

(my, =~ 4.2GeV):

1
N(Y) = K% exp [2.50217\/17 —0.4915461nY — (0.06889 — 0.41151InY) Nz
1

+ (0.00068 — 0.161658 In Y)Y} , (3.75)

£(Y) = 0.5Y 4 0.592722VY +0.0021nY, (3.76)
Emax(Y) = 0.5Y +0.592722VY — 0.351319 + 0.0021n Y, (3.77)
o(Y)=0.36499Y3/4 |1—0 299739i—(1 4921—-0.2466921nY") L, 198667 (3.78)

=Vu. . \/}7 . . Y Y3/2 ) .
1.94704 1 1.64393
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2.15812 1 1 8.05771
— [1—0.799305+(0.730466—0.1644611nY) Y_Y?)/Q} . (3.80)

VY VY

The MLLA expressions first computed in [23] can be naturally recovered from our results

k(Y)=

by keeping all terms up to 1/ VY. For n 7 = 5 quark flavours, they read:

N(Y) = K% exp [2.50217\/17 — 0.491546 In Y] , (3.81)

£(Y) = 0.5Y + 0.592722V, (3.82)

Emax(Y) = 0.5Y 4 0.592722V/Y, (3.83)

1
o(Y) = 0.36499Y 3/ [1 - 0.299739] : 3.84
(Y) 4 (3.84)
1.94704

s(Y) = =51 (3.85)
2.15812 1

EY) = — 1—0.799305—— | , 3.86

=22 ) (350)

which clearly highlight, by comparing to the corresponding full expressions above, the new
NMLLA+NLO* terms computed in this work for the first time.

3.6 Other corrections: finite mass, number of active flavours, power terms,

and A rescaling

QCD

Mass effects. In the approach discussed so far, the partons have been assumed massless
and so their scaled energy and momentum spectra are identical. Experimentally, the scaled
momentum distribution &, = In(y/s/(2pp)) is measured and, since the final-state hadrons
are massive, the equivalence of the theoretical and experimental spectra no longer exactly
holds. One can relate the measured £, spectrum to the expected DG distribution (which
depends on ¢ = ¢, ) by performing the following change of variables [54]:

1 doh

Ph 46, 1), with € n(L/s) — VP2
Ttot d&p x EhD (&,Y), with £ =1In(1/z) =In <\/(3/4)e_25p = meﬁ‘2> , (3.87)

where the energy of a hadron with measured momentum p;, = (1/s/2) - exp —§, is E}, =

\/p% + meg?, and meg is an effective mass of O(Aqycp) accounting for the typical mixture
of pion, kaon and protons in a jet. In figure (7) we compare the DG distribution in the
limiting-spectrum for the typical HBP of LEP-1 jets with and without mass corrections,
qop 2 0.23GeV. As expected, the net
effect of the non-null mass of the measured jet particles affects the tail of the distribution

using eq. (3.87) with meg = 0 and meg = A

at high ¢ (i.e. at very low momenta) but leaves otherwise relatively unaffected the rest of
the distribution. In the analysis of experimental jet data in the next section, the rescaling
given by eq. (3.87) will be applied to the theoretical DG distribution for values of meg = 0—
0.35 GeV to gauge the sensitivity of our results to finite-mass effects. Since experimentally
there are not many measurements in the large £ tail (i.e. very low particle momenta) and
here the distribution has larger uncertainties than in other ranges of the spectrum, the fits
to the data turn out to be rather insensitive to meg.
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Figure 7. Comparison of the limiting-spectrum distorted Gaussian for jets typical of LEP-1 energies
(mean & = 3.7, width o = 1.1, skewness s = k = —0.25, and kurtosis &k = —1.) with and without

corrections for finite-mass effects (meg ~ A, ) according to eq. (3.87).

