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Introduction

@ Open-charm production constitutes a stringent test of next-to-leading-order (NLO) pQCD
(as(me) < 1)

o Single parton scattering (SPS) calculations alone fail to reproduce the measured DD
production

@ Description may also include either gluon to charm-quark fragmentation or double parton
scattering (DPS) contributions [Maciuta, Saleev, Shipilova, Szczurek 2016]

@ The usage of gluon-to-charm fragmentation, however, includes double-counting issues and
the limited range of validity of the gluon fragmentation function [Karpishkov, Nefedov, Saleev,
Shipilova 2016]

@ We study pair-D®D9 production in the Parton Reggeization Approach (PRA). The
charm-quark mass ¢ — D9 effects in fragmentation are taken into account.
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High-energy factorization

Parton Reggeization approach (PRA) is a scheme of kr-factorization, which is based on the
modified multi-Regge kinematics (MMRK) approximation of the QCD Agcp < p < /5. [Nefedov,
Saleev, Shipilova 2013] [Karpishkov, Nefedov, Saleev 2017] [Nefedov, Saleev 2020]

The cross section is written as a convolution:

dxy d? dxo d?
do PRA(ppﬁ DODO Z/ - qlT/ X22 ZzT¢a(X1 CI1T7M )¢b(X27‘72T7M )%

xd6PRA(ab — D°DO)

Moo 13 u 2 — _F2
912 = X172P1,2 t a7 G127 = —GipT #0

where a, b denotes the parton types R, Q, Q in the partonic subprocesses.

D, 5(x, g%, 4u?) is modified Kimber-Martin-Ryskin-Watt (mKMRW) PDFs with exact
normalization:

2

/dq%%(x, a7, 11%) = xfa(x, i)
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KMR modification

The exact normalization condition is equivalent to:
®a(x, t,2) = = [Ta(t 12, x)Fa(x, t)]

where fa(x, t) = xfa(x, t), Ta(t, 42, x) is usually referred to as Sudacov form-factor, satisfying the
boundary conditions T,(t = 0,4, x) =0 and Ta(t = p?, u?,x) =1, t = q%_ is negative initial
parton mass.

By obtaining uPDF through the factorization and requiring equality with KMR prescription, the
Ta(t, 42, x) solution can be derived:

u?

Ta(t, 1%, x) = exp —/

t

dt’ as(t')
o

(Ta(t/,#z) + ATa(t, szx))

1
with (£, 42) = zb:o/dz Poa(D)0(A(E12) — 2), At p) = “:ﬁ
[ Bz 1)
b\7Z>» —x
and with A,(t, 12, x) 0/dz6’ z — A(t, 1?)) | 2Ppa(2) — 200D P.p(2)0(z — x)
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PRA advantages

The Reggeized parton amplitudes are described by Lipatov's gauge-invariant effective field theory
(EFT) [Lipatov 1995]. There is an exact collinear limit:

. dprddy s
lim /|’V’|2 = M2 cpum

917,927 0 PRA™(2m)2 (2m)2
The PRA smoothly interpolates between small and large pr and coincides with the CSS

approach at pr < pu.
Advantages of mMMRK uPDFs over KMRW uPDFs:

@ The Sudacov form-factor depends on x
o KMRW is only for gluons, mMRK includes gluons and quarks

@ Due to the elimination of certain discrepancies, the condition x < 1 becomes less strict.

The PRA has demonstrated its effectiveness in describing various single— and pair—production
processes with D-mesons.

@ Inclusive DO, D+, D*+, Ds+ production [Karpishkov, Nefedov, Saleev, Shipilova 2015]
° J/’Ib('r) and D [Saleev, Chernyshev 2024][2024]
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Fragmentation mechanism

Hadronization is described using fragmentation functions (FFs):

1 1
dé(ab— D°D%) = P2, x / dz1D,_, po(z1) / dzD,_, po(z2)do(ab — ccX)

min min
A 2

with 2" = mpo /(Ec + |Flc)-

_ Epo + |5ID°
E. 1 |7lc

z provides a link between quark and hadron momenta, P._, po = 0.542 is fragmentation
probability [H1 and ZEUS 1999].

