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The production of a heavy quark is accompanied by gluon bremsstrahlung, which is suppressed at small
angles ® < M, /E for mass M, and high energy E, according to perturbative quantum chromodynamics
(QCD) (“dead cone effect”). As particles at small angles typically have large momenta, the heavy quark
mass also causes a suppression of high momentum particles. In this paper, we studied this effect in ¢- and
b-quark events using data from Z boson decays in e e~ annihilation. The heavy quark fragmentation
function for charged particles is reconstructed in the momentum fraction variable x or £ = In(1/x) by
removing the decays of the heavy quark hadrons. Indeed, we find an increasing suppression of particles
with rising x down to a fraction of <1/10 for particles with x = 0.2 in b-quark and x = 0.4 in c-quark jets in
comparison to light quark fragmentation. The sensitivity to the dead cone effect in the present momentum
analysis is considerably increased in comparison to the recently presented angular analysis. This
amount of suppression and the differences between c- and b-quark fragmentation are in good quantitative
agreement with the expectations based on perturbative QCD within the modified leading logarithmic
approximation (MLLA) in the central kinematic region. The data also support a two parameter description
in the MLLA of these phenomena (“limiting spectrum”). The sensitivity of these measurements to the

heavy quark mass is investigated.

DOI: 10.1103/PhysRevD.107.094039

I. INTRODUCTION

The dead cone effect is a prediction of QCD, the theory
of strong interactions within the Standard Model of
particle physics. It originates from the radiation pattern
off a heavy quark as obtained in perturbation theory [1,2].
For an energetic heavy quark Q of mass M, and energy
E, such that E /M > 1, the gluon emission probability
for small emission angle ® and low energy @ can be
written as

ay 0%de? dw
d"Q—>Q+g2; re 10w’ (1)

with angular cutoff ®, = M /E,; a, denotes the strong
coupling constant and Cr the QCD color factor at the
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branching vertex Q — Q +g. Therefore, for smaller
emission angles ® < ©,, gluon radiation is suppressed
and vanishes in the forward direction such that the region
with the gluon depopulated cone around the flight
direction of the heavy quark Q is called “dead cone.”
For large emission angles ® > ®,, the gluon radiation
pattern becomes identical to that of a light quark jet, and
the same statement holds for the internal angular ordered
structure of secondary gluon subjets.

In the early studies, as a first consequence of the dead
cone effect, a reduction of the full particle multiplicity in
the heavy quark jet has been predicted. This effect has
indeed been observed in [3] and in the subsequent update
[4] with results nearby the QCD expectation. Only
recently, a more direct observation of the dead cone effect
has been achieved by the ALICE collaboration [5], which
has presented results on the differential angular structure
of charm-quark and inclusive jets from proton-proton
collisions at /s = 13 TeV at the Large Hadron Collider.
A relative suppression of small angle particle emission is
observed in the heavy quark jet in agreement with
Monte Carlo Event Generators (MCEG), combining the
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hard interactions of the partons from the protons
with a QCD parton shower and a hadronization model.
Already before, some preliminary angular studies
of the dead cone effect have been presented using data
on charm jets from hadron electron ring accelerator
(HERA) [6] and data on b-jets from the large electron
positron collider (LEP) [7].

Multiparton final states in quark and gluon jets can be
calculated perturbatively from subsequent parton branch-
ings with running coupling a, down to the transverse
momentum cutoff Q,, within the probabilistic parton
shower picture based on angular ordering [8—11]. Some
insight can be gained by first considering the double
logarithmic approximation (DLA), which accounts
for leading collinear and soft singularities as in Eq. (1)
for ®, = 0. A more accurate description is achieved in the
modified leading logarithmic approximation (MLLA) if
single logarithmic terms are included [relative order
O(,/a;)]. In the comparison with experiments, the hypoth-
esis of “local parton hadron duality” (LPHD) [12] has
turned out to be quite successful in many applications. In
this scheme, perturbative QCD predictions on sufficiently
inclusive observables for final state partons are in close
correspondence with these observables for hadrons, where
Q, may achieve low values, even down to the mass scale A
of QCD (“limiting spectrum”).

The single inclusive gluon spectrum for a quark or
gluon jet in the variable & = In(1/x), with x = E,/E, has
been computed as a function of the primary energy E in
MLLA [12-14]. The main feature is a Gaussian-like
peak in the & spectrum, the so-called “hump-backed
plateau” resulting from the coherent emission of soft
gluons in the cascade. Predictions for the £ spectrum and
the primary energy dependence of the Gaussian param-
eters agree well with eTe™ annihilation data, see e.g. [15]
for areview and [16] for a recent analysis. Generally, only
charged particles are studied experimentally since the
resolution for direction and momentum measurements is
improved with respect to neutral particles, in particular,
for low momentum particles dominating the hadronic
final states. For an overview of the perturbative QCD
approach on parton shower evolution, approximations,
and some applications to multiparticle production, see
e.g. [11,17].

In this paper the dead cone effect is studied for the first
time by exploring the internal momentum structure of
heavy and light-quark jets, which can be directly com-
pared with the early QCD predictions within the MLLA-
LPHD approach [1,2]. Jet particles with large momenta
are emitted on average at small angles and particles with
small momenta at larger angles. Therefore, the dead cone
effect at small angles corresponds to a suppression of large
momentum gluons. An advantage of studying momentum
spectra is that their determination does not require a jet
axis definition which may cause important systematic
uncertainties.

II. EXPERIMENTAL DETERMINATION
OF PARTICLE SPECTRA IN 5- AND
¢-QUARK EVENTS

A. Reconstruction of heavy quark
fragmentation functions

Experimental data are presented as functions of the
charged particle momenta p, with x, =2p/W or £, =
In(1/x,) at c.m. system energy W. In e* e~ annihilation, we
refer to the fragmentation function

where D(&,W)=xD(x,W) with the inclusive x-distribution
D(x, W) for particles from both hemispheres. In order to
obtain the heavy quark fragmentation function Dg‘ (&ps W),
0 = ¢, b, we start from the measured ¢,-distribution of
light hadrons in events tagged as originating from Z — QQ
decays. This distribution also contains the charged hadrons
from B-hadron or charm-hadron decays, and they have to
be subtracted. The &,-distributions of charged B-hadron or
charm-hadron decay products have not been measured
sepamtely,1 and we obtain them from a MCEG program;
the most recent version of PYTHIAS [18,19] is used for this
purpose with 100,000 events generated.

The full &,-distribution of events with B-hadrons,
including their decays, has been measured by several
groups [20-23] with good mutual agreement. The results
obtained” by DELPHI [20] and OPAL [21] are shown in
Fig. 1 together with the MCEG prediction for this dis-
tribution (left panel). The predictions agree within ~10%
with the data. The measured charged hadron multiplicities
N§? =23.17 £ 0.35 (DELPHI) and N$" = 23.16 & 0.45
(OPAL) compare to Nih = 21.26 4+ 0.02, as obtained with
PYTHIAS. Furthermore in Fig. 1, the &,-distribution of the
charged B-hadron decay particles is displayed, which
integrates up to the multiplicity n?fc = 9.80.

