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Production of charm and beauty quark—antiquark pairs in proton—proton collisions is simulated with the codes generated in the
framework of MadGraph5 aMC@NLO. The tree—level partonic processes are taken into account in first three orders of the
perturbative quantum chromodynamics. The considered hard processes have two, three, and four partons in the final states. These
final states contain one or two heavy quark—antiquark pairs. The calculations are performed with parton distribution functions (PDF)
obtained with neural network methods by NNPDF collaboration. Influence of the multiple partonic interactions (MPI), initial- and
final-state showers on the cross sections (CSs) is studied consistently taking advantage of Pythia 8 event generator. The CSs are
computed in central and forward rapidity regions under conditions of the ALICE and LHCb experiments at the Large Hadron
Collider at CERN. The studied transverse momentum interval of the heavy quarks spreads up to 30 GeV/c. The CSs calculated at the
leading order (LO) with Pythia 8, in the tree approximation with MadGraph5, and within Fixed Order plus Next-to—Leading
Logarithms (FONLL) approach agree with each other within bands of the uncertainties inherent to underlying theory and methods.
Inclusion of next-to—leading order (NLO) and N?LO partonic processes into calculations in addition to LO ones results in growth of
the CSs. This increase reduces to some extent discrepancies with the CSs measured by ALICE and LHCb. Variations of the CSs due
to renormalization— and factorization-scale dependence are much larger than the increase of the CSs in NLO and N2LO, than the
uncertainties springing in the NNPDF model, and then the accuracy achieved in the ALICE and LHCb cross section measurements.
Effects of the MPI, the space— and time-like partonic showers on the heavy quark CSs are found to be not very essential.
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HAPOJKEHHS cCc — TA bb— KBAPKOBHUX ITAP B pp 3ITKHEHHSX
IPA EHEPT'ISIX EKCIIEPUMEHTIB HA BEJTMUKOMY AJIPOHHOMY KOJIAMJIEPI
T.M. Fop6atiok !, B.B. Kotasp'?, M.I. Macios?, A.C. Cadponos!
[ Xapkisecvkuii nayionansnuti ynieepcumem im. B.H. Kapasina, na. Ceob6o0u, 4, m. Xapxie, 61022, Ykpaina
’Hayionanenuii nayxosuti yenmp “Xapkiecokuii (izuxo-mexuiunuti incmumym”
eyn. Akaoemiuna, 1, Xapxis, 61108, Ykpaina

Hapo/pkeHHs1 3a4apoBaHHX i G0TTOM KBapK—aHTHKBAPKOBUX Map B MPOTOH—ITIPOTOHHMX 3iTKHEHHSX MOJETIOETHCS 3a JIOMOMOTOI0
KOMIT'IOTEepHHX TMporpaM, mo Oyino crerepoBano 3a pomnomoroio MadGraphS aMC@NLO. J[lepeBuHHI MapTOHHI TPOLECH
BPAaXOBYIOTECS B MEPIINX TPHOX IOPsIKaxX Teopil 30ypeHb y KBaHTOBIH XpoMOIWHaMII. Po3risHyTi skopcTKi mpoliecH MaroTh 1Ba,
TPY Ta YOTHPH NMAPTOHM B KiHIEBHUX craHaxX. L{i KiHIIEeBI CTaHM MICTATH OAHY abo J(Bi Mapy BaXKKMX KBapK-aHTHUKBApKiB. Po3paxyHkn
BUKOHYIOTBCS 3 PYHKIISIMU pO3HOALTY MAapTOHIB, OTpuMaHuX Koabopaniero NNPDF 3 BUKOpHCTaHHSAM METO/IB HEHPOHHUX MEpPEiK.
Brumme 6araropa3oBHX MapTOHHUX B3a€MOJiH, 37IMB B IOYaTKOBOMY Ta KiHIIEBOMY CTaHax Ha iHTerpanbHi nepepizu (IIT) BuBuaernes
y3TO/DKEHO 3 BHUKOPHCTaHHsIM reHepartopa moniii Pythia 8. IIT oOunciioroTeCcst B LEHTpanbHIA 007acTi GMCTPOT Ta MiJ MaMMHU
KyTaMmHu eMmicii Baxxkux kBapkiB 3a ymoBamu excriepumedTiB ALICE ta LHCb na Benukomy aaponnomy komnaiiaepi LIEPH. Peakuii
JOCITI/DKEHO MPH TONEePevHHX IMITyJIbcaX BaKKHX KBapkiB 70 30 I'3B /c. IT1, mio Gymno po3paxoBaHo B Jigupyrouomy nopsaky (JIIT) 3
Pythia 8, B nepesurHOMy HabmmwkenHi 3 MadGraphS, a Takoxx Ha ocHOBi FONLL-Tiaxomy, y3romKyroTsCs M CO00I0 B Mekax
CMyT' HEBH3HAYECHOCTEH BIIACTHBHX TEOpii Ta METOJaM, 10 BUKOPHCTOBYIOTHCS. BKIIIOUCHHS Y PO3paxyHKH MAapTOHHHX IPOLECIB B
HACTYIHOMY 3a Iiaupyrounm nopsyky (HJIIT) i H2JII wa nonarok mo JII npuBoauts o 3pocranns IT1. Ie 36inblueHns 3MeHInye
HEY3TOJDKEHICTh 3 mepepizamu, mo Oymo orpumano ALICE ta LHCb. Bapiamii ITI, mos's3ani 31 mxagamMu HepeHOpPMYBaHHS Ta
(akTopusallii, 3Ha4HO NEPEBULIYIOTh oTpuMane 36inbmenns 11 8 HIIIT ta H2JIII, nesusnauenocti mogeni NNPDF, i TounicTsh
BUMIpiB niepepi3is, ki 6yno Bukonano ALICE Ta LHCb. baraTopa3oBi mapToHHi B3aeMO1i1, IPOCTOPOBO- Ta Yaco-MOAi0HI MapTOHHI
37IMBHU HE 3MiHIOIOTH CyTTEBO II1.

