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Università di Milano & INFN Milano

Loops & Legs – Weimar – May 1st 2014

In collaboration with: M.Grazzini & F. Tramontano

Charm production
in 400GeV proton collisions

Francesco Tramontano
francesco.tramontano@na.infn.it

9th SHiP Collaboration Meeting
CERN,23-25 November 2016

Università “Federico II”   &   INFN sezione di Napoli

Work done in collaboration with
Luca Buonocore

luca.buonocore@na.infn.it

mailto:francesco.tramontano@na.infn.it
mailto:francesco.tramontano@na.infn.it
mailto:francesco.tramontano@na.infn.it
mailto:francesco.tramontano@na.infn.it


‣ In general for bottom and charm production in hadronic collisions one finds large radiative 
corrections, and thus one expects large unknown higher order terms

‣ Non perturbative effects (suppressed by powers of Λ/mQ) play a role (no theory for them)
‣ Still, understanding to what extent we can trust the theoretical machinery (factorization 

theorem) is extremely important
‣ We have to try models and compare with data:
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Figure 8: Differential cross section at fixed pT as a

function of the mass for heavy quark photoproduc-

tion.

limit of small m, is quite evident from the fig-
ure. The massless limit result is exactly linear.
The only mass dependence left there is the loga-
rithmic term, since mass power terms have been
dropped. We can see here that mass effects have
negative sign, the opposite of what happened in
the hadroproduction case (see ref. [20]). In fig-
ure 9 we plot the cross section as a function of pT
and fixed mass, for charm production in electron-
hadron collision at HERA. The difference be-

Figure 9: As in figure 8, at fixed m versus pT .

tween the solid and the dashed lines gives the size
of mass effects that one can expect there.

2.3 Non-perturbative effects

In general, for bottom and charm production,
one finds large radiative corrections, and thus
one expects large unknown higher order terms.

At the same time, non-perturbative effects (sup-
pressed by powers of Λ/mQ) may play a role
here, especially for charm production. We have
no theory of power suppressed effects in this con-
text. Yet, understanding to what extent we can
trust the theoretical machinery of hadroproduc-
tion processes (the factorization theorem) is of
extreme importance for collider physics. We have
to try out models of non-perturbative effects, and
compare them with data.

2.3.1 Fragmentation Effects

Figure 10: Hadronization is assumed to degrade

the quark momenta according to a non-perturbative

fragmentation function D(z).

One assumes that the hadron momentum is
a fraction z of the quark momentum, distributed
according to a fragmentation function (pertur-
bation theory suggests something like this, but
the width of the distribution is ≈ αS log pT /mQ)
For very large quark masses the non-perturbative
fragmentation function becomes a delta function,
but for b’s and c’s this is not quite the case.

2.3.2 Intrinsic Transverse Momentum

One assumes that the incoming partons have an
intrinsic transverse momentum ⟨kT ⟩ ≈ Λ (per-
turbation theory generates pT ≈ αS× hard scale).
This affects mostly the transverse momentum of
the heavy quark pair, its azimuthal correlation
and the transverse momentum distribution of a
single quark.

2.3.3 Monte Carlo models

Monte Carlo models of hadronization include many
more effects, like color drag from projectile rem-
nants and the like, and can model effects like
leading particle enhancements and asymmetries.
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Intrinsic Transverse Momentum
• Assuming that incoming partons have

• perturbation theory generates

• Affect transverse momentum of heavy 
quark pair, its azimuthal correlation and 
single transverse momentum distribution

Monte Carlo models of hadronization

• Much more effects, for example:
‣ Color Drag, from projectile remnants
‣ leading particle enhancement 
‣ asymmetries

hkT i ⇠ ⇤

kT ⇠ ↵S · hard scale

Heavy quark production

• simple model a la Peterson not justified in 
hadron collisions



6 Heavy-Quark Production

Eb σ (total) or σ+ (xF > 0) σDD̄ D+/D0

(GeV) (µb) (µb)

pN 800 σ(D0/D̄0) = 38 ± 3 ± 13 38 ± 10 1.0 ± 0.6

[Kodama91] σ(D+/D−) = 38 ± 9 ± 14

pN 200 σ+(D/D̄) = 1.5 ± 0.7 ± 0.1 1.5 ± 0.7 —

[Barlag88]

