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This letter reports the first measurement of spin alignment, with respect to the helicity axis, for D∗+
vector mesons and their charge conjugates from charm-quark hadronisation (prompt) and from beauty-
meson decays (non-prompt) in hadron collisions. The measurements were performed at midrapidity 
(|y| < 0.8) as a function of transverse momentum (pT) in proton–proton (pp) collisions collected by 
ALICE at the centre-of-mass energy 

√
s = 13 TeV. The diagonal spin density matrix element ρ00 of D∗+

mesons was measured from the angular distribution of the D∗+ → D0(→ K−π+)π+ decay products, in 
the D∗+ rest frame, with respect to the D∗+ momentum direction in the pp centre of mass frame. The ρ00
value for prompt D∗+ mesons is consistent with 1/3, which implies no spin alignment. However, for non-
prompt D∗+ mesons an evidence of ρ00 larger than 1/3 is found. The measured value of the spin density 
element is ρ00 = 0.455 ±0.022(stat.) ±0.035(syst.) in the 5 < pT < 20 GeV/c interval, which is consistent 
with a Pythia 8 Monte Carlo simulation coupled with the EvtGen package, which implements the helicity 
conservation in the decay of D∗+ meson from beauty mesons. In non-central heavy-ion collisions, the 
spin of the D∗+ mesons may be globally aligned with the direction of the initial angular momentum and 
magnetic field. Based on the results for pp collisions reported in this letter it is shown that alignment of 
non-prompt D∗+ mesons due to the helicity conservation coupled to the collective anisotropic expansion 
may mimic the signal of global spin alignment in heavy-ion collisions.

© 2023 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access 
article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

The production of hadrons containing heavy quarks, i.e. charm 
and beauty, has been extensively studied in both lepton and 
hadron collisions, improving significantly the understanding of the 
hadronisation mechanism [1–8]. However, several aspects of the 
transition of the heavy quark to the final-state hadron are not yet 
settled. One of them regards the spin properties of produced par-
ticles in the quark hadronisation. In the limit of very large heavy-
quark mass (mQ → ∞), the polarisation of heavy-flavour baryons 
is assumed to be that carried by the heavy valence quark [9]. This 
assumption was studied at LEP in e+e− collisions where the polar-
isation of �0

b baryons was used to probe the electroweak structure 
of the Z0 boson production and decays [10–14]. In hadronic colli-
sions, the polarisation of �0

b baryons can arise during the hadroni-
sation process if beauty quarks are produced with a transverse po-
larisation, as predicted by the heavy-quark effective theory [9,11]. 
At this time, one measurement, performed by the LHCb Collabora-
tion, found no significant polarisation [15]. For vector mesons with 
quantum numbers J P = 1− , both in lepton and hadron collisions, 
at least part of the polarisation should arise from the hadronisation 

� E-mail address: alice -publications @cern .ch.

process [9]. Models based on statistical quantum mechanics con-
siderations [16,17], heavy-quark effective theory [9], or inspired by 
quantum chromodynamics (QCD) [18] provide very different pre-
dictions, from no polarisation, to very large longitudinal or trans-
verse polarisation. This aspect of the hadronisation is typically not 
accounted for in QCD-inspired Monte Carlo (MC) generators based 
on the Lund string model [19], such as Pythia 8 [20,21], or the 
clustering model [22], as implemented in Herwig 7 [23]. Measure-
ments of excited B vector meson states in Z0 decays at LEP did not 
show any significant polarisation [24,25]. For charm vector mesons 
(D∗+) a longitudinal polarisation was observed by OPAL [26]. How-
ever, previous measurements in e+e− collisions indicated no sig-
nificant polarisation for D∗+ mesons [27–29].

The polarisation of vector mesons containing heavy quarks in 
heavy-ion collisions is of special interest. The initial stages of such 
collisions, with non-zero impact parameter, are expected to be 
characterised by a large orbital angular momentum [30] and a 
strong magnetic field [31–33]. These initial conditions could influ-
ence the produced colour-deconfined matter (called quark–gluon 
plasma [34,35]). The directions of the angular momentum and the 
magnetic field in such collisions are perpendicular to the reaction 
plane (subtended by the beam axis and impact parameter) [36]. 
Theoretical calculations at LHC energies predict the values of the 
angular momentum to be of the order of 107

� [30] and the 
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magnetic field to be about 1016 T [31–33,37,38]. While the an-
gular momentum, a conserved quantity in strong interactions, is 
expected to affect the whole evolution of the collision, the mag-
netic field is transient in nature and its strength falls steeply with 
time. Heavy quarks are produced at the initial stages of heavy-
ion collisions, in a time scale shorter than the quark–gluon plasma 
formation time [39] and are sensitive to the large initial magnetic 
field as well as the angular momentum. In the presence of these 
initial conditions, charm quarks can be polarised. The quark po-
larisation is expected to be further transferred to the final-state 
hadrons during hadronisation and it is predicted to be different in 
the case of hadronisation in vacuum, or recombination with light 
quarks from the deconfined medium [36,40–42]. Measurements in 
heavy-ion collisions indicate that the recombination mechanism is 
important to describe the production and angular anisotropies of 
charm hadrons [43–51]. If observed, a non-zero polarisation of D∗+
mesons will be a manifestation of the angular momentum and the 
magnetic field created in heavy-ion collisions. The study of D∗+
mesons would provide additional information, crucial for the in-
terpretation of the recently measured J/ψ polarisation in Pb–Pb 
collisions by the ALICE Collaboration [52,53]. In fact, the polari-
sation of D∗+ and J/ψ mesons have different contributions from 
the angular momentum and the magnetic field, given the valence 
light quark present in the D∗+ meson, which is expected to be 
less sensitive than the charm quark to the magnetic field. How-
ever, the interpretation of experimental data for heavy-ion colli-
sions requires a baseline study in elementary proton–proton (pp) 
collisions, where such initial conditions are not expected to form. 
Moreover, in this study, one of the major sources of background is 
the feed-down contribution of D∗+ mesons originating from decays 
of scalar mesons containing a beauty quark, which are observed to 
be longitudinally polarised by the Belle and LHCb Collaborations 
in e+e− and pp collisions, respectively [54,55]. This is a direct 
consequence of the helicity conservation and the Vector–Axial (V–
A) nature of the weak interaction involved in the b → c decay, 
which leads to left-handed fermion couplings in interactions with 
W bosons [56,57]. It is therefore important to separate contribu-
tions to the polarisation from promptly produced mesons and from 
those originating in beauty-hadron decays. This was not possible in 
the case of the J/ψ meson in Pb–Pb collisions with LHC Run 2 data, 
for which only the inclusive polarisation was used as baseline [53].

