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The substructure of jets in quantum chromodynamics (QCD) has garnered significant attention with the
advent of infrared- and collinear-safe clustering algorithms and observables. A key question emerging from
these studies is how in-jet emissions at soft and hard energy scales, across collinear and wide angles relative to
the emitter, differ with the mass of the emitting parton. The Lund jet plane (LJP) is a perturbatively well-
defined substructure observable that maps the radiation pattern of jets onto a plane, visually distinguishing
emissions with different kinematic properties. Comparing LJP for jets containing hadrons of low versus high
mass enables the testing of QCD splitting functions from first-principles calculations across both soft and hard
regimes and at different radiation angles. This article presents the first measurement of the LJP for light-quark-
enriched and beauty-initiated jets at a center-of-mass energy of 13 TeV at LHCb. This marks the first direct
observation of the dead-cone effect in beauty-quark jets, measured in the collinear region of the LJP.
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I. INTRODUCTION

Due to color confinement in quantum chromodynamics
(QCD), quarks and gluons are not directly accessible. The
hard scattering of quarks and gluons is instead detected
through boosted sprays of particles called jets. During the
formation of a jet, a high-energy parton will radiate other
partons leading to a cascade of QCD emissions called the
parton shower. The initiating parton will lose energy until
the hadronization scale is reached where partons combine
into color-neutral bound states called hadrons. Heavy
quarks exhibit hard fragmentation, transferring on average
about 60% (80%) of their energy to the charm (beauty)
hadron [1-5], whereas light quarks (up, down, and strange)
radiate away most of their energy during the parton shower.
These differences are fundamentally due to the dead-cone
effect in QCD [6], which is the suppression of collinear
radiation from massive quarks. The angle below which
radiation is expected to be suppressed is referred to as the
dead-cone angle (6,) and increases with larger quark mass,

0,=-1, (1)
q

where g represents a quark, m, is its mass, and E, is its
energy. This effect is not limited to heavy quarks, but the
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low mass of light quarks reduces the dead cone to an
immeasurably small angle. An indirect observation of
the dead-cone effect was made by the DELPHI
Collaboration at the Large Electron-Positron collider [7],
which observed a suppression in the angular distribution of
fragmentation particles in beauty-quark jets relative to
charm- and light-quark jets. On the other hand, a direct
observation of the dead-cone effect was made only recently
by the ALICE Collaboration in charm-initiated jets relative
to inclusive jets [8]. The direct observation required careful
reconstruction of the branching history of the jet, taking
advantage of the angular ordering property of QCD
radiation [9].

By analyzing the properties of each emission in the
branching history, a powerful representation of QCD
radiation, called the Lund jet plane (LJP) [10,11], can be
constructed. The LJP is a jet substructure observable that
separates the phase space of emissions in jets into different
regions. Measuring the LJP is highly valuable for testing
all-order logarithmic resummations in QCD and the parton
shower and hadronization models of Monte Carlo event
generators [11,12]. The LJP has also been used for quark/
gluon jet discrimination [13], jet tagging [11,14,15], dark
sector searches [16], obtaining gluon-enriched emissions
[17], and more. Measuring the LIP for heavy-flavor (HF)
jets provides an additional test of HF jet substructure
calculations, where multiple scales (the jet transverse
momentum, jet radius, and heavy-quark mass) are present
which can spoil the convergence of the perturbative
expansion [18].

To construct the LJP, it is helpful to first characterize the
1 — 2 parton splitting in a jet, shown in Fig. 1. The four-
momenta of the two decay partons are labeled by py..q and
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FIG. 1. An example Feynman diagram of a 1 — 2 parton
splitting during the jet shower, in which a gluon is radiated
from a quark.

Psofi» defined according to the momentum transverse to the
beam: prpaa > Prsof- The four-momentum of the radiat-
ing parton is given by pr.g = Phad + Psor- The kinematics
of the splitting are described using two representations:
[z, AR] and [k, AR], where z is the pr fraction carried by
the softer particle, kt is the relative transverse momentum
of the softer particle to the radiating parton, and AR is the
angular distance in rapidity (y) and azimuthal angle (¢)
between the radiating parton and the soft emission,

PT soft
9
DT soft + PT hard

kT = pT,SOftAR7
AR = \/(ysoft - yrad)2 + (¢soft — ¢rad)2~ (2)

<

The structure of the splitting function of parton i to
parton plus gluon ig in QCD [19-21] in the soft-collinear
limit is given by

_ 20, (kr)C; 0 dz

dPi—>ig - (3)

T 6 7z’

where a,(kr) is the strong coupling constant at a momen-
tum scale kp, C; is the Casimir color factor of a quark
(Cr =4/3) or gluon (C, = 3), and 0 is the angle between
the two product partons in the laboratory frame. Using the
boost-invariant quantities along the beam direction in their

logarithmic forms leads to a uniform distribution of soft-
collinear emissions in the LJP:

1 1

To populate the LJP, an iterative declustering procedure
is performed by traversing the Cambridge/Aachen (C/A)
jet tree [11] starting from its initiating parton. The C/A
algorithm recombines particles that are close in angle first,
following the approximate angular ordering of QCD
radiation [22,23]. The kinematic properties kt, z, and
AR of each consecutive emission are recorded, and the
LJP is populated using these values, as shown in Fig. 2. At
each declustering step, the branch of the harder particle is
followed for light-quark and gluon jets, while for HF jets
the branch containing a fully reconstructed beauty hadron
is followed instead [9].