pp 800 σ(D0/D̄0) = 22+9
−7 ± 5 24 ± 6 1.2 ± 0.6

[Ammar88] σ(D+/D−) = 26 ± 4 ± 6

pp 400 σ(D0/D̄0) = 18.3 ± 2.5 15.1 ± 1.5 0.7 ± 0.1

[Aguilar88] σ(D+/D−) = 11.9 ± 1.5

pN 250 σ+(D0/D̄0) = 5.6 ± 1.3 ± 1.5 8.8 ± 1.5 0.57 ± 0.22

[Alves96] σ+(D+/D−) = 3.2 ± 0.4 ± 0.3

π−p 360 σ+(D0/D̄0) = 10.1 ± 2.2 12.6 ± 2.2 0.6 ± 0.2

[Aguilar85a] σ+(D+/D−) = 5.7 ± 1.6

π−N 230 σ+(D0/D̄0) = 6.3 ± 0.3 ± 1.2 7.6 ± 1.1 0.5 ± 0.2

[Barlag91] σ+(D+/D−) = 3.2 ± 0.2 ± 0.7

π−N 200 σ+(D0/D̄0) = 3.4+0.5
−0.4 ± 0.3 4.1+0.6

−0.5 0.5 ± 0.1

[Barlag88] σ+(D+/D−) = 1.7+0.4
−0.3 ± 0.1

π−N 600 σ+(D0/D̄0) = 22.05 ± 1.37 ± 4.82 24.6 ± 4.3 0.4 ± 0.1

[Kodama92] σ+(D+/D−) = 8.66 ± 0.46 ± 1.96

π−N 210 σ+(D0/D̄0) = 6.3 ± 0.9 ± 0.3 6.4 ± 0.8 0.27 ± 0.06

[Alves96] σ+(D+/D−) = 1.7 ± 0.3 ± 0.1

π−N 250 σ+(D0/D̄0) = 8.2 ± 0.7 ± 0.5 9.4 ± 0.7 0.44 ± 0.06

[Alves96] σ+(D+/D−) = 3.6 ± 0.2 ± 0.2

π+N 250 σ+(D0/D̄0) = 5.7 ± 0.8 ± 0.4 6.6 ± 0.8 0.46 ± 0.09

[Alves96] σ+(D+/D−) = 2.6 ± 0.3 ± 0.2

π−N 350 σ+(D0/D̄0) = 7.78 ± 0.14 ± 0.52 8.8 ± 0.5 0.42 ± 0.05

[Adamovich96] σ+(D+/D−) = 3.28 ± 0.08 ± 0.29

Table 1: Experimental results on total cross sections for charm production. The

notation σ+ represents the inclusive cross section for positive rapidity. The pair

cross section σDD̄ includes our corrections for possible xF cuts, as discussed

in the text. The experimental results have not been corrected for the updated

D→Kπ branching ratios [Barnett96].

Total Cross Sections:
8 Heavy-Quark Production

Figure 1: Pair cross sections for b and c production in π−N collisions

versus experimental results.

and the default choices for the factorization scale µF and the renormalization scale
µR are

µF = 2mc, µR = mc (2.6)

for charm and
µF = µR = mb (2.7)

for bottom.

The bands in the figures are obtained as follows. We varied µR between half
the central value and twice this value. The factorization scale µF was also varied
between mb/2 and 2mb in the case of bottom, while it was kept fixed at 2mc in
the case of charm. This is because the adopted parametrizations of parton densities
are given for Q2 larger than 5 GeV2. The bands shown in the figures are therefore
only an underestimate of the uncertainties involved in the computation of charm
production cross sections. We verified that considering independent variations for
the factorization and renormalization scales does not lead to a wider range in the
bottom cross section for the energies shown in the figures. We also show the effect of
varying mc between 1.2 GeV and 1.8 GeV, and mb between 4.5 and 5 GeV.

