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Convener: Anna Stasto


Previous convener: Mary Hall Reno, last update June 9, 2023,  6th FPF meeting


https://indico.cern.ch/event/1275380/contributions/5379620/


Usual meetings: Mondays 12:30 EDT


Recent presentations:


Akitaka Ariga : NA65/DsTau experiment


Timothy Hobbs: CT18FC: the enduring nonperturbative charm problem


Kazuhiro Watanabe: Forward heavy flavor production and CGC in pp collisions


Presentations at this workshop  (SM parallel session) relevant for forward charm:


Atri Bhachattarya, Keping Xie, Timothy Hobbs


also Toni Makela, Max Fieg
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Forward charm production : questions
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From pp collision to 
neutrino detection

ccbar
production

➤ Strong interaction cross section. Framework: 
collinear vs small x-kT factorization)


➤ Parton distribution functions

➤ Large x: intrinsic charm

➤ Small  x: BFKL evolution, saturation

➤ Role of transverse momentum


➤ Fragmentation/hadronization to charm hadrons

➤ Important for neutrino production in atmosphere 

and in extragalactic sources (prompt flux)
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Factorization : collinear vs kT
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QCD schemes:

pp →cc�Collinear factorisation kT factorisation
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� ' �̂on�shell ⌦ f1 ⌦ f2
<latexit sha1_base64="dBM7PCxYkBZR5g1TCzcssSaSUeY="></latexit>

� ' �̂o↵�shell ⌦ f1 ⌦ F2

NLO accuracy (at least). 

Developed mass schemes

PDFs from global fits (many data)

Need extrapolation to small x (DGLAP may 
not be sufficient)

Usually twist-2, no power corrections 
included 

LO matrix elements, only gluon fusion

Uses mixed : collinear (large x) and small x 
unintegrated gluons (matching ?)

Can use both gluons off-shell but limited to 
mid-rapidity (not very forward).

Extrapolation to small x via evolution

Natural extension to include higher twists
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Description of 13 and 7 TeV data
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Comparisons

Collinear vs kT factorisation @ 13 TeV

  

Comparisons

Collinear vs kT factorisation @ 7 TeV

Good description of 13 
TeV and 7 TeV (no 
fitting to 7) data


However:


collinear needs kT 
smearing to describe 
the data


kT-factorization needs 
k-factor of 2.3 


A.Bhachattarya
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Small x approaches to forward charm hadroproduction
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Theory vs. LHCb (fwrd) data on D0

20

LHCb, JHEP 05 (2017) 074
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Ma, Tribedy, Venugopalan, KW, PRD98, no.7, 074025 (2018)
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FIG. 6: Transverse momentum distirbutions for different windows of rapidity (left panel) and

rapidity distirbution (right panel) of D0 + D̄0 mesons at
√

s = 13 TeV, obtained in the hybrid

approach with the KS linear and KS nonlinear gluon uPDFs together with the LHCb data [55].

Details are specified in the figure.

interval of rapidity one probes x2 down to ≈ 10−5, (a typical region where one could

expect the onset of saturation effects) and simultaneously x1 above 10−2. The kinematical

configuration becomes even more interesting and challenging when approaching the far-

forward region, taking e.g. y > 6.0, where one could probe x1 > 0.1 and x2 < 10−6.
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FIG. 7: Two-dimensional distribution in log10(x1) and log10(x2) for different windows of rapidity

calculated in the full kT-factorization approach for the MRW-MMHT2014nlo uPDF.

Let us concentrate now on the most forward D meson production. In the left panel

of Fig. 9 we show result for the most forward LHCb rapidity bin (4 < y < 4.5) obtained

within the kT-factorization approach as well as results for the hybrid approach. The hy-

brid approach for the MRW-MMHT2014nlo and the KS linear uPDF (dashed and dotted

lines, respectively) gives only somewhat smaller cross section than the kT-factorization

17

Need for k factor present in 
other small-x calculations using 
hybrid(on-off-shell) 
factorization


Missing NLO contributions

K.Watanabe

Maciula,Szczurek

Though double off-shell seem 
to be closer to the 
data(different gluon) 


