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Abstract

We present predictions for the inclusive production of charm jets in proton-proton collisions at

2.76 and 5.02 TeV. The charm-quark is considered massless. In this scheme we find that the ratio

of the next-to-leading order to the leading order cross section (K factor) is almost equal to one

depending essentially on the choice of the renormalization and factorization scale. Adding non-

pertubative corecctions obtained from Pythia Monte Carlo calculations lead to resonable agreement

with experimental c-jet cross sections obtained by the CMS [10] collaboration.
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I. INTRODUCTION

The cross-section for producing jets in pp collisions at the Large Hadron Collider (LHC)

yields an important testing field of perturbative Quantum Chromodynamics (QCD) and

offers the possibility to learn more about proton-parton distributions (PDFs). So far most of

the predictions for LHC experiments have been done for the sum of ingoing mass less quarks

up to b quarks. They have been found in very good agreement with the measurements. In

these predictions, the contributions of heavy quarks (charm and bottom) constitute only a

few percent of the total production cross-sections. Considering the experimental data, from

these comparisons it is not clear whether the heavy quark jets are satisfactorily described

by perturbative QCD (pQCD) calculations.

So far, most of the predictions for heavy-quark jets separately have been done in the

massive quark scheme or fixed-flavor-number scheme (FFNS) [1, 2] in which heavy quarks

appear in the final-state only and not as partons in the initial state, as for example in the

zero-mass variable-flavor-number scheme (ZM-VFNS). In this scheme the calculations for

the sum of all flavors have been done. This is also the appropriate scheme for most of

the PDF parametrizations of the proton. A few years ago we have presented predictions

of massless charm [3] and bottom jets [4] in pp̄ and pp collisions at next-to-leading order

(NLO). In particular, in the latter reference, we have compared our predictions for bottom

jets in pp̄ collisions at
√
S = 1.96 TeV and pp collisions at

√
S = 7 TeV. The measurements,

we have been compared to, have been done by the CDF collaboration [5–7] at the Tevatron

and by the CMS collaboration [8] at the LHC. At the LHC also the ATLAS collaboration has

measured inclusive b-jet cross section at
√
S = 7 TeV [9], to which we have not compared

our results, however.

In our work [4] we have found that at small transverse momentum pT of the bottom

jets the ratio of the NLO to the leading-order (LO) cross section is smaller than one. It

increases with increasing pT and approaches one at larger pT at a value depending essentially

on the choice of the renormalization scale. Adding non-perturbative corrections obtained

from PYTHIA Monte Carlo computations which contain in addition to the LO perturbative

contributions the hadronic and parton shower corrections, we obtained reasonable agreement

with the experimental b-jet across sections as measured by the CMS collaboration [8].

At the time of our earlier work [4] data about charm-jet production, neither from CDF
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nor by one of the LHC experiments were not available, presumably since the experimental

identification of charm jets is much more difficult than for bottom-jets. Therefore we have

not checked whether our findings for bottom-jet in [4] is also true for the production of

charm-jets. This is the purpose of this work, since very recently, experimental data about

single-inclusive charm-jet cross section have become available as presented by the CMS

collaboration [10] at the LHC. These cross-section have been measured for two
√
S values,

√
S = 2.76 TeV and

√
S = 5.02 TeV for the rapidity region |y| < 2.0 and for five pT bins in

the range 40 < pT < 250 GeV (in the case of the
√
S = 2.76 TeV) and for 80 < pT < 400

GeV (for the case
√
S = 5.02 TeV). We have calculated the cross-section for the same pT bins

as in the CMS experiment and the same rapidity (y) bin for both center-of-mass energies.

In Sec. 2 we describe the PDF input and outline the theoretical framework. Section

3 contains our results for single-inclusive charm-jet cross-sections dσ/dpT and the compar-

ison with the cross-section measured by the CMC collaboration. A summary and some

conclusions are presented in Sect. 4.

II. PDF INPUT AND THEORETICAL FRAMEWORK

As in our earlier publications on charm jets [3] and bottom jets [4] we rely on previous

work on dijet production in the process γ + p → jet+X [11, 12] in which cross-sections for

inclusive one-jet and two-jet production up to NLO for both, the direct and the resolved

contributions, are calculated. The resolved part of this routine can be used for pp collisions

replacing the photon PDF by the proton PDF. The routine [11, 12] contains quarks of all

flavors up to and including the bottom quark as well as the gluon. In this work about charm

jets the bottom quark will be excluded. The routine has been modified in such a way that

at least one charm quark appears in the final state in the same way as we did for charm jets

in Ref. [3].