The parameters of the MCEG program are tuned to a
large variety of data from e*e™ and pp collisions [19].
Therefore, one cannot expect an optimal agreement in all
processes. Indeed, for the B-hadron decay multiplicity, an
experimental value has been determined with a rather small
error [4] (practically identical to the earlier result [3]),
which differs from the MCEG prediction:

nde =9.80 (PYTHIAS)

ndc =11.10 £ 0.18, (experiment). (3)

'A measurement could use the impact parameters of recon-
structed tracks with respect to the primary vertex to select the
heavy hadron decay products.

2Only DELPHI and OPAL presented their data for b- or c-
quarks and uds-quarks in &.
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FIG. 1. Distribution of charged hadrons in &, = In(1/x,,) for full bb events including B-hadron decays at 91.2 GeV: DELPHI and
OPAL data and prediction from the PYTHIA8 MCEG; B-hadron decay charged particle & ,-distribution from PYTHIA8 with systematic
error (6.5%); the b-quark fragmentation functions as derived from DELPHI and OPAL data after subtraction of the B-hadron decay
charged particle distribution rescaled to the experimental decay multiplicity Eq. (3) (left panel); corresponding results for c¢¢ events: full
spectrum by OPAL and from PYTHIA8, charm-hadron decay charged particle distribution from PYTHIAS and the c-quark fragmentation

function (right panel).

The experimental result is based on the evaluation [24] of
the measurements by ALEPH, CDF, DELPHI, L3, OPAL,
and SLD for the single B-hadron decay multiplicity N, =
4.955 +0.062 and includes contributions from K° and A
decays among others. This number for ng"c exceeds the one
obtained by PYTHIAS by 13%.

In our subsequent analysis, only the shape of the &,-
distribution is taken from the MCEG simulation, but its
normalization is scaled by 13% to obtain the experimental
decay multiplicity Eq. (3). We add a systematic error of
6.5% to all data points in order to allow for variations in a
band of the missing decay rate. Subtracting this rescaled
B-hadron decay distribution from the spectra of the full
b-events by DELPHI and OPAL, the final b-quark
fragmentation function is derived and displayed in
Fig. 1 (left panel) as well. There is a good agreement
between the results from both experiments. We have
compared our result for the B-hadron decay distribution
with the results obtained by the DELPHI collaboration
[20] using the JetseT MCEG by adding the contributions
from z, K, p. The b-quark fragmentation function com-
puted with their result agrees with ours within the errors,
lying for £, 2 3 below our result at the edge of the
error bars.

The corresponding results for cc-events are shown in
Fig. 1 (right panel). The £ ,-distribution for the full events
including the charm-hadron decays as obtained by OPAL
[21] are found in good agreement with the PYTHIAS results:
the full multiplicity by OPAL N¢" = 21.55 £ 0.74 com-
pares with N' = 20.05. Also shown is the ¢ p-distribution

of the charged decay products of the charm-hadrons which
integrates to the multiplicity n% = 5.04 and compares well
with the observed decay multiplicity, nd* = 5.2 + 0.3 [4],
such that no rescaling is applied. Subtracting the distribu-
tion of decay products from the full distribution finally
yields the experimentally derived c-quark fragmentation
function.

B. Evidence for the dead cone effect
in heavy quark events

Next we compare in Fig. 2 the light uds-quark
&p-distributions measured by DELPHI and OPAL with
the b-quark and c-quark ¢ ,-distributions derived in the last
subsection by removing the charged heavy hadron decay
products. One observes the strong suppression of particle
production in the b-quark and c-quark fragmentation
(upper panels) and in the ratios of both distributions (lower
panels). While the ratios approach unity for large &, in the
low momentum limit, the suppression progresses down to a
ratio of <1/10 for small & » values (large momenta) before
it levels off. There is a notable difference between c- and
b-quark fragmentation: the ratio for the b-quark starts
decreasing already at &, ~ 5 and falls down to ~1/10 near
¢, ~ 2, whereas for the c-quark, it starts decreasing later at
¢, ~ 3 and falls to zero near &, ~ 1. This difference will be
related to the different quark masses M, below.

The dead cone effect is established in this process with a
high significance, which is comfortably larger than five ¢
for both b-quarks and c-quarks. According to Eq. (1), the
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FIG.2. Fragmentation function in £, = In(1/x,,) for the light uds-quarks in comparison with experimentally derived ¢ ,-distributions
for the b-quark and c-quark fragmentation (upper panels); ratio of the heavy quark over the light quark fragmentation functions showing
the strong suppression of the heavy quark fragmentation for small £, (large momenta) by an order of magnitude which constitutes the

dead cone effect (lower panels).

dead cone effect is characterized by the full suppression of
the small angle fragmentation from the heavy quark. The
results in Fig. 2 show the efficiency of the momentum space
analysis in reflecting the almost complete suppression of
heavy quark fragmentation in the corresponding limit of
large momenta. This suppression is stronger than the
maximal suppression by a factor of about 1/2 observed
in the angular analysis by ALICE [5]. This may be related
to the finite jet resolution and the difficulty to define the
gluon emission angle in this analysis.

III. MLLA EXPECTATIONS FOR HEAVY
QUARK FRAGMENTATION FUNCTIONS

A. The MLLA QCD relations between light
and heavy quark jets

The dead cone effect has first been studied for total
multiplicities of light hadrons in QCD jets within the
MLLA of perturbative QCD [1,2], and the predictions
have been compared with data in [3,4]. In the MLLA the
accompanying multiplicity in the production of a heavy
quark pair Nyp(W) at c.m. system energy W can be
expressed in terms of the multiplicity N, (W) in the light
quark gg production (q = u, d, s) with the multiplicity in
the dead cone subtracted as

Nop(W) = Nyg(W) = Nyg(VeMy), (4)

with the dead cone mass scale W, = \/eM (e = exp(1)).
The directly observed full charged hadron multiplicity
in heavy quark events produced in eTe~ annihilation
Ny = N?ie*—»QQ can be written as

NG (W) = NG5 (W) + ng*, (5)

i.e. as the sum of multiplicities accompanying the heavy
quarks N glg and the charged multiplicities from the decays

of the two heavy hadrons n‘gc.

As an important consequence of Eq. (4), the difference
between the observed charged particle multiplicities in
heavy and light quark events,

Oor = Ng‘(W) - N;%(W), (6)
is predicted in the MLLA as
Sgr " = ng" = Neg(VeMo). (7)

such that this quantity is independent of the total energy
W and depends only on the heavy quark mass M.

094039-4



OBSERVATION OF THE DEAD CONE EFFECT IN CHARM AND ...

PHYS. REV. D 107, 094039 (2023)

As reviewed in the dead cone analysis [4], this difference is
indeed found to be independent of the c.m. system energy
in eTe™ annihilation to b-quarks up to LEP 2 energies
within the experimental uncertainties. An alternative model
without the dead cone effect and a pronounced energy
dependence of J,, has been excluded at high confi-
dence level.

For our analysis of the inclusive spectra, the relation for
multiplicities as their integrals will serve as an important
cross-check. For the b-quark with the values n‘g“ =11.10£
0.18 and W, = 8 GeV with N ;(8 GeV) = 6.7 & 0.34, the
prediction is close to the experimental result [4]

SMLA — 4.4 404, 5, Y =3.14+£0.14, (8)
but a significant difference remains.