Applicable at not-so forward 
rapidity

Maciula,Szczurek

perimental data [55]. Here, a very good agreement with the LHCb data is obtained with

the full kT-factorization calculations. The hybrid model seems to underestimate the ex-

perimental distributions at more central rapidities, however, both predictions starts to

coincide in more forward region, i.e. 4.5 < y < 6.5, beyond the LHCb detector cover-

age. In the far-forward region (y > 6.5) the hybrid approach leads to slightly larger cross

sections than the full kT-factorization.
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FIG. 5: Transverse momentum distirbutions for different windows of rapidity (left panel) and

rapidity distirbution (right panel) of D0 + D̄0 mesons at
√

s = 13 TeV, obtained with the MRW-

MMHT2014nlo gluon uPDF together with the LHCb data [55]. Details are specified in the figure.

In Fig. 6 we show a similar theory-to-data comparison as above, but here we plot nu-

merical results obtained with the KS linear (solid histograms) and nonlinear (dotted his-

tograms) gluon uPDFs. Both calculations here are obtained within the hybrid approach.

The KS uPDFs are available only for x < 10−2 so they cannot be used on the large-x

side in the full kT-factorization calculations, especially in the case of forward charm pro-

duction. As we can see the difference between predictions of the linear and nonlinear

uPDFs appear only at very small transverse momenta. Unfortunately, both of them vis-

ibly underestimate the LHCb data points, hovewer, the discrepancy seems to decrease

when moving to more forward rapidities. Therefore, one should not discard them in the

far-forward limit.

In Figs. 7 and 8 we show the region of longitudinal momentum fractions of gluons

entering the fusion process for different windows of rapidity. We observe that even in

the current LHCb acceptance one deals with the very asymmetric configurations where

x1 # x2. The situation depends on the rapidity interval and for most forward LHCb

16

                 CGC calculation
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Mass schemes
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ACOT scheme
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Q &mQ , mQ matters, fQ (x ,µ) ⇡ 0, Flavor Creation (FFN 3-flv).
Q � mQ , mQ ⇡ 0, fQ (x ,µ) matters, Flavor Excitation (ZM 4-flv).
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K.Xie
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matching

Charm production in the forward region
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Charm production in the forward region are
sensitive to both small and large x charm and
gluon PDFs.

Intrinsic charm can potentially show up in the
large x region.

Both the LHCb and the FASER measurement
can provide probe to the gluon at small x and
intrinsic charm at large x .
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Better description of LHCb data


Impact at low pT


Relevant for forward production
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Intrinsic/fitted charm
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9

intrinsic
charm

   

fitted 
charm

• The concept of  nonperturbative 
methods

• Can refer to a component of  the 
hadronic Fock state or the type of  
the hard process

• Predicts a typical enhancement of  
the charm PDF at !	 ≳ 0.2

• A charm PDF parametrization at 
scale $# ≈ 1 GeV found by global 
fits [CT, NNPDF, …]

• Arises in perturbative QCD 
expansions over )$ and operator 
products

• May absorb process-dependent or 
unrelated radiative contributions

Connection?

2023-06-19 T. Hobbs, WG2-FPF 2023

challenging to formulate a rigorous definition of intrinsic charm
T.Hobbs
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Intrinsic/fitted charm
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13

Z+c at LHCb: intriguing new data; need theory development

R. Aaij, et al. (LHCb); arXiv: 2109.08084.
2022 LHCb 13 TeV data: (Z+c) / (Z+jet) ratios; 3 rapidity bins

→ calculated NLO cross-section ratio similarly depends on showering, hadronization

NNLO calculations recently available, but not implemented in PDF fits

NLO Powheg + PY 8
NLO MCFM

NLO

M. Czakon, et al.; arXiv: 2011.01011.R. Gauld, et al.; arXiv: 2005.03016; 2302.12844

large FSR 
correction

q FC slightly enhances ratio; not enough to improve agreement with data

→ meanwhile, significant theory uncertainties

2023-06-19
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but can global PDF fits constrain 
“intrinsic” charm?