The routine [11, 12] is based on massless quarks, i.e. the charm quark is also assumed

massless. This is justified as the transverse momentum pT of the produced charm jet is large

enough, i.e. pT � m2
c , which is the case for the two data sets of CMS in [10].

For our predictions of the inclusive c-jet cross-section we employ the MSTW 2008 NLO

[13] PDF (central value) of the Durham collaboration as we did in our earlier work for

bottom jets [4]. The chosen asymptotic scale parameter Λ
(5)

MS
= 0.226 GeV corresponds to
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α
(5)
s (mZ) = 0.118. The Λ

(5)

MS
is adjusted to the appropriate Λ

4)

MS
value for calculating charm.

We shall also check for comparison two more modern PDF sets, namely CT14 [14] and

MHSW [15]. The center-of mass energy of the proton-proton collisions is taken
√
S = 2.76

and
√
S = 5.02 TeV as in the CMS data sets. The comparison of results for the different

PDFs is done only for
√
S = 5.02 TeV. We choose the renormalization scale μR = ξRpT and

the factorization scale μF = ξFpT where pT is the largest transverse momentum of the two

or three final state jets. ξR and ξF are dimensionless scale factors, which are varied around

ξR = ξF to be specified later.

III. RESULTS AND COMPARISON WITH CMS DATA

As a check of our program we have already calculated the cross-section dσ/dppTdy for

pp → single jet + X for
√
S = 7 TeV in the pT region 18 ≤ pT ≤ 1684 GeV and in the

rapidity region |y| ≤ 0.5 and compared to CMS data [16] in pT bins as chosen by CMS

[16]. Nonperturbative (NP) corrections for hadronization and multiple parton interactions

were estimated by CMS [16] and are published in the Durham Hep Data project [17]. They

are applied to the NLO perturbative QCD predictions. These corrected inclusive jet cross-

sections including the theoretical error together with the CMS data are shown in Fig. 1

of our work [3]. The agreement between data and the theoretical prediction shown there

is quite good. The PDF used in this comparison was CT10 [18]. Concerning the charm-

jet calculation we have first calculated the inclusive cross-section dσ/dpT integrated over

|y| ≤ 2.0 for
√
S = 5.02 TeV in LO pQCD for the five pT bins as in the CMS paper [10].

The scales for the LO cross-section are chosen as ξR = ξF = 1.0 (default solid line histogram

in Fig.1, left side), ξR = ξF = 0.50 (upper dashed line histogram in Fig 1,left side) and

ξR = ξF = 2.0 (lower dashed line histogram in Fig 1, left side) following our previous work

[4]. These three calculations are compared to the inclusive charm-jet cross-section in Fig.

1, left side for the same
√
S. These theoretical LO cross-sections are not corrected for NP

effects. In addition, in the right frame of Fig. 1 we show the K factor, the ratio of the

NLO to the LO cross-section, where K = (dσ/dpT )NLO/(dσ/dpT )LO as a function of pT for

the five pT bins as in the CMS data for
√
S = 5.02 TeV and for the same scale choices as

in the left frame of Fig. 1. The NLO cross-section in the denominator is calculated with

the scale pT and is used for the ratio with the three LO cross-section. As we shall see later
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FIG. 1: Left side: single-inclusive c-jet cross section in LO as a function of pT integrated over the

rapidity region 0.0 ≤ |y| ≤ 2.0 compared to CMS data [10], which are the points with error bars.

The LO theoretical predictions are not corrected by non-pertubative effects via a multiplicative

factors. The theotetical error (dashed lines) is obtained by scale variation as given in the text. The

solid line indicates the default scale choice. Right side: Ratio of single-inclusive c-jet cross section

in NLO and LO integrated over rapity in the region 0.0 ≤ |y| ≤ 2.0 as a function of pT for three

scale choices as given in the text.

the NLO cross-section depends much less on the choice of scales. In the left frame these

cross section results are compared to the measured CMS values [10]. As we can see, the

calculated LO cross-sections are smaller than the data by approximately a factor of 1.8 for

the lowest pT bin and a factor 3.7 for the largest pT bin. For jet cross-sections of all flavors,

the NLO corrections usually increase the corresponding LO cross sections by factors 2 to

3. If this would be the case also for thre c-jet cross-sections we would have approximate

agreement with the data. The corresponding K factor is shown in Fig. 1 (right frame). It

is approximately equal to 1.0 ± 0.3. The error is due to the scale dependence of the LO

cross-section dσ/dpT . It is nearly constant as a function of pT . This is in contrast to the

b-jet production K factor in Ref. [4], which increased from 0.6 to 1.2 in the same pT range

as for the c-jet cross-section dσ/dpT . Results for
√
S = 2.76 TeV, not shown in this work,
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are expected to look similar.

