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Description of production of hadrons in QCD is consist of pQCD and hadronization of final states.
i Light and heavy–light hadrons hadroproduction:

fragmentation mechanism.
Studied in processes: p+ p→ D+X , D D̄+X , D Z

/
W +X , . . .

ii Quarkonium hadroproduction:
fragmentation mechanism (dominant at large pQT & 15 GeV[Kniehl, Nefedov, and Saleev ′16]);
fusion mechanisms (CSM, NRQCD, (I)CEM);

Studied in processes (LHC data): inclusive production p+ p→ Q (nS)+X and associated productions:

J/ψ ϒ X D/0:
√

s = 1.8 TeV
LHCb:

√
s = 13 TeV, pψ,ϒ

T < 10,30 GeV
J/ψ J/ψ X LHCb:

√
s = 7,13 TeV, pψ

T < 10 GeV
CMS:

√
s = 7 TeV, pψ

T > 6.5 GeV
ATLAS:

√
s = 8 TeV, pψ

T > 8.5 GeV
ϒ ϒ X CMS:

√
s = 13 TeV

J/ψ Z X ATLAS:
√

s = 8 TeV, pψ

T > 8.5 GeV
J/ψ W X ATLAS:

√
s = 7,8 TeV, pψ

T > 8.5 GeV

Q D X LHCb:
√

s = 7 TeV, pψ,ϒ
T < 13,15 GeV

«Prompt» production pp→ J/ψ J/ψ X–production
without B–hadron decay via b→ J/ψ X .

In this talk;

Can be found in[Chernyshev and Saleev ′22,23].

Processes of inclusive and associated quarkonia hadroproduction are a good tools to study hadronization. 3 / 43
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Factorization approaches

Collinear Parton Model (CPM)
On–shell initial states: kµ

i = xi Pµ

i , k2
i = 0;

Collinear factorization: a (k1)+b (k2)→ . . . (k f )

dσ(k f ,
√

s) = ∑
a, b̄

[
fa/p(x1,µ

2) fb/p(x2,µ
2)
]
⊗dσ̂ab(t1, t2,k f )

= ∑
a, b̄

∫
dx1 fa/p(x1,µ

2)
∫

dx2 fb/p(x2,µ
2)×dσ̂ab(t1, t2,k f ),

where a,b ∈ {g,q, q̄}. Partonic cross–section:

dσ̂ab(t1, t2,k f ) =

(2π)4
δ
(4)(k1 + k2−∑k f )

|A(a b→ . . .)|2
I

dΦ(k f )

with flux–factor I ' 2x1x2s;

Framework: µF ∼ pT > mc� ΛQCD.

P1,2 =

√
s

2
(1,0,0,±1)

�
P1

P2

k2

k1

p

p

1
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Parton Reggeization Approach (PRA)[Nefedov, Saleev, and Shipilova ′13]

Off–shell initial states (Reggeized gluons R and quarks Qq): kµ

i = xi Pµ

i + kµ

Ti, k2 =−k2
Ti;

Multi–Regge kinematics: i (k1)+ j (k2)→ . . . (k f )

dσ
(
k f ,
√

s
)
= ∑

i, j̄

[
Φi/p(x1, t1,µ2)×Φ j/p(x2, t2,µ2)

]
⊗dσ̂

PRA
i j

(
t1, t2,k f

)
= ∑

i, j̄

∫ dx1

x1

∫
dt1

∫ dφ1

2π
Φi/p(x1, t1,µ2)

∫ dx2

x2

∫
dt2

∫ dφ2

2π
Φ j/p(x2, t2,µ2)×dσ̂

PRA
i j

(
t1, t2,k f

)
,

where ti =−k2
Ti and i, j ∈ {R,Qq, Q̄q}. Partonic cross section in PRA:

dσ̂
PRA
i j

(
t1, t2,k f

)
= (2π)4

δ
(4) (k1 + k2−∑k f

) |APRA(i j→ . . .)|2
I

dΦ(k f )

with flux–factor I ' 2x1x2s, |APRA|2 is calculated in the Lipatov’s EFT[Lipatov ′95];
Exact normalization condition for the modified unPDF[Nefedov and Saleev ′20]:∫

µ2

0
dt Φi/p(x, t,µ

2) = Fi/p(x,µ
2),

here Fi/p(x,µ
2) = x fi/p(x,µ

2);
Framework: µF�

√
s–«small» x physics.
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unPDFs in the modified KMRW model:

Φi(x, t,µ) =
αS(µ)

2π

Ti(t,µ2,x)
t ∑

j=g,q,q̄

∫ 1

x
dz Pi j(z) Fj

(
x
z
, t
)