The proton parton densities of ref. [Martin95a] are available for a wide range of
ΛQCD values, corresponding to αS(mZ) values between 0.105 and 0.130. The bands
shown in figs. 1 and 2 for bottom production are obtained by letting ΛQCD vary in
this range. In the case of charm, values of ΛQCD corresponding to αS(mZ) above
0.115 induce values of αS(mc) too large to be used in a perturbative expansion. For

Fixed-target production 9

Figure 2: Pair cross sections for b and c production in pN collisions

versus experimental results.

this reason, the upper bounds on charm production cross sections are obtained with
αS(mZ) = 0.115. We point out that, by varying ΛQCD, one is forced to neglect
the correlation between ΛQCD and the pion parton densities, which were fitted in
ref. [Sutton92] with ΛMS

5 = 122 MeV.

Experimental results on bottom production at fixed target have been reported in
refs. [Bari91, Basile81, Kodama93, Catanesi89, Bordalo88, Jesik95] for pion–nucleon
collisions. Recently, the first measurement of the bottom cross section with a proton
beam has become available [Jansen95]. Preliminary results for pN collisions have
also been presented in ref. [Spiegel96]. These results are shown in figs. 1 and 2. We
made no effort to correct the data in order to get the bb̄-quark cross section when the
B-hadron cross section was reported.

As can be seen, experimental results on total charm cross sections are in reasonable
agreement with theoretical expectations, if the large theoretical uncertainties are
taken into proper account. We can see that the hadroproduction data are compatible
with a value of 1.5 GeV for the charm-quark mass. In the case of bottom production,
the spread of the experimental data is almost as large as that of the theoretical
predictions. Both currently available data points lie in the theoretical band.

We remind the reader that many puzzling ISR results in pp collisions at 62 GeV
cannot be currently explained (see the review in ref. [Tavernier87]), in particular the
large Λb production rates reported in refs. [Bari91, Basile81].

Total cross sections for charm production have also been measured in photopro-
duction experiments. In fig. 3 the relevant experimental results of refs. [Alvarez93,

annihilation is the main channel at SHiP energiesqq̄
⇡N ! DD

pN ! DD

[Frixione et al PR 1997]



• Data for proton collisions at energies close to 400GeV not available

• several πN experimental results

➡ pion pdf fitted using DY muon pair production

‣ NA10 with pions at 196GeV and 286GeV (155k events)

‣ E615 with pions at 252GeV (35k events)

➡ No data available to fit pion pdf at

➡ several sets available that differ for the assumptions on the sea, even 
using them to estimate pdf uncertainty this could be underestimated

Distributions

x . 0.2



Distributions: pT
2
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Figure 4: The single-inclusive p2
T distribution measured by WA92 (left)

and E769 (right), compared to the NLO QCD predictions, with and with-

out the inclusion of non-perturbative effects.

of 350 GeV colliding with isosinglet nuclei, and at FNAL by the E769 collabora-
tion [Alves96a] with pion, proton and kaon beams of 250 GeV on isosinglet targets.

In fig. 4 we show the comparison between the single-inclusive p2
T

distributions
measured by the WA92 and E769 collaborations in πN collisions and the theoretical
predictions6. The solid curves represent the pure NLO QCD predictions for charm
quarks. The dashed curves show the effect of adding to the perturbative results an
intrinsic transverse momentum of the incoming partons (kT kick). This procedure is,
to a large extent, arbitrary. We implemented it in the following way. We call p⃗T (QQ)
the total transverse momentum of the pair. For each event, in the longitudinal centre-
of-mass frame of the heavy-quark pair, we boost the QQ system to rest. We then
perform a second transverse boost, which gives the pair a transverse momentum equal
to p⃗T (QQ)+k⃗T (1)+k⃗T(2); k⃗T (1) and k⃗T (2) are the transverse momenta of the incoming
partons, which are chosen randomly, with their moduli distributed according to

1

N

dN

dk2
T

=
1

⟨k2
T
⟩

exp(−k2
T
/⟨k2

T
⟩). (2.8)

Alternatively, one may proceed as in the previous case, but giving the additional
transverse momentum k⃗T (1) + k⃗T (2) to the whole final-state system (at the NLO in
QCD, this means the QQ pair plus a light parton), and not to the QQ pair only. We
verified that the two methods give very similar results for ⟨k2

T
⟩ smaller than about

2 GeV2.

Another non-perturbative effect that must be accounted for is the hadroniza-
tion process. This effect can be described by convoluting the partonic cross section

6In this subsection and in the following one, the relative normalization of experimental distribu-

tions and theoretical curves has been fixed in order to give the same total rate.