For the c-quark, with the values nd =15240.3,
Wy =2.7 GeV, and N ;(2.7 GeV) = 3.7 + 0.3, one finds
the charged particle multiplicity difference [4] as

SMHA =15+ 04, SoF =1.0+04, 9)
with consistent results between theory and experiment.

The spectrum D (x, E) of gluons with energy fraction®
x = E,/E at primary energy E accompanying the QQ pair
can be treated in a similar way to that of mean multiplicities
in Eq. (4); for a review, see [25]. Some insight can be
gained by first considering the results for the leading DLA.
The difference between the heavy quark D (x, E) and the
light quark D, (x, E) spectra due to the dead cone effect
comes from the radiation of very energetic gluons at small
angles ©® < ©,. This radiation can be considered as
resulting from a Lorentz boost by the factor y = E/M,
along the heavy quark direction from the corresponding
radiation at lower hardness M. In the DLA, a simple
formula in analogy to the equation for multiplicities,
Eq. (4), can be written as follows [2,26]:

Do(x,E) = Dy(x,E) = D,(x,My). (10)

Hence, the heavy quark fragmentation function is rep-
resented in terms of the light quark fragmentation functions
at the different energy scales E and M. This equation
cannot be strictly correct since the x-distribution at large x
decreases with rising energy because of scale breaking
effects, therefore, D,(x,E) < D,(x,My) and Dy(x, E) in
Eq. (10) would become negative (see e.g. Fig. 8 below).

While the equation for multiplicities, Eq. (4), is derived
systematically within the MLLA, the corresponding analy-
sis for the inclusive spectra in MLLA is not yet available at
the same rigor. An improved equation for the inclusive
x-spectra has been presented which reproduces the

3For the massless partons E = p in the calculations, in the
comparison with light hadrons, we take x = p,/E.

equation for multiplicities in MLLA after integration over
x and avoids a negative fragmentation function. The MLLA
estimate has been reported as [2]

Dy(x, W) = D,(x, W) - D, <<XXQ> \/EMQ>, (11)

where D(x, W) = xD(x, W). This expression, after inte-
gration over the variable x, reproduces Eq. (4) for the
multiplicities. For our comparison with the heavy quark
fragmentation function D (&, W) with variable £ as deter-
mined in the last section, we rewrite this relation as

Do(§. W) =Dy (&. W) = Dy(§—&p.v/eMy),  (12)

with D(& W) = xD(x, W) and &, = In(1/(xp)). Again, as
in the equation for multiplicities, the low energy scale is
Wy =+/eM o- Furthermore, the mean momentum fraction
(xg) of the primary heavy quark Q is introduced which
reduces the light particle energies to x < (x,). The shift of
the &-spectrum by &, corresponds to a MLLA correction
of O(\/a;) as can be seen by a Taylor expansion of
D, (- ¢&p.\/eMy) in & at £y = 0. Equation (12) repre-
sents an approximation that does not work well at small &
since the shifted contribution D, (£ — £y, W) has to vanish
for £ < &,. Comparisons of these predictions with the
experiment should take these limitations into account.

If (xp) is taken from the experiment, then the heavy
quark fragmentation function at c.m. system energy W can
be obtained by the relation Eq. (12) from the light quark
fragmentation functions at energies W and W, in absolute
normalization.

As numerical values of these parameters, we take for
b-quarks, W, = 8.0 GeV* [4] and the experimental evalu-
ation (x;) = 0.7092 + 0.0025 [28]. For c-quarks, we use
Wy =2.7 GeV [4] and the experimental value (x.) =
0.495 +0.006 [29]. This yields the shift parameters

£, =0.70, &, = 0.36. (13)
These numbers are also consistent with the results in [17],
based on calculations for the heavy quark x-spectra in [30].

B. Experimental test of the MLLA relation
between light and heavy quark jets

At first, we probe the MLLA expectation, Eq. (12), by
inserting for D(&, W) the experimentally observed distri-
butions in &, = In 1/x, at the respective energies W. At the
low energy Wy = 2.7 GeV for the c-quark fragmentation,
we insert the &,-distribution data obtained by the BES

“This value corresponds to a b-quark pole mass M, = 4.85 £
0.15 which is consistent with the most recent world average pole
mass M, = 4.78 £ 0.06 [27].
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FIG. 3. Fragmentation functions in &, = In(1/x,) for uds-quarks at 91.2 GeV and at W, = 8.0 GeV by interpolation between
neighboring energies, with correction for charm decays (see the Appendix) and with shift &, = 0.36, see Eq. (13). Subtracting these
distributions as in Eq. (12), yields the MLLA prediction for the b-quark fragmentation function to be compared with the experimentally
derived one on linear and logarithmic scales (left panels); corresponding results for c-quark fragmentation: at 91.2 GeV the OPAL
uds-quark data; at Wy ~ 2.6 GeV the data by BES; the MLLA prediction for the c-quark fragmentation function to be compared with
the experimentally derived c-quark fragmentation function (right panels).

collaboration at the nearby energy 2.6 GeV [31]. There
are no data nearby W, = 8.0 GeV for the b-quark frag-
mentation, and therefore, we obtain the corresponding
¢p-distribution from the interpolation between two neigh-
boring energies, also a correction for charm production has
been applied (see the Appendix). The &,-distribution at
Wy = 8.0 GeV, so obtained and shifted by &, = 0.36
according to Eq. (12), i.e. D (& —&,, W), is shown in
Fig. 3 (left panel) as a dashed line; also shown are the
data for Dq((f, W) at W =91.2 GeV, both referring to
uds-quark events. From their difference, according to
Eq. (12), one obtains the MLLA prediction for the b-quark

distributions D, (& »» W) where the error bars shown include
the systematic errors.

This MLLA-expected distribution for the b-quark is now
compared in Fig. 3 to the experimentally derived b-quark
fragmentation functions using DELPHI and OPAL data
(see Fig. 1 (left panel) as discussed in the last section).
Again, we point to the strong suppression of the b-quark
fragmentation function which becomes almost complete for
the high momentum particles with &, <2. The MLLA
expectations match with the experimentally derived
b-quark fragmentation data at a quantitative level in the
region around the peak of the 8 GeV distribution between
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¢, =15 and £, = 3.2. There are deviations at small £,
(large momenta) at a low level of particle density. A larger
deviation occurs in the region above &, =3, which
corresponds to the ultrasoft particles with momenta p <
Qo ~ A at the hadronic mass scale. This region is outside
the range of validity of the perturbative approach.

Now we turn to the results on the c-quark events in the
right panel of Fig. 3. By subtracting the low energy BES & -
distribution at W, = 2.6 GeV, after a shift by £. = 0.7,
from the uds-quark distribution at W = 91.2 GeV, one
obtains the MLLA-predicted c-quark fragmentation
function. The experimentally derived and the predicted
& ,-distributions for c-quark fragmentation are compatible
with each other within the larger errors over the full
considered region supporting the MLLA ansatz. There is
no direct evidence for an excess multiplicity at large &, as
seen in b-quark fragmentation but the errors are larger.

The different behavior of the c-quark and b-quark
fragmentation functions is caused by the different behavior
of the &,-distributions at the low energies Wy(M,), i.e. at
2.6 and 8.0 GeV, respectively. In this way, the essential
features of the dead cone effect are explained by the
subtraction of particles with the &,-distribution at the
respective mass scale M, from the full particle ensemble
at energy W.