θ (∆(t,µ)− z) ,

where Ti(t,µ2,x) is Sudakov formfactor with boundary conditions Ti(t = 0,µ2,x) = 0 and Ti(t = µ2,µ2,x) = 1.
The solution for Sudakov formfactor[Nefedov and Saleev ′20]:

Ti(t,µ2,x) = exp

[
−
∫

µ2

t

dt ′

t ′
αS(t ′)

2π

(
τi(t ′,µ2)+∆τi(t ′,µ2,x)

)]
,

with

τi(t,µ2) = ∑
j

∫ 1

0
dz zPji(z)θ(∆(t,µ2)− z),

∆τi(t,µ2,x) = ∑
j

∫ 1

0
dz θ(z−∆(t,µ2))

[
zPji(z)−

Fj
( x

z , t
)

Fi(x, t)
Pi j(z)θ(z− x)

]
.

PRA smoothly interpolates QCD predictions between high–energy and low–energy regions
as well as between small–pT and large–pT of final particles.
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Main LO PRA publications:
B.A. Kniehl, V.A. Saleev and D.V. Vasin, «Bottomonium production in the Regge limit of QCD»,
Phys. Rev. D 74 (2006), 014024;
M.A. Nefedov, V.A. Saleev and A.V. Shipilova, «Dijet azimuthal decorrelations at the LHC in the parton Reggeization
approach»,
Phys. Rev. D 87 (2013), 094030;
A.V. Karpishkov, M.A. Nefedov and V.A. Saleev, «BB̄ angular correlations at the LHC in parton Reggeization
approach merged with higher-order matrix elements»,
Phys. Rev. D 96 (2017), 096019;
M.A. Nefedov and V.A. Saleev, «High-Energy Factorization for Drell–Yan process in pp and pp̄ collisions with new
Unintegrated PDFs»,
Phys. Rev. D 102 (2020), 114018.
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Quarkonium production

MJ/ψ ' 3.097 GeV and Mϒ ' 9.460 GeV - non–relativistic. Quarkonium in the potential model:

VCornell(r) =−CF
αS (1/r)

r
+σr =⇒ αS

(
MQv

)
∼ v∼ 0.2−0.3

Color Singlet Model (CSM)[Baier, Ruckl, Berger, and Jones ′83]

dσ

(
Q[3S1

1]
)
= dσ

(
QQ̄[3S1

1]
)
×〈OQ [3S1

1]〉,

where 〈OQ [3S1
1]〉 ∼|ΨQ(0) |2.

Non–relativistic QCD (NRQCD)[Bodwin, Braaten, and Lepage ′95]

dσ(Q) = ∑
n

dσ
(
QQ̄[n]

)
×〈OQ [n]〉,

here n = 2S+1La
J .

Main problems:
octet contribution excess of predictions over experimental data in ηc production;
polarization puzzle.
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Color Evaporation Model (CEM)[Fritzsch and Halzen ′77] ↪→ Improved CEM (ICEM)[Ma and Vogt ′16]
i+ j→ Q (pQ)+ Q̄ (pQ̄)→ Q (p)
Master formula for the differential cross section:

dσQ
d3 p

= F Q ×
2MH∫

MQ

dM d3 p′ δ
(3)
(

p− MQ
M

p′
) dσQQ̄

dM d3 p′
+ O

(
λ

2/M2
Q

)

' F Q ×
2MH∫

MQ

dM[θ(M−MQ)−θ(M−2MH)]
dσQQ̄

d3 p′

∣∣∣∣(
p′= M

MQ p
)

One free parameter F Q for each Q;
All quarkonium Q states are treated like QQ̄ pairs below HH̄ threshold;
All QQ̄ production diagrams included independent of color;
The QQ̄ pairs produce quarkonium Q through proto–quarkonium state with 4–momentum p′ = pQ + pQ̄ with
matching condition: p = (MQ/M) p′;
ICEM predicts polarized quarkonium production[Cheung and Vogt ′21].

ICEM can be considered as NRQCD without velocity scaling.
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Recent ICEM publications:
V. Cheung and R. Vogt, «Production and polarization of direct J/ψ up to O(α3

S ) in the improved color evaporation
model in collinear factorization», Phys. Rev. D 104 (2021), 094026;
V. Cheung and R. Vogt, «Production and polarization of prompt J/ψ in the improved color evaporation model using
the kT –factorization approach», Phys. Rev. D 98 (2018), 114029;
V. Cheung and R. Vogt, «Polarized Heavy Quarkonium Production in the Color Evaporation Model», Phys. Rev. D 95
(2017), 074021;
J.–P. Lansberg et.al., «Complete NLO QCD study of single– and double–quarkonium hadroproduction in the
colour–evaporation model at the Tevatron and the LHC», Phys. Lett. B 807 (2020), 135559;
A.A. Chernyshev and V.A. Saleev, «Single and pair J/ψ production in the improved color evaporation model using the
parton Reggeization approach», Phys. Rev. D. 106 (2022), 114006;
V.A. Saleev and A.A. Chernyshev «Pair Production of J/ψ in the Color Evaporation Model and the Parton
Reggeization Approach», Phys.Part.Nucl.Lett. 20 (2023), 389–394;
A.A. Chernyshev and V.A. Saleev, «Pair Production of Heavy Quarkonia in the Color Evaporation Model», Physics of
Atomic Nuclei 86 (2023), 1093–1098;
A.A. Chernyshev and V.A. Saleev, «Associated production of J/ψ plus Z