The polarisation of D∗+ vector mesons cannot be probed di-
rectly as D∗+ mesons are measured through the parity conserving 
strong decay D∗+ → D0(→ K−π+)π+ . However, experimentally, 
the spin alignment along the quantisation direction can be stud-
ied by measuring the diagonal spin density matrix element (ρ00) 
of the vector meson. The ρ00 reflects the probability of finding a 
vector meson in the state with spin zero out of possible states with 
spin projection −1, 0, and 1 [58]. If the spin of particles is homo-
geneously distributed, all spin states are expected to be equally 
probable, thereby yielding ρ00 = 1/3. The spin alignment is stud-
ied by measuring the angular distribution of the decay products of 
vector mesons. Their decay products are measured with respect to 
a quantisation axis, which is the vector meson momentum direc-
tion (helicity axis) in pp collisions and the perpendicular direction 
of the reaction plane in heavy-ion collisions. In the latter, these 
two axes are further correlated through the anisotropic collective 
expansion which is quantified by coefficients in a Fourier decom-
position of the azimuthal-angle distribution of final-state particle 
momenta, with the second-harmonic coefficient v2, called elliptic 
flow [59], being the dominant one [50]. The angular distribution of 
the D∗+ decay products is expressed as

dN

d cos θ∗ ∝ [1 − ρ00 + (3ρ00 − 1) cos2 θ∗], (1)

where θ∗ is the angle between the momentum of either the D0

meson or the pion in the rest frame of the vector meson with 
respect to the quantisation axis [60].

In this letter, the first measurement of the spin alignment of 
D∗+ mesons from charm-quark hadronisation (prompt) and from 
beauty-hadron decays (non-prompt) at midrapidity is presented 
as a function of transverse momentum (pT) in pp collisions at a 
centre-of-mass energy of 

√
s = 13 TeV. Based on these measure-

ments, quantitative predictions for the spin distributions of non-
prompt D∗+ meson for a future measurement of the D∗+-meson 
spin alignment in heavy-ion collisions are provided.

2. Experimental apparatus and data analysis

The analysis was performed using about 1.8 × 109 minimum-
bias and about 109 high-multiplicity triggered pp collisions at √

s = 13 TeV recorded with the ALICE apparatus [61,62], corre-
sponding to an integrated luminosity of Lint ≈ 32 nb−1 and Lint ≈
7.7 pb−1, respectively. The minimum-bias trigger required coinci-
dent signals in the two V0 detectors, which are two scintillator 
arrays covering the pseudorapidity intervals −3.7 < η < −1.7 and 
2.8 < η < 5.1 [63]. The high-multiplicity trigger selected the 0.17% 
highest-multiplicity events out of all inelastic collisions with at 
least one charged particle in the pseudorapidity range |η| < 1, rely-
ing on the signal amplitudes of the V0 detectors. Events were fur-
ther selected offline to remove machine-induced backgrounds [61]. 
They were required to have a reconstructed collision vertex lo-
cated within ±10 cm from the centre of the detector along the 
beam-line direction to maintain a uniform acceptance. Events with 
multiple reconstructed primary vertices (pileup) were rejected. Pri-
mary vertices were reconstructed from track segments measured 
with the two innermost layers of the Inner Tracking System (ITS), 
which consists of six cylindrical layers of silicon detectors [64]. The 
remaining undetected pileup was studied and found to be negligi-
ble for this analysis.

The D∗+ mesons and their charge conjugates were measured 
at midrapidity (|y| < 0.8) via the D∗+ → D0(→ K−π+)π+ decay 
channel, with branching ratio BR = (2.67 ± 0.03)% [65]. The mea-
surement of D∗+ mesons was based on charged-particle tracks 
reconstructed with the Time Projection Chamber (TPC) [66] and 
ITS detectors. The D0 decay candidates were defined combining 
pairs of tracks with the expected charge combinations. Each track 
from the decay was required to have |η| < 0.8, pT > 0.3 GeV/c, 
at least 70 (out of 159) associated space points in the TPC, and 
a minimum of two hits in the ITS, with at least one in either of 
the two innermost layers to ensure a good pointing resolution. 
The D∗+-meson candidates were reconstructed by combining D0

candidates with low-pT tracks (referred to as soft pions) having 
|η| < 0.8, pT > 50 MeV/c, and at least two hits in the ITS. The anal-
ysis was based on the reconstruction of decay-vertex topologies 
of D0 mesons displaced from the interaction vertex. In particu-
lar, the proper decay length of D0 mesons of cτ ≈ 123 μm and 
that of beauty hadrons of cτ ≈ 500 μm were exploited to resolve 
the D0-meson decay vertices. In order to reduce the large com-
binatorial background and to separate the contribution of prompt 
and non-prompt D∗+ mesons, a multiclass classification algorithm 
based on Boosted Decision Trees (BDTs) was used [67,68]. The 
candidate information used by the BDT algorithm to distinguish 
among prompt and non-prompt D∗+ mesons and background can-
didates was based on i) the distance between the reconstructed 
D0-meson decay vertex and the primary vertex, ii) the D0-meson 
and soft-pion distance of closest approach to the interaction vertex, 
iii) the cosine of the pointing angle between the D0-meson can-
didate line of flight and its reconstructed momentum vector, and 
iv) the particle identification (PID) information of the decay tracks. 
The PID information was provided by the specific energy loss and 
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the flight time of particles measured with the TPC and Time Of 
Flight (TOF) [69] detectors, respectively. Signal samples of prompt 
and non-prompt D∗+ mesons for the BDT training were obtained 
from MC simulations based on the Pythia 8.243 event genera-
tor [20,21] with the Monash tune [70] and Geant 3 package [71]
for the propagation of the generated particles through the detector. 
The background samples were obtained in data from the sideband 
region of the invariant-mass distribution �M = M(Kππ) − M(Kπ). 
The sideband region was chosen as the invariant-mass interval 
�M > 150 MeV/c2, where no D∗+ signal is present. Indepen-
dent BDTs were trained for the high-multiplicity and minimum-
bias samples in three different pT intervals, i.e. 5 < pT < 7 GeV/c, 
7 < pT < 10 GeV/c, and 10 < pT < 20 GeV/c. Subsequently, they 
were applied to the real data sample in which the type of can-
didate is unknown. The BDT outputs are related to the candidate 
probability to be a prompt D∗+ meson, non-prompt D∗+ meson, or 
combinatorial background.