• Large non perturbative corrections
• Intrinsic kT = 1GeV
• Hadronization via Peterson fragmentation function 

[Frixione et al PR 1997]
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Figure 5: Experimental xF distributions for D mesons, compared to

the NLO QCD prediction for charm quarks.

result in a hardening of the xF distribution for bare quarks. There it was also argued
that the usual approach of complementing the perturbative calculation with a frag-
mentation function in order to describe the xF distribution is completely unjustified,
since the factorization theorem only holds in the large-pT region.

The most recent experimental results of WA92 [Adamovich96] and E769 [Alves96a]
for the D-meson xF distribution in πN collisions are, instead, in agreement with the
perturbative QCD distributions for bare quarks, as can be seen from fig. 57. This
is also consistent with previous findings of E769 [Alves92]. The agreement is quite
satisfactory in almost the whole range considered for both experiments (which are
performed at different beam energies). The shape of the theoretical curve shows a
mild sensitivity with respect to the value of the charm mass (all curves have been nor-
malized to the data). Recent results for a proton beam are also available [Alves96a],
and an agreement with theoretical predictions similar to the one displayed in fig. 5 is
found.

Almost all of the experimental collaborations have observed, in pion–nucleon col-
lisions, the so-called leading-particle effect, that is, an enhanced production at large
xF of those D mesons whose light valence quark is of the same flavour as one of the
valence quarks of the incoming pion. In ref. [Frixione94] it was shown that the QCD
predictions are in better agreement with the data for non-leading particles than with
the data for the full D-meson sample which, as mentioned before, displays on aver-
age a harder behaviour than the theory. The difference between the leading and the
non-leading sample may be an indication that non-perturbative phenomena (such as

7The pion beam used by the E769 collaboration [Alves96, Alves96a] is a mixture of π− (70%)

and π+ (30%). To produce the data appearing in fig. 5, which contain the contributions of both D+

and D−, the distributions obtained with the different beams have been combined together, since no

statistically significant discrepancy has been found between them [Alves96a].

Distributions: xF

• Normalized to data
• Shape in good agreement, insensitive to the charm mass
• Hadronization via Peterson fragmentation function might not 

be appropriate for xF distribution in hadronic collisions
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Figure 7: Azimuthal correlation for charm production in πN collisions:

NLO calculation versus the WA75 and WA92 data.

• mc = 1.5 GeV,

• µF = 2µ0, µR = µ0, where

µ0 =
!

(p2
T

+ p̄2
T
)/2 + m2

c , (2.12)

• the MRSA′ [Martin95] proton parton densities, with the corresponding value of
ΛMS

5 = 152 MeV,

• the SMRS2 [Sutton92] set for the pion parton densities.

Choosing smaller values for the charm mass, for example, one would get a broader
theoretical curve. Alternatively, one could keep the default mass value, but choose
µR = µ0/2 for the renormalization scale, instead of our default choice µR = µ0. As
shown in ref. [Frixione94], this would lead to a broadening of the ∆φ distribution
similar to the one caused by an average intrinsic transverse momentum with ⟨k2

T
⟩ =

0.5 GeV2.

The WA75 collaboration, and recently the WA92 collaboration, published in
refs. [Aoki92a, Adamovich96a] the distribution of the transverse momentum of the
heavy-quark pair. The theoretical prediction supplemented with a kT -kick with
⟨k2

T
⟩ = 1 GeV2 cannot reproduce the WA75 data, while it is in rough agreement

with the WA92 measurement, as displayed in fig. 8. Unlike the azimuthal correlation,
the p2

T
(QQ) distribution is affected by fragmentation effects, since these can degrade

the momenta of the quark and antiquark by different amounts. Fragmentation ef-
fects also moderate the pair transverse momentum arising from gluon radiation or
from an intrinsic parton transverse momentum. We have verified that at the end, at
Eb = 350 GeV, the fragmentation always tends to soften the p2

T
(QQ) distribution.