The LJP observables are then the emission densities p
given by

1 dzl’l
p(kr, AR) = Niws d1n (ky/(GeV/c))dIn (R/AR) (5)

and

1 d%n
Niew din (1/2)dIn (R/AR)

p(z,AR) = (6)

where Nj is the number of jets, n is the number of
emissions, and R is the jet radius parameter. Equation (5) is
referred to as the kp-LJP and Eq. (6) as the z-LJP. The
kr-LJP is useful for understanding the momentum scale of
an emission, whether it is more perturbative or nonpertur-
bative, and is structured primarily according to the running
of a,(kt). The z-LJP is useful for accessing the behavior of
the splitting functions in terms of the dimensionless
quantity z and separates soft and hard emissions in the
LJP more cleanly. Figure 3 shows sketches of the kr-LJP
and z-LJP with various types of gluon radiation in a jet.
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FIG. 2. Left: example of the declustering procedure of reclustered C/A jet constituents following the branch containing a
reconstructed B meson, highlighted in red. Right: populating the LJP with emissions from the declustering procedure.
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A sketch of the (left) kp-Lund jet plane and (right) z-Lund jet plane showing the various types of gluon radiation in a jet, such

as soft-collinear, nonperturbative, multiparton interactions (MPI) and underlying event (UE), etc. The color gradient indicates a
suppression of emissions for darker colors due to the dead-cone effect in heavy-quark jets.

There have been previous measurements of both the kr
and z representations of the LJP. The ATLAS experiment
has measured the z-LJP for charged tracks in inclusive
high-pr jets (pr > 675 GeV/c) [24], whereas the CMS
experiment has measured the kr-LJP for both small and
large jet radii (R = 0.4 and R = 0.8) [25]. These measure-
ments have focused on the LJP of midrapidity inclusive jets
at the LHC. However, there have been no measurements so
far of the LJP for jets initiated by heavy quarks, nor
predominantly light-quark-initiated jets. The comparison of
light- and heavy-quark radiation is complicated by the
presence of gluon-initiated jets when using an inclusive
sample. This is due to the larger Casimir color factor for
gluons compared with quarks. Thus, a light-quark-enriched
jet sample will facilitate direct comparisons of light- and
heavy-quark radiation patterns in jets.

This paper presents measurements of the kp-LJP and
z-LJP in light-quark-enriched and beauty-quark jets in
proton-proton (pp) collisions at a center-of-mass energy
\/s = 13 TeV at the LHCb experiment. The light-quark-
enriched sample is obtained from jets recoiling off a Z
boson reconstructed through the dimuon channel
Z — utu~, referred to as Z + jets, which have previously
been studied extensively by the LHCb Collaboration
[26-28]. The sample of jets containing a beauty quark is
obtained from jets built around fully reconstructed B*
mesons which are additionally required to pass a
Winner-Take-All (WTA) flavor tag [29,30], referred to
as B*-tagged jets. The B* mesons are reconstructed
through the B* — J/y(— ptu~)K* decay channel. A
fully reconstructed HF hadron is used for three reasons:
1) the decay products of the HF hadron can contaminate
the LJP, 2) the fully reconstructed HF hadron provides a
unique branch connecting the root of the C/A tree to a
final-state particle which can be followed during the
declustering procedure (as in Fig. 2), and 3) the
kinematics of the showering quark are better recon-
structed through the parton shower.

The data for this measurement are provided in the
HEPData repository [31].

II. DETECTOR AND DATA SAMPLE

The description of the LHCb detector presented here
concerns the relevant data-taking period 2016-2018. The
LHCb detector [32,33] is a single-arm forward spectrom-
eter covering the pseudorapidity range 2 < < 5, designed
for the study of particles containing b or ¢ quarks. The
detector includes a high-precision tracking system consist-
ing of a silicon-strip vertex detector surrounding the pp
interaction region [34], a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 T m, and three stations of silicon-strip detectors
and straw drift tubes [35] placed downstream of the
magnet. The tracking system provides a measurement of
the momentum of charged particles with a relative uncer-
tainty that varies from 0.5% at low momentum to 1.0% at
200 GeV/c [33]. The minimum distance of a track to a
primary pp collision vertex (PV), the impact parameter, is
measured with a resolution of (15 + 29/ pr) pm, where pr
is given in GeV/c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors (RICH) [36]. Photons, electrons and
hadrons are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromag-
netic (ECAL) and a hadronic (HCAL) calorimeter. Muons
are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [37].

The data samples used in this analysis correspond to an
integrated luminosity of 5.4 fb~!. The online event selec-
tion is performed by a trigger [38], which consists of a
hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which
applies a full event reconstruction.

Simulation is used to model the detector acceptance and
selection requirements, as well as to study potential back-
grounds. Proton-proton collisions are generated using
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Pythia8 [39] with a specific LHCb configuration [40], and
decays of unstable particles are simulated by EviGen [41],
with final-state radiation generated by PHOTOS [42]. The
interaction of generated particles with the detector and its
response is implemented using the Geant4 toolkit [43,44] as
detailed in Ref. [45]. To improve the simulated response of
the RICH detectors, particle identification (PID) variables
are corrected using calibration data from D** — D%z and
D’ — K=z" decays for K* and 7z mesons, as well as
Al — pK~n" decays for protons [46]. This correction
adjusts the variables to match the data distributions,
accounting for track kinematics.

III. EVENT RECONSTRUCTION AND SELECTION

In all of the data samples, only events with a single
reconstructed PV are selected to mitigate the effects of
pileup on jet reconstruction.

A. Z-boson selection

The reconstruction of Z-boson candidates is performed
through the combination of two oppositely charged muons,
at least one of which must pass the hardware-trigger
and subsequent software-trigger requirements. The trigger
requirements select good-quality tracks identified as
muons with pp(u*) > 12.5 GeV/c. Further selections
are then imposed on the muons, requiring them to have
pr(pF) > 20 GeV/c, 2.0 < n(u*) < 4.5, and an invariant
mass of 60 <M,, <120 GeV/ c?, as outlined in
Refs. [26,27]. They must also meet the track reconstruction
and muon identification criteria specified in Ref. [47].