KJIFOUYOBI CJIOBA: 3auaposati i 6orrom kBapku, LHC, ALICE, LHCb, MadGraph5_aMC@NLO, Pythia 8

POXJIEHUE cCc — U1 bb—- KBAPKOBUX ITAP B pp CTOJIKHOBEHUSIX
IPA EHEPTUSAX EKCOIEPUMEHTOB HA BOJBIIIOM AJIPOHHOM KOJLJIAW/IEPE
T.M. I'op6ariok !, B.B. Korasip'?, H.H. Macuios?, A.C. Cagponos!
' Xaporosckuii nayuonanvwlii ynusepcumem umenu B.H. Kapasuna, ni. Ceo600wt 4, Xapokos, 61022, Yrpauna
’Hayuonansuvii Hayunviii Ilenmp «Xaporkosckuti (puzuko-mexnuueckuti uHCmumymy
yan. Akademuueckas, 1, Xapvros, 61108, YVkpauna
Poxnenne oyapoBaHHBIX M OOTTOM KBAapK-aHTHKBAaPKOBBIX Map B MPOTOH—MPOTOHHBIX CTOIKHOBEHHUSX MOJIEIUPYETCS C MOMOILBIO
KOMITBIOTEPHBIX MPOrpamMM, KOTopble ObutH momydensl ¢ momomibio MadGraph5 aMC@NLO. [IpeBecHble MapTOHHBIE MPOLECCHI
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YUHUTBIBAIOTCS B EPBBIX TPEX MOPAIKAX TEOPHH BO3MYIIEHHH KBAHTOBOI XpOMOANHAMHKHU. PaccMaTprBaroTCst AeECTKHE MPOLECCHI C
JBYMsI, TPEMS M YEThIPbMs TAPTOHAMH B KOHEUHBIX COCTOSHHAX. DTH KOHEUHBIE COCTOSHUS COJEP)KAT OJHY MU JIBE Maphl TSHKEITBIX
KBapK-aHTUKBApKOB. PacyeTsl BBIMONHSIOTCS ¢ (YHKUMSIMU PaclpelesieHus MapTOHOB, MOJydeHHbIMH Koyutabopaieii NNPDF c
KCIONB30BAHUEM METONOB HEHPOHHBIX CeTel. BiMAHUME MHOTOKpaTHBIX NApPTOHHBIX B3aUMOJAEHCTBUH, JIUBHEH B HAYaJbHOM HU
KOHEYHOM COCTOSHHSAX Ha uHTerpansHble cedeHus (MC) wmsydaercs coriacoBaHHO ¢ reHepatopoMm coObituii Pythia 8. HMC
BEIYHCIIIIOTCS. B IEHTPAIBHOH 00JIACTH OBICTPOT M IO MAJIBIMH YIJIAMH SMHCCHHU TSDKENBIX KBapKOB B YCIIOBHSIX DKCIEPHMEHTOB
ALICE u LHCb na bonpmom angponnom komiaiinepe LIEPH. Peakumm ucciemyloTcs mpu MONEPEYHBIX HMITYJIbCaX TSDKEIBIX
kBapkoB 110 30 [3B/c. UC, paccunrannbie B munupyromem nopsake (JIIT) ¢ Pythia 8, B apeBecHoM npubmmkennn ¢ MadGraphS5, a
taoke Ha ocHoBe FONLL-noaxona, cornacyroTes Mex/y co0oi B Ipejerax Mojioc HeoNnpeaeIeHHOCTEH, MPUCYIUX UCTIOIb3YEeMbIM
TEOPMH M MeTonaM. BKIIOYEHHE B pacueThl NapTOHHBIX IIPOLIECCOB B CIEAYIOWEM 3a JuaupyromuM nopsaake (HJIT) u H2JIII B
nononHenue k JIII npusoaut k pocty MC. D10 yBennueHne yMeHbIIaeT PaccOrIacoBaHUE C CEUEHUSMH, KOTOPbIE OBUIN MOITYYEHBI
ALICE u LHCb. Bapmamuum WC, cBs3aHHBIE €O IIKalaMH IIEPEHOPMHPOBKA U (DaKTOPH3AaLUH, 3HAYUTENHFHO IPEBBIIIAIOT
nosnydennoe ysemuuenne MC B HJIIIT u H2JIII, meonpenenennoctd monean NNPDF, a Takike TOYHOCTh H3MEPEHHMI CEdEHMId,
xoropsle Obumm BbmosHeHs! ALICE um LHCb. Msmenenns WMC mnpm yuére MHOTOKpAaTHBIX ITapTOHHBIX B3aHMOIEHCTBU,
IIPOCTPAHCTBEHHO ¥ BPEMEHH—TI0JOOHBIX ITAPTOHHBIX JIMBHEH HE SBIAIOTCS CYIIECTBEHHBIMI.

