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The LHCb collaboration presents a novel suite of heavy-flavour jet substructure measurements at forward rapidity 
in proton-proton collisions at a centre-of-mass energy of √𝑠 = 13TeV. The jet mass is a perturbatively calculable 
probe of the virtuality of hard-scattered quarks and gluons, connecting small-distance quantum chromodynamics 
(QCD) with long-distance experimental measurement. The jet mass is dominated by nonperturbative corrections 
at small values, presenting an excellent test of QCD across a broad range of jet energies. Measuring heavy-flavour 
jet mass with a theoretically unambiguous flavour definition for the first time probes the gluon splitting mech-
anism for heavy-flavour production and offers tests of perturbative QCD at new levels of theoretical precision. 
Utilising the soft drop jet-grooming technique to access the perturbative jet core further enhances constraints 
on first-principles theory. Measurements of the jet mass for jets containing fully reconstructed 𝐵± hadrons are 
reported with and without grooming. The unique phase space instrumented by LHCb offers a different quark-
gluon fraction than at midrapidity. These results offer unparalleled tests of quark flavour and mass dependence 
in QCD and provide a baseline for future studies of heavy-flavour jet quenching in heavy-ion collisions.

1.  Introduction

Collimated sprays of particles called jets are abundantly produced 
in high-energy particle collisions at the Large Hadron Collider (LHC), 
via the hard scattering of partons (quarks and gluons) from collid-
ing nuclei. Scattered partons carry away some off-mass-shell virtuality,
𝑄 ≡

√

𝐸2 − 𝑝2, from the four-momentum exchanged in the interaction, 
the value of which is fundamentally unknown to an observer. However, 
in the parton shower picture, virtuality is shed by the successive radia-
tion of gluons, forming a jet [1–4]. Studying the final-state jet substruc-
ture allows access to the radiation pattern of the scattered parton, and 
in turn probes its pre-shower kinematics [5,6].

Insomuch as the experimentally reconstructed jet is a proxy for 
the initiating parton, the jet mass provides a proxy for the parton’s
virtuality,

𝑚jet =
√

𝐸2
jet − 𝑝

2
jet ∼ 𝑄parton, (1)

where 𝐸jet is the jet energy and 𝑝jet is its total momentum. Measurements 
of 𝑚jet as a function of jet transverse momentum 𝑝T,jet therefore probe 
the dependence of partonic virtuality versus the momentum scale of the 
initial scattering. It is useful to study 𝑚jet normalised by the jet trans-
verse momentum, 𝑚jet∕𝑝T,jet , which is dimensionless2 and closely related 
to the widely studied jet angularities [7–11]. Because higher-virtuality 
quarks shed their virtuality with more QCD radiation, jets which are 
broader and contain more gluon emissions will tend to have a higher 
mass than jets which are narrower and contain less radiation.

1 Authors are listed at the end of this paper.
2 Natural units with ℏ = 𝑐 = 1 are used throughout.

Jet substructure calculations are theoretically challenging due to the 
presence of large non-global logarithms (NGLs) which arise due to the 
local phase-space constraints of jet observables [12]. Such contributions 
can be eliminated, however, by utilising soft drop grooming to remove 
soft, wide-angle radiation from the jet [13,14]. Fixed-order calculations 
of 𝑚jet,gr , the mass of jets groomed with soft drop, have recently been 
computed up to next-to-next-to-leading order (N2LO) including resum-
mation of large logarithms up to next-to-next-to-next-to-leading loga-
rithmic accuracy (N3LL) [15], offering an opportunity to study QCD via 
jet substructure at unprecedented precision.

Jets initiated by a heavy-flavour (HF) quark, 𝑐 or 𝑏, have also be-
come increasingly accessible at the LHC. The substructure of HF jets 
is modified relative to light-flavour jets due to the QCD “dead cone” ef-
fect [16], a perturbatively well-described suppression of gluon radiation 
at small angles from the hard-scattered HF quark. Heavy-flavour jets also 
probe nonperturbative effects such as the HF component of the proton 
wavefunction [17] and HF fragmentation functions [18–25]. However, 
theoretical interpretation can be limited by traditional jet flavour tag-
ging, as solely requiring a specific HF hadron to be reconstructed inside 
a jet is not theoretically well-defined past NLO [26]. Reconstructing sec-
ondary vertices and using machine learning to tag the jet flavour is also 
dependent on simulation models, which limits perturbative accuracy.

