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Open heavy-flavour measurements promising PDF constraints

The potential of D (and B) meson production as a PDF constraint has been
recently actively discussed [GAULD, ROJO, PRL 118, 072001 ; PROSA, EPJ C75, 396 ;

KUSINA ET.AL. PRL 121,052004]
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reduction of NNPD3.0 gluon uncertainty nuclear modification in p-Pb
upon including LHCb D-meson data at large y from LHCb

Good gluon resolution based on including data down to pDT = 0

Most of the modern proton and nuclear PDFs are defined in general-mass
variable-flavour-number schemes (GM-VFNS). No publicly available tools for
heavy-flavour hadroproduction that would optimally match the mass scheme.
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Fixed-flavour-number scheme (FFNS)

In FFNS, the heavy quarks are produced in three partonic processes

g + g → Q+X, q + q → Q+X, q + g → Q+X

+ NLO diagrams
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FFNS cross sections behave as ∼ log(p2T/m
2) in the pT →∞ limit
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Fixed-flavour-number scheme (FFNS)

Parton-level calculations often folded with phenomenological Q→ h3 fragmentation functions

The fragmentation variable not unique for massive objects. A possible choice is

z ≡
Ehadron

Eparton
(in hadronic c.m. frame)

which leads to
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where the partonic and hadronic variables are related as
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is the hadronic transverse mass
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Fixed-flavour-number scheme (FFNS)

FONLL [CACCIARI ET.AL. JHEP 9805, 007] (≈ FFNS at small pT) compared with LHCb data
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[GAULD ET.AL. JHEP 1511, 009] [GAULD ET.AL. JHEP 1511, 009]

Undershoots LHCb data by a factor of two — within the large scale uncertainties, though

This deficiency is resolved in GM-VFNS by resumming the log(p2T/m
2) terms
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From FFNS to GM-VFNS heuristically

Initial-state log(p2T/m
2) terms in FFNS:

− subtraction term +

(a) (a) (b) (c)

In GM-VFNS these are resummed to contributions involving the heavy-quark PDF fh1
Q

(c) :

∫
dz

z
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Q (x1, µ
2
fact)

dσ̂Qg→Q+X(τ1, τ2)

dpTdy
fh2
g (x2, µ

2
fact) DQ→h3

(z)

The addition of Qg → Q+X channel must be compensated by the subtraction term (b),
which is the above expression with the heavy-quark PDF to first order in αs,

fQ(x, µ2fact) =
(αs

2π

)
log
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s) .

(a)+(b)+(c) finite in pT →∞ limit
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From FFNS to GM-VFNS heuristically

In GM-VFNS dσ̂Qg→Q+X is ambiguous. The only requirement is that

dσ̂Qg→Q+X(τ1, τ2)

dpTdy

pT→∞−−−−−→
dσ̂qg→q+X(τ1, τ2)

dpTdy
(q = light quark)

SACOT-mT scheme: dσ̂Qg→Q+X(τ1, τ2) ≡ dσ̂qg→q+X(τ1, τ2)

Qg → Q+X process involves Q in the X state (implicitly) so the kinematics
should be that of the QQ production

τ1 =
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,

Since dσ̂qg→q+X/d3p
pT→0−−−−→ (τ1,2)

−n

dσ/dPT
PT→0−−−−→ 0, consistently with the data

SACOT scheme [KNIEHL ET.AL PRD71, 014018]: uses zero-mass kinematics, τ1,2 =
pTe
∓y

√
sx2,1

,

=⇒ cross sections diverge towards PT → 0+
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From FFNS to GM-VFNS heuristically

Final-state log(p2T/m
2) terms in FFNS:

− subtraction term +

In GM-VFNS these logs are resummed to the gluon FF Dg→h3
(z, µ2frag)

∫
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z
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Compensate with a subtraction term using the O(αs) expression for the gluon-to-h3 FF
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)
log
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(`)

The presence of QQ in the final state is again implicit in gg → g +X channel — use the
massive τ1,2 here as well.
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From FFNS to GM-VFNS heuristically

The final expression in GM-VFNS:

Includes ALL partonic subprocesses
(unlike FFNS)

dσ(h1 + h2 → D0 +X)

dPTdY
=
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ijk
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zmin
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Coefficient functions up to O(α3
s) behave as FFNS at low pT,

as zero-mass MS matrix elements at high pT

Scale-dependent, universal FFs

SACOT-mT scheme implemented to INCNLO code [Aversa et.al. Nucl.Phys. B327, 105]
interfaced with MNR QQ routines [Mangano et.al. Nucl.Phys. B373, 295].