The selection based on the probability to be background was 
optimised to yield a good statistical significance and purity of the 
signal. By selecting high probability to be prompt or non-prompt 
D∗+ mesons, the samples of candidates were further separated 
to the charm-enhanced (significant contribution of prompt D∗+
mesons) and the beauty-enhanced (significant contribution of non-
prompt D∗+ mesons) samples. The threshold values were tuned 
as a function of pT using MC simulations. The fractions of prompt 
( fprompt) and non-prompt ( fnon-prompt) D∗+ mesons in each sample 
were evaluated with a data-driven method based on the sampling 
of the raw yield Y i at different values of the BDT-output score re-
lated to the probability of being a non-prompt D∗+ meson. These 
fractions can be computed by solving a system of equations that 
relate raw yields to the corrected yields of prompt (Nprompt) and 
non-prompt (Nnon-prompt) D∗+ mesons by the product of the geo-
metrical acceptance and the reconstruction and selection (includ-
ing BDT) efficiency factors (Acc × ε) for prompt and non-prompt 
D∗+ mesons. Each equation, obtained for a set of BDT selections i, 
can be expressed as

(Acc × ε)prompt,i × Nprompt

+ (Acc × ε)non-prompt,i × Nnon-prompt − Yi = δi, (2)

where δi is the residual originating from the uncertainties on Yi , 
(Acc × ε)non-prompt,i , and (Acc × ε)prompt,i . To define the sets of se-
lections, the BDT-output response related to the probability of a 
candidate to be a non-prompt D∗+ meson was sampled monoton-
ically, to obtain n selections ordered in such a way that the ith

selected sample was completely included in the (i − 1)th one. The 
system of equation is then solved via a χ2 minimisation, which 
provides as output the corrected yields of prompt (Nprompt) and 
non-prompt (Nnon-prompt) D∗+ mesons and their covariance matrix. 
A detailed description of this method is presented in Refs. [72–74]. 
For each pT interval, the raw yields of D∗+ mesons were extracted 
with a fit to the distribution of the invariant mass �M .

The distribution was fitted with a combination of the Gaussian 
function corresponding to the D∗+ signal and a background func-
tion. The shape of the background distribution can be described 
with the function p0

√
�M − Mπ ep1(�M−Mπ) , where p0 and p1

are free parameters and Mπ is the pion mass. The correspond-
ing Acc × ε factors were obtained with MC simulations analogous 
to those used for the BDT trainings. Finally, the fraction of (non-
)prompt D∗+ mesons for a given set of selections was computed 
as

f(non-)prompt, j =

Fig. 1. Raw yield as a function of the BDT selection and extracted contributions from 
prompt and non-prompt D∗+ mesons with 5 < pT < 7 GeV/c and |y| < 0.8 in the 
high-multiplicity triggered pp collisions at √s = 13 TeV.

(Acc × ε)(non-)prompt, j × N(non-)prompt

(Acc × ε)prompt, j ×Nprompt+(Acc × ε)non-prompt, j ×Nnon-prompt
.

(3)

A different index “ j” is used here to underline the fact that not all 
of these sets are used for the χ2 minimisation given by Eq. (2). 
The uncertainty of f(non-)prompt, j is computed considering the co-
variance matrix of Nprompt and Nnon-prompt obtained in the χ2-
minimisation procedure. Fig. 1 shows an example of a raw-yield 
extracted as a function of the BDT selection employed in the min-
imisation procedure for D∗+ mesons with 5 < pT < 7 GeV/c in 
high-multiplicity triggered pp collisions at 

√
s = 13 TeV. The left-

most data point of the distribution is the raw yield corresponding 
to the loosest selection on the BDT output related to the candidate 
probability of being a non-prompt D∗+ meson, while the rightmost 
one corresponds to the strictest selection, which is expected to 
preferentially select non-prompt D∗+ mesons. The Acc × ε factors 
obtained for these selections ranged from about 10% to 0.1% for 
prompt D∗+ mesons, and from about 30% to 10% for non-prompt 
D∗+ mesons. The prompt and non-prompt components are repre-
sented by the red and blue filled histograms, respectively, while 
their sum is depicted by the green histogram. The fprompt fac-
tor obtained in the charm-enhanced sample is higher than 90% 
for both the high-multiplicity and minimum-bias triggered events, 
while the fnon-prompt in the beauty-enhanced sample is ∼ 60%
and ∼ 40% almost independent of pT for high-multiplicity and 
minimum-bias triggered events, respectively.

The raw yields of D∗+ mesons were extracted in different 
cos θ∗ and pT intervals for both the beauty- and the charm-
enhanced samples. Fig. 2 shows the �M distributions in 5 <
pT < 7 GeV/c and 0.0 < cos θ∗ < 0.2 intervals for the beauty- and 
charm-enhanced samples in high-multiplicity triggered pp colli-
sions at 

√
s = 13 TeV. The width of the Gaussian function for the 

D∗+ signal was fixed to the value from the MC simulation.
The raw yields were corrected for the corresponding Acc × ε

factors in each cos θ∗ and pT intervals. The impact on the ρ00 mea-
surement due to the shape of the cos θ∗ and pT distributions in 
the MC simulations was studied by weighting the generated MC 
distributions in order to reproduce the measured cos θ∗ and pT
distributions, and the effect on the Acc × ε values was found to be 
smaller than 0.1% in the analysed pT intervals. The efficiency and 
acceptance corrected angular distributions at midrapidity for the 
selected pT interval in high-multiplicity triggered pp collisions at √

s = 13 TeV are shown in Fig. 3. The left panel of Fig. 3 shows the 
angular distribution of the charm-enhanced D∗+ sample and the 
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Fig. 2. Invariant-mass distributions �M for the charm-enhanced (left panel) and the beauty-enhanced (right panel) samples in pp collisions at √s = 13 TeV, selected with 
the high-multiplicity trigger. The distributions are obtained at midrapidity (|y| < 0.8) in 5 < pT < 7 GeV/c and 0.0 < cos θ∗ < 0.2.

Fig. 3. Acceptance and efficiency corrected angular distributions of the decay product in the rest frame of the D∗+ meson with respect to the helicity axis. The left panel 
shows the angular distribution for the charm-enhanced D∗+ sample in pp collisions at √s = 13 TeV, selected with the high-multiplicity trigger and the right panel shows 
the same but for the beauty-enhanced D∗+ sample. The distributions are obtained at midrapidity (|y| < 0.8) in 5 < pT < 7 GeV/c and are fitted with Eq. (1) to extract the 
ρ00 values. Only statistical uncertainties are shown.

right panel shows the same but for the beauty-enhanced D∗+ sam-
ple. The absolute value of cos θ∗ was considered due to the limited 
size of the analysed sample. The angular distributions were further 
fitted with the functional form given in Eq. (1) to extract the ρ00
values for both the charm- and the beauty-enhanced samples in 
each pT interval.