KJIFOYEBBIE CJIOBA: ouyaposannbie u 6ortom kBapku, LHC, ALICE, LHCb, MadGraph5 aMC@NLO, Pythia 8

Open charm and beauty production is a subject of intensive experimental and theoretical researches. The heavy
quarks, D— and B-mesons, baryons that contain c— or »—quarks are detected in the LHC experiments ALICE, ATLAS,
CMS, and LHCDb. The integral and differential CSs of the processes are obtained making available excellent testing
grounds for calculations within perturbative quantum chromodynamics (pQCD) and for QCD-motivated
phenomenological models that incorporate non—perturbative effects. Provided that the reaction mechanisms are under
strict control, heavy flavor production can be also a tool to investigate gluon distribution properties in protons and
nuclei. Various frameworks and event generators (EGs), e.g. FONLL approach [1,2], MadGraphS aMC @ NLO [3],
Pythia 8 [4], POWHEG-BOX [5], HERWIG [6], Sherpa [7], along with the PDF model, e.g. NNPDF [8], are employed
for interpretation of the data.

An objective of this paper is to simulate processes of heavy quark production at the LHC energies under
conditions of ALICE [9] and LHCb [10,11] experiments. ALICE measurements in central rapidity region [y| < 0.5
compliment the LHCb studies at pseudorapidities 2 < 1 < 5. Area of relatively small transverse momenta p;y <
20 ...30 GeV/c can be explored by both detectors. We aim to carry out calculations of the cross section for charmed
and bottom quark production at LO, NLO and at N?LO within the tree approximation of pQCD and to demonstrate how
corrections beyond LO affect the CSs. MadGraph5 aMC @ NLO and Pythia 8 are to be used with this end. Results of
calculations are to be compared with the experimental data and theoretical uncertainties are to be discussed.

SIMULATION OF HEAVY QUARK PRODUCTION BEYOND LEADING ORDER
OF PERTURBATIVE QUANTUM CHROMODYNAMICS
Heavy quark anti—quark pairs are created in hard partonic processes, e.g. g + g —» Q + Q, where Q is charmed or
bottom quark. Codes for modeling these processes in proton—proton scattering are generated with MadGraph5 aMC @
NLO [3] in the tree approximation. Calculations are performed for groups of processes

p+p—-0Q+ Q, )]
p+p—=Q+Q, Q+ Q+ jet, ()
p+p->0Q+Q, Q+ Q+ jet, Q+ Q +2jet, 2(Q+ Q), 3)

that have from two up to four partons in the final sates. In (1) ... (3) p and jet denote gluon or one of the quarks u, d, s
for O=c and u, d, s, ¢ for OQ=b. Particles p and jet can be respective anti—quarks. In model employed in the simulations
charmed and bottom quarks in the final states are massive. In protons and in jets quarks u, d, s, ¢ have zero masses. LO
Born, NLO, and N2LO gluon scattering that results in hb —pair creation at the tree level is illustrated in Fig. 1.
Processes initiated by two gluons together with quark—gluon scattering determine sensitivity of the observables to gluon
distribution in colliding hadrons.