B. Beauty-hadron selection

The B* — J/w(— pu"u~)K* signal candidates are
first required to pass the hardware trigger, which
selects events with at least one u* candidate with
pr(p*) > 1.35-1.80 GeV/c, or at least one p*pu~ candi-
date with \/pr(u™)pr(u™) > 1.3-1.5 GeV/c, where the
thresholds varied during the data-taking period [48]. In the
subsequent software trigger, the pair of muons is required
to have an invariant mass above 2.7 GeV/c?. The online
event selection uses the pair of oppositely charged muons
to reconstruct J /y-meson candidates that are required to be
within 100 MeV/c? of the known mass [49], displaced
from the PV, and have a py greater than 2 GeV/c. Kaons
are identified using information from the RICH detectors,
which further suppresses B* candidates arising from the
Cabibbo-suppressed decay B — J/y(— ptu~)a*. They
must also be inconsistent with originating from the PV and
have a transverse momentum greater than 250 MeV/c. The
B* candidates are required to have a mass greater than
5.15 GeV/c? and less than 5.58 GeV/c?. The asymmetry
in the mass window around the nominal B*-meson mass is
chosen to remove partially reconstructed background from

B — J/w(Kn)X decays, where X represents unrecon-
structed decay products, which appears as a broad shoulder
on the lower region of the mass spectrum. No minimum pr
requirement is imposed on the B*-meson candidates.

When performing fits to the B¥-meson mass spectrum,
candidates are constrained to originate from the PV and the
J/w-meson candidates are constrained to their known mass
value, yielding a better resolution on the candidate mass
peak [50]. These fits are performed after jet reconstruction
and are discussed in Sec. III C.

C. Jet reconstruction

Jets are reconstructed offline using a particle flow
algorithm [26], clustering neutral and charged candidates
with Fastet3.4.1 [51] using the anti-kr algorithm [52] with
E-scheme recombination, which defines the jet axis as the
sum of the four-momenta of reconstructed jet constituents.
The jets are reconstructed with a resolution (radius)
parameter of R =0.5 and a minimum jet transverse
momentum  prje > 20 GeV/c within 2.5 <y, < 4.0.
The rapidity range is restricted to ensure all particles inside
the jet are within the acceptance and have good
reconstruction efficiency. Since mass effects are significant,
rapidity is used in calculating angular distances as opposed
to pseudorapidity [53].

For the Z + jets sample, the jet must be produced in
the opposite direction to the Z-boson candidate,
determined by an azimuthal separation |Agy | greater

than 7{,

AR, o = \/(Ay,,,jet)2 + (A, jer)* < 0.5 relative to the

jet axis. Fake jets arising from noise or isolated energetic
leptons are suppressed with jet identification require-
ments [26]:

(1) jets are required to contain at least two particles

matched to the same PV;

(2) jets are required to contain at least one track

with pp > 1.2 GeV/c;

(3) no single particle carries more than 75% of

Prjecs and
(4) the fraction of prj, carried by charged particles
must be greater than 10%.
The jet with the highest pr in the event, satisfying all the
selection requirements, is chosen for further analysis.
Around 13400 Z + jet candidates pass the selection
requirements.

The B*-tagged jets are reconstructed with some key
differences. Prior to jet clustering, the decay products of the
BE meson are replaced with the B* meson candidate, and
after jet clustering, the jet whose constituents include the
B* meson is analyzed. These B* jets are further required to
be tagged using “WTA flavor” [30], which defines the
flavor of a jet by the net flavor of the constituents that lie
along the WTA axis [29]. In this case, the WTA axis is
required to coincide with the direction of the B* meson.

and is rejected if a muon is found within
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The WTA axis is found by reclustering the jet using the
C/ A algorithm with the pt recombination scheme, where the
direction of the WTA axis at each recombination is deter-
mined by the direction of the higher-pr branch, until
all particles have been recombined. The WTA axis is
insensitive to soft particles since it always lies along the
direction of the harder particle during a recombination step
[29]. The WTA-flavor tag ensures that theoretical calcula-
tions are infrared-safe to all orders, with a well understood
dependence on the collinear unsafety [30].

In addition to selection requirements on the jets as a
whole, selection criteria on the jet constituents are imposed
after jet clustering to select high-quality final-state par-
ticles. The momentum of each jet constituent is required to
be greater than 4 GeV/c and the transverse momentum
greater than 250 MeV/c which avoids low-efficiency
regions in phase space. Charged jet constituents are
required to have a good track-fit quality.

Following jet reconstruction, the number of signal
B*-meson candidates is determined from fits to the mass
distribution of all B*-meson candidates in bins of B*
transverse momentum. The signal distribution is fitted
using two double-sided Crystal Ball functions [54] with
shared peak position and tail parameters. The tail param-
eters are fixed from fits in simulation, while the peak
position and widths are left as free parameters. The
combinatorial background is fitted using a second-order
polynomial function and its fraction under the signal peak
decreases from 20% for prp- <4 GeV/c to negligible
values for prp: > 35 GeV/c. The misidentified back-
ground arising from Cabibbo-suppressed B* — J/y(—
urp~)m® decays is studied in simulation and is also fitted
using a double-sided Crystal Ball function, but is found to
be negligible in the overall fits.

The B*-mass signal region is defined by the intervals
[mo — No,mg + No| where my, is the peak position of the
signal distribution, o is the smaller of the two widths (which
provides better control over the mass window), and N = 2
for prp= <5GeV/c, N=3 for 5 < prp: <8 GeV/ec,
and N =4 for prz: > 8 GeV/c. The variable mass
window is chosen due to the larger combinatorial back-
ground fraction at low BT transverse momentum. The
edges of the signal region are approximately
[5.24,5.31] GeV/c? in most bins of pr g:.

The jet constituents are reclustered with the C/A
algorithm using a modified version of the LundGenerator
package in FICONTRIB 1.041 [11,51]. The default package
allows the declustering of the C/A tree following the
hardest branch, and the modification allows the decluster-
ing of the C/A tree following the branch containing the HF
hadron [9], as shown in Fig. 2. Requiring the WTA-flavor
tag on the B*-tagged jets leads to the HF branch being the
same as the hardest branch for over 99% of splittings. The
remaining <1% are due to the different recombination
schemes between the LJP reconstruction and the WTA-flavor

3000

t Data LHCb pp, 5.4 fb!
2500F  _p;

it model Vs=13 TeV
2000F ~Signal p. >12.5GeV/c
T, jet
=-Comb. bkg. 25<y <40
jet

8 <pT’ o 9 GeV/c

Candidates / (5.0 MeV/c?)
2

5.15 5.2 5.25 5.3 5.35 5.4 5.45 5.5 5.55
M, [GeV/e?]