Recently a variety of algorithms calculable beyond NLO have been 
proposed to tag jet flavour while maintaining traditional jet kine-
matics [27–30]. One novel approach is the Winner-Take-All (WTA) 
flavour-tagging algorithm [31], which is calculable to any perturbative
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order [32]. At forward rapidity, adding a WTA flavour requirement
predominantly removes jets whose HF content arises from in-shower 
gluon splitting (𝑔 → 𝑏𝑏̄) [33]. Gluon splitting contaminates samples of 
direct HF production; however, it has also been proposed as a probe for 
studying bulk QCD dynamics in heavy-ion collisions [34,35]. The differ-
ence in 𝑚jet∕𝑝T,jet before and after WTA tagging therefore offers a novel 
baseline for jet quenching [36–39] via a specific NLO process, useful for 
probing mass-dependent momentum transfer and quantum coherence 
effects in quark-gluon plasma [34,35,40].

Previous studies of 𝑚jet have been performed by the ATLAS [41–44], 
CMS [45–48], and ALICE [49,50] experiments at the LHC, as well as 
the STAR [51] experiment at RHIC, but there has been no measure-
ment for jets explicitly tagged with 𝑏 flavour. This letter presents new 
studies of 𝑚jet for 𝑏 jets at forward rapidity in proton-proton (pp) colli-
sions at a centre-of-mass energy of √𝑠 = 13TeV with the LHCb detector. 
Studying 𝑏 jets offers enhanced sensitivity to HF mass effects as com-
pared to 𝑐-tagged jets due to the larger 𝑏-quark mass. Jets containing a 𝑏
quark are identified using 𝐵± mesons explicitly reconstructed from the 
𝐽∕𝜓

(

→ 𝜇+𝜇−
)

𝐾± final state. Fully reconstructing the 𝐵± meson enables 
the use of WTA flavour tagging and improves jet momentum resolution 
as compared to statistical flavour tagging methods. The unique accep-
tance of LHCb offers a large 𝑏-quark cross-section with significant lon-
gitudinal boost, enabling precision identification of secondary vertices 
from the 𝐵± meson decay. Jets are considered both with/without soft 
drop grooming [14], and with/without WTA flavour tagging [31], and 
results are compared to Pythia simulations, with direct QCD calcula-
tions from the theory community still in preparation.

2.  Detector and dataset

The LHCb detector [52,53] is a single-arm forward spectrometer cov-
ering the pseudorapidity range 2 < 𝜂 < 5, designed for the study of par-
ticles containing 𝑏 and 𝑐 quarks. The detector includes a high-precision 
tracking system consisting of a silicon-strip vertex detector surround-
ing the pp interaction region [54], a large-area silicon-strip detector lo-
cated upstream of a dipole magnet with a bending power of about 4Tm, 
and three stations of silicon-strip detectors and straw drift tubes placed 
downstream of the magnet [55]. The tracking system measures the mo-
mentum, 𝑝, of charged particles with a relative uncertainty that varies 
from 0.5% at low momentum to 1.0% at 200GeV [53]. The minimum 
distance of a track to a primary pp collision vertex, called the impact 
parameter, is measured with a resolution of (15 + 29∕𝑝T) 𝜇m, where 𝑝T
is in units of GeV. Different types of charged hadrons are distinguished 
using information from two ring-imaging Cherenkov detectors (RICH)
[56]. Photons, electrons and hadrons are identified by a calorimeter 
system consisting of scintillating-pad and preshower detectors, an elec-
tromagnetic and a hadronic calorimeter. Muons are identified by a sys-
tem composed of alternating layers of iron and multiwire proportional 
chambers [57].