We also observe in Fig. 3, that the light and heavy
quark spectra approach each other for large £, as theoreti-
cally expected since the soft particles are mainly emitted at
large angles and are thereby insensitive to the cutoff,
®y=My/Ey, ie. the dead cone effect.

It is noted, that our results on the shapes of observed
uds-quark and MLLA-expected b-quark distributions in
Fig. 3 qualitatively agree with the expectations presented in
the original publication [1].

C. Description of &,-distributions
by the limiting spectrum

In this subsection we will probe the MLLA suggested
prediction Eq. (12) by inserting, for the description of
inclusive £,-distributions, the analytical MLLA results for
the &-distribution of gluons. In a particular approach, the
transverse momentum cutoff is taken at its minimum value
Qo = A and one obtains the so-called limiting spectrum,
which can be written in terms of an integral representation
of the confluent hypergeometric function [11]. In this
application of the MLLA framework, one assumes that
the parton cascade evolves down to the hadron mass scale
Qo = A and represents the hadron cascade in an average
sense (LPHD) [12]). As the bulk of particles inside the
Gaussian hump have only small momenta of a few GeV, the
number of active flavors in the calculation of the coupling
a, is usually taken as ny =3 [11,32,33]. The only
remaining parameters in this approach are the QCD scale
A and an overall normalization factor K ,. Previous fits to

the charged particle spectra for all flavors yielded values,
see e.g. [32], with A =250 MeV and K, = 1.28 at c.m.
system energy W = 91.2 GeV. Distributions at lower
energies down to 14 GeV could be fitted with the same
A but for K, increased by 14%. This energy dependence is
interpreted as an effect from higher order corrections to
the MLLA.

The limiting spectrum function will now be used for
the description of the &, spectra in this analysis. The
¢p-distribution for b-quark fragmentation at 8 GeV is
obtained by using the same parameters as for the neighbor-
ing energies and applying a correction for charm quark
production (see the Appendix). This spectrum at 8 GeV is
shown in Fig. 4 (left panel) as the dashed line, also shown
is the corresponding fit to the uds-quark data at
W =91.2 GeV. The parameters of the fit are obtained
as A = 275 MeV in this energy range, K, = 1.28 at W =
91.2 GeV and K., = 1.52 at the lower energies. From
these two limiting spectrum distributions one obtains the
MLLA based predictions for the b-quark fragmentation
function using Eq. (12) shown as the short dashed line.
This prediction is in quantitative agreement with the
experimentally derived b-quark spectrum (see Sec. I A)
in the region around the maximum of the spectrum at
8 GeV for £, 2 1.8, with a mild disagreement below that
value where errors are large and the relation Eq. (12) is
only approximately valid (at large x). The predictions end
at the kinematic limit of the limiting spectrum &, = £im 4
&, = 3.05 with &in, = In(W/(2Q,)).

The same procedure is followed with the c-quark
fragmentation in the right panel of Fig. 4. At the low
energy of 2.6 GeV both parameters have to be adjusted
and are reported by BES [31] as A =342 MeV and
K, = 1.52. In the narrow available region in ¢, the
predictions at the energies 2.6 and 91.2 GeV are nearby
but somewhat below the data.

In Fig. 5 we show again the ratio of heavy quark over
light quark fragmentation functions in comparison with the
MLLA prediction Eq. (12) using data input and limiting
spectrum fits. These ratios are correctly reproduced in the
central region 1 <&, <3 for b-quarks and in 1 &, <2
for c-quarks. Below &, ~ 1 (x 2 0.4) the limiting spectrum
ratios are rising again because of a mismatch in the lower
limit in &, for the limiting spectrum at 91.2 GeV and the
shifted one at the low energy W, (i.e. at 2.6 or 8 GeV),
therefore, we excluded those results from the figure (see
also next section). The amount of suppression from the
dead cone effect is correctly reproduced for both heavy
quark fragmentation processes.

The Figs. 4, 5, and 8 show the good overall description of
the &, -distributions for both light and heavy quarks within
the very compact MLLA-LPHD and limiting spectrum
(Qop = A) approach in terms of only two parameters, the
QCD scale A and the slowly moving normalization
parameter K. For the very low energy around 2 GeV

094039-7



KLUTH, OCHS, and RAMOS

PHYS. REV. D 107, 094039 (2023)

| [ ] uds-quark DELPHI data, W=91.2 GeV
1 0 | [ uds-quark OPAL data, W=91.2 GeV
| | we— Limiting Spectrum, A=275 MeV
| | s e nterpolated Lim. Spectrum, W=8.0 GeV with gb shift
| ===me-- Prediction on b-fragmentation from Limiting Spectrum
8 H [m] Derived b-quark fragmentation, DELPHI data
o Derived b-quark OPAL data

10
B L
L /"\w:@:
B \
8-,
1=
I
ol
'8|% B f]
'_|t>‘9 - / y
01 N
10’12, i%’
*2 1,1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 11
100 1 2 & 3 4 5

o L uds-quark OPAL data, W=91.2 GeV
1 0? m— Limiting Spectrum, W=91.2 GeV
- m— w w= L imiting Spectrum, W=2.6 GeV with ic shift
| | ===m====Prediction on c-f from Limiting Spectrum
8 j o Derived c-quark fragmentation, OPAL data
< o [
(o] RU
Slo 6
& |
4
o
0
0 1 2 ¢ 3 4 5
p
10F
C - -
L _(t)_'q)'.(:).
A
o, / A
— s
1 /4 '+‘ K
. ’
'Cb| wi b / 3
Ol - 1..-1)‘ .
-— - .
1—| Sl [ B
10'=7 [l
r el
H el
1 072 1 11 1 l 11 1 1 l 11 1 1 l 1 1 1 1 l 1 1 1 1
0 1 2 ¢ 3 4 5

FIG.4. Fragmentation functionin £, = In(1/x),) for uds-quarks at 91.2 GeV together with the MLLA limiting spectrum distributions;
at Wy = 8.0 GeV the limiting spectrum at this energy including the correction for charm decays (normalization K., = 1.43, See the
Appendix) and with shift £, = 0.36, see Eq. (13). Subtracting these distributions as in Eq. (12) yields the MLLA prediction for the
b-quark fragmentation function to be compared with the experimentally derived one (left panels); the corresponding results for c-quark

fragmentation (right panels).

also a change of A from 275 to 340 MeV is required. These
small variations reflect the relevance of higher order
corrections beyond MLLA.

D. Behavior of fragmentation functions
near kinematic limits

In the Figs. 3 and 4, it is demonstrated that the MLLA
expectation Eq. (12) quantitatively predicts the suppression
of particle production in the central region around the
maximum of the & ,-distribution at the lower mass scale W,,.
For the b-quark, however, there is a major surplus of
particles at large £, beyond expectation and a smaller
excess at small £,. To quantify these effects more clearly,
we investigate the difference between the heavy and light

quark fragmentation functions at W = 91.2 GeV which,
according to the MLLA expectation Eq. (12), should
just yield the expected light quark &,-distribution at the
lower mass scale W,,. This will clarify how the predicted
¢p-distribution at the low energy W, deviates from the
observed one.