It was verified with a MC simulation that the ρ00 parame-
ter linearly depends on the fraction of non-prompt D∗+ meson 
in the analysed sample. Hence, a linear fit of the measured ρ00

parameters obtained for the charm- and beauty-enhanced sam-
ples as a function of the fnon-prompt was performed to obtain the 
ρ00 values for prompt and non-prompt D∗+ mesons. The charm-
and the beauty-enhanced selections used in this analysis provided 
two samples of independent candidates. Moreover, the samples of 
candidates in the minimum-bias and high-multiplicity triggered 
events are statistically independent. Considering that the measured 
ρ00 parameter can be decomposed as a linear combination of the 
prompt and non-prompt components,

ρ00 = fprompt × ρ
prompt
00 + fnon-prompt × ρ

non-prompt
00 , (4)

the four independent measurements corresponding to the charm-
and beauty-enhanced samples for both minimum-bias and high-
multiplicity events were fitted with a linear function in order to 

extrapolate it to fnon-prompt = 0 and fnon-prompt = 1. A similar pro-
cedure was adopted in Ref. [75] to measure the elliptic flow of 
prompt and non-prompt D mesons. With the current data samples 
it is not possible to perform the linear extrapolation of the ρ00 pa-
rameter independently for the minimum-bias and high-multiplicity 
collisions, which may have different physical origin, and the re-
ported results are for the combined sample. Fig. 4 shows the lin-
ear fit of ρ00 as a function of fnon-prompt in 5 < pT < 7 GeV/c. 
The filled (empty) markers correspond to the measurements per-
formed in the minimum-bias (high-multiplicity) pp collisions. The 
coloured band represents the 1σ confidence interval obtained from 
the linear fit. The ρ00 parameter for prompt and non-prompt 
D∗+ mesons is then obtained by evaluating the fit function for 
fnon-prompt = 0 and fnon-prompt = 1, respectively.

3. Systematic uncertainties

There are four major sources of systematic uncertainties in the 
measurement of ρ00 for prompt and non-prompt D∗+ mesons. 
These uncertainties are related to: i) the signal extraction, ii) the 
track reconstruction and selection efficiencies, iii) the BDT selec-
tion efficiency, and iv) the (non-)prompt fraction estimation. The 
systematic uncertainty arising from the signal extraction was esti-
mated by varying the invariant-mass fit range, leaving the Gaus-
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Fig. 4. The spin density matrix element (ρ00) as a function of fnon-prompt in 5 <
pT < 7 GeV/c for charm- and beauty-enhanced samples obtained for minimum-
bias and high-multiplicity triggered pp collisions at √s = 13 TeV. Only statistical 
uncertainties are shown. The blue line represents the linear fit to the data with the 
blue band indicating its 1σ confidence interval.

Table 1
Summary of the relative systematic uncertainties on the ρ00 pa-
rameter of prompt and non-prompt D∗+ mesons for different 
pT intervals.

Prompt Non-prompt

pT (GeV/c) 5–7 10–20 5–7 10–20

Signal yield 2.0% 0.5% 4.0% 2.0%
Tracking efficiency negl. 1.0% 2.0% 4.0%
BDT efficiency 0.5% 3.5% 6.0% 5.0%
(Non-)prompt fraction negl. negl. 0.5% negl.

Total 2.5% 3.5% 8.0% 6.5%

sian width free in the fit, and using a bin-counting method for 
the raw-yield extraction. In the bin-counting method the signal 
yield is extracted by integrating the invariant-mass distribution 
after subtracting the background estimated from the background 
fit function. The systematic uncertainty associated with the track 
selection and reconstruction efficiency was evaluated by varying 
the track-quality selection criteria as described in Ref. [76]. The 
systematic uncertainty on the selection efficiency originates from 
imperfections in the description of the decay kinematics as well as 
the detector resolution and alignment in the simulation. It was es-
timated by comparing the ρ00 parameters obtained for prompt and 
non-prompt D∗+ mesons with different BDT selection criteria. The 
uncertainty associated with the (non-)prompt fraction estimation 
was evaluated by varying the selection criteria described in Sec. 2, 
as well as the configuration of the invariant-mass fits. All of the 
above mentioned variations were performed independently and, 
assuming they are uncorrelated with each other, added in quadra-
ture to obtain the total systematic uncertainties. Table 1 sum-
marises the values of the systematic uncertainties for the lowest 
and highest pT intervals, reporting separately the various sources 
for prompt and non-prompt D∗+ mesons. The total systematic un-
certainty ranges between 2.5% and 3.5% for prompt D∗+ mesons, 
and between 6.5% and 8% for non-prompt D∗+ mesons. These sys-
tematic uncertainties were considered as fully correlated as a func-
tion of pT.

In order to validate the results of the measurements, an addi-
tional analysis was performed with respect to a random quanti-
sation axis (random unit vector direction in 3-dimensional space) 
which breaks the correlation between the helicity axis and the 
daughter momentum direction, due to helicity conservation. As ex-

Fig. 5. The spin density matrix element (ρ00) for prompt and non-prompt D∗+
mesons as a function of pT in pp collisions at √s = 13 TeV. Measurements are 
carried out with respect to the helicity axis at |y| < 0.8. Statistical and systematic 
uncertainties are represented by bars and boxes, respectively. The measurements are 
compared with the estimations from the QCD-based MC event generator Pythia 8 +
EvtGen [70,77]. Model estimations are shown by colour bands where the width of 
the band corresponds to the statistical uncertainty in model calculations.

pected, the extracted ρ00 values for both prompt and non-prompt 
D∗+ mesons are consistent with 1/3.

4. Results

Fig. 5 shows the ρ00 values with respect to the helicity axis 
for prompt and non-prompt D∗+ mesons as a function of pT in 
pp collisions at 

√
s = 13 TeV. The measurements are performed in 

|y| < 0.8. The ρ00 values for prompt D∗+ mesons are consistent 
with 1/3, while for non-prompt D∗+ mesons they are significantly 
larger than 1/3 throughout the studied pT range. The values mea-
sured in the three pT intervals were averaged using the corrected 
yields of prompt and non-prompt D∗+ mesons as weights. The re-
sulting ρ00 values in the pT interval between 5 and 20 GeV/c are

ρ00(prompt D∗+) = 0.324 ± 0.004(stat.) ± 0.008(syst.),

ρ00(non-prompt D∗+) = 0.455 ± 0.022(stat.) ± 0.035(syst.).

(5)

This finding implies no spin alignment for prompt D∗+ mesons 
with a simultaneous non-zero spin alignment of non-prompt D∗+
mesons in high-energy pp collisions. The evidence of non-prompt 
D∗+-meson spin alignment can be understood as a consequence of 
helicity conservation in the decay of beauty scalar mesons to vec-
tor mesons. Measured ρ00 values are further compared with the 
MC event generator Pythia 8 + EvtGen [70,77]. The EvtGen decay 
package, which conserves the helicity and account for the V-A na-
ture in the decay of beauty mesons, is used in place of the default
Pythia 8 decayer. In this case, model calculations are found to be 
in agreement with the extracted ρ00 values for both prompt and 
non-prompt D∗+ mesons, while if the EvtGen package is not used, 
the ρ00 parameter is found to be compatible with 1/3 for both 
prompt and non-prompt D∗+ mesons. The measured ρ00 for non-
prompt D∗+ mesons is qualitatively consistent with the longitudi-
nal polarisation fraction ( fL) observed by the LHCb collaboration 
in the B0 → D∗−D∗+

s decay with respect to a different quantisa-
tion axis defined by the B-meson momentum direction [55]. The 
direct comparison between the magnitudes of fL and ρ00 mea-
sured by the LHCb and ALICE Collaborations is not possible due 
to the different quantisation axis and the different decay channels. 
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Fig. 6. Model simulation based on the MC event generator Pythia 8 + EvtGen [70,
77] for the spin density matrix element (ρ00) for D∗+ mesons with respect to the 
direction perpendicular to the reaction plane as a function of fnon-prompt . Model 
simulations are carried out for D∗+ mesons at midrapidity (|y| < 0.8) with two 
input values of v2.