The fragmentation approach works fairly well at pr > 1 GeV, but has difficulty at p7 ~ m.. We

use FF with Peterson parametrization:

Dc—)DU(Z) = >

where N is a normalization factor (to unity), and with e = 0.06.
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SPS open charm production

Combining the formulas for cross-section factorization and the fragmentation approach:

do®P(pp — D°DC) = P2_, 1o X De_,po(21) ® De_ypo(22) ® Y &5 @ &, ® d6"R4(ab — <€)
a,b
Subprocesses taken into account:
gluon fusion RR — c&c¢
quark-antiquark annihilation QQ — cccc
Strongly suppressed subprocesses:

charm excitation RQ. — gccC
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DPS open charm production

The DPS cross section is expressed as a product of two SPS cross sections:

doP3(pp — D°X) x doP3(pp — DOX)

dO’DPS(pP—> DODO) —
S oen

where S = 2 is the symmetry factor, o is an effective parameter that controls the DPS
mechanism contribution.
At similar energies, the effective DPS cross-sections have comparable values:

@ Based on Pair—J/’Lﬁ, J/’LﬁT, TT fit oeir = 11.0 == 0.2 mb [Chernishev, Saleev 2022]

@ In this research we estimate o = 9.3f%‘_‘:’1 mb based on the available D°D°% mesurements

[LHCb 2012].

Subprocesses taken into account:

gluon fusion RR — ¢ ® RR — cC _
quark-antiquark annihilation QQ — ¢ ® QQ — c¢
mixed RR — cc ® QQ — cc

Strongly suppressed subprocesses:

charm excitation RQ: — gc ® ...
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Numerical equipment

@ Parton-level Monte-Carlo generator — KaTie

@ It has been verified that the |M|2 calculated at AvhLib coincide with obtained using the
Lipatov's EFT feinman rules at the tree-level.

@ We use uPDFs with exact normalization based on mstw2008lo collinear PDF's set.
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Quark comparison

— kr — kr
-== CPM -== CPM
1072 — PRA 102 — PRA
= 1073
3
g g
3
£ S
g 9
T 8 107
°©
10-
10-¢
\/E =7 TeV

CPM cross section ~ kr-factorization cross section ~ PRA cross section

SPS using CPM (gray) and SPS using k1 (black) was taken from [van Hameren, Maciuta, Szczurek
2015].
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LHCb /s =7 TeV for o fitting

SPS kr
DPS kr
SPS PRA

--- DPS PRA
—— sum PRA
<+ LHCb-2012

dodM, nb/GeV
ndo/d|Ag|, nb

M, Gev |agl/m

LHC /s =7 TeV, 2 < y < 4, prp > 3 GeV [LHCb 2012]
Calculations using k1 factorization (oeff = 11 mb) [van Hameren, Maciuta, Szczurek 2015]

Fit the experimental data and extract oe = 9.34:%"3 mb

o5P5 = 0.05 pb, oPPS = 0.7 b, o = 0.757572 b

(Samara University) DD-pair production in PRA: DPS and SPS 12 /18


https://doi.org/10.1007/JHEP06(2012)141
https://doi.org/10.1016/j.physletb.2015.06.061

10° 103
a 3
2., QS
- 10 g
3 2
3 s
3 5
3
. .
10 ]
—.— SPS PRA s
--- DPS PRA !
—— sum PRA [
+ LHCb-2012 lem
100
000 025 050 075 100 125 150 175 200

0
18yl

LHC \/s=7TeV, 2 <y < 4, prp > 3 GeV [LHCb 2012]

Fit the experimental data and extract oe = 9.3t%"i mb

0P = 0.05 pb, PP5 = 0.7 pb, o = 0.757 53 b
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LHCb forward region prediction
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LHC /s =13 TeV, 2 <y < 4, prp > 3 GeV
o5P5 = 0.09 pb, oPPS = 2.6 ub, ¢ = 2.775% ub
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LHCb forward region prediction
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LHC /s =13 TeV, 2 <y < 4, prp > 3 GeV
o5P5 = 0.09 pb, oPPS = 2.6 ub, ¢ = 2.775% ub
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LHC central region prediction
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LHC /s = 13 TeV,

y| <2, prp > 3 GeV
oSPS = 0.5 ub, oPPS = 15.5 pub, o = 20.013%? b
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LHC central region prediction
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@ Our PRA-based calculations demonstrate good agreement with the experimental data on
DODO production at /s =7 TeV.

@ The results obtained in the PRA are consistent with previous calculations performed in [van
Hameren, Maciuta, Szczurek 2015].

@ Has also been demonstrated the applicability of the mMMRK uPDFs [Nefedov, Saleev 2020]

@ The value oo = 9.3f%_i mb was extracted from a fit to the experimental data on D9D°

pair production at /s = 7 TeV.

@ Predictions for the production cross sections at the current LHC energy of /s = 13 TeV
have been obtained for both the central and forward kinematic regions.

Thank you for your attention!
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