18 Heavy-Quark Production

Figure 8: NLO QCD result for the p2
T (QQ) supplemented with an

intrinsic transverse momentum for the incoming partons, compared with

the WA75 (left) and WA92 (right) data.

Figure 9: Azimuthal correlation of DD̄ pair versus the perturbative

result in photoproduction for the E687 (left) and NA14/2 (right) exper-

iments.

Summarizing, the available experimental results for azimuthal cc̄ correlation in
hadron–hadron collisions show a tendency to peak in the back-to-back region ∆φ = π,
but the peak is less pronounced than the one predicted by perturbative QCD. The
addition of a kT kick of 1 GeV2 on average gives a satisfactory description of the data,
if our default input parameters are chosen. The data on the p2

T
(QQ) distribution do

not give a unique indication. While the theoretical prediction obtained with ⟨k2
T
⟩ = 1

GeV2 is in rough agreement with the WA92 measurement, it is sizeably softer than
the WA75 data.

Double differential distributions



Distributions: E791 • Most precise measurements of diff. distributions
• πΝ @ 500GeV
• charm is produced at x ⇠ 0.1
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Fig. 4. Fits to the D0+D0 p2
T differential cross section with the functions given in

Eqs. 4 (dashed, top), 5 (dashed, bottom), and 6 (dotted, top and bottom). The top
plot shows the range 0<p2

T <4 (GeV/c)2 while the bottom plot shows the full range,
0<p2

T <18 (GeV/c)2. Error bars do not include a −
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15
11% normalization uncertainty.

that is,

dσ

dxF

=

⎧

⎨

⎩

A(1 − |xF − xc|)n′

, |xF − xc | > xb

A′ exp
[

−1
2
(xF−xc

σ
)2

]

, |xF − xc| < xb

. (3)

Requiring continuous functions and derivatives allows us to write Eq. 3 with
one normalization parameter and three shape parameters: n′ gives the shape
in the tail region, xc is the turnover point, and xb is the boundary between
the Gaussian and power-law function. The fit parameters from this func-
tion are nearly independent of the fit range. Fitting our data in the range
−0.125<xF <0.50 gives n′ = 4.68 ± 0.21, xc = 0.0131 ± 0.0038, and xb =
0.062 ± 0.013 with a χ2/dof=0.4, as shown in Fig. 3. This is the first mea-
surement of the turnover point xc in the charm sector. The fact that it is
significantly greater than zero is consistent with a harder gluon distribution
in the beam pions than in the target nucleons.
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varies bin-by-bin, the most important systematic errors generally come from
uncertainties in the signal width and the Monte Carlo efficiency modeling. In
all cases, the systematic error dominates. For the total forward cross section,
all of the errors are summarized and summed in Table 1.

In the past, xF distributions have been fit with

dσ

dxF

= A(1 − |xF |)n. (2)

Fitting Eq. 2 in the range 0.05<xF <0.50, we find n = 4.61±0.19, as shown in
Fig. 3. This function does not provide a complete representation of our data.
Although the χ2/dof is small (0.3), the value of n is quite dependent on the
range fitted and on the errors on the data points. Another function, which can
be extended into the negative xF region, is an extension of Eq. 2 which uses
a power-law function in the tail region and a Gaussian in the central region;
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Fig. 4. Fits to the D0+D0 p2
T differential cross section with the functions given in

Eqs. 4 (dashed, top), 5 (dashed, bottom), and 6 (dotted, top and bottom). The top
plot shows the range 0<p2

T <4 (GeV/c)2 while the bottom plot shows the full range,
0<p2

T <18 (GeV/c)2. Error bars do not include a −

+
15
11% normalization uncertainty.

that is,

dσ

dxF

=

⎧

⎨

⎩

A(1 − |xF − xc|)n′

, |xF − xc | > xb

A′ exp
[

−1
2
(xF−xc

σ
)2

]