Number of active flavours ny. The available experimental e™e™ data covers a range of
jet energies Fje; ~ 1-100 GeV which, in its lowest range, crosses the charm (m. ~ 1.3 GeV)
and bottom (my, =~ 4.2GeV) thresholds in the counting of the number of active quark
flavours ny present in the formulae for the energy-dependence of the DG moments. Al-
though the differences are small, rather than trying to interpolate the expressions for
different values of ny in the heavy-quark crossing regions, in what follows we will use the
formulage for ny = 5 for the evolution of all moments and rescale the obtained moments of
the four lower-/s datasets from the BES experiment [24] to account for their lower effective
value of ny. The actual numerical differences between the evolutions of the DG moments
for ny = 4 and ny = 5 quark flavours — given by egs. (3.69)—(3.74) and (3.75)—(3.80)
respectively — when evaluated for energies below the bottom-quark threshold are quite
small: 0-10% for N (Y), below 1% for &max(Y), around 5% for the width o(Y"), and 5-10%
for the skewness s(Y’) and kurtosis k(Y"). In this respect, the most “robust” (ns-insensitive)
observable is the peak position of the distribution.

Power-suppressed terms. Power corrections of order O(Qg/Q"™) appear if one sets
more accurate integration bounds of the integro-differential evolution equations over z,
such as % <z<1- % instead of 0 < z < 1, which actually leads to eq. (3.1) after
Mellin transformation with Qo ~ my, where my, is the hadron mass (for more details see
review [55, 56]). For the mean multiplicity, this type of corrections was considered in [18].
They were proved to be powered-suppressed and to provide small corrections at high-
energy scales. Furthermore, they become even more suppressed in the limiting spectrum

case where Qg can be extended down to A for infrared-safe observables like the hump-

QCD
backed plateau. The MLLA computation of power corrections for differential observables
is a numerical cumbersome task which, for the hump-backed plateau, would add minor

improvements in the very small z domain In(1/z) — In(Q/A,.,) away from the hump
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region of our interest, and thus they would not introduce any significant shift to the main
moments of the hadron distributions (in particular its peak position &yax, and width o).

Rescaling of the A,,, parameter. Technically, the A,., parameter is a scheme-
dependent integration constant of the QCD S-function. Rescaling the QCD parameter by
QCD - CAQCD’

such a variation would translate into a In C-shift of the constant term of the HBP peak,

a constant, A would give an equally acceptable definition. In our formalism,

eq. (3.56) [4, 5], which corresponds to higher-order contributions to the solution of the
qep tO as in the MS
factorisation scheme through the two-loop eq. (2.4) and, at this level of NLO accuracy,

evolution equations. The approach adopted here is to connect A

there is no ambiguity when comparing our extracted ag results to other values obtained
using the same definition.

4 Extraction of ag from the evolution of the distribution of hadrons in
jets in eTe~ collisions

In this last section, we confront our NMLLA+NLO* calculations with all the existing
charged-hadron spectra measured in jets produced in ete™ collisions in the range of ener-
gies /s &~ 2-200 GeV. The experimental distributions as a function of &, = In(y/s/(2pp))
are fitted to the distorted Gaussian parametrisation, eq. (3.10), and the corresponding
DG components are derived for each dataset. More concretely, we fit the experimental
distributions to the expression:

1 do® n2Cp D+

9 _ ke
Otot df N,

&Y), (4.1)

where DT (£,Y) is given by eq. (3.87) corrected to take into account the finite-mass effects
of the hadrons (for values of meg = 0-0.35GeV, see below) with Y = In[/s/(2Aqp)]-
Each fit has five free parameters for the DG: maximum peak position, total multiplic-
ity, width, skewness and kurtosis. In total, we analyse 32 data-sets from the following
experiments: BES at /s = 2-5GeV [24]; TASSO at /s = 14-44 GeV [25, 26]; TPC at
Vs = 29GeV [27]; TOPAZ at /s = 58 GeV [28]; ALEPH [29], L3 [30] and OPAL [7, 31]
at /s = 91.2GeV; ALEPH [32, 35|, DELPHI [33], OPAL [34] at /s = 133GeV; and
ALEPH [35] and OPAL [36-38] in the range /s = 161-202 GeV. The total number of
points is 1019 and the systematic and statistical uncertainties of the spectra are added in
quadrature.