Next, we want to show, how our NLO predictions describe the CMS c-jet cross- section

data [10]. For this comparison we need the non-perturbative corrections. For this we take

the PYTHIA prediction also contained in Ref. [10] for
√
S = 2.76 TeV and

√
S = 5.02

TeV. Unfortunately these predictions are not given in numerical form. So, we read them

from Fig. 6 (upper and lower frame) in Ref. [10]. Although errors for these cross-sections

are shown in these figures also, it is difficult to obtain them from the figures. From the

PYTHIA cross sections calculated by CMS from the PYTHIA routine we subtract our LO

predictions with the scale choice ξR = ξF = 1.0. The result is shown in Fig. 2 (left frame)

for
√
S = 2.76 TeV and in Fig. 3 (left frame) for

√
S = 5.02 TeV as dotted histograms. In

these two figures we show also the two CMS data sets for the two center-of mass energies and

the corresponding NLO predictions for dσ/dT for the respective pT bins and in the rapidity

range |y| ≤ 2.0 as for the CMS data. These predictions are shown for three scale choices

(full histogram for default, upper and lower dashed histograms for maximal and minimal

cross sections). The selection of these scales was performed as follows. First we calculated

the NLO cross sections for both
√
S. values by varying the scales according to the following

combinations of ξR and ξF : (1,1), (1,2), (2,1), (2,2), (1/2,1), (1,1/2) and (1/2,1/2). The

largest up and down cross-sections for these choices are taken as the scale variation. The

default cross-section is taken as the middle value of the maximal and the minimal cross-

section out of these seven scale choices. It is found that the changes of these cross-sections

between the maximal and minimal scale choices are rather small, and much smaller than

in the LO predictions. This is understandable because of the well-known compensation of

scale errors in the NLO case. Our main results are shown in Fig. 2
√
S = 2.76 TeV and

Fig. 3
√
S = 5.02 TeV, respectively. In the left frame of these two figures we show our result

for the NLO cross sections dσ/dpT for the five pT bins and |y| ≤ 2.0 for the two
√
S values,

respectively, together with the corresponding CMS [10] data for these cross sections and the

PYTHIA cross section dσ/dpT read from Fig. 6 of Ref. [10] minus the LO cross section

dσ/dpT for the default scale with ξR = ξF = 1.0 as the dotted histogram. We observe that

the NLO cross-section values in Fig. 3. (left frame) differ only little from the corresponding

LO cross section value. This we should have expected from the K factor shown in Fig. 1

(right frame). In addition, we observe that the theoretical error due to the scale variations is

very much reduced in the NLO predictions in Fig. 3 (left frame) when compared to the LO
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FIG. 2: Left side: Single-inclusive c-jet cross-section in NLO as a function of pT integrated over

the rapidity region 0.0 ≤ |y| ≤ 2.0 at
√
S = 2.76 TeV compared to CMS data [10], given by the

full line histogram and points with error bars. The NLO theoretical predictions is not corrected

by non-pertubative effects via multiplicative factors. The theoretical error (dashed histograms) is

obtained by scale variation as given in the text. The solid histogram indicates the default scale

choice. The dotted histogram is the PYTHIA minus LO prediction. Right side: Single-inclusive

c-jet cross-section in NLO plus the PYTHIA minus LO prediction as a function of pT integrated

over the rapidity region 0.0 ≤ |y| ≤ 2.0 compared to CMS data [10], given by the full lines and

points with error bars.

predictions in Fig. 1 (left frame). The next step is to add the PYTHIA cross-section minus

the LO cross-section to the NLO theoretical cross section as given by the dotted histogram.