/
W in the improved color evaporation model

using the parton Reggeization approach», arXiv:2304.07481.
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Open charm production

Fragmentation mechanism[D′Alesio and Murgia ′04]
i+ j→ c (q) (→ D (p))+ c̄
Master formula for the differential cross section:

dσD

d p2
T D dyD

=

1∫
zcut

dz Dc→D(z,µ2
0 )

dσcc̄

d p2
T c dyc

∣∣∣∣
q=q(z)

Parameter z =
(

p0 + |p|
)
/
(
q0 + |q|

)
;

Parameter cut: zcut = mD/
(
q0 + |q|

)
;

Peterson’s fragmentation function (FF)[Peterson et al. ′83]:

Dc→D(z,µ2
0 ) =N

z(1− z)2

[(1− z)2 + ε z]2
,

∫
dz Dc→D(z,µ2

0 ) = f (c→ D),

with ε = 0.06;

Fragmentation fractions: f (c→ D0) = 0.542 and f (c→ D+) = 0.225[Gladilin ′15].
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Numerical methods

There are 2 ways to perform calculations in the PRA:

ReggeQCD[Nefedov]–FeynCalc model file

Tree–level matrix elements for up to 2→ 4 partonic subprocesses with Reggeized partons;

KaTie[Hameren ′16]–MC generator

Calculations up to 2→ 4 parton subprocesses with off–shell amplitudes;

Tree–level matrix elements from AVHLIB[Hameren ′13];

Collinear PDFs from LHAPDF and TMD PDFs from TMDlib;

unPDF with exact normalization in the modified KMRW model[Nefedov and Saleev ′20];

Multiparton interactions;

Event files in LHE format.

These two methods are equivalent at the stage of numerical calculations.
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Pair J/ψ production (using ICEM and PRA)

Cross section for process p+ p→ J/ψ + J/ψ +X :

dσψψ = dσ
SPS
ψψ +dσ

DPS
ψψ

with SPS and DPS contributions:

SPS master formula:

dσ
SPS
ψψ = F ψψ ×∑

i, j̄
∏

k=1,2

∫ 2MD

Mψ

dMk

[
Φi/p(x1, t1,µ2)×Φ j/p(x2, t2,µ2)

]
⊗ dσ̂i j→cc̄cc̄

dMk

DPS pocket formula:

dσ
DPS
ψψ = (F ψ )2× 1

(1+δQ1Q2) σeff
×∑

i, j̄
∏

k=1,2

∫ 2MD

Mψ

dMk

[
Φi/p(x1, t1,µ2)×Φ j/p(x2, t2,µ2)

]
⊗ dσ̂i j→cc̄

dMk
,

where δQ1Q2 = 1 for Q1 = Q2 = J/ψ , F ψ is fixed in inclusive J/ψ production, σeff considered as free parameter.

In general:
F ψψ 6= F ψ ×F ψ =⇒ (F ψ , F ψψ ) are independent parameters
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F ψ and F ϒ extraction1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pψ
T [GeV]

10−6

10−4

10−2

100

102

104

dσ
dy

ψ
d

pψ T
[

nb G
eV

]

2.0< yψ < 2.5

×10−2,2.5< yψ < 3.0

×10−4,3.0< yψ < 3.5

×10−6,3.5< yψ < 4.0

p + p→ J/ψ + X√
s = 13 TeV

LO PRA, ICEM
LHCb - 2015

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

pϒ
T [GeV]

10−8

10−6

10−4

10−2

100

102

104

106

d2 σ
dy

ϒ d
pϒ T

[
pb G
eV

]

2.0< yϒ< 2.5

×10−2,2.5< yϒ< 3.0

×10−4,3.0< yϒ< 3.5

×10−6,3.5< yϒ< 4.0

×10−8,4.0< yϒ< 4.5

p + p→ ϒ(1S)+ X√
s = 7 TeV

LO PRA, ICEM
LHCb - 2012

Figure 1: Spectra of inclusive J/ψ and ϒ production on transverse momentum pψ

T of J/ψ and pϒ
T of ϒ(1S) mesons respectively.