The data sample used in this analysis corresponds to an integrated 
luminosity of 5.4 fb−1 recorded in 2016–2018. The online event selec-
tion is performed by a trigger [58] which consists of a hardware stage 
using information from the calorimeter and muon systems, followed by 
a software stage which performs the full event and candidate 𝐵± meson 
reconstruction. The hardware stage selects events with at least one 𝜇±
candidate with 𝑝T(𝜇±) > 1.35–1.80GeV, or at least one pair of oppositely 
charged muons with √𝑝T(𝜇+)𝑝T(𝜇−) > 1.3–1.5GeV, where the threshold 
varied during the data taking period [59]. In the software stage, two 
oppositely charged 𝜇± candidates, each with 𝑝T(𝜇±) > 0.5GeV, are re-
quired to form a 𝐽∕𝜓 candidate with a mass within ±100MeV of the 
known value [60] and 𝑝T > 2GeV. Information from the RICH detectors 
is used to identify 𝐾± mesons, which reduces contamination from the 
Cabibbo-suppressed decay 𝐵± → 𝐽∕𝜓(→ 𝜇+𝜇−)𝜋±.

Simulation is required to model the effects of the detector response 
and the imposed selection requirements on the 𝐽∕𝜓(→ 𝜇+𝜇−)𝐾± fi-
nal state. In the simulation, pp collisions are generated using Pythia 

8.186 [61] with a specific LHCb configuration [62]. Decays of unstable 
particles are described by EvtGen  [63], in which final-state radiation is 
generated using Photos  [64]. The interaction of the generated particles 
with the detector, and its response, are implemented using the Geant4 
toolkit [65,66] as described in Ref. [67]. To improve the simulated re-
sponse of the RICHdetectors, particle identification (PID) variables are 
corrected using calibration data from 𝐷∗+ → 𝐷0𝜋+ and 𝐷0 → 𝐾−𝜋+ de-
cays for 𝐾± and 𝜋± mesons, and Λ+

𝑐 → 𝑝𝐾−𝜋+ decays for protons [68]. 
This correction adjusts the variables to match the data distributions, ac-
counting for track kinematics.

3.  Event reconstruction and jet selection

To minimise uncorrelated in-jet radiation from pileup, events are 
required to have only one reconstructed primary vertex. Candidate 𝐽∕𝜓
mesons are constrained to the known 𝐽∕𝜓 mass [60] and combined with 
identified 𝐾± mesons to construct candidate 𝐵± mesons. These candi-
dates are required to have a mass within 130MeV (below) and 300MeV
(above) the known 𝐵± mass [60]. The asymmetry in the mass window 
removes the partially reconstructed background coming from 𝐵± and 𝐵0

decays with an additional unreconstructed 𝜋0 or 𝜋± meson. The recon-
structed 𝐵± meson candidates are required to originate from the primary 
vertex, which improves the signal purity and the mass resolution.

After replacing its decay products with the reconstructed 𝐵± candi-
date, jets are reconstructed with the FastJet 3.4.1 package [69] using 
the anti-𝑘T algorithm [70] with jet resolution (radius) parameter 𝑅 = 0.5
and 𝐸-scheme recombination.3 Particles are assigned the mass [60] of 
their most likely identity, utilising the excellent PID capabilities of LHCb
[71]. Jets that contain the candidate 𝐵± meson are selected. A minimum 
jet transverse momentum cut of 𝑝T,jet > 5GeV is applied. The jet rapidity 
range is restricted to 2.5 < 𝑦jet < 4.0 to ensure all particles inside the jet 
are within the LHCb detector acceptance and have good reconstruction 
efficiency.

A sample of groomed jets is produced using the soft drop algo-
rithm [14]. The jet is reclustered from its constituents into a tree-
like data structure using the Cambridge/Aachen algorithm [72,73], 
which preferentially clusters together particles nearby in the rapid-
ity (𝑦) – azimuth (𝜑) plane. This leads to an angular ordering of 
branches in the tree, reflecting the approximate angular ordering of 
emissions in QCD [74–76]. Each splitting is then declustered starting 
from the last (widest-angle) pair, and the relative 𝑝T fraction of the softer 
branch, 𝑧 ≡ 𝑝T,sof t∕(𝑝T,sof t + 𝑝T,hard), is calculated. If 𝑧 < 𝑧cut𝜃𝛽 , where 
𝜃 ≡ (

√

Δ𝑦2 + Δ𝜑2)∕𝑅, and 𝑧cut and 𝛽 are user-defined grooming param-
eters, then the softer branch is dropped, and the procedure continues 
with the next splitting in the remaining branch. If, however, 𝑧 > 𝑧cut𝜃𝛽 , 
then the procedure is concluded, with all remaining constituents defin-
ing the groomed jet. If the jet has no remaining splittings after removing 
a branch, then the jet is “groomed away” and is removed from the data 
sample. Because they have no splittings, all single-constituent jets are 
groomed away. Grooming parameters 𝑧cut = 0.1 and 𝛽 = 0 are used.