In order to assess the effect of finite-mass corrections discussed in the previous section,
we carry out the DG fits of the data to eq. (3.87) for many values of meg in the range 0—
320 MeV. The lower value assumes that hadron and parton spectra are identical, the upper
choice corresponds to an average of the pion, kaon and (anti)proton masses weighted by
their corresponding abundances (65%, 30% and 5% approximately) in eTe™ collisions.
Representative fits of all the single-inclusive hadron distributions for meg = 0, 140, and
320 MeV are shown in figures 8-10 respectively, with the norm, peak, width, skewness, and
kurtosis as free parameters. In all cases the individual data-model agreement is very good,
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Figure 8. Top: single inclusive hadron distributions measured in jets in the world eTe™ data at
Vs & 2-200 GeV as a function of £ = In(y/s/(2pp)) fitted to the distorted Gaussian eq. (3.87) with
meg = 0. Bottom: ratio of each set of data points to the corresponding DG fit. The value (x2/ndf)
quoted is the average of all individual fits.

with goodness-of-fit per degree-of-freedom x?/ndf ~ 0.5-2.0, as indicated in the data/fit
ratios around unity in the bottom panels. The fits to all datasets with energies above
Vs = 50 GeV turn out to be completely insensitive to the choice of meg, i.e. the moments
of the DG obtained are “invariant” with respect to the value of meg, whereas those at lower
energies are more sensitive to it. The value of the effective mass that provides an overall
best agreement to the whole set of experimental distributions is meg ~ 140 MeV, which is
consistent with a dominant pion composition of the inclusive charged hadron spectra.

The general trends of the DG moments are already visible in these plots: as /s in-
creases, the peak of the distribution shifts to larger values of ¢ (i.e. smaller relative values
of the charged-hadron momenta) and the spectrum broadens (i.e. its width o increases).
In the range of the current measurements, the peak moves from £yax & 1 to Emax &~ 4, and
the width increases from o ~ 0.5 to 1.2. The expected logarithmic-like energy dependence
of the peak of the & distribution, given by eq. (3.77), due to soft gluon coherence (angular
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Figure 9. Top: single inclusive hadron distributions measured in jets in the world eTe™ data at
Vs & 2-200 GeV as a function of £ = In(y/s/(2pp)) fitted to the distorted Gaussian eq. (3.87) with
meg = 140 MeV Bottom: ratio of each set of data points to the corresponding DG fit. The value
{x*/ndf) quoted is the average of all individual fits.

ordering), correctly reproduces the suppression of hadron production at small z seen in
the data to the right of the distorted Gaussian peak. Although a decrease at large £ (very
small x) is expected based on purely kinematic arguments, the peak position would vary
twice as rapidly with the energy in such a case in contradiction with the calculations and
data. The integral of the ¢ distribution gives the total charged-hadron multiplicity N
which increases exponentially as per eq. (3.75).

The /s-dependence of each one of the individual DG moments is studied by fitting
their evolution to our NMLLA+NLO* limiting-spectrum predictions egs. (3.75)—(3.80) with
Y = In(y/s/(2M4cp)) for ny = 5 quark flavours, with Ay,
Before performing the combined energy-dependence fit, the moments of the lowest-y/s

as the only free parameter.

distribution from the BES experiment are corrected to account for their different number
of active flavours (ny = 3,4) as described in the previous section.
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Figure 10. Top: single inclusive hadron distributions measured in jets in the world ete™ data at
Vs & 2-200 GeV as a function of £ = In(y/s/(2pp)) fitted to the distorted Gaussian eq. (3.87) with
meg = 320 MeV. Bottom: ratio of each set of data points to the corresponding DG fit. The value
{x*/ndf) quoted is the average of all individual fits.