FIG. 4. Mass distribution for B*-meson candidates with
8 < prp+ <9 GeV/c. The fit model and its components are
also shown.

tag, which wuse the E-scheme and the WTA
pr-scheme, respectively. During declustering, spurious emis-
sions arising from decays of excited B+ mesons are suppressed
by requiring In (kt/(GeV/c)) > —3. These emissions mani-
fest as a region of constant kr in the LJP below
In (kr/(GeV/c)) = —3 deep in the nonperturbative region.

A sideband subtraction method is used to extract the LJP
of signal candidates. The LJP from sidebands, dominated
by combinatorial background, is scaled and subtracted from
the LJP in the signal region, which contains both signal and
background. Around 45300 signal B*-tagged jet candi-
dates with pz . > 20 GeV/c are obtained from the fitting
procedure. Figure 4 shows an example of the fits to the
mass distribution for B¥-meson candidates.

IV. SELECTION EFFICIENCIES

The detector performance and selection criteria dis-
cussed in Secs. II and III lead to inefficiencies in recon-
structing the event tag (Z boson or B* meson) and the jets.
In this section, the corrections at the level of the event,
including the event-tag reconstruction efficiency and the jet
reconstruction efficiency are reported. These efficiencies
are used to weight each event when constructing the LJP.

A. Z + jet reconstruction efficiencies

The efficiency of reconstructing Z + jets involves the
efficiency of reconstructing the Z — utu~ decay as well as
the recoiling jet. The total efficiency of reconstructing the
wu~ pair is given by the product of three types of muon
efficiencies: the tracking efficiency, the muon identification
efficiency, and the trigger efficiency. These efficiencies
have been determined as a function of muon 5 and pr,
using a tag-and-probe method as in previous LHCb
measurements [55-59]. The average muon tracking effi-
ciency and muon identification efficiency of these high-pr
muons (pr > 20 GeV/c) is about 95%, and the average
single-muon-trigger efficiency is about 80% [60]. The total
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FIG. 5. Jet reconstruction efficiency and purity of Z + jets as a

function of particle-level py je.

trigger efficiency is larger than the single-muon-trigger
efficiency at about 95%, since either muon can trigger the
event [60]. The product of the trigger, tracking, and PID
efficiencies of the muons yields the event-tag efficiency.
The jet reconstruction efficiency is studied in simulation
with Pythia8 [39] on samples of Z + jet events as a function
of prje. Fake jets can also contaminate the sample and
must be corrected for by a purity factor. A detector-level jet
(formed from reconstructed objects in the detector) is
geometrically matched to a particle-level jet (formed from
particles before the event enters the detector simulation) on
an event-by-event basis if it has the smallest angular
distance AR with the particle-level jet, satisfying AR < 0.5.
Figure 5 shows the jet reconstruction efficiency and
purity in Z + jets as a function of particle-level pr ... The
efficiency is 50% for pr ;. < 15 GeV/c and increases to
nearly 100% for pr i > 30 GeV/c. The purity is reduced
at low pr e due to fake-jet contamination or true jets that
have prj less than 12.5 GeV/c reconstructed above
12.5 GeV/c. The final measurement is performed on jets
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0.055:t| '
0:..|..|....|....|....|....|....|....|....|....|....
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Py [GeV/c]

with pr ;e > 20 GeV/c, while the bins below 20 GeV/c
are used to correct for bin migrations as described in Sec. V.

B. B*-tagged jet reconstruction efficiency

The efficiency of reconstructing a B*-tagged jet involves
the product of the efficiency of reconstructing the K* meson
and p*u~ pair, the trigger efficiency, and the efficiency of
reconstructing a jet containing the B* candidate in the
signal region passing the selection requirements. The total
B*-tagged jet reconstruction efficiency is computed in
simulation and is then corrected by efficiencies obtained
in data through calibration and control samples as follows.
The total efficiency of reconstructing the K* meson and
't~ pair is the product of the tracking and PID efficiencies.
These are determined using the tag-and-probe method with
control channels [46,55] mentioned in Sec. II. Both the
tracking and PID efficiencies vary between 90% and 100%
over a wide range of track momenta from 4 to 200 GeV/c.
The efficiency of the trigger selection is calculated using
control channels in data [61]. The trigger efficiency increases
from 60% to 80% as the J/yw pr increases from 2 to
40 GeV/c. There is a weak dependence on the rapidity of
the J/y meson which is also taken into account.

After reconstructing the decay products of the B*
candidate, further selection criteria are imposed on the
J/w and B* mesons as discussed in Sec. III B. These
selections lead to a nontrivial dependence of the
reconstruction efficiency of the B+ meson on its transverse
momentum which is studied in simulation using samples
of B* — J/wK* decays. The B*-meson reconstruction
efficiency, including the trigger, tracking, and PID effi-
ciencies of its decay products, grows from 10% to 30% as
P+ increases from 2 to 50 GeV/c.

Once the B* meson has been reconstructed, the remain-
ing efficiency factors quantify the jet reconstruction and
WTA-flavor tagging. These efficiencies are also studied in

12 LHCb Simulation B*-tagged jets
1 :_ v :*'E;—F
5 08 El et
g L —— 125<p  <150GeVie
g 06 I —= 150< pT’jet<20.0 GeV/c
- i+ 200<p. " <30.0 GeV/e
0.4 —’# T, jet
“F —— 30.0<p " <50.0GeV/e
gl 50.0<p. " <100.0 GeV/c
02 T, jet
0 :....I....I....I....I....I....I....I....I....I....
0 10 20 30 40 50 60 70 80 90 100
Py [GeV/c]

FIG. 6. The B*-tagged jet (left) reconstruction efficiency and (right) purity as a function of pr 5+ and particle-level Pr jer- These values

do not include corrections from calibration and control samples.
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simulation as a function of pr ., pr g+, and the jet rapidity.
A detector-level jet is matched to a B*-tagged particle-level
jet on an event-by-event basis if it contains a B+ meson and
is within AR < 0.5 from the particle-level jet.