Both ungroomed and groomed jets are evaluated using WTA flavour 
tagging [31]. As with soft drop, the jet is reclustered from its constituent 
particles using the Cambridge/Aachen algorithm. The WTA axis [77,
78] is determined by evaluating each recombination in the 𝑝T scheme, 
whereby the combined axis is set to be along the direction of the higher 
𝑝T branch, and is assigned a magnitude equal to the 𝑝T sum of the two 
branches. This continues until all particles are recombined. The WTA 
flavour tag is then determined by requiring the candidate 𝐵± meson to 
lie along the WTA axis.

The 𝑏-jet sample contains contamination from combinatorial back-
ground which must be statistically subtracted from the 𝑚jet∕𝑝T,jet
distributions. To identify the fraction of signal and background

3 𝐸-scheme recombination determines the reconstructed jet energy and mo-
mentum by adding the four-vectors of the jet constituents.
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Fig. 1. Ungroomed 𝑚jet∕𝑝T,jet distributions for 𝑅 = 0.5 anti-𝑘T jets (AK5) containing a 𝐵± meson with (WTA) and without (incl.) WTA flavour tagging. Results are 
shown for several bins of 𝑝T,jet , ranging from 10 to 100GeV, and are compared to predictions from Pythia 8.186 (LHCb tune). The shaded error bands correspond to 
total systematic uncertainties, while the solid lines correspond to statistical uncertainties. Some points are not displayed in the ratio panel because they are outside 
the plotted range. Note that the 𝑥-axis range changes for each 𝑝T,jet bin, due to quark-mass effects.

contributions, the candidate 𝐵± mass spectrum is fit using parametric 
signal and background models as a function of 𝐵± transverse momen-
tum, 𝑝T,HF. The signal peak is modelled using two double-sided Crystal 
Ball (DSCB) functions [79,80] with shared peak position and tail pa-
rameters, with the latter constrained from fits in simulation. The com-
binatorial background is modelled by a second-order polynomial func-
tion. The distribution of misidentified 𝐵± candidates arising from the 
Cabibbo-suppressed 𝐵± → 𝐽∕𝜓(→ 𝜇+𝜇−)𝜋± decay is determined in sim-

ulation and is also modelled using a DSCB function, but this background 
is found to be negligible due to strong PID requirements on the 𝐾± me-
son.

“Signal plus background” (S+B) and “pure background” (PB) re-
gions are then defined as a function of candidate 𝐵± mass and 𝑝T,HF. 
The S+B region is defined underneath the signal mass peak, with 𝑝T,HF
-dependent edges typically between 5.25 and 5.31GeV. The fraction 
of combinatorial background which contaminates this region falls from 
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Fig. 2. Soft drop groomed 𝑚jet,gr∕𝑝T,jet distributions for 𝑅 = 0.5 anti-𝑘T (AK5) jets containing a 𝐵± meson with (WTA) and without (incl.) WTA flavour tagging. Results 
are shown for several bins of 𝑝T,jet , ranging from 10 to 100GeV, and are compared to predictions from Pythia 8.186 (LHCb tune). The shaded error bands correspond 
to total systematic uncertainties, while the solid lines correspond to statistical uncertainties. Some points are not displayed in the ratio panel because they are outside 
the plotted range. Note that the 𝑥-axis range changes for each 𝑝T,jet bin, due to quark mass effects.

10% for 𝑝T,HF < 4GeV to negligible values for 𝑝T,HF > 35GeV. Two PB 
regions are then defined using sidebands away from the signal region, 
typically below 5.22GeV and above 5.36GeV. Distributions of 𝑚jet∕𝑝T,jet
are measured using candidate 𝑏 jets in each region. The PB distribution 
is scaled by the ratio of background in the S+B region versus the PB 
region, and then statistically subtracted from the S+B distributions as 
a function of 𝑝T,HF to yield pure signal distributions. See Appendix  for 
an example mass fit distribution.