These differences are shown in Fig. 6 for the b-quark
(left panel) and c-quark fragmentation (right panel). The
MLLA expected ¢&,-distributions are compared with the
experimental £ ,-distribution: for the b-quark at 8 GeV with
the distribution obtained by interpolation with correspond-
ing systematic errors (dashed line, see Sec. III B), for the
c-quark with the observed distribution at 2.6 GeV by the
BES collaboration. The differences between the MLLA
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FIG. 5.

Ratio of the heavy b-quark over the light uds-quark fragmentation functions (left panel) and the corresponding ratio for c-quark

(right panel) together with the MLLA expectations based on comparison with experimental data and with limiting spectrum distributions.

can just be related to the low energy hump-backed plateau,
which changes with the MLLA mass scale Wy = \/eM,.
When the energy W, is increased from 2.6 to 8.0 GeV, the
¢ p-distribution shifts to a higher mean value & » with larger

expected and experimental &,-distributions are shown in
the lower part of Fig. 6.

This figure clearly shows that the difference between
heavy and light quark fragmentation, in its main features,
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FIG. 6. Expected &,-fragmentation function (FF) at W, = 8.0 GeV constructed according to MLLA Eq. (12) as difference of
&p-distributions for uds-quark and b-quark jets with DELPHI and OPAL data as input; compared in absolute normalization with
interpolated distorted Gaussian (DG) at 8 GeV with shift £, = 0.36 and the same DG distribution convoluted with the leading particle
xp-spectrum of the heavy b-quark (left panel), the corresponding results for the expected £,-fragmentation function at Wy, = 2.7 GeV
from uds-quark and c-quark jets in comparison with BES data (right panel).
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Expected &,-fragmentation function (FF) at W, = 8.0 GeV constructed according to MLLA Eq. (12) as difference of

¢p-fragmentation functions for uds-quarks and b-quarks; compared in absolute normalization with interpolated limiting spectrum at
8.0 GeV with shift &, = 0.36, see Eq. (13) and the same limiting spectrum convoluted with the leading particle x;-spectrum of the heavy
b-quark (left panel); the corresponding results for c-quarks with limiting spectrum calculations using parameters by BES and &, = 0.6,

see Eq. (13) (right panel).

width and increasing height in agreement with the behavior
known from the experiment in absolute terms. This result
not only explains the limits of their ratios in Fig. 5 for small
and large £, with R ~ 0 and R = 1, but also the behavior in
between.

For the b-quark, the interpolated distribution at 8§ GeV
approaches quite closely the data in the central region
1 <&, < 3, but falls somewhat below the expectations for
the very small £, < 1 (x,, 2 0.4), and there is a considerable
and very significant excess over the expectation in the large
¢p 2 3 region. For the c-quark fragmentation there is a
good agreement but errors become large for the larger &),.

We also compare these experimental results with
the MLLA limiting spectrum distributions in Fig. 7. The
agreement for b-quarks is rather satisfactory up to the
region close to the upper limit at p ~ A, i.e. at £ ~ 3, but
there are deviations at the very small £, < 1 (x,, 2 0.4). For
c-quarks the agreement in the central region around &, ~ 2
is satisfactory, but there are considerable differences at
small £,. These deviations at small &, are a consequence
of the approximate form of Eq. (12) in which the
& ,-distribution is shifted to & 2 &y, i.e. to the values 0.36
and 0.70 for b- and c-quarks, respectively. Therefore, the
approximate form of Eq. (12) works best in the central

region around the maximum, away from limits £, =0
and &, = & = In(W/(2A)).

It appears that the width of the observed distribution
in b-quark fragmentation is larger than the expected one.
One possible explanation could be that the momentum
fluctuations of the heavy quark are larger than anticipated
in the MLLA formula, Eq. (11), where a fixed energy loss
(xg) is assumed. More generally, one could consider the
emitting heavy quark with a distribution Fy(x,) or

Fo(lo) = xoFg(xg).  &o=In(1/xp). (14)
Then the distribution of the final partons is obtained from
the convolution integral

_ & _
Dyey Wo) = [ depFo(&)D, (6 — & W),

WO =8 GCV, (15)
which may also fill the region &, < £y. With Fj(x,) =
5(x, — (xp)), Eq. (11) is restored. If one takes, as an
exercise, for the momentum spectrum of the heavy
quark F,(x,), the distribution as experimentally measured
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TABLE 1. Integrals AN over the difference data shown in
Figs. 6 and 7 (left panels) between expected and experimental
&,-distributions for b-quark fragmentation for different &, re-
gions and two interpolating functions at 8§ GeV.

&p-range Distorted Gaussian Limiting spectrum
all &, AN =1.52+0.25 AN =0.24 +£0.15
&, <3 ANy = 0.14 £0.16 ANy = 0.24 £0.15
& >3 ANpjgh, = 1.37+0.16 Not applicable

(DELPHI [28]), then the second curve (short dashed) in
Figs. 6 and 7 from the convolution is obtained, which is
broader than the experimental & ,-distribution for 8 GeV, as
expected, but the effect is rather small and cannot explain
the observed deviations.

Finally, the MLLA prediction for b-quark fragmentation
and the experimental spectrum at 8 GeV are compared
separately for the regions below and above &, = 3.
To this end, the difference between the expected and
experimental distributions at 8 GeV, see Fig. 6, is fitted
to a polynomial function, and the respective multiplicities,
AN = N(8 GeV)MILAN(8 GeV)®P, are calculated from
the integrals over the two &, regions for distorted Gaussian
(Fig. 6) and the limiting spectrum distributions (Fig. 7). The
results are shown in Table I.

The first number AN in Table I is obtained by summing
the data points over the full £, range, and it should
agree with the results using the published total multipli-
city data instead. For DELPHI, one has N(8 GeV)MMLA =
Nuas — Np + ngee = (19.44 £0.34) — (23.17 £ 0.38) +
(11.10 £ 0.18) = 7.87 + 0.54 and with N,,;,(8 GeV)**P =
6.140.3, one finds AN = 1.8 & 0.6, which compares well
with the value from our fit AN = 1.52 +0.25.

As a main result for the b-quark fragmentation, it can be
seen from Table I that the full multiplicity in the lower part
of the £,-spectrum (its integral over £, < 3) agrees with the
MLLA expectation for both interpolating functions, i.e.
AN = 0, but at large &, there is a significant difference for
which we have no direct explanation, but the effect appears
in the kinematic region p < Qy = A outside the validity of
the perturbative MLLA approach.

In this way, we also suggest a solution to the problem
found in the previous study of full multiplicities [4], where
a moderate but significant discrepancy between expected
MLLA results and the experimental finding was noted,
namely YA — 5P = 1.26 + 0.42 multiplicity units, see
Eq. (8), corresponding to our result on the equivalent
quantity AN = 1.52 £+ 0.25. The observed difference of
these two numbers comes from the slightly different
determination of N(8 GeV). We now conclude that the
previously observed discrepancy in the MLLA multiplicity
equation (4) can be related to the contribution from the
ultrasoft particles with &, > 3. These are contributions

from other sources outside the control of perturbation
theory for the heavy quark jets.

For the c-quark fragmentation the statistical errors
in Figs. 3 and 6 are too large to confirm or exclude
such an ultrasoft anomaly. The result on multiplicities
SMLLA — 5P = 0.5 £ 0.6 from Eq. (9) does not show any
such effect either.