3

“fitted charm” is a more direct term to 
describe the charm PDF found in the 
global QCD fit

analog: the fitted charm mass

2023-06-19 T. Hobbs, WG2-FPF 2023

heavy quarks typically implemented perturbatively in QCD analyses

might also explore nonperturbative 
charm; i.e., not radiatively generated,

<latexit sha1_base64="bisqKYSykY0rsxl59+AcjFQzpQo=">AAACDnicbVDLTgIxFO34RHyhLt00EhJIDJkxvjYkRDa6g0QeCYOkUwo0tJ2x7RjIhC9w46+4caExbl2782/sAAsFT3KTk3Puzb33eAGjStv2t7W0vLK6tp7YSG5ube/spvb2a8oPJSZV7DNfNjykCKOCVDXVjDQCSRD3GKl7g1Ls1x+IVNQXt3oUkBZHPUG7FCNtpHYqg7PDY1gp8DbOwQLEdy5Hui95dFMaZ4c56ApyD+12Km3n7QngInFmJA1mKLdTX27HxyEnQmOGlGo6dqBbEZKaYkbGSTdUJEB4gHqkaahAnKhWNHlnDDNG6cCuL00JDSfq74kIcaVG3DOd8bFq3ovF/7xmqLuXrYiKINRE4Omibsig9mGcDexQSbBmI0MQltTcCnEfSYS1STBpQnDmX14ktZO8c54/q5ymi1ezOBLgEByBLHDABSiCa1AGVYDBI3gGr+DNerJerHfrY9q6ZM1mDsAfWJ8/cQiZ3A==</latexit>

c(x,Q = mc) = cIC(x) != 0
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Fi = Ci ⊗ fc/p

Experimental data (old EMC and new LHCb)  intriguing 

Theoretical interpretation difficult

conclusions
■ size, shape of nonpert charm remains indeterminate

■ need more NNLO and better showering calculations (e.g., for Z+c) 

further progress in quantifying and estimating PDF uncertainties■

→ theoretical ambiguities in relation between FC/IC unresolved

→ need more sensitive data; FC currently consistent with zero

concordance with enlarged error estimates:

opportunities to improve knowledge of FC:

→ promising experiments at LHC; CERN FPF; EIC 

→ lattice data on key charm PDF moments; quasi-PDFs

→ direct benchmarking of FC among PDF fitting groups

162023-09-18 T. Hobbs, 2023 FPF Theory Workshop

T.Hobbs

CT18 Fitted Charm 
analysis:
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Intrinsic/fitted charm
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Intrinsic charm in PDFs

Bhattacharya, Kling, Sarcevic, Stasto, in preparation (2023) 169 June 2023

Maciula, Szczurek, Phys. Rev. D 107 (2023) 034002

dashed histograms: intrinsic charm contributions
low pT to forward 
neutrinos

Intrinsic charm (at 1%): irrelevant for the mid-rapidity,  may become important

M.Hall-Reno, 6th FPF Workshop 
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Fragmentation/hadronization

11

  

Comparisons

Fragmentation schemes

Fragmentation functions and PYTHIA8 both describe LHCb data

PYTHIA8 (mode2) : more energy to the charm meson, effects of beam remnant

Large differences at forward rapidities: orders of magnitude

Fragmentation functions may not be sufficient for forward rapidities: process dependent 
hadronization

Tuning methods: beam remnant
We find a subset of tuning parameters which are important for forward 
physics. Those that are associated with the beam remnant

6

We tune parameters relating to:
• Primordial kT of incoming partons to tune 

overall normalization

• Remnant → baryon fragmentation 
function to produce more hard neutrons

• Reduce “Popcorn production” to produce 
fewer hard mesons from remnant diquarks

A.Bhachattarya
M.Fieg

Beam remnant effects
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Summary: goals for WG2
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➤ Compare different predictions of neutrino fluxes from forward charm. 


➤ Different inputs from theory: production of charm, small x evolution, large x 
(intrinsic charm), fragmentation, decay.


➤ Document forward charm production predictions and their corresponding 
neutrino flux evaluations.


➤ Longer term:


➤ Project how measurements of other experiments could impact predictions of 
neutrino fluxes at the FPF.


➤ Conversely, how the physics potential associated with measurements at FPF 
could impact other experiments (ex. EIC) and observations (astroparticle).


If you would like to contribute to WG2 please contact us !