The collision-energy dependencies of all the obtained DG components are plotted in
figures 11-15 for meg = 0.14 GeV which, as aforementioned, provides the best individual
fit to the DGs. In any case, using alternative meg values results only in small changes

in the derived values of A consistent with its quoted uncertainties. Varying meg

QCD?

from zero to 0.32 GeV yields differences in the extracted A parameter below +0.5%

CD
for the &pax fits and below +2% for the other components, v(shich indicate the robustness
of our NMLLA+NLO* calculations for the limiting-spectrum DG with respect to finite-
mass effects if a wide enough range of charged-hadron and parent-parton (jet) energies are
considered in the evolution fit. The point-to-point uncertainties of the different moments,
originally coming from the DG fit procedure alone, have been enlarged so that their mini-
mum values are at least 3% for the peak position, and 5% for the multiplicity and width.

Such minimum uncertainties are consistent with the spread of the DG moments obtained
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Figure 11. Energy evolution of the maximum peak position &,.x of the spectrum of charged
hadrons in jets measured in eTe™ at collision energies /s &~ 2-200 GeV, fitted to eq. (3.77) with
Y = In(y/s/(2A4cp)), with finite-mass corrections (meg = 0.14 GeV). The extracted values of A,
and equivalent NLO__ as(m?) and the goodness-of-fit per degree-of-freedom &2 /ndf, are quoted.
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Figure 12. Energy evolution of the total multiplicity N'°" spectrum of charged hadrons in jets mea-
sured in ete™ at collision energies /s &~ 2-200 GeV, fitted to eq. (3.75) with ¥ = In(v/s/(2A,cp)),
with finite-mass corrections (meg = 0.14 GeV). The extracted values of the K normalization
constant, A,., and equivalent NLO__ as(m2), and the goodness-of-fit per degree-of-freedom

€2 /ndf, are quoted.
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Figure 15. Energy evolution of the kurtosis k& of the spectrum of charged hadrons in jets measured
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finite-mass corrections (meg = 0.14 GeV). The resulting A,,,, NLO___ as(m?), and goodness-of-fit
per degree-of-freedom ¢2/ndf are quoted. The long-dashed curve shows the expected theoretical
dependence for A, = 230 MeV.

for different experiments at the same collision-energies, and guarantee an acceptable global
goodness-of-fit x2/ndf ~ 1 for their \/s-dependence. We note that not all measurements
originally corrected for feed-down contributions from weak decays of primary particles.
This affects, in particular, the multiplicities measured for the TASSO [25, 26], TPC [27]
and OPAL [7] datasets which include charged particles from K and A decays. The effect
on the peak position (and higher HBP moments) of including secondary particles from de-
cays is negligible (<0.5%), but increases the total charged particles yields by 8% according
to experimental data and Monte Carlo simulations [46]. For these three data-sets, we have
thus reduced accordingly the value of A",

The DG skewness and kurtosis are less well constrained by the individual fits to the
measured fragmentation functions and have much larger uncertainties than the rest of
moments. As a matter of fact, in the case of the kurtosis our NMLLA+NLO* prediction
for its energy-evolution eq. (3.80), fails to provide a proper description of the data and
seems to be above the data by a constant offset (figure 15). Whether this fact is due to
missing higher-order contributions in our calculations or to other effects is not yet clear

at this point. Apart from the kurtosis, the QCD coupling value extracted from all the

2
Z

world-average obtained by other methods [57, 58|.

other moments has values around as(m?) = 0.118, in striking agreement with the current

Table 1 lists each value of the A, parameter individually extracted from the energy
evolutions of the four DG components that are well described by our NMLLA+NLO*
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DG moment: Peak position  Multiplicity Width Skewness Combined
Ayen (MeV) 255 + 4 191 +£ 13 203 + 4 185 + 21 249 + 6
as(m?) 0.120 + 0.002 0.115 + 0.008 0.116 + 0.003 0.115 + 0.013 | 0.1195 + 0.0022