, |xF − xc| < xb

. (3)

Requiring continuous functions and derivatives allows us to write Eq. 3 with
one normalization parameter and three shape parameters: n′ gives the shape
in the tail region, xc is the turnover point, and xb is the boundary between
the Gaussian and power-law function. The fit parameters from this func-
tion are nearly independent of the fit range. Fitting our data in the range
−0.125<xF <0.50 gives n′ = 4.68 ± 0.21, xc = 0.0131 ± 0.0038, and xb =
0.062 ± 0.013 with a χ2/dof=0.4, as shown in Fig. 3. This is the first mea-
surement of the turnover point xc in the charm sector. The fact that it is
significantly greater than zero is consistent with a harder gluon distribution
in the beam pions than in the target nucleons.
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Fig. 6. The D0+D 0 p2
T differential cross section compared to various theoretical

predictions described in the text. The curves are normalized to obtain the best fit
to the data in each case. The top plot shows the range 0<p2

T <4 (GeV/c)2 while the
bottom plot shows the full range, 0<p2

T <18 (GeV/c)2. Error bars do not include a

−

+
15
11% normalization uncertainty.

a turnover point greater than zero (xc = 0.0131±0.0038) in the Feynman-x
distribution, providing evidence for a harder gluon distribution in the pion
than in the nucleon.

We have compared our differential cross section results to predictions from the
next-to-leading order calculation by Mangano, Nason, and Ridolfi [12] and to
the Monte Carlo event generator Pythia by T. Sjöstrand et al. [9]. With suit-
able choices for the intrinsic kt of the partons and the Peterson fragmentation
function parameter, the NLO D meson calculation provides a good match to
the p2

T spectra and a fair match to the xF distribution. The string fragmenta-
tion scheme in Pythia softens the original charm quark p2

T distribution too
much, and hardens the xF spectra too much in both directions. However, the
D 0 result does predict the flattening of the xF cross section at high xF . The
many adjustable parameters in the theoretical models allow one to obtain dis-
tributions which are quite consistent with these data. Unfortunately, a given
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Fig. 5. The D0+D0 xF differential cross section compared to various theoretical
predictions described in the text. The curves are normalized to obtain the best fit
to the data in each case. Error bars do not include a −

+
11
10% normalization uncertainty.

cross section, σ(D 0 + D 0; xF > 0) = 15.4 −

+
2.3
1.8 µbarns/nucleon. To obtain

the total charm cross section, σ(cc), we multiply our D 0+D 0cross section by
1.7. This accounts for three multiplicative effects: the relative production of
charm quarks compared to D 0 mesons (2.1), the conversion from xF >0 to all
xF (1.6), and the conversion to the cc cross section from the sum of charm plus
anticharm cross sections (0.5) [23]. We compare our total charm cross section
to other experiments and to the NLO predictions as a function of pion-beam
energy in Fig. 7. All experimental results are obtained by multiplying the
D 0+D0cross section by 1.7. The rise of the charm production cross section
with energy is modeled reasonably well by the NLO theory, although the
absolute value at any point depends greatly on the input parameters to the
theory.

In this paper we have presented the total forward cross section and differential
cross sections versus xF and p2

T for D 0 mesons from Fermilab experiment E791
data. This analysis represents the first measurement of the D 0 cross section
for a 500 GeV/c pion beam. The high statistics allows us to clearly observe

11

Distributions: E791 • Most precise measurements of diff. distributions
• πΝ @ 500GeV
• charm is produced at                 ! x ⇠ 0.1

missing +11% -15% err. on normalization missing +10% -11% err. on normalization

In the prediction MNR NLO D meson:

✏ = 0.001 hk2T i = 1GeV 2



Data driven simulations



NLO + Parton Shower
• NLO provides important pheno features
• PS resums leading logarithmic enhancement and paired with hadronization models provide 

full event simulation
• Double counting of radiative corrections solved with implementation of the MC@NLO and 

POWHEG methods
• POWHEG master formula:

‣ In the following we will show results obtained with:                        
POWHEG hvq + PYTHIA-6.4.27

‣ Uncertainties from matching and hadronization could be studied comparing 
with MC@NLO and linking PYTHIA and HERWIG respectively

‣ The hvq process with POWHEG can be downloaded from:
www.powhegbox.mib.infn.it

In the POWHEG approach, one performs the generation of the hardest event with

NLO accuracy, in a framework that does not depend upon the SMC’s shower algorithm.