4.  Detector corrections

Effects originating from the imperfect response of the LHCb detec-
tor are corrected by applying a suite of detector corrections. In sim-
ulation, jets containing a 𝐵± hadron are geometrically matched in 𝑦
and 𝜑 before and after the LHCb detector simulation to estimate such 
effects. The 𝑚jet∕𝑝T,jet distribution, binned differentially in 𝑝T,HF and 
𝑝T,jet , is first corrected for its imperfect purity by removing contribu-

Physics Letters B 869 (2025) 139854 

4 



LHCb collaboration

Fig. 3. Comparison of ungroomed and soft drop groomed 𝑚jet(,gr)∕𝑝T,jet distributions for 𝑅 = 0.5 anti-𝑘T (AK5) jets containing a 𝐵± meson and tagged with WTA 
flavour tagging. Results are shown for several bins of 𝑝T,jet , ranging from 10 to 100GeV, and are compared to predictions from Pythia 8.186 (LHCb tune). The 
shaded error bands correspond to total systematic uncertainties, while the solid lines correspond to statistical uncertainties. Some points are not displayed in the 
ratio panel because they are outside the plotted range. Note that the 𝑥-axis range changes for each 𝑝𝑇 , 𝑗𝑒𝑡 bin, due to quark mass effects.

tions which originate from fake 𝑏 jets (those that do not map to a true 𝑏
jet) or 𝑏 jets from outside the reported kinematic region. The signal pu-
rity rises steeply from around 40–50% (with WTA tagging) or 55–65% 
(without the WTA requirement) for 𝑝T,HF < 3GeV to more than 95% for
𝑝T,HF > 6GeV.

Bin migration effects, which originate from tracking inefficiency, 
material interactions, and finite momentum and energy resolution in the 
LHCb detector, are then corrected using a 6D response matrix (RM) that 

describes the mapping of 𝑝T,HF, 𝑝T,jet , and 𝑚jet∕𝑝T,jet before and after de-
tector effects. A 3D unfolding is performed using the iterative Bayesian 
unfolding algorithm [82], as implemented in RooUnfold [81]. Three 
iterations are used for all observable configurations, which provides 
good convergence. Unfolding begins with a prior distribution from sim-
ulation before iteratively updating the distribution using Bayes’ theorem 
with the calculated RM and measured data. The bin migration is dom-
inated by a strong diagonal mapping in the RM coupled with a slight 
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Fig. 4. Comparison of ungroomed and soft drop groomed 𝑚jet(,gr)∕𝑝T,jet distributions for 𝑅 = 0.5 anti-𝑘T (AK5) jets containing a 𝐵± meson without using WTA flavour 
tagging. Results are shown for several bins of 𝑝T,jet , ranging from 10 to 100GeV, and are compared to predictions from Pythia 8.186 (LHCb tune). The shaded 
error bands correspond to total systematic uncertainties, while the solid lines correspond to statistical uncertainties. Some points are not displayed in the ratio panel 
because they are outside the plotted range. Note that the 𝑥-axis range changes for each 𝑝T,jet bin, due to quark mass effects.

smearing along the 𝑝T,jet and 𝑚jet∕𝑝T,jet axes, with negligible smearing in 
𝑝T,HF.

The 𝑚jet∕𝑝T,jet distribution is then corrected for jets which are not 
reconstructed or selected in data due to kinematic or topological selec-
tions, or detector inefficiencies. The total 𝑏-jet reconstruction efficiency 
is calculated using simulation and adjusted with data-driven methods. 
Specifically, the efficiency of reconstructing the 𝐵± decay products is 
calculated using the tag-and-probe method on 𝐽∕𝜓 → 𝜇+𝜇− decays [85]. 
The efficiency of correctly identifying these particles is calculated using 

standard calibration samples [83]. The trigger efficiency is calculated 
using 𝐽∕𝜓 →𝜇+ 𝜇− decays selected by several hardware triggers [84]. 
The total efficiency rises from 5% for 𝑝T,HF < 4GeV to around 20% for 
𝑝T,HF > 20GeV.

5.  Systematic uncertainties

To probe the dependence of 𝑚jet∕𝑝T,jet on underlying systematic un-
certainties, several procedural variations are performed with the full 
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analysis repeated. The ratio between these varied results and the base-
line one is used to assign a relative systematic uncertainty.