Therefore, dedicated model calculations are required for a quanti-
tative comparison of the ALICE and LHCb data.

After the validation of the helicity conservation in the Hb →
D∗+ + X decays via the comparison with the measurement pre-
sented in this letter, the predicted ρ00 value obtained with
Pythia 8 and the EvtGen decay package can be used to estimate 
the magnitude of the corresponding contribution to the spin align-
ment in heavy-ion collisions. In particular, the spin alignment of 
non-prompt D∗+ meson with respect to the helicity axis can af-
fect the measurements of D∗+ spin alignment with respect to the 
reaction plane in heavy-ion collisions. Due to the elliptic flow of 
the non-prompt D∗+ mesons [50,51,78–80] in heavy-ion collisions, 
the helicity axis is correlated to the direction of the angular mo-
mentum and the magnetic field, which are perpendicular to the 
orientation of the reaction plane [50]. In order to obtain a quanti-
tative estimate of this effect for heavy-ion collisions, a combination 
of Pythia 8 and the EvtGen decay package, which are in good 
agreement with ALICE measurements as shown in Fig. 5, is used to 
model the spin alignment of non-prompt D∗+-mesons with respect 
to the helicity axis. Elliptic flow modulations of non-prompt D∗+
mesons are introduced in the simulation by an appropriate rota-
tion of the D∗+ and its decay product momentum in the azimuthal 
plane. Introducing v2 modulation aligns the momentum direction 
of non-prompt D∗+ in the direction perpendicular to the reac-
tion plane. Two different calculations with v2 values of 0.05 and 
0.1 were performed. These values were chosen to mimic measure-
ments reported by the ALICE and ATLAS Collaborations of leptons 
from beauty-hadron decays for midcentral Pb–Pb collisions [81,82]. 
Fig. 6 shows the calculated ρ00 values for D∗+ mesons as a func-
tion of fnon-prompt with respect to the direction perpendicular to 
the reaction plane. It is found that in the presence of v2, helic-
ity conservation in the beauty-meson decay leads to a value of ρ00
less than 1/3. The opposite direction with respect to 1/3 com-
pared to the measurement presented in this letter is due to the 
different quantisation axis. In the recombination hadronisation sce-
nario of polarised quarks, the expected value of ρ00 for both the 
magnetic field and angular momentum is also less than 1/3 [42]. 
Therefore, in the presence of v2 the spin alignment of non-prompt 
D∗+ mesons due to the helicity conservation in beauty-meson de-
cays mimics the signal of global spin alignment, expected due 
to the presence of large angular momentum and magnetic field 
in midcentral heavy-ion collisions. In the presence of additional 
non-flow correlations (i.e. correlations not induced by the collec-

tive expansion but rather by decays and jet contributions) [83], 
this effect can get further enhanced. A sizeable fraction of non-
prompt D∗+ mesons, e.g. fnon-prompt = 0.2 [72,74] can give on the 
order of 5% deviation from the ρ00 = 1/3. This contribution is not 
negligible considering the recent J/ψ polarisation measurement 
in Pb–Pb collisions by the ALICE Collaboration where a deviation 
up to 10% from the ρ00 = 1/3 was observed [52]. Thanks to the 
higher luminosity and improved spatial resolution of the upgraded 
ITS installed in ALICE for the LHC Run 3 [84,85], future measure-
ments with non-prompt charm hadrons of the spin alignment in 
pp collisions and azimuthal anisotropy in heavy-ion collisions will 
provide a more accurate baseline for understanding effects induced 
by the initial angular momentum and magnetic field in non-central 
heavy-ion collisions.

5. Summary

The first measurements for prompt and non-prompt D∗+ me-
son spin alignment with respect to the helicity axis at midrapidity 
in pp collisions at 

√
s = 13 TeV are presented. No spin alignment 

is observed for the prompt D∗+ mesons in pp collisions, with 
measured ρ00 values being consistent with 1/3. This observation 
is consistent with previous measurements in e+e− collisions far 
from the Z0 resonance and suggests that charm quarks are either 
produced unpolarised or their polarisation is washed out during 
the hadronisation process. The measured value for the non-prompt 
D∗+-meson spin density element is ρ00 = 0.455 ± 0.022(stat.) ±
0.035(syst.) in the 5 < pT < 20 GeV/c interval. The measured value 
is compatible with the prediction from Pythia 8 + EvtGen sim-
ulations and is interpreted as an evidence of spin alignment of 
non-prompt D∗+ mesons with respect to the helicity axis due to 
the helicity conservation in beauty-meson decays. Based on the 
measurements and MC simulations, it was estimated that the spin 
alignment of the non-prompt D∗+ mesons in the presence of ellip-
tic flow can mimic the signal of global spin alignment in heavy-ion 
collisions. The new data presented in this letter provide an im-
portant baseline for future spin alignment measurements of D∗+
vector mesons in heavy-ion collisions, which probe the initial an-
gular momentum and magnetic field.
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A. Bilandzic 94, , G. Biro 136, , S. Biswas 4, , N. Bize 102, , J.T. Blair 107, , D. Blau 140, , 

M.B. Blidaru 96, , N. Bluhme 38, C. Blume 63, , G. Boca 21,54, , F. Bock 86, , T. Bodova 20, , 
A. Bogdanov 140, S. Boi 22, , J. Bok 57, , L. Boldizsár 136, , M. Bombara 37, , P.M. Bond 32, , 

G. Bonomi 131,54, , H. Borel 127, , A. Borissov 140, , A.G. Borquez Carcamo 93, , H. Bossi 137, , 

E. Botta 24, , Y.E.M. Bouziani 63, , L. Bratrud 63, , P. Braun-Munzinger 96, , M. Bregant 109, , 

M. Broz 35, , G.E. Bruno 95,31, , M.D. Buckland 23, , D. Budnikov 140, , H. Buesching 63, , 

S. Bufalino 29, , O. Bugnon 102, P. Buhler 101, , Z. Buthelezi 67,120, , S.A. Bysiak 106, M. Cai 6, , 

H. Caines 137, , A. Caliva 96, , E. Calvo Villar 100, , J.M.M. Camacho 108, , P. Camerini 23, , 

F.D.M. Canedo 109, , M. Carabas 123, , A.A. Carballo 32, , F. Carnesecchi 32, , R. Caron 125, , 
L.A.D. Carvalho 109, , J. Castillo Castellanos 127, , F. Catalano 24, , C. Ceballos Sanchez 141, , 