Figure 6 shows the B*-tagged-jet reconstruction effi-
ciency and purity as a function of pr g+ and particle-level
Pr jet In simulation with no corrections from the calibration
and control samples applied, integrated over the jet rapidity
for visualization purposes. The efficiency grows from about
3% to 25% across different prje bins as py g+ increases
from 2 to 50 GeV/c. The purity in different prj bins
drops significantly for py 3+ below 15 GeV/c due to the
WTA-flavor tag which requires the B* meson to be aligned
with the WTA axis. The large uncertainties at low pr p+ in
the highest pr i bin contribute negligibly to the final LJP
uncertainties due to the low overall contribution of these
events to the total sample.

V. LUND JET PLANE EFFICIENCIES
AND UNFOLDING

Due to inefficiencies in reconstructing final-state par-
ticles, the finite resolution of the LHCb detector, and bin
migrations into and from the measured prje region,
emissions in the LJP along with the jet p spectrum must
be corrected to particle level. Although track momenta are
measured with better than 1% precision, tracking ineffi-
ciencies combined with the lower momentum resolution of
neutral particles contribute to an overall smearing effect on
the reconstructed jet kinematics and its substructure. To
correct for these effects, D’Agostini’s iterative Bayesian
method [62], implemented in RooUnfold [63], is used to
unfold the measured distributions in data to particle level.
The response matrix and emission reconstruction efficiency
and purity are studied in simulation.

A six-dimensional response matrix in three variables—
Prje and the two LJP axes—is used to unfold the LIPs for
Z + jets and B*-tagged jets. For Z + jets, the event-level
efficiency maps are largely constant in the LJP, and so cancel
out with the normalization Nj. For B*-tagged jets, the event-
level efficiency maps vary across the LJP, so, ideally an eight-
dimensional response matrix in the four variables pr i, pr p=»
and the two LJP axes would be constructed. However, due to
statistical limitations in the simulation samples, as well as the
limitation of RooUnfold in utilizing four variables, the unfolding
is performed with the aforementioned six-dimensional
response matrix. The B*-tagged-jet reconstruction efficiency
is applied prior to unfolding as an event weight. A systematic
uncertainty due to this choice is estimated from closure tests
(see Sec. V B).

A. Emission reconstruction efficiency

To compute the emission reconstruction efficiencies and
purities, a two-way unique matching procedure [25]

between particle-level and detector-level emissions in
simulation is performed. Given a pair of matched jets,
the declustering procedure applied to the particle(detector)-
level jet produces a list of emissions at particle (detector)
level. Starting at particle level, the list is iterated over from
wide- to narrow-angle emissions finding the detector-level
emission with the smallest angular distance satisfying
AR < 0.1. If such a detector-level emission is found, the
matched emissions are removed from their respective lists,
and the matching procedure is continued for the next
particle-level emission until all particle-level emissions
have been considered. This procedure is then repeated
starting with the detector-level emissions and finding their
matched particle-level emissions. A pair of emissions is
two-way matched if it exists in both iterations. Any
unmatched detector-level emissions contribute to the purity
correction, while any unmatched particle-level emissions
contribute to the efficiency correction. The two-way
matched emissions are used to construct the response
matrix which unfolds the LJP to particle level. The
corrections and unfolding matrix are binned in prj, and
the two LJP variables.

The efficiency generally increases with more perturba-
tive emissions [larger In (kp/(GeV/c))] from 50% to 80%
in the bulk of the kr-LJP, and is highest for intermediate
angles around In (R/AR) = 1. The efficiency is lowest,
reaching 30%, for wide-angle low-kt emissions. The purity
follows a similar trend in the kp-LJP. These observations
are similar between Z + jets and B*-tagged jets. In the z-
LJP, the efficiency is larger for harder emissions [smaller
In (1/z)], increasing from 50% to 80% and is again highest
for intermediate angles around In(R/AR) = 1. Harder
emissions have higher energy and are more likely to be
reconstructed. On the other hand, collinear emissions might
be mismatched during the two-way matching procedure
due to the angular resolution and thus decrease the
reconstruction efficiency in the collinear region [large
In (R/AR)]. Wide-angle emissions at the jet boundary
might not be reconstructed due to the final-state particles
ending up outside of the jet.

The purity also increases with harder emissions, and is
largest for intermediate angles around In(R/AR) = 1.
Particles outside of the jet at particle level might end up
in the jet at detector level, contributing to wide-angle
emissions and lowering the purity. The relatively low
purity in the very collinear region is again due to the
mismatch of collinear emissions in the two-way matching
procedure. These observations are similar between Z + jets
and B*-tagged jets.

B. Lund jet plane response matrix and unfolding

A six-dimensional response matrix in py . and the two
LJP variables is built from matched emissions in simu-
lation. For the kp-LJP, this involves unfolding in
[P7jer- In (kr/(GeV/c)),In (R/AR)], while for the z-LJP,
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the unfolding involves the variables [p7e.In(1/z),
In (R/AR)].

The final LJP distributions are constructed as follows:
starting with the weighted LJPs, the distributions are
multiplied by the emission reconstruction purity, unfolded,
then divided by the emission reconstruction efficiency. The
LJPs are then normalized by the number of jets Njes
obtained from a separate one-dimensional unfolding of the
jet pr spectrum.

This procedure is validated through a closure test in
simulation. The detector-level LJP distribution is smeared,
bin-by-bin, by the statistical uncertainties of the LIJP
distribution in data, then is subject to the purity correction,
unfolding, and the efficiency correction. The smeared and
corrected detector-level LJP is then divided by the particle-
level distribution. This procedure is repeated 30 times, and
the average absolute deviation from unity in each bin is
taken as a nonclosure systematic uncertainty discussed
in Sec. VL

The closure tests are also used to determine the number
of unfolding iterations. The number is chosen such that the
average absolute difference between the unfolded detector-
level distribution and the particle-level distribution stabil-
izes. This is found to occur at four unfolding iterations. A
systematic uncertainty arising from this choice is deter-
mined in Sec. VI. Statistical correlations between bins are
found to be negligible and are not considered in the final
results.