This is why it is fully independent from the SMC. Furthermore, the subsequent showers

takes place at softer transverse momenta, and thus affects infrared-safe observables only

at the next-to-next-to-leading order (NNLO). Thus, the matching problem considerably

simplifies, since it no longer requires a detailed examination of the properties of the SMC.

3.3 POWHEG

In the POWHEG formalism, the generation of the hardest emission is performed first,

using full NLO accuracy, and using the SMC to generate subsequent radiation. We give

here a simple illustration of the method, ignoring, for the moment, the complications due

to the presence of several singular regions in the NLO cross section. We begin by defining

B̄(Φn) = B(Φn) + V (Φn)

+

[
∫

dΦrad [R(Φn+1) − C(Φn+1)] +

∫

dz

z
[G⊕(Φn,⊕) + G⊖(Φn,⊖)]

]Φ̄n=Φn

, (3.2)

where we have assumed that all the Φn+1, Φn,⃝ are expressed in terms of the barred

variables. Next we introduce the Sudakov form factor14

∆ (Φn, pT) = exp

⎧

⎨

⎩

−
∫

[

dΦrad R(Φn+1) θ(kT (Φn+1) − pT)
]Φ̄n=Φn

B(Φn)

⎫

⎬

⎭

. (3.3)

The function kT (Φn+1) should be equal, near the singular limit, to the transverse momen-

tum of the emitted parton relative to the emitting one. The POWHEG cross section for

the generation of the hardest event is then

dσ = B̄(Φn) dΦn

{

∆
(

Φn, pmin
T

)

+ ∆ (Φn, kT (Φn+1))
R (Φn+1)

B(Φn)
dΦrad

}

Φ̄n=Φn

, (3.4)

where it is assumed that Φn+1 is parametrized in terms of Φrad and Φn, and that values

of kT (Φn+1) < pmin
T are not allowed. The cross section (3.4) has the following properties:

• At large kT it coincides with the NLO cross section up to NNLO terms.

• It reproduces correctly the value of infrared safe observables at the NLO. Thus, also

its integral around the small kT region has NLO accuracy.

• At small kT it behaves no worse than standard Shower Monte Carlo generators.

Thus, it fulfills the requirement of the previous subsection for the inclusion of NLO correc-

tions in an SMC.

14Torbjörn Sjöstrand has pointed out to us that a similar Sudakov form factor is also used in PYTHIA for

weak vector-bosons decay and production, in order to implement a matrix-element matching for the first

emission in the shower, see refs. [30, 31].
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14Torbjörn Sjöstrand has pointed out to us that a similar Sudakov form factor is also used in PYTHIA for

weak vector-bosons decay and production, in order to implement a matrix-element matching for the first

emission in the shower, see refs. [30, 31].

– 24 –

mailto:francesco.tramontano@na.infn.it
mailto:francesco.tramontano@na.infn.it


Tuning Total Cross Sections for proton-proton collisions:

6

FIG. 2: (Color online) The energy dependence of the charm total cross section compared to data for the fits to (a) fixed target
data only, (b) including the PHENIX 200 GeV cross section, (c) including the STAR 2004 cross section and (d) including the
STAR 2011 cross section but excluding the STAR 2004 cross section. The best fit values are given for the furthest extent of the
∆χ2 = 1 contours. The central value of the fit in each case is given by the solid red curve while the dashed magenta curves and
dot-dashed cyan curves show the extent of the corresponding uncertainty bands. The dashed curves outline the most extreme
limits of the band. In (d), the dotted black curves show the uncertainty bands obtained with the 2012 STAR results while
the solid blue curves in the range 19.4 ≤

√
s ≤ 200 GeV represent the uncertainty obtained from the extent of the ∆χ2 = 2.3

contour in the bottom right panel of Fig. 1.