E. Sensitivity of experimental dead cone data
to the heavy quark mass

In the last subsection we have compared the experi-
mental data on the difference between light and heavy
quark fragmentation in Figs. 6 and 7 with the expectation
for the fragmentation function at the given low energy scale
Wy = /eM y, according to the MLLA estimate Eq. (12). In
turn, one could treat the low energy scale W, in this
equation as a free parameter to be determined from the best
fit of the &, spectrum in e*e™ annihilation to the exper-
imental data in Fig. 6. We perform such a fit to the data in
the lower pad of Fig. 6 and determine a constant shift
to the zero line (corresponding to the &,-distribution at
Wy = 8.0 GeV)in the central region 1.6 < &, < 2.6, avoid-
ing contributions from the excess multiplicity at large ¢.
The maximum height of the inclusive £, spectra /1, (W)
as measured by BES [31] and TASSO [34] collaborations is
found by interpolation to rise by 0.2 units for an increase of
W by 1 GeV near W = 8.0 GeV. For the DELPHI and
OPAL data we obtain the shifts 6h,,, = —0.17 +0.13
and Ohy,, = —0.14 £ 0.15, respectively, or combined
Ohpax = —0.16 £0.10 and correspondingly for the low
energy scale

WP = (72+£05) GeV  (DELPHIand OPAL).  (16)

This is to be compared with the evaluation [4]
WHLLA — (8.0 +0.2) GeV, based on the b-quark pole-
mass M, = 4.85+ 0.15 GeV and the MLLA correction
e =1.65 applied to the lowest order DLA result
WELA = M. It is remarkable how close the MLLA
prediction with its large correction factor comes to the
experimental data. If we would take the quark mass M,
itself as low energy scale, then we have to replace the
Gaussian curve for W, = 8.0 GeV in Fig. 6 by the curve at
4.8 GeV, displayed in Fig. 8, which is clearly far away from
the data in Fig. 6. The experimental uncertainty of the low
energy scale W, in (16) is about 7%, but there are also
theoretical uncertainties from possible corrections beyond
MLLA to the correction factor for the energy scale /e and
from the approximation of applying a constant shift in
Eq. (12). Therefore, although the dead cone measurements
at present cannot be competitive to the available heavy
quark mass determinations, they come close to the pre-
dicted value within less than 10%.
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FIG. 8. Distribution of charged hadrons in &, = In(1 /xp) at c.m. system energies W = 4.8 and 14 GeV together with distorted
Gaussian fits and the interpolated spectrum at W = 8.0 GeV with systematic errors (left panel); the same data and the uds-quark data at
W = 91.2 GeV as compared to the MLLA limiting spectrum and prediction for W = 8.0 GeV using Aqcp = 275 MeV, K, = 1.28 at

91.2 GeV and K, = 1.52 at lower energies (right panel).

IV. CONCLUSIONS

The dead cone effect predicted by perturbative QCD
has been studied using data taken at LEP on identified
heavy b- and c-quark and light uds-quark fragmentation.
The dead cone effect for particle production at small angles
to the primary quark is also reflected in the production
of large momenta, as is typical for the jet structure. In
the present study, QCD expectations for the momentum
spectra in heavy quark jets based on the MLLA [1,2] are
investigated.

At first, we reconstruct the inclusive distributions of
charged particle momenta using the variable £, = In(1/x,)
in b-quark and c-quark events by correcting for B-hadron
and charm-hadron decays. In the comparison of heavy and
light quark fragmentation we observe a convergence of the
spectra for large &, (x, — 0) but a strong suppression of
the fragmentation functions of the heavy b- and c-quarks
with respect to one of the light uds-quarks with decreasing
&, — 0 (increasing x — 1) down to a fraction of <1/10.
This observed almost complete suppression reflects the
presence of the dead cone with a high significance > 50).
There is a characteristic difference between b- and c-quark
fragmentation, in that the decrease for the c-quark is shifted
towards lower &, as compared to the b-quark. It would be
desirable to replace the MCEG based subtraction of the
charged heavy hadron decay products by an experimental
measurement in order to remove any residual model
dependence.

The &,-distributions derived from experimental data are
then compared directly with the QCD expectations within

the MLLA following the hypothesis of LPHD. This QCD
analysis provides a quantitative explanation of the dead
cone effect: the difference between the heavy and light
quark fragmentation functions in the variable ¢, at high
c.m. system energy W is just given by the £ ,-fragmentation
function at the lower energy W, = \/eM, with the heavy
quark mass M [see Eq. (11)].

Equation (11), an estimate within MLLA, is tested
first with the experimentally observed or derived
¢p-distributions as input. For both the b-quark and the
c-quark fragmentation this equation is found to be well
supported in the central kinematic region around the peak
of the ¢&,-spectrum at scale M, corresponding to the
momentum range x < 0.4 and p = A. It explains quanti-
tatively the suppression of both fragmentation functions
down to about 1/10 of the one for uds-quarks. The
different suppression profiles of c¢- and b-quark fragmen-
tation are directly related to the different shapes of the £,
spectra (the hump-backed plateau) at the respective c- and
b-quark mass scales W, i.e. at the c.m. system energies 2.7
and 8.0 GeV, respectively. In the MLLA estimate Eq. (11),
the mean fractional momentum (x,) of the heavy quark
appears as additional (known) parameter. This parameter is
important for the successful quantitative description. The
interplay between heavy quark fragmentation and energy
loss deserves further attention.

The MLLA estimate Eq. (11) has also been tested using
as input the analytic expressions for the &-distributions
obtained within MLLA with the simplification Q, = A for
the pr-cutoff and the QCD scale, the so called limiting

094039-12



OBSERVATION OF THE DEAD CONE EFFECT IN CHARM AND ...

PHYS. REV. D 107, 094039 (2023)

spectrum. This formula describes to a reasonable approxi-
mation the experimental ¢,-spectra in the c.m. system
energy range 2—-100 GeV for allowed momenta p > Qy =
A in terms of only two parameters, the QCD scale A and the
normalization K. These parameters show a small varia-
tion with energy which hints towards contributions beyond
MLLA. In this way, a very compact representation of
momentum spectra with two parameters for light and
heavy quark jets in a wide kinematic region for not too
large x (x < 0.4) and p > A is established.

In the kinematic region of small £, < 1 (x, 2 0.4), atlow
values for the heavy quark fragmentation functions, vio-
lations of the MLLA relation have been observed. This is to
be expected in the present approximate scheme using a
shifted spectrum at the low energy W,. Integrating the
fragmentation function of the b-quark over the important
region £, <3 (p 2 A) yields the respective multiplicity
which is found in good agreement with the MLLA expect-
ation. A large and significant excess of particle production
in b-quark fragmentation over these expectations is
observed for large £, 2 3, which concerns the region of
very soft particle production with p < A. The total excess
multiplicity in this kinematic region corresponds quantita-
tively to the excess over MLLA expectations already noted
in the previous study of the full multiplicity [4]. This
discrepancy comes from a kinematic region outside the
validity of the perturbative approach. In case of the c-quark
fragmentation no such excess at large &, can be resolved
within the larger errors, and there is a satisfactory agree-
ment between prediction and experimental data for not too
large momenta (&, 2 1).