VI. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties are identified
in this measurement. Unless specified, the separate sys-
tematic uncertainties are assumed to be uncorrelated and
are added in quadrature to obtain the total systematic
uncertainty. The systematic uncertainty for each variation
is found by repeating the analysis with this variation and
taking the difference between the baseline and varied
distributions.

The systematic uncertainty associated with the signal
extraction and signal region determination of B*-tagged
jets is estimated by refitting the mass distribution using a
Student’s z-distribution for the signal function. The effect is
found to be negligible. The background contribution to the
Z + jets sample is negligible, so this systematic uncertainty
is not considered. To determine the systematic uncertainty
associated with the sideband subtraction procedure, the
sideband regions are varied in two ways: 1) the lower edge
of the lower sideband is increased by lo and the higher
edge of the upper sideband is decreased by 1o and 2) the
higher edge of the lower sideband is decreased by 1o and
the lower edge of the upper sideband is increased by 1o.
The systematic uncertainty from each variation is averaged
by taking the root mean square value. The overall system-
atic uncertainty is found to vary from <1% in the bulk to
10% at the edges of the LIJPs.

The systematic uncertainty associated with reconstruct-
ing and identifying the decay products of the event tag is
considered. For Z + jets, the uncertainties on the tracking
and PID efficiencies of high-pt muons are found to have a
negligible effect on the LJPs. For the B*-tagged jets, the
main contributions to the uncertainty in the tracking
efficiency are the statistical uncertainty of the calibration
sample and the uncertainty on the material budget which
affects how particles—particularly kaons—interact with
the detector and are tracked [46]. Propagated to the LJPs,
these systematic uncertainties are less than 1% in most bins.
The systematic uncertainty associated with the B*-meson
selection is estimated by tightening the selection criteria
and repeating the analysis. The resulting systematic uncer-
tainty is negligible in the bulk of the LJPs and grows to
10% at the edges.

The uncertainty on the trigger efficiency for high-pr
muons in the Z + jets sample is found to be negligible. For
the B*-tagged jet events, the uncertainty on the trigger
efficiency is less than 1% in most bins of the LJPs. The
systematic uncertainties on the jet energy scale and jet
energy resolution are found by comparing the pr balance
between the Z boson and the recoiling jet, prje/pr,z» in
simulation to that in data using Z + jet events [26-28].
These uncertainties have been found to be about 3% for the
jet energy scale and 11% for the jet energy resolution for
jets with pr e > 20 GeV/c [28]. The uncertainty on the jet
energy scale is propagated to the LIP by shifting pr e by
the uncertainty and repeating the unfolding chain. For the
B*-tagged jets, only the non-B* component of the jet [64]
is shifted since the four-momentum of the B* meson is well
reconstructed. The uncertainty on the jet energy resolution
is propagated to the LJP by smearing the jet pr and
repeating the unfolding chain. Again, for B*-tagged jets,
only the non-B* component of Prje 18 smeared. These
contributions to the total systematic uncertainty are most
significant at the edges of the LJP, increasing to 10%.

The systematic uncertainty on the jet identification
requirements applied to the Z 4 jets sample and described
in Sec. III C is estimated by tightening the selection and
repeating the analysis. The systematic uncertainty is found
to be negligible. The number of tracks in the jet is con-
sidered as a jet identification selection on the B*-tagged
jets and a systematic uncertainty is estimated by varying the
selection from at least one track (the jet must contain the
B*-meson) to at least two tracks (i.e., at least one other
track in addition to the B*-meson). This uncertainty is
about 1% in the bulk of the B*-tagged LJP and increases to
about 4% at the edges.

There are three main sources of uncertainty related to
the unfolding procedure: the nonclosure uncertainty, the
response matrix prior, and the number of iterations.
The nonclosure systematic uncertainty is estimated from
the closure test performed in Sec. V B. This uncertainty
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takes into account any limitations inherent to the unfolding
procedure in addition to any systematic uncertainty due to
the choice of using a six-dimensional response matrix as
opposed to an eight-dimensional response matrix as dis-
cussed in Sec. V. While unfolding does not explicitly
depend on the weighting of the prior, the RooUnfold
implementation of the Bayesian procedure uses a projec-
tion of this matrix to determine the prior. The unfolding
prior is nominally based on Pythia8 with LHCDb tune. Here, a
different prior is tested by reweighting the response matrix
by two factors: an emission-level weight related to the jet
substructure, and an event-level weight related to py e and
Pr.z or prp+. The emission weight is computed by taking
the ratio between detector-level simulation and data of
a three-dimensional LJP in [In(1/z),In (kt/(GeV/c)),
In(R/AR)]. The event weight is the ratio of the joint
[P1.5*+ PTjers Yiet) distribution at detector level to data. After
reweighting the response matrix using these ratios, the
analysis chain is repeated using the reweighted response
matrices (and thus prior distributions), and the difference
between the modified and baseline result is taken as the
systematic uncertainty. To estimate the uncertainty asso-
ciated with the number of iterations, the unfolding is
performed with one more and one less iteration in data.
The three different uncertainties associated with the
unfolding are treated as independent and are added in
quadrature to obtain the final unfolding systematic uncer-
tainty. The unfolding systematic uncertainty—and in par-
ticular the nonclosure and unfolding prior uncertainty—is
the dominant uncertainty across the LJP. It varies from 0% in
the bulk to 20% at the edges of the Z + jet LJPs, and from 2%
in the bulk to 50% at the edges of the B*-tagged LIJPs.

Differences between data and simulation in the effi-
ciency of reconstructing a jet constituent contribute a
systematic uncertainty on the LJP. This systematic uncer-
tainty is propagated to the LJP by removing jet constituents
in simulation with a probability given by the value of this
systematic uncertainty (in %) depending on the charge of
the constituent. The uncertainty on the track-reconstruction
efficiency including hadronic interactions is about 1.5%
[55] assuming that most tracks are charged pions. The
systematic uncertainty on the ECAL reconstruction effi-
ciency of photons and 7° mesons has been studied in B*-
meson decays [65] and is found to be around 4%. There is
no similar study available for the HCAL reconstruction
efficiency, so as a first approximation, particles recon-
structed in the HCAL are also dropped with a 4%
probability. The uncertainty on the final-state particle
reconstruction efficiency is found to grow from <1% in
the bulk to about 14% in the edges of the LJP.