Tighter selection requirements on the 𝐽∕𝜓 and 𝐵± candidates are 
used to test the robustness of the reconstruction and selection efficiency. 
The signal and background extraction is varied by replacing the DSCB 
functions with a Student’s 𝑡-distribution. The PB sideband regions are 
varied by adjusting the lower and upper edges of both sidebands, and the 
uncertainties arising from these variations are averaged. Uncertainties 
on the tracking and PID efficiencies for the 𝐵± candidate decay products 
are propagated from statistical uncertainties on the calibration samples 
and the uncertainty on the material budget for the 𝐾± meson, which 
is estimated at ±1.4% [85]. The uncertainty on the trigger efficiency is 
estimated by applying the data-driven method in simulation and com-
paring the result to the true simulated efficiency. Any deviation of this 
ratio from unity is propagated as a shift in the trigger efficiency.

The uncertainty on the jet energy scale and resolution is determined 
by studying jets recoiling off a 𝑍 boson, reconstructed via its decay to
𝜇+𝜇−. The relative transverse momentum fraction 𝑝T,jet∕𝑝T,𝑍 is calcu-
lated in both data and detector-level simulation, and the simulated dis-
tribution is adjusted to fit the data distribution as a function of 𝑝T,jet . This 
yields a roughly −3% shift on the jet energy scale and +12% smearing 
in the jet energy resolution, which are propagated to the detector-level 
simulation used to calculate detector corrections. Since 𝑚jet explicitly 
depends on 𝐸jet and 𝑝jet , this uncertainty tends to be dominant.

Finally, the uncertainty on detector corrections is estimated. The 
number of iterations through the unfolding procedure is varied by ±1 it-
eration. The dependence on the prior distribution is probed by weighting 
the RM by the ratio of sideband-subtracted data to detector-level sim-
ulation. A series of closure tests is also performed, where detector cor-
rections are applied on a simulated data spectrum smeared by statistical 
uncertainties in data. Any statistically significant deviations from unity 
in the closure tests are taken as a bin-by-bin systematic uncertainty. The 
total unfolding uncertainty is calculated by assuming these underlying 
variations to be correlated and calculating their standard deviation from 
zero.

The total systematic uncertainty is then calculated by assuming that 
each contribution is independent and summing them in quadrature. The 
systematic uncertainties generally increase with 𝑝T,jet and are largest in 
the sparsely populated tails of the 𝑚jet∕𝑝T,jet distribution, where small 
changes in the peak position cause the largest effect. Systematic un-
certainties are dominant at low and moderate 𝑝T,jet , whereas statistical 
uncertainties become more significant in the higher 𝑝T,jet bins. See Ap-
pendix  for a summary table of the systematic uncertainties.

6.  Results

The 𝑚jet∕𝑝T,jet distributions are reported in six 𝑝T,jet bins between 
10 < 𝑝T,jet < 100GeV. The distributions are normalised per 𝑝T,jet bin,

1
𝑁jet

d𝑁jet

d(𝑚jet∕𝑝T,jet )
, or equivalently 1

𝜎jet

d𝜎jet
d(𝑚jet∕𝑝T,jet )

, (2)

where 𝑁jet is the number of jets in a given 𝑝T,jet bin, and 𝜎jet is the 
corresponding cross-section.

The ungroomed 𝑚jet∕𝑝T,jet distributions are shown in Fig. 1 for both 
inclusive and WTA flavour-tagged 𝑏 jets, with normalisation set to the 
inclusive results. The peak of the distribution moves leftward with in-
creasing 𝑝T,jet due to the reduced contribution of the 𝑏-quark mass to 
the overall jet mass. There is a long tail on the right side of the distri-
butions, corresponding to rarer, higher-virtuality partons which initiate 
the 𝑏 jet, and a shorter tail on the left side of the distributions, terminat-
ing at the kinematic cutoff of 𝑚𝐵±∕𝑝T,jet (a single-particle 𝑏 jet). At high 
𝑝T,jet , where the effect of gluon splitting is largest, a two-peak structure 
emerges, which likely originates from the presence of a second (unre-
constructed) 𝑏-hadron in the jet.

The WTA flavour tag changes the shape of the distributions by re-
ducing contributions in the high-mass tail, and these differences become 

larger at higher 𝑝T,jet . This is expected since the WTA flavour tag tends 
to reject 𝑏 jets that originate from gluon splitting, which naturally must 
have a mass greater than two times the 𝑏-quark mass.