We estimated a value for the low energy scale W, =
(7.2 +£0.5) GeV of the dead cone subtraction from the data
which is consistent within the uncertainties with the MLLA
prediction W, = \/eM, = (8.0 +0.2) GeV. By relating
W, to the b-quark mass this shows the mass sensitivity of
the dead cone effect, which is, however, currently limited
by uncertainties of the MLLA predictions.

We would like to point out that our results could be of
direct relevance to the experimental task of identifying
(tagging) jets originating from heavy quarks. Traditional
heavy quark jet tagging algorithms only use variables
derived from particles associated with the heavy hadron
decay, see e.g. [35] for a review of algorithms used at LEP.
Recent developments using advanced machine learning
techniques (see e.g. [36,37] and references therein) include
all objects associated with the jet, and thus, their improved
performance compared to traditional algorithms could be
related at least partially to the dead cone effect. This topic
should be investigated further.
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APPENDIX: HADRON §&,-DISTRIBUTION
AT W=8 GeV FROM INTERPOLATION

The ¢,-distributions of hadrons at W =8 GeV are
obtained by interpolation between the neighboring ener-
gies. Such data have been collected by the BES [31]
and TASSO [34] experiments at W =2-5 GeV and
14—-44 GeV, respectively, and can be fitted by a distorted
Gaussian, acknowledged to be well suited for QCD
analysis [14,16]:

N 1
exp|—k —=s6——(2+ k)&*
o\ 21 p|:8 2 4( )

1 1
— 56 + —k&*
+6s +24 }

D(¢&. W) =

(A1)

with § = (6 — &)/c and the mean £ The parameters in
Eq. (A1) are the mean multiplicity N°", mean value & or
maximum peak position &, = & — %as, width o, skew-
ness s, and kurtosis k. These moments show only a smooth
dependence as a function of In W [16]. Therefore, the first
five moments are determined at W = 4.8 and 14 GeV from
a fit to the &, spectra, and those at W = 8.0 GeV by
interpolation in In W, see Table II.

In Fig. 8, the results of the fits and the interpolated
spectrum at W = 8.0 GeV are displayed. An estimate of
the errors is obtained by averaging the relative errors of
D(&,W) of the BES and TASSO data at their maxima

OD ax (6%) and by increasing their values for smaller D(€&)

as 6D(E) = 6D/ Dimax/D(£) so as to account for
statistical fluctuations.

At W =28.0 GeV, there is also some production of
c-quarks, which contributes to the multiplicity N" =
6.49 £+ 0.19 with 0.4 £ 0.2 units according to the estimate
in [4], such that N;‘}h = 6.1 £ 0.3 is taken in the following.
In order to obtain the &,-distribution for uds-quarks, the
distorted Gaussian fit obtained with parameters displayed
in Table II has to be corrected for charm particle decays.
This small correction is approximated by a global lowering
of the £ ,-distribution by 6%, and a systematic error of 3% is
linearly added to the experimental error above.

In Fig. 8 (right panel), the uds-quark & ,,-distribution data
by DELPHI [20] and OPAL [21] at W = 91.2 GeV and the
data by BES [31] at W = 4.8 GeV and TASSO [34] at

TABLE II. Moments of the DG distribution for BES and
TASSO data and interpolated DG at W = 8.0 GeV. The errors
for N, &, and o are 1-4%, 1-5%, and 3-10%, respectively,
while s and k are not well determined by the available data.

Moments N Emax c s k

BES (4.8 GeV) 462 181 070 0.72 0.14
Interp. DG (8 GeV) 649 205 074 037 -0.20
TASSO (14 GeV) 873 235 080 -0.05 -0.60
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W = 14 GeV have been fitted with the limiting spectrum
with the same A = 275 MeV, the normalization was
changed from Ky =1.28 at W =912 GeV to K, =
1.52 at the lower energies. There is a good overall
description of the data by the hump-backed plateau dis-
tribution rising and broadening between 4.8 and 91.2 GeV
with deviations of up to 10% from the data, except for the
high end of the distribution, where there is a kinematic limit
for the massless partons at p = Qy, = 275 MeV. With

these parameters, the limiting spectrum at W = 8.0 GeV,
shown as dashed curve in Fig. 8 (right panel), can be found.
The maximum of this curve is consistent with the value
dn/dé&|,.«(8 GeV) = 3.5+ 0.1 found by interpolating, as
before, the corresponding maxima in the BES [31] and the
TASSO [34] data.

The wuds-quark ¢ ,-distribution at W=8.0GeV is
obtained again after charm decays are corrected for by
rescaling the £, spectrum by 6% using K., = 1.43.

[1] Y.L. Dokshitzer, V. A. Khoze, and S.I. Troian, Particle
spectra in light and heavy quark jets, J. Phys. G 17, 1481
(1991).

[2] Y.L. Dokshitzer, V.A. Khoze, and S.I. Troian, On
specific QCD properties of heavy quark fragmentation
(‘dead cone’), J. Phys. G 17, 1602 (1991).

[3] B. A. Schumm, Y.L. Dokshitzer, V. A. Khoze, and D.S.
Koetke, MLLA and the Average Charged Multiplicity of
Events Containing Heavy Quarks in e*e™ Annihilation,
Phys. Rev. Lett. 69, 3025 (1992).

[4] Y. L. Dokshitzer, F. Fabbri, V. A. Khoze, and W. Ochs,
Multiplicity difference between heavy and light quark jets
revisited, Eur. Phys. J. C 45, 387 (2006).

[5] S. Acharya et al. (ALICE Collaboration), Direct observation
of the dead-cone effect in quantum chromodynamics,
Nature (London) 605, 440 (2022); 607, E22 (2022).

[6] A. Perieanu, The structure of charm jets and the dead cone
effect in deep-inelastic scattering at HERA, Ph.D. thesis,
Hamburg University, 2006.

[7] M. Battaglia, R. Orava, and L. Salmi, A study of depletion
of fragmentation particles at small angles in b-jets with the
DELPHI detector at LEP, CERN Report No. DELPHI-
2004-037 CONF 712, 2004.

[8] A. Bassetto, M. Ciafaloni, and G. Marchesini, Jet structure
and infrared sensitive quantities in perturbative QCD, Phys.
Rep. 100, 201 (1983).

[9] V.S. Fadin, Double logarithmic asymptotics of the cross
sections of ete™ annihilation into quarks and gluons. (in
Russian), Yad. Fiz. 37, 408 (1983).

[10] G. Marchesini and B. R. Webber, Simulation of QCD jets
including soft gluon interference, Nucl. Phys. B238, 1
(1983).

[11] Y.L. Dokshitzer, V. A. Khoze, A.H. Mueller, and S.I.
Troian, Basics of Perturbative QCD (Editions Frontieres,
Gif-sur-Yvette, 1991).

[12] Y.I. Azimov, Y.L. Dokshitzer, V.A. Khoze, and S.I.
Troyan, Similarity of parton and hadron spectra in QCD
jets, Z. Phys. C 27, 65 (1985).

[13] Y.I. Azimov, Y.L. Dokshitzer, V.A. Khoze, and S.I.
Troyan, Humpbacked QCD plateau in hadron spectra,
Z. Phys. C 31, 213 (1986).