The result can be seen in Fig. 2 and 3 (right frame), respectively. As is seen, we obtain

rather good agreement between our prediction including non-perturbative correction and

our NLO predictions for dσ/dT . In Fig. 2 (right frame) at
√
S = 2.76 TeV for four pT bin

cross-sections dσ/dpT (out of five) we have agreement inside the experimental errors and in

Fig. 3 (right frame) all five pT bin cross-sections dσ/dpT agree with the CMS data inside

the experimental accuracy. This agreement is not unexpected. In the CMS publication [10]

it was shown that the measured cross-section dσ/dpT for both center-of-mass energies agree
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FIG. 3: Left side: Single-inclusive c-jet cross-section in NLO as a function of pT integrated over

the rapidity region 0.0 ≤ 2.0 at
√
S = 5.02 TeV compared to CMS data [10], given by the full

line histogram and points with error bars. The NLO theoretical predictions is not corrected by

non-pertubative effects via multiplicative factors. The theoretical error (dashed histograms) is

obtained by scale variation as given in the text. The solid histogram indicates the default scale

choice. The dotted histogram is the PYTHIA minus LO prediction. Right side: Single-inclusive

c-jet cross-section in NLO plus the PYTHIA minus LO prediction as a function of pT integrated

over the rapidity region 0.0 ≤ |y| ≤ 2.0 compared to CMS data [10], given by the solid lines and

points with error bars.

quite well with the PYTHIA 6.424 [19], tune Z2 [20] prediction. In our results shown in

Fig. 2 and Fig. 3 (right frame), respectively, the LO cross section contained in PYTHIA 6

is just replaced by our NLO dσ/dpT . Since they are almost equal as shown in Fig. 1, (right

frame) it is clear that our prediction of the NLO cross section plus the hadronic correction

taken from PHYTHA must agree with the CMS data. In order to account for a possible

scale dependence of the PYTHIA minus LO cross section we have in Fig. 2 and Fig. 3 (right

frame) doubled the theoretical error due to scale variation obtained in the NLO cross-section.

As is seen in Fig. 2 (left frame) and Fig. 3 (left frame) the correction from PYTHIA denoted

dσ(had)/dpT (the dotted histogram) is either equal or larger than dσ(NLO)/dpT , so that
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for most of the pT -bins the PYTHIA correction dominates the experimental cross-section.

We have checked that our results do not depend on the choice of the NLO PDF MSTW.

For this purpose we have replaced the MSTW PDF by the NLO Ct14 [14] and NLO MMHT

[15] PDFs. We did not repeat all the calculations of cross sections as shown in Fig. 1, 2 and

3 for MSTW. We calculated only the LO cross-sections as shown in Fif. 1 (left frame) and

the K-factor in Fig.1 (right frame). For the latter we needed also the NLO cross-sections.

These four cros-sections were calculated with the same choice of scales as for the MSTW

PDF described above. The results for the other two PDFs differed only by a few percent.

Of course the LO cross-sections differed somewhat less than the NLO cross ections needed

for the K-factor. This K-factor for the CT14 and MMHT PDFs showed the same behaviour

as for the MSTW PDF in Fig 1 (right side). In particula K � 1 for the five pT bins as in

Fig 1 (right frame). These calculations have been done only for the larger
√
S = 5.02 TeV.

We expect very similar results for the lower
√
S value. Of cource we can expect that our

results in Fig. 2 and 3 (right side) will look similar for the CT14 and MMHT PDFs if the

same choice of scales as for the MSTW PDF will be assumed.

A quite similar study has been done in our earlier work [4] on single bottom jets and for

the MSTW PDF. Also in this case we obtained rather good agreement between CMS data

at
√
s = 7 TeV and in two rapidity ranges |y| ≤ 0.5 and 0.5 ≤ |y| ≤ 1.0 after correcting

the calculated NLO cross-section dσ/dpT with dσ(had)/dpT as calculated in the charm case

form the PYTHIA prediction which gave a reasonable description of the experimental CMS

single-bottom jet cross section for pT ≥ 50 GeV shown in [21]. Also in the bottom case

the PYTHIA corrections yielded the largest part to the measured cross section. The K

factor (K = dσ(NLO)/dσ(LO) was also calculated in Ref.[4], but only for the CDF energy
√
S = 1.96 TeV for pp̄ → b− jet+X and for |y| ≤ 0.7. It came out as K � 1.0 but varying

as a function of pT in the region 50 ≤ pT ≤ 400 GeV between 0.5 < K < 1.3. We expect

similar results for pp collisions at
√
S = 7 and 13 TeV.