I. Chakaberia 73, , P. Chakraborty 46, , S. Chandra 132, , S. Chapeland 32, , M. Chartier 116, , 

S. Chattopadhyay 132, , S. Chattopadhyay 98, , T.G. Chavez 44, , T. Cheng 96,6, , C. Cheshkov 125, , 

B. Cheynis 125, , V. Chibante Barroso 32, , D.D. Chinellato 110, , E.S. Chizzali 94, ,II, J. Cho 57, , 

S. Cho 57, , P. Chochula 32, , P. Christakoglou 83, , C.H. Christensen 82, , P. Christiansen 74, , 

T. Chujo 122, , M. Ciacco 29, , C. Cicalo 51, , F. Cindolo 50, , M.R. Ciupek 96, G. Clai 50,III, 

F. Colamaria 49, , J.S. Colburn 99, D. Colella 95,31, , M. Colocci 32, , M. Concas 55, ,IV, G. Conesa 

Balbastre 72, , Z. Conesa del Valle 128, , G. Contin 23, , J.G. Contreras 35, , M.L. Coquet 127, , 

T.M. Cormier 86,I, P. Cortese 130,55, , M.R. Cosentino 111, , F. Costa 32, , S. Costanza 21,54, , C. Cot 128, , 
J. Crkovská 93, , P. Crochet 124, , R. Cruz-Torres 73, , E. Cuautle 64, P. Cui 6, , A. Dainese 53, , 

M.C. Danisch 93, , A. Danu 62, , P. Das 79, , P. Das 4, , S. Das 4, , A.R. Dash 135, , S. Dash 46, , 
R.M.H. David 44, A. De Caro 28, , G. de Cataldo 49, , J. de Cuveland 38, A. De Falco 22, , D. De 

Gruttola 28, , N. De Marco 55, , C. De Martin 23, , S. De Pasquale 28, , S. Deb 47, , R.J. Debski 2, , 

K.R. Deja 133, R. Del Grande 94, , L. Dello Stritto 28, , W. Deng 6, , P. Dhankher 18, , D. Di Bari 31, , 

A. Di Mauro 32, , R.A. Diaz 141,7, , T. Dietel 112, , Y. Ding 125,6, , R. Divià 32, , D.U. Dixit 18, , 

Ø. Djuvsland 20, U. Dmitrieva 140, , A. Dobrin 62, , B. Dönigus 63, , J.M. Dubinski 133, , A. Dubla 96, , 

S. Dudi 89, , P. Dupieux 124, , M. Durkac 105, N. Dzalaiova 12, T.M. Eder 135, , R.J. Ehlers 86, , 

V.N. Eikeland 20, F. Eisenhut 63, , D. Elia 49, , B. Erazmus 102, , F. Ercolessi 25, , F. Erhardt 88, , 
M.R. Ersdal 20, B. Espagnon 128, , G. Eulisse 32, , D. Evans 99, , S. Evdokimov 140, , L. Fabbietti 94, , 