2

Fig. 1. Gluon interaction that results in final states with two, three, and four particles.
The diagrams are generated by MadGraph

Partonic events obtained with the MadGraph codes are showered then with Pythia 8 [4] and MPI are simulated
also with this EG. NNPDF parton distribution functions [8] are used in the computations.
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CROSS SECTIONS OF cC — AND bb — PRODUCTION

Integral cross sections (CS) are calculated with MadGraph5 aMC @ NLO [3] in junction with Pythia 8 [4] at LO,
NLO, and N?LO at tree level and with Pythia 8 at LO. Computed CSs are compared with results obtained within
FONLL approach [1,2].

As seen from Fig. 2, where CSs integrated over all rapidity range are shown, inclusion of processes with three and
four partons in the final states in addition to ones with single QQ-pair does not affect the CSs values essentially in
comparison with the uncertainties of the CSs that originate from variation of the renormalization and factorization
scales. In calculation with MadGraph and Pythia these uncertainties are determined for scale factors from %2 up to 2 that

change independently for renormalization and factorization scales. CSs obtained with MadGraph and Pythia, Pythia,
and FONLL differ insignificantly.

(v) FONLL R (v) FONLL
() Pythia 8.230 R S (&) Pythia 8.230
(e m ¢) MadGraph 2.6.4 (e m ¢) MadGraph 2.6.4
- | =
10° 10" 200 400 600 800 1000 1200
g, mb g, ub

Fig. 2. The CSs of charmed (left) and bottom (right) quark anti—quark pair production in pp collisions at s> =13 TeV.
CSs calculated with MadGraph for groups of partonic processes (1), (2), and (3) are shown by e, m, and ¢, respectively

In simulations with MadGraph we chose minimal value of jet transverse momenta pr e min = 10 GeV/c that is set to
be equal to the minimal distance in the momentum space between the partons in accepted events. Solid curves in Fig. 3
demonstrate that the integral CS changes very slowly when pr je min €xceeds value ~10 GeV/c. Further decrease of the
CS from momenta pr jer min = 20 up to 60 GeV/c is 2.4%. In the present calculations at s'? = 13 TeV, the integral CSs
are obtained for the transverse momenta of the heavy quarks pr¢ min and prp min = 0. Swift decline of the CS with growth
of pr ¢ min 18 illustrated by the dashed curve in fig. 3. This decrease of the CS is followed by reduction of the scale
uncertainties as shown in Fig. 4. Thus, positive uncertainty falls from 348% at prc min = 0 down to 127% at pr¢ min =
5 GeV/c and then to 88.6% at prcmin = 20 GeV/e.

10*
10°
L. 10%
o \\\ 10? ‘\\\“‘-.
E10? £
5 e 5 T~
e 10" Tl
107" e ~
5 10 15 20 5 10 15 20
Ptmin, GeVic PTmin; GeViC

Fig. 3. The integral CSs for production of cc—quarks (left) and bb—quarks (right) at s'2 =13 TeV.
The CSs o(pr jet min, pr 0 min = 0) and o(pr jee mn = 10 GeV/e, pr o min) at N’LO are shown by solid and dashed curves,
dots — CSs at LO of pQCD. Heavy quark Q is charmed or bottom one

The CSs of charmed and bottom quark production in central rapidity region |y| < 0.5 are compared in Fig. 5 with
the ALICE data. The experimental values of the heavy quark differential CS at y=0, shown in Fig. 5, have been
extracted in [9] from the ALICE data on dielectron production. Within approach [9] simulation with EGs is employed.
Results [9] obtained with PYTHIA and POWHEG [5] are indicated by up A and down = triangles.