An upper bound on the systematic uncertainty due to the
uncertainty in the HCAL reconstruction efficiency is found
by looking at the ratio in simulation of the particle-level
LJP without neutrons and K mesons clustered in jets to the
distribution with these particles included. This is equivalent

TABLEI. Summary of systematic uncertainties for the Z + jets
LJPs. These ranges exclude any sparsely populated bins at the
edges of the Lund jet planes.

kr-LJP z-LJP
Source uncertainty (%)  uncertainty (%)
Tracking efficiency <1 <1
PID efficiency <1 <1
Trigger efficiency <1 <1
Jet energy scale 0-10 0-10
Jet energy resolution 0-10 0-5
Jet identification 0-2 0-2
Unfolding prior 0-13 0-15
Unfolding nonclosure 2-10 2-20

Unfolding iterations 0-5 0-5
Jet-constituent-

reconstruction efficiency 0-10

Total 0-25

to removing the HCAL at detector level. It is found that
even after removing these particles entirely, the uncertain-
ties are contained between 0 and 10% in the bulk of the LJP,
increasing to 40% at the edges. This shows that the true
uncertainty will be much lower than the dominant
unfolding systematic uncertainty.

The matching procedure outlined in Sec. V A can be
performed by reversing the baseline ordering and iterating
from narrowest to widest splittings. Following this reverse
ordering, the response matrices, emission reconstruction
efficiencies, and purities are recalculated and applied to the
data. The resulting systematic uncertainty is negligible.

The dominant systematic uncertainty in this analysis is due
to the unfolding. The range of each source of systematic
uncertainty is summarized in Tables I and II for the Z + jets

TABLE II. Summary of systematic uncertainties for the B*-
tagged jet LIPs. These ranges exclude any sparsely populated
bins at the edges of the Lund jet planes.

kp-LIP z-LJP
Source uncertainty (%) uncertainty (%)
Background subtraction 0-10 0-11
Tracking efficiency <1 <1
PID efficiency <1 <1
Trigger efficiency <1 <1
Jet energy scale 0-8 0-6
Jet energy resolution 0-14 0-10
Jet identification 0-5 0-7
Unfolding prior 0-25 0-50
Unfolding nonclosure 3-50 3-55

Unfolding iterations 0-6 0-9

Reconstruction and selection 0-10 0-10
Jet-constituent-

reconstruction efficiency 0-6 0-6
Total 0-60 0-65
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and B*-tagged jets, respectively. These ranges exclude any
sparsely populated bins at the edges of the LJP.

VII. RESULTS

The following distributions are measured with R = 0.5
anti-k7 jets reclustered with the C/A algorithm in the
kinematic region pr i > 20 GeV/c, and 2.5 < yj < 4.0
at /s = 13 TeV. Figure 7 shows the unfolded measure-
ments of the LJP for Z + jets kp-LJP, Z + jets z-LJP, B*-
tagged jets kr-LJP, and B*-tagged jets z-LJP in data. From
the kp-LJP of Z 4 jets (top left), the running of the strong
coupling a,(kr) in the kp-LJP is readily identified by
noting the decrease in emission density in the direction of
large kt (more perturbative), and the rise in emission
density in the direction of lower kt towards the confine-
ment scale Agcp, until a turnaround is seen in the non-
perturbative confinement region. The region where
0.5<In(R/AR) < 1.0 and —1.0 <In (kr/(GeV/c)) <0.5

LHCb, pp Vs =13 TeV
Z+jets
Anti-k . jets, R = O.S,pme‘ >20 GeV/c, 2.5 Vi <4.0
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FIG. 7.

shows an approximately constant density of emissions
which is identified as the soft-collinear region. Likewise
in the z-LJP of Z + jets (top right), various splitting regions
can be readily identified. The top left region exhibits a high
density of emissions corresponding to the wide-angle soft
radiation. Similarly, the bottom right region also exhibits a
high density of emissions corresponding to the hard-
collinear emissions. The transition region along the diago-
nal is uniformly populated with emissions, indicating the
soft-collinear region.

Stark differences are seen in the collinear region
(In(R/AR) > 0.5 or AR < 0.3) in the kp-LJP between
the B*-tagged jets (bottom left) and the Z + jets (top left),
where the emission density is significantly lower in the
heavy quark case. This is direct evidence of the dead-cone
effect in HF jets. The wide-angle region on the other hand,
where mass effects are not expected, shows similar behav-
ior between the Z + jets and B*-tagged jets. Likewise for
the z-LJP, stark differences between the B*-tagged jets
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Measurements of the (top left) kp-LJP and (top right) z-LJP for Z + jets, and the (bottom left) kp-LJP and (bottom right) z-LJP

for B*-tagged jets in pp collisions at \/s = 13 TeV at forward rapidity. The beauty dead-cone effect is observed in the collinear region
where radiation is strongly suppressed in the B*-tagged jets LIPs relative to the Z + jets LIPs.
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Projections onto the vertical axis of the kp-LJP for B*-tagged and Z + jets. The ratios of beauty distributions to light-quark-

enriched distributions are shown in the middle panels in data and simulation. The data are also compared with simulation in the
bottom panels where the ratio of simulation to data is shown. The vertical bars represent the statistical uncertainty and the shaded
areas represent the total systematic uncertainty. The projections are in bins of In (R/AR), starting at (top left) more wide-angle
radiation 0.00 <1In(R/AR) <0.15 (or 0.43 < AR <0.50) and moving towards (bottom right) more collinear radiation

1.56 < In (R/AR) < 2.00 (or 0.055 < AR < 0.110).

(bottom right) and the Z + jets (top right) are seen in the
collinear region, where the hard-collinear radiation almost
completely vanishes for the B*-tagged jets. This is again
direct evidence of the dead-cone effect in heavy-quark jets.