VA

Table 1. Values of A, and associated ag(m?) at NLO (MS scheme, ny = 5 quark flavours)

obtained from the fits of the y/s-dependence of the moments of the charged hadron distribution of
jets in eTe™ collisions obtained from their NMLLA-+NLO* evolution. The last column provides the
weighted-average of the individual measurements with its total propagated uncertainty.

approach, and their associated values of ag(m?2) obtained using the two-loop eq. (2.4) for

ny = 5 quark flavours. Whereas the errors quoted for the different A values include

CD
only uncertainties from the fit procedure, the propagated as(mi) unceftainties have been
enlarged by a common factor such that their final weighted average has a y?/ndf close
to unity. Such a “y? averaging” method [58] takes into account in a well defined manner
any correlations between the four extractions of ag, as well as underestimated systematic
uncertainties. The relative uncertainty of the as(mg) determination from the DG moments
evolution is about +1.5% for the maximum peak position, +£3.5% for the width, +7% for
the total multiplicity, and about +11% for the skewness. The last column of table 1 lists
the final values of A,

four individual measurements. We obtain a final value ag(m2) = 0.1195 £ 0.0022 which

and ag(mZ) determined by taking the weighted-average of the

is in excellent agreement with the current world-average of the strong coupling at the Z
mass [57, 58]. Our extraction of the QCD strong coupling has an uncertainty (+2%) that is
commensurate with that from other ete™ observables such as jet-shapes (+1%) and 3-jets
rates (£2%) [57, 58]. In a forthcoming work, we will extend the extraction of the strong
coupling via the NMLLA+NLO* evolution of the moments of the hadron distribution in jet
world-data measured not only in e*e™ but also including deep-inelastic e p collisions [59].

5 Conclusions and outlook

We have computed analytically the energy evolution of the moments of the single-inclusive
distribution of hadrons inside QCD jets in the next-to-modified-leading-log approxi-
mation (NMLLA) including next-to-leading-order (NLO) corrections to the ag strong
coupling. Using a distorted Gaussian parametrization, we provide in a closed-form the
numerical expressions for the energy-dependence of the maximum peak position, total
multiplicity, peak width, kurtosis and skewness of the limiting spectra where the hadron
distributions are evolved down to the A, scale. Comparisons of all the existing jet
data measured in ete” collisions in the range /s ~ 2-200GeV to the NMLLA+NLO*
predictions for the moments of the hadron distributions allow one to extract a value of
the QCD parameter A,
as(m2) = 0.1195 & 0.0022, in excellent agreement with the current world average obtained
with other methods. The NMLLA+NLO* approach presented here can be further
extended to full NMLLA+NLO through the inclusion of the two-loop splitting functions.
Also, in a forthcoming phenomenological study we plan to compare our approach not

and associated two-loop coupling constant at the Z resonance,

only to the world eTe™ jet data but also to jet measurements in (the current hemisphere
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of the Breit-frame of) deep-inelastic e p collisions. The application of our approach to
the hadron distribution of TeV-jets produced in proton-proton collisions at LHC energies
would further allow one to extract oy from parton-to-hadron FFs over a very wide
kinematic range. The methodology presented here provides a new independent approach
for the determination of the QCD coupling constant complementary to other existing
jet-based methods — that rely on jet shapes, and/or on ratios of N-jet production cross
sections — with a totally different set of experimental and theoretical uncertainties.
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A Mellin-transformed splitting functions

The set of LO DGLAP splitting functions in Mellin space has been given in [47]. It follows
from egs. (2.2)—(2.3) by making use of the Mellin transform given in eq. (2.14) such that

1IN, 2np  8N(Q*+Q+1)

Pog(@=—AN[0(Q+ 1) el + =57 = =5+ e yq gy (A1)
Q2+ Q+2
2
qu(Q):ch?M, (A.lc)
Pg(Q)==Cp |p(Q+ 1) +4yp —3 — Q(QZH) : (A.1d)

The expansion of the set of splitting functions (A.la)—(A.1d) in Mellin space is trivial and
makes use of the Taylor expansion of the digamma function as 2 — 0:

2
YQ+1) = —yp + %Q +0(0?),

and (1£0)* ~ 1 FaQ+ Ja(a—1)Q? + ..., which leads to the formulee (2.15a)-(2.15d).