The distributions are compared to Pythia 8 predictions [61], where 
significant deviations are seen. Pythia 8 predicts a broader 𝑚jet∕𝑝T,jet
distribution, resulting in significantly more emissions at large 𝑚jet∕𝑝T,jet
than observed in data. It also peaks at lower values, signifying fewer 
high-virtuality partons than observed in data. Differences are enhanced 
for inclusive distributions; since WTA tagging predominantly removes 
𝑏-jets that arise from gluon splitting [33], this suggests that in-shower 
contributions to 𝑏-jet production are less constrained than direct (LO) 
𝑏-jet production.

The soft drop groomed 𝑚jet,gr∕𝑝T,jet distributions are shown in Fig. 2 
for both inclusive and WTA flavour-tagged 𝑏 jets, with normalisation set 
to results without a WTA flavour requirement. Comparisons between 
the ungroomed and groomed results are shown in Figs. 3 and 4 with 
and without WTA flavour tagging, respectively, with normalisation in 
both cases set to the ungroomed results. The shapes of the groomed 
distributions are affected by the removal of narrow, low-𝑚jet jets from 
the data sample, which are groomed away, pushing the peaks towards 
higher 𝑚jet∕𝑝T,jet . The removal of soft, wide-angle radiation from surviv-
ing jets simultaneously makes the distributions more strongly peaked 
and shifted towards lower 𝑚jet∕𝑝T,jet . The two-peak structure observed 
only at high 𝑝T,jet in the ungroomed case emerges at a lower threshold 
of 𝑝T,jet > 20GeV. This may suggest that grooming can be used as a tool 
to better separate quark-initiated 𝑏-jets from gluon-initiated ones. Jets 
groomed near the kinematic threshold of 𝑚𝐵±∕𝑝T,jet exhibit a large peak, 
with a tail on the left from the broad 𝑝T,jet range.

Grooming slightly improves agreement between data and Pythia 8, 
especially in the case of WTA flavour tagging. This is expected since soft, 
wide-angle radiations are generally less well described perturbatively at 
fixed order than hard, collinear radiation. However, significant discrep-
ancy remains in the tails of the distributions, with the data having more 
high-𝑚jet contributions than simulation, again pointing to a significant 
difference in high-virtuality direct versus in-shower 𝑏-quark production.

7.  Conclusion

The LHCb collaboration presents first measurements of 𝑏-jet mass 
at forward rapidity in pp collisions at √𝑠 = 13TeV. Winner-Take-All 
flavour tagging reduces the large-𝑚jet tail of the distributions by reduc-
ing gluon splitting contributions, offering a probe into in-shower pro-
duction of 𝑏 quarks [33]. Comparisons to Pythia 8 predictions reveal 
significant deviations across the 𝑚jet∕𝑝T,jet distributions with largest dis-
crepancies in the tails of the distributions, which improve with WTA 
flavour tagging. These effects suggest that 𝑏 production models could 
be refined with improved parton shower prescriptions, such as includ-
ing NRQCD heavy 𝑞𝑞 production [86].

Soft drop grooming removes a substantial fraction of candidate 𝑏
jets and forms a secondary peak near the single-particle-jet kinematic 
limit. Agreement with Pythia 8 predictions improves with respect to 
ungroomed 𝑚jet , especially at low 𝑚jet∕𝑝T,jet where nonperturbative ef-
fects are reduced. These results will enable a comprehensive test of mod-
ern QCD calculations with heavy-flavour jets, for which a well-defined 
path to computation exists and calculations are in development [31,32].

Finally, these results are a baseline and proof-of-principle for future 
studies in heavy-ion collisions, where gluon splitting accesses the mo-
mentum transfer between hard probes and the quark-gluon plasma in a 
theoretically well-defined way.

Data availability

The LHCb experiment has agreed to the CERN Open Data pol-
icy that is summarised at https://opendata.cern.ch/docs/about. The 
LHCb External Data Access Policy can be downloaded at https://open-
data.cern.ch/record/410. Data associated to the plots in this publi-
cation as well as in supplementary materials are made available on 
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the CERN Document Server at https://cds.cern.ch/record/2932487. 
This manuscript has associated data in a HEPData repository at 
https://www.hepdata.net/record/ins2922449. An encapsulation of the 
analysis is provided for measurements in the framework of Rivet at 
https://rivet.hepforge.org/analyses/LHCB_2025_I2922449.html.
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