The final unfolded measurements are also shown as
vertical and horizontal projections of the LJP on its
variables in Figs. 8-10, and the data are also compared
with Pythia8 predictions. Figure 8 shows projections onto
the vertical axis of the k-LJP for Z + jets and B*-tagged
jets in data and Pythia8. The projections are shown in

four bins of In(R/AR), starting at more wide-angle
radiation 0.00 < In (R/AR) < 0.15 (or 0.43 <AR <0.50)
and moving towards more collinear radiation
1.56 < In(R/AR) < 2.00 (or 0.055 < AR < 0.110). The
running of a,(kr) is observed in the distributions of
Z + jets and B*-tagged jets as described previously. The
density of wide-angle radiation is virtually identical
between Z + jets and B*-tagged jets, revealing a universal
behavior of quark radiation at wide angles where the
dead-cone effect is negligible. The ratio of beauty to
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FIG. 9. Projections onto the vertical axis of the z-LJP for B*-tagged and Z + jets. The ratios of beauty distributions to light-quark-
enriched distributions are shown in the middle panels in data and simulation. The data are also compared with simulation in
the bottom panels where the ratio of simulation to data is shown. The vertical bars represent the statistical uncertainty and the
shaded areas represent the total systematic uncertainty. The projections are in bins of In (R/AR), starting at more (top left) wide-angle
radiation 0.00 <1In(R/AR) <0.15 (or 0.43 < AR <0.50) and moving towards (bottom right) more collinear radiation

1.56 < In (R/AR) < 2.00 (or 0.055 < AR < 0.110).

light-quark-enriched jets in the second pad shows
a progressively stronger suppression of perturbative
collinear radiation moving from wide angles
(0.00 < In(R/AR) < 0.150r0.43 < AR < 0.50) to narrow
angles (1.56 <In(R/AR) <2.00 or 0.055 < AR < 0.110).

Similar observations can be made in Fig. 9 which shows
projections onto the vertical axis of the z-LJP for Z + jets
and B*-tagged jets. Again, the projections are shown
in four bins of In(R/AR), starting at more wide-angle
radiation. The density of the softest emissions (large
values of In(1/z)) remains similar between Z + jets and

B*-tagged jets across various splitting angles. On the other
hand, the density of hard emissions increases in Z + jets with
more collinear splittings, in contrast to B*-tagged jets which
exhibit a suppression of hard-collinear radiation. This sup-
pression leads to the hard fragmentation of the heavy quark,
maintaining most of its energy after the parton shower.

The performance of Pythia8 on Z + jets is good, with a
simulation-to-data ratio consistent with unity across most
of the LJP projections. For B*-tagged jets, Pythia8 slightly
underpredicts the emission density up to 25% in the bulk of
the LJP, as seen in Figs. 8 and 9. A discrepancy up to
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FIG. 10. Projections onto the horizontal axis of the kp-LJP for B*-tagged and Z + jets. The ratios of beauty distributions to light-
quark-enriched distributions are shown in the middle panels in data and simulation. The data are also compared with simulation in the
bottom panels where the ratio of simulation to data is shown. The vertical bars represent the statistical uncertainty and the shaded areas
represent the total systematic uncertainty. The projections are in bins of In (k1/(GeV/c)), starting at (top left) more nonperturbative
radiation —2.00 < In (kt/(GeV/c)) < —1.65 (or 0.14 < kr < 0.19 GeV/c) and moving towards (bottom right) more perturbative
radiation 0.80 < In (kp/(GeV/c)) < 1.15 (or 2.2 < kt < 3.2 GeV/c).

30-40% between Pythia8 and data is observed in the hard
and wide-angle splittings (low In (1/z) region in the top left
plot) for both Z + jets and B*-tagged jets.

Figure 10 shows projections onto the horizontal
axis of the kp-LJP for Z +jets and B*-tagged jets
in data and Pythia8. The projections are shown in
four bins of In (kt/(GeV/c)), starting at more nonpertur-
bative  radiation  —2.00 < In (kp/(GeV/c)) < —1.65
(or 0.14 < kr < 0.19 GeV/c) and moving towards more
perturbative radiation 0.80 < In (kr/(GeV/c)) < 1.15
(or 2.2 < kr < 3.2 GeV/c). The distributions reveal a

progressively stronger depletion of emissions in the col-
linear region (large values of In (R/AR)) for B*-tagged jets
relative to Z + jets. This is the result of the dead-cone effect
in heavy-quark jets.

VIII. SUMMARY

This article presented the first measurement of the LJP of
light-quark-enriched jets and beauty-quark jets. The meas-
urement is performed on pp collision data collected by the
LHCb experiment at /s = 13 TeV, corresponding to an
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integrated luminosity of 5.4 fb~!. Jets are reconstructed
with a particle flow algorithm including charged and
neutral candidates, and the clustering is performed using
the anti-kt algorithm with R = 0.5 and reclustered using
the C/A algorithm to exploit the angular ordering of
QCD radiation. The selected jets are required to have
pr > 20 GeV/c and 2.5 < y < 4.0 to ensure the full jet is
within the LHCb acceptance and that jet constituents are
well-reconstructed. Jets that are back-to-back with a Z
boson are used to obtain a light-quark-enriched jet sample,
and jets built around fully reconstructed B* mesons tagged
with WTA flavor are used to obtain a beauty-jet sample.
The detector inefficiencies and bin migrations are studied in
simulation using Pythia8, which is then used to correct and
unfold the measured distributions to particle level. The
measurement reveals the phase space of QCD splittings for
light and beauty quarks. Stark differences are seen between
the emission densities of Z + jets and B*-tagged jets,
where the latter exhibits a severe suppression of radiation
in the collinear region of the LJP relative to the former. This
dead-cone effect in beauty jets suppresses hard collinear
radiation off of beauty quarks, which results in the beauty
quark maintaining most of its energy. This is why beauty
quarks exhibit hard fragmentation. The data will serve as a
precision test of QCD in future comparisons with theo-
retical calculations.
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