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Heavy flavour production measurements in pp collisions are a crucial test of QCD. The LHC
experiments ALICE, ATLAS, CMS and LHCb, provide complementary abilities to measure many
aspects of heavy-flavour production. This contribution summarises recent LHC measurements
within this topic.
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Heavy-flavour (charm or beauty) hadron production in proton-proton collisions can be de-
scribed with the factorisation approach as a convolution of the heavy quark partonic cross section,
the parton distribution functions (PDFs) of the proton, and the fragmentation function (FF) of
the heavy-flavour quark into a given hadron. The hard parton cross sections are calculated with
perturbative QCD techniques, where the large mass of the heavy quark sets the hard scale meaning
production can be calculated over all 𝑝T. The PDFs and FFs on the other hand must be determined
through measurements. At the LHC, the quark and gluon densities in the proton means multiple
hard-parton scattering becomes more relevant, and the underlying event activity becomes much
larger, which may affect the fragmentation and hadronisation of quarks into hadrons. Measure-
ments of heavy-flavour hadrons in general constitute some of the most important tests of QCD over
many length scales at hadron colliders.

Heavy-flavour meson and quarkonia production has been studied extensively at the LHC.
Measurements of the prompt [1, 2] and non-prompt (from beauty decays) [3] production of D
mesons agree well with QCD calculations [4, 5], indicating that heavy-flavour meson production
is well understood. The measurement of strange to non-strange beauty meson production has also
been measured from non-prompt D mesons with ALICE [3], and a combined analysis of B meson
decays from LHCb [6]. The LHCb measurement hints at a slight increase in the production ratio
of strange to non-strange beauty meson with collision energy. This is also a crucial measurement
for reducing the uncertainty in many B0

s branching fractions, which are a dominant source of
uncertainty in many searches for new physics. Prompt 𝐽/𝜓 production has been measured by
ALICE [7], ATLAS [8], CMS [9] and LHCb [10], and non-prompt 𝐽/𝜓 production is also measured
by ALICE [7], ATLAS [8] and CMS [9].

Comprehensive studies of heavy-flavour baryon production have recently been performed
at the LHC, and currently heavy-flavour baryon production is less well understood than heavy-
flavour meson production. Λ+

c production has been measured in pp collisions by ALICE [11–13]
and CMS [14], and is significantly underestimated by QCD calculations. The baryon-to-meson
production ratioΛ+

c/D0 is significantly larger than the same measurements in e+e− and ep collisions,
by up to a factor of 5 at low 𝑝T, and exhibits a strong 𝑝T dependence. Recently the baryon-to-meson
ratios Ξ

0,+
c /D0 [15, 16], Σ++,+

c /D0 [11] and Ω0
c/D0 [17] have also been measured by ALICE to

be significantly underestimated by predictions utilising fragmentation parameterisations based on
measurements in e+e− and ep collisions. The fragmentation fractions of charm quarks into charmed
hadrons have been measured for the first time in pp collisions [18], which are shown in figure 1.
The charmed hadron fragmentation fractions differ significantly from measurements in e+e− and
ep collisions, indicating the assumption of universal, independent parton-to-hadron fragmentation
across collision systems is not sufficient to describe charmed hadron production in pp collisions at
the LHC. Possible explanations of this difference include colour reconnection between independent
partons [19], quark coalescence [20, 21], or enhanced baryon production originating from the decay
of as-yet-undiscovered charm baryon states [22], which describe baryon-to-meson ratios better,
though still underpredict the Ω0

c/D0 and Ξ
0,+
c /D0 ratios. The relative production of beauty baryons

and mesons has also been measured by LHCb [23], where a similar enhancement of the ratio
Λ0

b/(B
0 + B+) is measured at low 𝑝T. A measurement of the ratio of non-prompt Λ+

c baryons and
D0 mesons was made as a function of 𝑝T by ALICE which aims to indirectly probe beauty quark
fragmentation. This measurement was compared to predictions utilising quark production with
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FONLL, and hadronisation/hadron decays with PYTHIA - the predictions require the fragmentation
fractions measured by LHCb to describe the data, and the measurement is underestimated if
utilising fragmentation fractions measured in e+e− collisions. These measurements also suggest
that fragmentation fractions of beauty baryons are not universal in different collision systems.
The production cross section measurements of different charmed hadrons has allowed for precise
measurement of the total 𝑐𝑐 [18] and 𝑏𝑏̄ [7] production cross sections.