B NMLLA+NLO* moments K,, of the distorted Gaussian

We compute here the generic for the moments of the distorted Gaussian (DG) for A # 0
according to eq. (3.13) by introducing the following functions:

. 1- ()
A, ) = ——F 5, i) = ——55 (B.1)
()" ()"
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A
(o) = ()"

Notice that f;(Y, A = 0) = 1. The expressions for Ko, K3, K4 and K5 are then, respectively:

Y+ [B(Y + ) A\ 1 16N,
Ky(Y,\)= 3 16NV, 1_<Y+)\> 1—3350f1(KA) Bl + N

9 3 3 a1 5o B2
J Vo) - 2 2 __Po %
[8a2f2( A 32 (16]\72@1 8N2  64N? fa(Y:A)

1= ()" ()"
LY, A) = o (Yik):’,/z’ fs(Y,A) = . (ﬁ)m’ (B.2)
fﬁKle—(iQ”Tm%ﬁ&J’jdx)zl—(xnfmh&ﬁﬁﬁm](aa

A 16N,
+ 3250 (In2(Y + A) = 2)f3(Y, )\)] W} (B.4)
a1 B / A\ Bo 16N,
Ks(Y, )\)__64Nc FC(Y+)\)3 21 (Y+)\> 1= 1) BV +N) (B.5)

3 3/2
Ki(Y, \)==355 (f;’) (Y +A)%/2

A2 5 16N,
1_(Y+>\) ]{1—4850f4(Y7)\) BoY +)

25 5 5 151 55
+ |:24a2f5(}/7 )\) - % <2Nc2a% ajlvcgo - 24N62ﬁ(2)> f5(Y7 )‘)

561 2 16Nc
-%%%(mﬂy+”‘3)ﬁ““ﬂ@mﬂa»} (B6)

Bar A5 (Y +A)? Ne(Y + 0\ 3018302 N
Ks(y,\) =20 T A7 (44 4 49 - 10 + 12,/ ) . (B,
s A= 109687 vt Bo 096N \ 10T/ ) (BD

Compared to MLLA, a new term appears in the expression (B.5) of K3. In order to
determine the dispersion o, the skewness s and kurtosis of the distribution, we need to
normalise by the corresponding power of o. After taking the ¢ = /K5 and expanding the
Taylor series in 1/v/Y, we find the following expressions:

) 3 \3/2 16N, \¥4 N\ 32 —3/2
’ 3(Y’A):<Y+A> <ﬂo(Y+A)> [1_ (YH) ] (1
N L )

a3\ 16N, A Bo 16N,
7 (Y’/\)_<Y+>\> Bo(Y + A 1_<Y+A> T ey

9 3 [ 3a? 2
~ [Jaerav) = & (L v + S8 YN - e RV
958 1o B 16N,
+ 64N2 fiy, )‘)> + 165, (In2(Y + ) = 2)f3(Y, )\)} 50(Y+)\)} ) (B.9)
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B 3 \5/2 16N, \4 N\ 32 —5/2
~0-(v) (aetn) ()| (
ﬁgofﬂy,»,/ﬁoggg)). (B.10)

Thus 073, 0~* and o~° expressions should be multiplied by K3, K4 and K5 and the
result re-expanded again in order to get the final results of egs. (3.25), (3.27) and (3.20)
respectively.