9

http://orcid.org/0009-0000-7365-1064
http://orcid.org/0000-0002-2205-5761
http://orcid.org/0000-0003-0177-0536
http://orcid.org/0000-0001-8910-9173
http://orcid.org/0009-0005-4862-5370
http://orcid.org/0000-0002-8079-7026
http://orcid.org/0000-0002-6180-4243
http://orcid.org/0000-0001-8535-0680
http://orcid.org/0000-0002-2372-6117
http://orcid.org/0009-0006-0236-2680
http://orcid.org/0000-0002-7366-8891
http://orcid.org/0000-0001-7516-3726
http://orcid.org/0000-0002-5478-6120
http://orcid.org/0000-0001-7662-3878
http://orcid.org/0000-0003-0614-7671
http://orcid.org/0009-0002-1990-7289
http://orcid.org/0000-0001-6367-9215
http://orcid.org/0000-0003-3142-6787
http://orcid.org/0000-0001-6698-9577
http://orcid.org/0000-0002-5194-2079
http://orcid.org/0000-0003-2316-9565
http://orcid.org/0000-0002-3888-8303
http://orcid.org/0009-0008-5460-6805
http://orcid.org/0000-0003-4277-4963
http://orcid.org/0000-0002-2501-6856
http://orcid.org/0000-0002-0569-4828
http://orcid.org/0009-0008-4806-8019
http://orcid.org/0000-0002-4343-4883
http://orcid.org/0009-0009-9085-079X
http://orcid.org/0000-0001-7987-4592
http://orcid.org/0000-0003-1172-0225
http://orcid.org/0000-0002-0359-1403
http://orcid.org/0000-0002-6186-289X
http://orcid.org/0000-0002-3082-4209
http://orcid.org/0000-0001-5743-7578
http://orcid.org/0000-0002-7178-3001
http://orcid.org/0000-0001-5971-6415
http://orcid.org/0000-0003-2088-1290
http://orcid.org/0000-0002-7328-9154
http://orcid.org/0000-0001-9223-6480
http://orcid.org/0000-0001-7357-9904
http://orcid.org/0000-0003-0611-9283
http://orcid.org/0000-0002-6454-0052
http://orcid.org/0009-0002-3371-4483
http://orcid.org/0000-0001-7633-1189
http://orcid.org/0009-0006-7928-4203
http://orcid.org/0000-0002-6905-8345
http://orcid.org/0000-0003-0687-8124
http://orcid.org/0000-0001-8638-6300
http://orcid.org/0009-0000-0199-3372
http://orcid.org/0009-0009-2974-6985
http://orcid.org/0000-0001-9148-9101
http://orcid.org/0000-0003-2784-3094
http://orcid.org/0000-0001-7431-4051
http://orcid.org/0000-0002-7908-3288
http://orcid.org/0000-0002-2599-7957
http://orcid.org/0009-0005-5922-8936
http://orcid.org/0000-0002-0442-6549
http://orcid.org/0000-0003-3498-4661
http://orcid.org/0000-0002-3156-0188
http://orcid.org/0000-0002-4862-3384
http://orcid.org/0000-0003-2843-9667
http://orcid.org/0000-0002-9040-5292
http://orcid.org/0000-0003-4673-8038
http://orcid.org/0000-0002-4911-7766
http://orcid.org/0000-0003-0309-5917
http://orcid.org/0000-0003-3705-7898
http://orcid.org/0009-0004-5511-2496
http://orcid.org/0000-0001-5253-2517
http://orcid.org/0000-0002-1373-1844
http://orcid.org/0000-0001-7883-3190
http://orcid.org/0000-0002-3687-8179
http://orcid.org/0000-0002-3643-1502
http://orcid.org/0000-0002-3755-0992
http://orcid.org/0000-0003-1664-8189
http://orcid.org/0000-0001-6861-2810
http://orcid.org/0000-0003-4940-2441
http://orcid.org/0000-0003-1659-0394
http://orcid.org/0000-0001-5613-7629
http://orcid.org/0009-0001-0415-8257
http://orcid.org/0000-0003-0002-4654
http://orcid.org/0000-0003-2849-0120
http://orcid.org/0000-0003-3578-5373
http://orcid.org/0009-0008-5850-0274
http://orcid.org/0000-0002-4681-3002
http://orcid.org/0000-0002-4266-8338
http://orcid.org/0000-0002-8085-8597
http://orcid.org/0000-0002-6800-3465
http://orcid.org/0000-0002-2829-5950
http://orcid.org/0000-0003-4185-2093
http://orcid.org/0009-0001-4479-0417
http://orcid.org/0000-0002-5942-812X
http://orcid.org/0000-0001-6283-2927
http://orcid.org/0009-0009-8669-3875
http://orcid.org/0000-0001-7333-224X
http://orcid.org/0009-0004-0514-1723
http://orcid.org/0000-0003-1618-9648
http://orcid.org/0000-0001-8879-6290
http://orcid.org/0000-0003-2881-9635
http://orcid.org/0009-0009-3727-3102
http://orcid.org/0000-0001-7602-6432
http://orcid.org/0000-0002-5054-1521
http://orcid.org/0000-0003-3468-3164
http://orcid.org/0000-0002-3069-5822
http://orcid.org/0000-0003-2527-0720
http://orcid.org/0000-0001-9610-5218
http://orcid.org/0000-0002-3075-1556
http://orcid.org/0000-0001-6247-9633
http://orcid.org/0009-0008-2547-0419
http://orcid.org/0009-0009-7215-3122
http://orcid.org/0009-0009-4284-8943
http://orcid.org/0000-0002-0413-9478
http://orcid.org/0000-0003-2049-1380
http://orcid.org/0000-0002-8880-1608
http://orcid.org/0009-0001-3424-1553
http://orcid.org/0000-0002-1595-411X
http://orcid.org/0000-0002-2543-0336
http://orcid.org/0000-0002-5269-9779
http://orcid.org/0000-0001-5945-3424
http://orcid.org/0000-0002-9261-9497
http://orcid.org/0000-0003-0604-2044
http://orcid.org/0000-0002-4008-9922
http://orcid.org/0000-0002-8024-9441
http://orcid.org/0000-0001-9981-7536
http://orcid.org/0000-0001-7610-8673
http://orcid.org/0000-0001-9822-0463
http://orcid.org/0000-0002-5187-2779
http://orcid.org/0000-0002-0722-7692
http://orcid.org/0000-0002-0985-4155
http://orcid.org/0000-0002-9614-4046
http://orcid.org/0000-0002-3311-1175
http://orcid.org/0000-0003-4238-2302
http://orcid.org/0000-0003-4511-4784
http://orcid.org/0000-0003-0578-5567
http://orcid.org/0000-0003-1097-8806
http://orcid.org/0000-0002-8789-0004
http://orcid.org/0000-0002-6224-1577
http://orcid.org/0009-0004-0724-7003
http://orcid.org/0009-0002-8368-9407
http://orcid.org/0000-0002-4891-5168
http://orcid.org/0000-0001-6837-3362
http://orcid.org/0000-0002-9982-9577
http://orcid.org/0009-0009-7059-0601
http://orcid.org/0009-0001-4181-8891
http://orcid.org/0000-0003-0000-2674
http://orcid.org/0009-0009-5292-9579
http://orcid.org/0000-0002-4325-0646
http://orcid.org/0000-0002-1850-0121
http://orcid.org/0000-0001-7066-3473
http://orcid.org/0000-0001-5433-969X
http://orcid.org/0000-0002-8804-1100
http://orcid.org/0000-0001-5129-1723
http://orcid.org/0000-0002-4255-7347
http://orcid.org/0000-0003-2677-7961
http://orcid.org/0000-0001-9102-9500
http://orcid.org/0000-0001-7804-0721
http://orcid.org/0000-0003-4167-9665
http://orcid.org/0000-0001-5283-3520
http://orcid.org/0000-0002-7602-2930
http://orcid.org/0000-0001-9504-2702
http://orcid.org/0000-0002-9677-5294
http://orcid.org/0000-0002-8343-8758
http://orcid.org/0000-0003-2778-6421
http://orcid.org/0000-0002-7880-8611
http://orcid.org/0000-0001-6955-3314
http://orcid.org/0000-0002-5860-585X
http://orcid.org/0000-0001-5845-6500
http://orcid.org/0000-0002-7946-7580
http://orcid.org/0000-0001-7528-6523
http://orcid.org/0000-0001-6359-0608
http://orcid.org/0000-0001-5140-9816
http://orcid.org/0000-0002-2166-1874
http://orcid.org/0000-0002-5165-6638
http://orcid.org/0000-0002-8899-3654
http://orcid.org/0009-0002-3904-8872
http://orcid.org/0000-0003-2771-9069
http://orcid.org/0000-0002-2678-6780
http://orcid.org/0000-0001-6632-7741
http://orcid.org/0000-0001-5008-6859
http://orcid.org/0000-0002-7865-4202
http://orcid.org/0000-0002-3220-4505
http://orcid.org/0000-0002-0830-4872
http://orcid.org/0000-0002-7055-6181
http://orcid.org/0000-0002-5884-4404
http://orcid.org/0000-0002-0711-4022
http://orcid.org/0000-0001-9236-0748
http://orcid.org/0000-0002-0175-3712
http://orcid.org/0000-0003-3283-6032
http://orcid.org/0000-0002-7599-2716
http://orcid.org/0000-0001-6700-7950
http://orcid.org/0000-0003-2860-9881
http://orcid.org/0000-0002-6562-5082
http://orcid.org/0000-0002-5559-8906
http://orcid.org/0000-0003-0348-092X
http://orcid.org/0000-0002-4886-6052
http://orcid.org/0000-0002-2065-6256
http://orcid.org/0009-0005-3775-1945
http://orcid.org/0000-0002-6357-7857
http://orcid.org/0009-0000-1217-7768
http://orcid.org/0000-0001-6853-8905
http://orcid.org/0000-0003-4432-4026
http://orcid.org/0000-0003-0739-0120
http://orcid.org/0000-0002-2568-0132
http://orcid.org/0000-0002-9582-8948
http://orcid.org/0009-0007-4091-5327
http://orcid.org/0000-0002-0207-2871
http://orcid.org/0009-0008-9752-4391
http://orcid.org/0000-0002-3897-0876
http://orcid.org/0009-0006-9458-8723
http://orcid.org/0000-0001-6351-2378
http://orcid.org/0009-0003-4464-3366
http://orcid.org/0000-0001-7873-0968
http://orcid.org/0000-0001-9410-246X
http://orcid.org/0000-0003-2449-3172
http://orcid.org/0000-0003-1795-6212
http://orcid.org/0000-0002-8427-322X
http://orcid.org/0000-0002-4239-6424
http://orcid.org/0000-0002-2325-8368