The CSs of heavy quark production in the forward rapidity region are shown in Fig. 6 together with the LHCb
data. As can be seen from Fig. 5 and Fig. 6 results of calculations for bottom quarks do not contradict to the results of
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ALICE and LHCb measurements. Experimental data for charmed quark CSs lie within the scale variations of the

calculations.
350-
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80
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Fig. 4 Scale uncertainties of the cc—quarks (left) and bb—quarks (right) production CSs as functions of pr g min, where Q is for c— and
b—quarks. Solid and dashed curves are for positive and negative CS variations

ALICE data, Pythia (V) —— T (v) ALICE data, Pythia
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Fig. 5. The differential CSs of c¢ (left) and bb (right) production at zero rapidity in pp scattering at s'2 = 13 TeV.

The ALICE data A and

are taken from [9]

LHCD data (A) S

FONLL (4) | |

Pythia 8.230 at LO (m)
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Fig. 6. The integral CSs for charmed (left) and bottom (right) quark anti—quark pair production
in the forward rapidity region in pp scattering at s'> = 13 TeV. The LHCb data A are from [10,11]

The differential CSs of bottom quark production as function of pseudorapidity # that are obtained with
MadGraph 5 and Pythia 8 at the tree level at N?LO are compared in Fig. 7 with the LHCb data. Note that being
dependent on total energy s” and interval of integration over the transverse momenta, the relative size of scale
uncertainties for #—distributions in Fig. 7 keeps constant regardless of the values # takes.
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As seen from Fig. 7, the experimental CS #—dependences have maxima. At s” = 13 TeV this feature of the CS is
more distinct then in the data at 7 TeV. The calculations do not reproduce this behavior of CS do/dy. The reasons for
this discrepancy may be caused by use of the tree approximation or by choice of some cut-off in the phase space that are
not in full correspondence with the measurement procedure and the data analysis.

100

doldn, ub

2.0 25 3.0 35 4.0 45 5.0 20 25 30 35 40 45 5.0
n n

Fig. 7. The differential CSs for bb—pair production in pp scattering at s/2 = 7 (left) and 13 TeV (right).

Calculations with MadGraph 5 and Pythia 8 are shown by squares 0, the scale uncertainties — by the band. The LHCb data e are
from [11]

Figs. 5-7, in which the results of simulations are compared with the LHC data, demonstrate that for all
measurements the experimental uncertainties are smaller as compared with theoretical ones.

CONCLUSIONS

Charmed and bottom quark production in proton—proton scattering is simulated at s¥> = 7 and 13 TeV.
Calculations are performed at the tree level of pQCD with the codes for hard partonic processes, generated by
MadGraph5 aMC @ NLO [3]. First three order of QCD perturbation theory are taken into account. Space— and time—
like partonic showers, multiparton interactions are included into the modeling with the help of Pythia 8 [4] event
generator.

The integral cross sections of ¢ and b quark anti—quark pair production are calculated both in the central and
forward rapidity regions under conditions of ALICE [9] and LHCb [10,11] experiments. The pseudorapidity
dependence of the differential cross section for hh—pair production is also computed in the LHCb kinematic area. NLO
and N2LO contributions increase the integral cross sections and results obtained with MadGraph5 aMC@NLO in
junction with Pythia 8 at N?LO are in agreement with the ALICE and LHCb data within the band of uncertainties due
to renormalization and factorization scale variations. At the same time, the bb differential cross sections at 7 and
13 TeV as functions of pseudorapidity differ in form from ones measured by the LHCb.

Calculations show that the influence of NLO and N?LO terms on the integral cross sections reduces with growth of
jet minimal transverse momenta and at pr jet min ~ 10 GeV/c becomes inessential. In the present simulation, the value of
Prjet min €quals the minimal distance in phase space between the partons in final states of hard processes. Thus, selection
of events with well-separated jets together with elimination of events with soft jets can be used to suppress the
contributions springing beyond LO in pQCD, to simplify the relevant reaction mechanisms, and to enhance sensitivity
of the observables to the parton distributions functions, in particular to gluon ones.

Changes in the computed cross sections under scale variations turn out to be much larger than experimental
uncertainties. Rapid exponential decrease of the cross sections with increase of minimal transverse momenta pr g min 0f
the heavy quark, Q = ¢ or b, is followed by reduction of the scale uncertainty size. It appears to be significant in the
case of charmed quarks. Region of prc min = 5 GeV/c, where strip width of these uncertainties narrows, proves to be
suitable for verification of the pQCD methods and of QCD-based models, employed in the simulations.

No substantial effect of partonic showers and multiparton interactions on the integral cross sections under
considered kinematic cut-offs is found. Influence of these mechanisms on differential observables needs further
studying.
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