4

0.06 < x < 0.12 for 19.4 ≤
√
s ≤ 40 GeV. This range of x is near the pivot point of the gluon distribution, xg(x, µ2

F ),
as a function of x for a range of factorization scales. The fixed-target data are therefore rather insensitive to the
evolution of the gluon density as a function of µF so that the results skew toward rather low values of µF /m.
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c) PHENIX+STAR(2004)
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FIG. 1: (Color online) The χ2/dof contours for (a) fixed target data only, (b) including the PHENIX 200 GeV cross section,
(c) including the STAR 2004 cross section and (d) including the STAR 2012 cross section but excluding the STAR 2004 cross
section. The best fit values are given for the furthest extent of the ∆χ2 = 1 contours. Note that while the y-axis range in the
same in all four panels, the x-axis range varies significantly.

Including RHIC data in the fit introduces greater sensitivity to the low x region although x ∼ 0.012 at midrapidity
is near the high x edge of the low x regime. The PHENIX point, obtained earliest, has the lowest cross section and
thus requires a lower factorization scale than when either of the two STAR points are included. The STAR cross
section from 2004, more than a factor of two larger than the PHENIX cross section, requires the largest factorization
scale of all the fits. Note the high value, µF /m ∼ 10, required to close the ∆χ2 = 2.3 contour for this fit. The newer

✓ Mainly determined by perturbative corrections that have large uncertainty
✓ NNLO corrections for heavy quark production available for tt@LHC energies

[Czakon et al PRL 2013]

✓ Slow convergence expected for charm @ SHiP energies
✓ A direct translation between the pole mass and running mass for charm is not possible 

because of poor convergence of the perturbative series  [Marquard et al PRL 2015]

✓ We can make use of the data-constrained analysis of the factorization and renormalization 
scale dependence discussed in [Nelson et al PRC2013] (CT10nlo)

[Nelson et al PRC2013]

FIXED TARGET PLUS



• fixed scales assuming mc=1.37GeV

‣ cent. factorization scale 2mc
‣ cent. renormalization scale 1.5mc
‣ perturbative uncertainty evaluated changing the fac. scale among 2mc to 4mc          

and the ren. scale among 1.25mc and 2mc

E791 Tune for NP effects: setup
• Sutton, Martin, Roberts and Stirling pdf for the pion (PION2, 15% pion momentum 

carried by the sea)
• Martin, Roberts and Stirling for the proton (HMRSB)
• ΛQCD,5 = 220MeV
• Default pythia-6.4.27 (no kT-kick in PYTHIA)

• dynamic scales assuming mc=1.27GeV

‣ central scales and scale variations as above changing mc into µd =
q
p2T +m2

c



E791 Tune: results
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E791 Tune: results D0 + D̄0 (xF > 0)
Fixed scales Dynamic scales
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Predictions for proton collisions

SETUP:  NLO as in [Nelson et al PRC2013]

• pp collisions with Eb=400GeV

• fixed scales assuming mc=1.27GeV

‣ central factorization scale 2mc

‣ central renormalization scale 1.6mc

‣ perturbative uncertainty evaluated changing the fac. scale among 1.25mc to 4.65mc          
and the ren. scale among 1.48mc and 1.71mc

‣ CT10nlo pdf

• PYTHIA-6.4.27 default plus:

‣ MSTP(91)=0   (no primordial kt)
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Conclusions
1. An estimate of the charm rates for SHiP can be obtained tuning the total cross 

section and the NP effects with available data.

2. Uncertainties remain large because differential distributions for charm 
production in proton initiated hadron collisions are missing.

3. Charm production pp cross sections at SHiP energies are indeed important to 
study Non-Perturbative effects (and to understand to what extent the 
perturbative computation provides qualitative reliable predictions)

‣ Note: measurements of D production asymmetries in proton collisions is 
essential to tune hadronization models that generate asymmetries and can be 
used to predict charge asymmetries in B production (fake CP violation signal)

4. NLO+PS is the optimal tool to address the task of event simulation

5. I gave an examples of event simulation based on the points 1 and 4

6. w/o measurement a reliable estimate of the uncertainties is hard to get

7. More systematic studies needed!