ALICE Collaboration Physics Letters B 846 (2023) 137920

M. Faggin 27, , J. Faivre 72, , F. Fan 6, , W. Fan 73, , A. Fantoni 48, , M. Fasel 86, , P. Fecchio 29, 

A. Feliciello 55, , G. Feofilov 140, , A. Fernández Téllez 44, , L. Ferrandi 109, , M.B. Ferrer 32, , 
A. Ferrero 127, , C. Ferrero 55, , A. Ferretti 24, , V.J.G. Feuillard 93, , V. Filova 35, , D. Finogeev 140, , 

F.M. Fionda 51, , F. Flor 113, , A.N. Flores 107, , S. Foertsch 67, , I. Fokin 93, , S. Fokin 140, , 
E. Fragiacomo 56, , E. Frajna 136, , U. Fuchs 32, , N. Funicello 28, , C. Furget 72, , A. Furs 140, , 

T. Fusayasu 97, , J.J. Gaardhøje 82, , M. Gagliardi 24, , A.M. Gago 100, , C.D. Galvan 108, , 

D.R. Gangadharan 113, , P. Ganoti 77, , C. Garabatos 96, , J.R.A. Garcia 44, , E. Garcia-Solis 9, , 

K. Garg 102, , C. Gargiulo 32, , K. Garner 135, P. Gasik 96, , A. Gautam 115, , M.B. Gay Ducati 65, , 

M. Germain 102, , A. Ghimouz 122, C. Ghosh 132, M. Giacalone 50,25, , P. Giubellino 96,55, , 
P. Giubilato 27, , A.M.C. Glaenzer 127, , P. Glässel 93, , E. Glimos 119, , D.J.Q. Goh 75, V. Gonzalez 134, , 

L.H. González-Trueba 66, , M. Gorgon 2, , S. Gotovac 33, V. Grabski 66, , L.K. Graczykowski 133, , 

E. Grecka 85, , A. Grelli 58, , C. Grigoras 32, , V. Grigoriev 140, , S. Grigoryan 141,1, , F. Grosa 32, , 

J.F. Grosse-Oetringhaus 32, , R. Grosso 96, , D. Grund 35, , G.G. Guardiano 110, , R. Guernane 72, , 

M. Guilbaud 102, , K. Gulbrandsen 82, , T. Gündem 63, , T. Gunji 121, , W. Guo 6, , A. Gupta 90, , 

R. Gupta 90, , S.P. Guzman 44, , L. Gyulai 136, , M.K. Habib 96, C. Hadjidakis 128, , F.U. Haider 90, , 

H. Hamagaki 75, , A. Hamdi 73, , M. Hamid 6, Y. Han 138, , R. Hannigan 107, , M.R. Haque 133, , 

J.W. Harris 137, , A. Harton 9, , H. Hassan 86, , D. Hatzifotiadou 50, , P. Hauer 42, , L.B. Havener 137, , 

S.T. Heckel 94, , E. Hellbär 96, , H. Helstrup 34, , M. Hemmer 63, , T. Herman 35, , G. Herrera 

Corral 8, , F. Herrmann 135, S. Herrmann 125, , K.F. Hetland 34, , B. Heybeck 63, , H. Hillemanns 32, , 

C. Hills 116, , B. Hippolyte 126, , F.W. Hoffmann 69, , B. Hofman 58, , B. Hohlweger 83, , 

G.H. Hong 138, , M. Horst 94, , A. Horzyk 2, , Y. Hou 6, , P. Hristov 32, , C. Hughes 119, , P. Huhn 63, 

L.M. Huhta 114, , C.V. Hulse 128, , T.J. Humanic 87, , A. Hutson 113, , D. Hutter 38, , J.P. Iddon 116, , 

R. Ilkaev 140, H. Ilyas 13, , M. Inaba 122, , G.M. Innocenti 32, , M. Ippolitov 140, , A. Isakov 85, , 

T. Isidori 115, , M.S. Islam 98, , M. Ivanov 96, , M. Ivanov 12, V. Ivanov 140, , M. Jablonski 2, , 

B. Jacak 73, , N. Jacazio 32, , P.M. Jacobs 73, , S. Jadlovska 105, J. Jadlovsky 105, S. Jaelani 81, , L. Jaffe 38, 

C. Jahnke 110, , M.J. Jakubowska 133, , M.A. Janik 133, , T. Janson 69, M. Jercic 88, S. Jia 10, , 

A.A.P. Jimenez 64, , F. Jonas 86, , J.M. Jowett 32,96, , J. Jung 63, , M. Jung 63, , A. Junique 32, , 

A. Jusko 99, , M.J. Kabus 32,133, , J. Kaewjai 104, P. Kalinak 59, , A.S. Kalteyer 96, , A. Kalweit 32, , 

V. Kaplin 140, , A. Karasu Uysal 71, , D. Karatovic 88, , O. Karavichev 140, , T. Karavicheva 140, , 

P. Karczmarczyk 133, , E. Karpechev 140, , U. Kebschull 69, , R. Keidel 139, , D.L.D. Keijdener 58, 

M. Keil 32, , B. Ketzer 42, , A.M. Khan 6, , S. Khan 15, , A. Khanzadeev 140, , Y. Kharlov 140, , 
A. Khatun 115,15, , A. Khuntia 106, , M.B. Kidson 112, B. Kileng 34, , B. Kim 16, , C. Kim 16, , 

D.J. Kim 114, , E.J. Kim 68, , J. Kim 138, , J.S. Kim 40, , J. Kim 68, , M. Kim 18,93, , S. Kim 17, , 

T. Kim 138, , K. Kimura 91, , S. Kirsch 63, , I. Kisel 38, , S. Kiselev 140, , A. Kisiel 133, , J.P. Kitowski 2, , 

J.L. Klay 5, , J. Klein 32, , S. Klein 73, , C. Klein-Bösing 135, , M. Kleiner 63, , T. Klemenz 94, , 

A. Kluge 32, , A.G. Knospe 113, , C. Kobdaj 104, , T. Kollegger 96, A. Kondratyev 141, , 

N. Kondratyeva 140, , E. Kondratyuk 140, , J. Konig 63, , S.A. Konigstorfer 94, , P.J. Konopka 32, , 

G. Kornakov 133, , M. Korwieser 94, , S.D. Koryciak 2, , A. Kotliarov 85, , V. Kovalenko 140, , 

M. Kowalski 106, , V. Kozhuharov 36, , I. Králik 59, , A. Kravčáková 37, , L. Kreis 96, M. Krivda 99,59, , 
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