[14] C.P. Fong and B.R. Webber, One and two particle dis-
tributions at small x in QCD jets, Nucl. Phys. B355, 54
(1991).

[15] S. Kluth, Tests of quantum chromo dynamics at e*e~
colliders, Rep. Prog. Phys. 69, 1771 (2006).

[16] R. Perez-Ramos and D. d’Enterria, Energy evolution of the
moments of the hadron distribution in QCD jets including
NNLL resummation and NLO running-coupling correc-
tions, J. High Energy Phys. 08 (2014) 068.

[17] V. A. Khoze and W. Ochs, Perturbative QCD approach to
multiparticle production, Int. J. Mod. Phys. A 12, 2949
(1997).

[18] C. Bierlich et al., A comprehensive guide to the physics
and usage of PYTHIA 8.3, SciPost Phys. Codebases 8
(2022).

[19] P. Skands, S. Carrazza, and J. Rojo, Tuning PYTHIA 8.1: The
Monash 2013 tune, Eur. Phys. J. C 74, 3024 (2014).

[20] P. Abreu et al. (DELPHI Collaboration), z*, K*, p and p
production in Z° = ¢g, Z° - bb, Z° — uii, dd, s3, Eur.
Phys. J. C 5, 585 (1998).

[21] K. Ackerstaff et al. (OPAL Collaboration), Measurements of
flavor dependent fragmentation functions in Z° — gg
events, Eur. Phys. J. C 7, 369 (1999).

[22] P. Achard et al. (L3 Collaboration), Studies of hadronic
event structure in e"e” annihilation from 30-GeV to
209-GeV with the L3 detector, Phys. Rep. 399, 71 (2004).

[23] D. Buskulic et al. (ALEPH Collaboration), Measurement of
a, from scaling violations in fragmentation functions in
e'e™ annihilation, Phys. Lett. B 357, 487 (1995); 364,
247(E) (1995).

[24] D. Abbaneo er al. (ALEPH, CDF, DELPHI, L3, OPAL,
SLD Collaborations), Combined results on » hadron pro-
duction rates and decay properties, arXiv:hep-ex/0112028.

[25] V. A. Khoze, W. Ochs, and J. Wosiek, Analytical QCD
and multiparticle production, in Handbook of QCD (loffe
Festschrift), edited by M. A. Shifman (World Scientific,
Singapore, 2001).

[26] Y.L. Dokshitzer, V.A. Khoze, and S.I. Troian, New
perturbative results in hadron jet physics, in Proceedings
of the 6th International Conference on Physics in Collision,
edited by M. Derrick (World Scientific, Singapore,
1987), 417.

[27] R.L. Workman et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2022, 083C01
(2022).

[28] J. Abdallah et al. (DELPHI Collaboration), A study of the
b-quark fragmentation function with the DELPHI detector

094039-14


https://doi.org/10.1088/0954-3899/17/10/003
https://doi.org/10.1088/0954-3899/17/10/003
https://doi.org/10.1088/0954-3899/17/10/023
https://doi.org/10.1103/PhysRevLett.69.3025
https://doi.org/10.1140/epjc/s2005-02424-5
https://doi.org/10.1038/s41586-022-04572-w
https://doi.org/10.1038/s41586-022-05026-z
https://doi.org/10.1016/0370-1573(83)90083-2
https://doi.org/10.1016/0370-1573(83)90083-2
https://doi.org/10.1016/0550-3213(84)90463-2
https://doi.org/10.1016/0550-3213(84)90463-2
https://doi.org/10.1007/BF01642482
https://doi.org/10.1007/BF01479529
https://doi.org/10.1016/0550-3213(91)90302-E
https://doi.org/10.1016/0550-3213(91)90302-E
https://doi.org/10.1088/0034-4885/69/6/R04
https://doi.org/10.1007/JHEP08(2014)068
https://doi.org/10.1142/S0217751X97001638
https://doi.org/10.1142/S0217751X97001638
https://doi.org/10.21468/Sci- PostPhysCodeb.8
https://doi.org/10.21468/Sci- PostPhysCodeb.8
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1007/s100529800989
https://doi.org/10.1007/s100529800989
https://doi.org/10.1007/s100529901067
https://doi.org/10.1016/j.physrep.2004.07.002
https://doi.org/10.1016/0370-2693(95)00917-A
https://doi.org/10.1016/0370-2693(95)01380-6
https://doi.org/10.1016/0370-2693(95)01380-6
https://arXiv.org/abs/hep-ex/0112028
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097

OBSERVATION OF THE DEAD CONE EFFECT IN CHARM AND ...

PHYS. REV. D 107, 094039 (2023)

at LEP I and an averaged distribution obtained at the Z Pole,
Eur. Phys. J. C 71, 1557 (2011).

[29] J. Baines et al., Heavy quarks: Summary report, in Heavy
Quarks (Working Group 3): Summary Report for the HERA-
LHC Workshop Proceedings (DESY, Hamburg, Germany,
2006), arXiv:hep-ph/0601164.

[30] Y.L. Dokshitzer, V. A. Khoze, and S.I. Troian, Specific
features of heavy quark production. LPHD approach to
heavy particle spectra, Phys. Rev. D 53, 89 (1996).

[31] W. Dunwoodie et al. (BES Collaboration), Measurement of
inclusive momentum spectra and multiplicity distributions
of charged particles at /s ~2 — 5 GeV, Phys. Rev. D 69,
072002 (2004).

[32] M.Z. Akrawy et al. (OPAL Collaboration), A study of
coherence of soft gluons in hadron jets, Phys. Lett. B 247,
617 (1990).

[33] S. Albino, B.A. Kniehl, G. Kramer, and W. Ochs,
The evolution of hadron spectra in the modified
leading logarithm approximation, Eur. Phys. J. C 36, 49
(2004).

[34] W. Braunschweig et al. (TASSO Collaboration),
Global jet properties at 14-GeV to 44-GeV center-of-
mass energy in e'e” annihilation, Z. Phys. C 47, 187
(1990).

[35] G.J. Barker, Tagging Z° — bb events, Springer Tracts Mod.
Phys. 236, 57 (2010).

[36] H. Qu and L. Gouskos, ParticleNet: Jet tagging via particle
clouds, Phys. Rev. D 101, 056019 (2020).

[37] G. Aad et al. (ATLAS Collaboration), Graph neural network
jet flavour tagging with the ATLAS detector, CERN Report
No. ATL-PHYS-PUB-2022-027, 2022.

094039-15


https://doi.org/10.1140/epjc/s10052-011-1557-x
https://arXiv.org/abs/hep-ph/0601164
https://doi.org/10.1103/PhysRevD.53.89
https://doi.org/10.1103/PhysRevD.69.072002
https://doi.org/10.1103/PhysRevD.69.072002
https://doi.org/10.1016/0370-2693(90)91911-T
https://doi.org/10.1016/0370-2693(90)91911-T
https://doi.org/10.1140/epjc/s2004-01875-4
https://doi.org/10.1140/epjc/s2004-01875-4
https://doi.org/10.1007/BF01552339
https://doi.org/10.1007/BF01552339
https://doi.org/10.1007/978-3-642-05279-8
https://doi.org/10.1007/978-3-642-05279-8
https://doi.org/10.1103/PhysRevD.101.056019