It seems that the hadronic corrections in the PYTHIA predictions account only for a

moderate correction to the NLO cross section, so that the major part must originate from the

parton-shower corrections. This has been confirmed in a more recent analysis of inclusive b-

jet production cross-sections measured by the CMS collaboration at
√
S = 13 TeV described

in the thesis by P. Connor [22]. His work is based on CMS measurements of b jets in the

pT range from pT = 74 GeV to 1 TeV for several rapidity bins in the range from −2.4
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to +2.4. These data have much higher statistics than the earlier CMS and ATLAS b-jet

measurements. He compared the b-jet cross-sections from the analysis of the more recent

CMS data with two theoretical approaches, a LO routine with PYTHIA 8.1 corrections,

which contains also parton-shower and parton-hadron corrections as the earlier PYTHIA

Monte-Carlo programs. The second approach he compares the data to is a NLO routine with

PYTHIA 8.1 corrections, denoted POWHEG [24]. Both routines give very good agreement

with the new CMS data. This shows in particular, that for the single b-jet production in

LO and NLO the parton-shower contributions are very important in contrast to the single

inclusive jet-production of light quark flavours where this is not the case. In Ref. [22] it is

demonstrated explicitly, that the parton-shower in PYTHIA dominates the b-jet production

and the so-called hadronic corrections in PYTHIA are of minor importance. The reason

for this difference between light-quark and b-jets is attributed to the fact that in b-jet

production the LO process is already dominated by the gluon-splitting production into bb̄.

This is not the case in light-quark production, which is dominated by other LO processes.

We assume.that the parton shower corrections are also dominant in the case of the charm-

jet production similar to the bottom-jet production, although this was not explicitly inves-

tigated in Ref. [22]. For both cases, c-jet and b-jet, the question arises whether the main

part of the parton shower corrections comes from the NNLO contributions of the parton

shower or whether even higher parton showers or the whole sum is needed to obtain the

whole PYTHIA corrections. In the latter case this would mean that the heavy-quark jet

cross-sections can not be calculated by pertubative fixed-order QCD.

It is clear, that our approach contains an inconsistency with respect to the NLO correc-

tions. On the one hand they are contained in the full NLO corrections calculated by us

and on the second hand they are contained in the PYTHIA corections in the parton shower

approximations. This problem has been investigated by Connor in his thesis for the case of

single inclusive b-jet production [22] by comparing the CMS data with the NLO POWHEG

[24] routine showing as good agreement as for the pure PYTHIA comparison. We expect a

similar agreenment between these two approaches in the case of c-jet production.

As a final point we mention that the ALICE collaboration has also measured c-jet pro-

duction in pp collisions at
√
S = 7 TeV at the LHC [25]. The charm jets were identified by

the presence of a D0 meson among the constituents of the jet with the constraint pT,D > 3

GeV. The D0-meson tagged jets are reconstructed using tracks of charged particles only.
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Due to these additional constaints it is unclear how they can be incorporated into the an-

alytical calulations of the NLO calculation. Therefore we did not attempt to compare our

calculations with the ALICE data.

IV. SUMMARY AND CONCLUSIONS

We have calculated the inclusive charm-jet cross section at NLO of QCD in the ZM-VFN

scheme, i. e. with active charm quarks in the proton at
√
S = 2.76 and

√
S = 5.02 TeV for pp

collisions at the LHC. The charm quarks are considered massles. Our results are compared

to experimental jet cross section mesurements by the CMS collaboration at the LHC. To our

surpise the NLO cross sections are much smaller than the measured cross sections. They are

for the considered pT almost equal to the LO cross section, i. e. the K factor is approximatel

equal to one. There exist several possibilities to increase this contribution. Examples are:

contributions originating from intrinsic charm-quark contributions to the proton PDF, as has

been calculated in [3] or contributions fom higher orders than NLO from QCD, which may

become known in the future. This approach has been followed in this work by approximating

these higher order corrections by parton shower corrections as contained in the PYTHIA

Monte Carlo routines [19]. It turns out, similar to the results for b-jet production presented

in [4], if the PYTHIA predictions minus the LO pertubative cross section is added to the

calcuted NLO predictions reasonable agreement with the measured c-jet cross sections can

be achieved for CMS for both center of mass energies. In this connection the question arises

whether this mechanism might be applicable also for other processses involcing heavy qarks,

charm or bottom, as for example, pp → c− jet+ γ +X or pp → c− jet+Z +X. It is well

known that the measurements of the first of these two examples is not in agreement with

NLO predictions [26].
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