Heavy-flavour hadron production has been studied as a function of the event multiplicity. The
strange to non-strange production ratio of beauty mesons B0

s/B0 measured by LHCb in pp col-
lisions [24] is shown in figure 1 (right). When measuring the multiplicity in the same rapidity
region as the beauty hadron (with the VELO tracker) there is evidence at a level of 3.4𝜎 that the
ratio B0

s/B0 increases with multiplicity. When measuring the multiplicity in the opposite rapidity
direction as the beauty hadron, the ratio is instead independent of this multiplicity, indicating the
enhancement is due to the local event multiplicity. The charmed baryon-to-meson ratio measured
by ALICE [25] also displays a significant enhancement in the region 2 < 𝑝T < 12 GeV/𝑐 at
high multiplicity compared to low multiplicity. This multiplicity dependence is described well by
PYTHIA when including colour reconnection mechanisms beyond the leading colour approxima-
tion. The charmed strange to non-strange ration D+

s /D0 is instead independent of multiplicity within
the current experimental uncertainties [25].
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Figure 1: Left: Charm quark fragmentation fractions into charm hadrons in pp collisions at
√
𝑠 = 5.02 TeV,

compared with measurements at LEP and B factories, and ep collisions [18]. Right: The production ratios
of strange to non-strange B mesons B0

s/B0 as a function of the event multiplicity measured either in the
direction of the beauty meson (left) or in the opposite direction (right) [24].

Fragmentation dynamics of heavy quarks are probed with measurements of heavy flavour
hadrons within jets. Figure 2 (left) shows a measurement of B± mesons within jets by ATLAS [26]
- in particular, the relative momentum of the jet that is carried by the hadron in the direction of the
jet, 𝑧 = ®𝑝𝐵,𝐷 · ®𝑝 𝑗

| ®𝑝 𝑗 | . The transverse momentum profile is also reported in [26]. ALICE measured the
𝑧 distribution of D mesons [27] at

√
𝑠 = 5.02 TeV and

√
𝑠 = 13 TeV. Comparisons to Monte Carlo

event generators were made in all cases, which helps constrain different approaches to fragmentation
in these generators.

The first observation of 𝑏-hadron production asymmetry (i.e., asymmetrical production of a
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beauty hadron compared to its anti-particle, measured using 𝐴𝑝𝑟𝑜𝑑 =
𝜎 (𝑝𝑝→Λ0

𝑏
𝑌 )−𝜎 (𝑝𝑝→Λ̄0

𝑏
𝑌 )

𝜎 (𝑝𝑝→Λ0
𝑏
𝑌 )+𝜎 (𝑝𝑝→Λ̄0

𝑏
𝑌 )

)

was reported by LHCb [28]. Figure 2 shows 𝐴𝑝𝑟𝑜𝑑 as a function of Λ0
b rapidity at

√
𝑠 = 7 TeV.

Combining the measurement at
√
𝑠 = 7 TeV and 8 TeV, the results are incompatible with symmetric

production with a significance of 5.8 standard deviations, assuming no CP violation in the decay.
There is also evidence at the level of 4𝜎 of an increase in production asymmetry with rapidity.
Comparisons from MC generators show that the results agree with PYTHIA when an improved
colour reconnection model is included.

Figure 2: Left: The distribution of the longitudinal profile 𝑧 of B± mesons in jets [26]. Right: the production
asymmetry of Λ0

b baryons [28].

CMS reported the observation of simultaneous production of three 𝐽/𝜓 meson particles [29].
In this analysis, five events are found to be consistent with triple-𝐽/𝜓 production, with a statistical
significance relative to the background-only expectation of 5 standard deviations. The measured
cross section is 𝜎(pp → 𝐽/𝜓𝐽/𝜓𝐽/𝜓𝑋) = 272+141

−104(stat.) ± 17(syst.) fb. This cross section is
consistent with theoretical expectation of production via primarily double-parton scattering and
triple-parton scattering (under the simplest assumption of factorization of multiple hard-scattering
probabilities in terms of SPS cross sections). This measurement is the first observation of the
simultaneous production of three heavy particles, and represents an important step in the quest to
constrain the proton PDF.

In summary, heavy-flavour production at the LHC constitutes a stringent test of QCD, and Run
2 of the LHC has allowed for a diverse range of heavy-flavour production measurements. Run 3
has just begun after significant detector upgrade programmes for all 4 LHC experiments during
Long Shutdown 2, which will provide unprecedented accuracy for future heavy-flavour production
measurements.
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