In the following, we apply this to D-meson production in p-p with NNPDF3.1NLO (pch)
[Eur.Phys.J. C77 (2017), 663] PDFs and KKKS08 [Kneesch et.al. Nucl.Phys. B799 (2008) 34] FFs.

Comparison to Powheg+Pyhtia setup: NLO partonic cc events from Powheg [Frixione et.al.
JHEP 0709, 126] showered/hadronized with Pythia v8.230 [Sjöstrand et.al. Compt.Phys.Comm.
191, 159], used e.g. in [Klasen et.al. JHEP 1408 (2014) 109; Gauld et.al. JHEP 1511, 009].
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Comparison with the LHCb 13 TeV data

LHCb p-p cross sections well reproduced by the SACOT-mT approach
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HELENIUS, PAUKKUNEN, JHEP 1805 (2018) 196 HELENIUS, PAUKKUNEN, JHEP 1805 (2018) 196

Sizable theory uncertainties at low pT: scale and PDF uncertainties shown,
others (scheme dependence, fragmentation variable z,...) more difficult to estimate

Powheg+Pyhtia setup down by a factor of two with a large scale uncertainty
(very similar to FONLL/FFNS)
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Comparison with the LHCb 13 TeV/5 TeV data

Ratios between different c.m. energies
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GM-VFNS consistent with the data — reduced scale uncertainties

Powheg+Pyhtia gives systematically weaker PT dependence
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Main difference between Powheg+Pyhtia and GM-VFNS?

Powheg+Pyhtia setup:
— Powheg: Provides partonic NLO cc events defining the hardest emission scale
— Pythia: Generates parton shower for the Powheg events below the hardest emission

scale and hadronizes the event.

— Allows for a fully exclusive description of final state

Powheg+Pyhtia setup does not account for
the possibility that the sole cc is created
during the shower

Resummed in GM-VFNS via gluon FFs

Extra radiation from the incoming/outgoing
partons added by the Pythia shower

H. Paukkunen (Jyväskylä Univ.) Heavy-flavour production in the SACOT-mT scheme Hard Probes’18, October XXth 2018 12 / 17



Forward-direction x2 distributions

The forward LHCb D-meson measurements in p-p probe PDFs at very small x2
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The long tails in GM-VFNS towards large x weaken the small-x sensitivity

FFNS-based NLO calculations largely lack the large-x contributions
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Comparison with the mid-rapidity CMS 5 TeV data

At PT & 20GeV, GM-VFNS tends to overshoot the CMS data — good agreement at low PT
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Powheg+Pyhtia seems to do better at PT & 20GeV — log(p2T/m
2) & 5, so beware...

At PT & 20GeV the largest uncertainty in GM-VFNS is the FF variation
(KKKS08 constrained by e+e− only)

DATA FROM PLB 782 (2018) 474 DATA FROM PLB 782 (2018) 474
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Massive vs. massless fragmentation variable

The “massive” vs. “massless” fragmentation variable makes a significant difference

massive: z ≡
Ehadron

Eparton
(in hadronic c.m. frame)

massless: yparton = Y hadron; ppartonT = Phadron
T /z
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Not only a multiplicative “front factor” — shifts the sampled x1,2 regions

Present also in FFNS/FONLL case — different modelling in Pythia
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Summary

Introduced a novel GM-VFNS scheme — SACOT-mT — for heavy-flavoured meson
production in hadron colliders

- Resolves the difficulty of pT → 0 limit of the naive SACOT scheme

- Yields an excellent agreement with the LHCb p-p data

Paves the way for consistently using D- and B-meson data in global PDF and FF fits.

- For the moment full NLO level — parts of the NNLO known.

- Small-x (BFKL-type) resummation should be relevant as well

However, a significant theory uncertainty posed by the ambiguous fragmentation variable

- Goes away only at high-enough pT

The presented framework is currently being extended to handle p-A
collisions [SEE MY PLENARY TALK], B meson production + other fancy applications
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Additional material

KKKS08 fragmentation functions
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