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Motivation: Why study the production of a pair of
heavy quarks?

Heavy-quark masses (mc ,mb) ≫ ΛQCD:
Fixed-order pQCD calculations are reliable.
Reduced sensitivity to non-perturbative effects.

Multiple hard scales in the same process:
Same-flavour (cc̄cc̄, bb̄bb̄) and mixed-flavour (bb̄cc̄).
Unique testbed for mass hierarchies in QCD dynamics.

Direct probe of gluon PDFs in new kinematic regions:
4Q final states predominantly from gg → QQ̄QQ̄.
Access to low-x (forward) and moderate-x (central) gluons.

Broader physics impact:
Inputs for quarkonium and open heavy-flavour production.
Constraints for multi-parton interaction models.
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Motivation: Single vs Double Parton Scattering?

DPS observed at the LHC — larger than expected.
Extracting DPS requires precise SPS subtraction.

(Luszczak et al., Phys. Rev. D 85, 2012)

(Maciuła et al., Phys. Rev. D 87.7, 2013)
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Study Goal and Novelty

First NLO predictions for hadroproduction of cc̄cc̄ and bb̄cc̄ in
collinear factorisation
NLO bb̄bb̄ computed previously

(Greiner et al., Phys. Rev. Lett. 107, 2011;G. Bevilacqua et al., JHEP 07, 2013)

Photoproduction of bb̄cc̄
(Manna et al., PoS DIS2024, 2025)

Complementary kinematics
Smaller σ, but cleaner environment

Why only LO cc̄cc̄ and bb̄cc̄ to date?
(van Hameren et al., Phys. Rev. D 89.9, 2014; van Hameren et al., Phys. Lett. B 748, 2015)

Complexity
To illustrate, photoproduction has the fewest diagrams

LO: 24 Feynman graphs
NLO: 343 Virtual corrections, 196 real-emission corrections from
gluon fusion, and 48 for each photon-quark channel.
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Summary of Studies

New
√

s [TeV] Process
Hadroproduction (LHC)

✓ 13.5 cc̄cc̄
13.5 bb̄bb̄

✓ 13.5 bb̄cc̄
Photoproduction (EIC)

✓ 0.140 bb̄cc̄
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Kinematic Correlations

Same sign pairs vs Opposite Sign pairs
Same sign (ex: DD):

Naturally enhanced in DPS
(independent scatterings).
Good discriminator for DPS
contribution.

Opposite sign (ex: DD̄):
Strongly dominated by pp → cc̄X

Focus on correlation observables:
∆yQQ (rapidity difference)
∆ϕQQ (pair azimuthal angle)
MQQ (pair invariant mass)
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Theoretical Framework / Setup

Collinear factorisation, fixed-order NLO in QCD
MG5_aMC@NLO framework

(Frederix et al., JHEP02 099, 2012; Frixione et al., JHEP11 085, 2021)

Parameter Value / Choice

Charm quark mass (mc ) 1.55 GeV

Bottom quark mass (mb) 4.75 GeV

Scale choice (µ2) ∑ m2
T ,i /4 9-point variation: (µR , µF ) = µ0 × (λR ,λF )

for λF ,R ∈ (0.5, 1, 2)

PDF sets CT18NLO

Centre-of-mass energies (
√

s) 13.5 TeV

Kinematic cuts: ALICE (pT )Q > 2 GeV, |yQ | < 0.5

Kinematic cuts: LHCb 3 < (pT )Q < 12 GeV, 2 < yQ < 4
(Hou, Tie-Jiun et al., 1908.11394, 2019)

(Owens et al., Phys.Rev.D 87, 2013)
(Buckley et al., Eur. Phys. J. C 75, 2015)
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Results
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NLO Reduction of Uncertainties - charm vs ∆ycc
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charm vs ∆φcc: 4 fold increase at ∆φcc ≃ 0
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Charm vs pT ,cc
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Different Kinematic Acceptances - bottom vs ∆ybb
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Different Kinematic Acceptances - bottom vs ∆φbb
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Different Kinematic Acceptances - bottom vs Mbb
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Different Kinematic Acceptances - bottom vs pT ,bb
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∆y Distributions for same-sign pair
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∆ϕ Distributions for same-sign pair
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pT Distributions for same-sign pair

At large PT , dominated by
Q → Q(Q′Q̄′) fragmentation:
σ(gg → bb̄) ∼ σ(gg → cc̄)
&
P(b → bcc̄) ∼ P(c → ccc̄)
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Relative size of same-sign vs opposite sign pair - 1
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Same-sign vs opposite sign pair: ∆ΦQQ
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Same-sign vs opposite sign pair: MQQ
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Same-sign vs opposite sign pair: pT ,QQ

σbb ∼ 1
300 σbb̄ but
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Comparison to ALICE for double charm

σDD [µb]10-1 100 101

√s = 13.6 TeV 
mc = 1.55 GeV 
µ2 =(∑ i m2i,T)/4 

ALICE Acceptance 
2.0 GeV/c < pTD < 24.0 GeV/c 
|y | < 0.5

CT18NLO PDFs ALICE Preliminary
       c c   f(c    D )*

20

f(c    D )=0.5901   0.0140 ±0 *
20

+c c  c c   f(c    D )

(Lisovyi et al., Eur. Phys. J. C 76, 2016)

(Tavira García, ALICE Collab., LHCP 2026)

IF SPS ≪ DPS: σeff ≳ 4 mb
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PHOTOPRODUCTION: Non-Prompt J/ψ + c from
bb̄cc̄

Prompt J/ψ + c has
sensitivity to intrinsic
charm
Non-prompt J/ψ + c from
b-decays in bb̄cc̄ events.

These can be separated by
indentification of displaced
vertices
Calculations show
non-prompt J/ψ + c is
smaller than prompt

But, non-prompt J/ψ + c
observable with 10fb−1

(Flore et al., Phys. Lett. B 811, 2020)

(Boer et al., Prog. Part. Nucl. Phys. 142, 2025)
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Summary and Outlook

Novelty: First NLO predictions for double charm/mixed charm
bottom pair production (cc̄cc̄ & bb̄cc̄)
Phenomenological takeaway:

Improved accuracy in shape of crucial observables in certain
kinematic regions
Improved precision from NLO reduction of theoretical
uncertainties
Greater handle on SPS double heavy-quark-pair production in the
context of DPS

Outlook:
Potential to study intrinsic charm through bb̄cc̄ and cc̄cc̄
Photoproduction of cc̄cc̄ to be done
Asymmetric set-ups such as pion nucleon also possible

(Flore, et al., 2501.14487, 2025; Flore et al., Phys. Lett. B 866, 2025)

Revisit ψ + D (Exp: LHCb (J.He) JHEP 06 (2012) 141; ALICE (M. Zhang on Tuesday) Prelim.

Th: P. Artoisenet, JPL, F. Maltoni PLB 653 (2007) 60; Q.M. Feng, C.F. Qiao PRD 112 (2025) 7, L071501 )
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