C Higher-order corrections to the moments of the distorted Gaussian

We extract here some corrections to be incorporated into the perturbative expansion of the
truncated series for the mean peak position, dispersion, skewness and kurtosis [53]. The
presence of these corrections in the exact solution of the MLLA evolution equations is far
from trivial and is thus detailed in this appendix. These corrections are indeed hidden in
the exact solution of the MLLA evolution equations with one-loop coupling constant and
can be extracted after performing some algebraical calculations as described in [53] (see
also [4, 5] and references therein). The exact solution was written in terms of confluent
hypergeometric functions and then in terms of fast convergent Bessel series as follows [4, 5]:

e y) = B [T e ), (1)

1
where the integration is performed with respect to 7 defined by o« = = In ¢ + o7 and

2
with

B B/2
cosh o — sinh o
fB(Ta Y?{) — 4NCY o [B(2 Z(T,}/,{)),
Bo sinh
4N.Y « Y —2¢ .
Z(1,Y,§) = B, smbo <coshcx— v sinh oc),

B = a1/fy and Ip is the modified Bessel function of the first kind. It was then possible
to extract the moments of the DG from this more complicated approach also. In the end,
the MLLA moments of the DG found in [23] from the MLLA anomalous dimension allows
one to cross check the MLLA expressions found in [4, 5]. According to [53],

1
6 =YY" Lo (B+1,B+22), B= % 5= |10y (C.2)
Bo Bo

where the function £,, was written in the form of the series,

2171
L,(B+1,B+2;2)=P"(B+1,B+22)+> B+2(2)

P(B4+1,B+2;2),
ZIB+1(Z) 1 ( )
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with

n—1 2k n—1 2k
P (B+1,B+22)=Y ol () P (B+1,B+2;2) = ;O: B, <z> . (C3)

The functions Ip4i(z) correspond to the modified Bessel series of the second kind. The
leading coefficients are defined as:

() _g-n g _ " (g N1
o, . By 2n< =+ 3

and the others (xfln_) s Bfln_) i for k # 0 are the solutions of the triangular matrix

1 0 0 0 0 0 "
1B+2 0 0 0 0 "
1 1 -B-1 0 0 0 g
1B+3 B+3 (B+2)(B+3) 0 0 ol
1 2 -2B —2B 2B(B + 1) 0 )
LB+3 B+4 (B+3)(B+4) (B+3)(B+4) (B+2)(B+3)(B+4)/ | o
ot
B+1
0
a")
0
e,
B-1
0

The functions ® in the r.h.s. of eq. (C.4) are defined in the form

) = {e)y + (B+1){ehy, ()
0 = Gkt (B+3) by + (B4 (B +2) )y, ()
) = é {c}e + i (3B +T7){c}s + % (3B + 13B +13) {c},
+(B+1)(B+2)(B +3){c};, (C.7)
o) = % {c}s + % (B +3){c}, + @B? + gB + 334) {c}e
+ [2(3 + 1) +10(B+1)> +14(B +1) + 254] {c}s
+(B+1)(B+2)(B+3)(B+4){c},, (C.8)

where the shorthand notation {c}, = c¢(c —1)...(c — p + 1) has been introduced for the
sake of simplicity and ¢ = —B — 1, —B,—B + 1 according to the r.h.s. of eq. (C.4). For
instance, making use of eq. (3.49), for n = 1 one has,

27
& =Y L(B+1,B+22)=Y [pgﬂ(m 1,B+2:2)+ = B+2(2) PYB+1,B+2;2)],
z1Ip+1(2)
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where in this case:
1 1
R (B+1B+22) =a)) =5, PU(B+1,B+22)=p = B,

according to the recursive relations given above. Therefore,

Y [1+ 2 IB+2(2)] .

z Ipti(z)

==

: (C.9)

Expanding the ratio Ip12(z)/Ip4+1(z) for large z (large energy scale in Y(F)) and making
use of the asymptotic expansion for the Bessel functions,

G 1/, 1 1 [y 9\ [, 1
v g g (73w (-3) (75)

e L) A

one has
Ipio(z) . 2B+3 (2B+3)2B+1) (2B+3)2B+1) »
Ipyi(z) ! 9 822 + 353 +0(z™).  (C.11)
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