We found F ψ = 0.020 and F ϒ = 0.021 at LHC energies, plots are from[Chernyshev and Saleev ′22,23].

1The data are from LHCb Collaboration[Aaij et.al ′15,12].
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F ψψ and σeff extraction

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0

σeff [mb]

0.01

0.02

0.03

0.04

0.05

0.06

F
ψ
ψ

LHCb, F ψ = 0.020

ATLAS (REG-I), F ψ = 0.021

ATLAS (REG-II), F ψ = 0.021

CMS, F ψ = 0.011

Figure 2: Plot is taken from[Chernyshev and Saleev ′22].

Two lines for each experiment (k = ATLAS, CMS, LHCb) corresponds condition:

xk =
| σ exp−σ theor |

∆σ exp ≤ 1
15 / 43



Introduction Factorization approaches Hadronization models Numerical methods QQ production Q D production Conclusions

Isolines corresponds more strong condition:

x = ∑
k

xk = 2.0,1.5,1.0

We obtained: F ψψ ' F ψ = 0.02 and σeff ' 11 mb .

9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
σeff [mb]

0.018

0.019

0.02

0.021

0.022

0.023

0.024

F
ψ

ψ

x = ∑
k

|σ exp
k −σ theor

k |
∆σ exp

k

x = 2.0
x = 1.5
x = 1.0

Figure 3: Regions of the parameters F ψψ and σeff in the ICEM for
pair J/ψ production, obtained as a result of data

fitting[Chernyshev and Saleev ′22]: σeff = 11.0±0.2 (stat.).

/158/23/23 Liupan An 9

SPS and DPS separation
ØSPS & DPS separated assuming negligible 

SPS contribution in 1.8 < Δ𝑦 < 2.5
according to NRQCD predictions

0 20 40 60 80 100

 [mb]
eff

σ

-3 jets) γCDF (

CDF (4 jets) 

-3 jets) γD0 (

) ψJ/-ψJ/D0 (

)* ϒ-ψJ/D0 (

-2 jets) ±WCMS (

-2 jets) ±WATLAS (

) 0
D-0

DLHCb (

)* 0
D-ψJ/LHCb (

)* ψJ/-ψJ/CMS (

)*±W-ψJ/ATLAS (

) 0
D)-S(1ϒLHCb (

) ψJ/-ψJ/ATLAS (

)* 0
Z-ψJ/ATLAS (

)) S(2ϒ-ψJ/LHCb (

)) S(1ϒ-ψJ/LHCb (

) ψJ/-ψJ/LHCb (

@1.8 TeVpp

@1.96 TeVpp

@7 TeVpp

@8 TeVpp

@13 TeVpp

𝜎 𝐽/𝜓 − 𝐽/𝜓 B76 = 8.6 ± 1.2 stat ± 1.0 syst nb

𝜎 𝐽/𝜓 − 𝐽/𝜓 676 = 7.9 ± 1.2 stat ± 1.1 syst nb

𝜎233 = 13.1 ± 1.8 stat ± 2.3 syst mb

preliminary

[LHCb-PAPER-2023-022] 

[PoS (LHCP2020) 172; 
arXiv: 2009.12555]

0 0.5 1 1.5 2 2.5

y∆

0

5

10

15

20

25

 [
n

b
]

y
∆

/d
σ

d

SPS+DPS

DPS

SPS

LHCb

1−4.2 fb
preliminary

Figure 4: From Liupan An, talk at EPS-HEP2023:
σeff = 13.1±1.8 (stat.)±2.3 (syst.) mb (from new pair J/ψ data).

Our extracted value of σeff = 11 mb is in good agreement with others.
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Pair J/ψ production in the NRQCD + PRA

Z.G. He, B.A. Kniehl, M.A. Nefedov and V.A. Saleev, «Double Prompt J/ψ Hadroproduction in the Parton
Reggeization Approach with High–Energy Resummation», Phys. Rev. Lett. 123 (2019), 162002;

4

CMS
PRA

B-MSTW
JS-HJ

HaL

0 10 20 30 40

10-4

0.001

0.01

0.1

1

PT
ΨΨ
HGeVL

dΣ
�d

P TΨ
Ψ
Hn

b�
G

eV
L

CMS

PRA+BFKL

PRA

HbL

10 20 30 40 50 60 70 80
10-5

10-4

0.001

0.01

0.1

1

mΨ Ψ HGeVL

d
Σ
�d
m
Ψ
Ψ
Hn
b
�G
eV
L

CMS

PRA+BFKL

PRA

HcL

0 1 2 3 4

0.001

0.01

0.1

1

10

ÈYÈ

d
Σ
�d
ÈY
È
Hn
b
L

FIG. 2. The (a) pψψT , (b) mψψ, and (c) |Y | distributions of double prompt J/ψ production measured by CMS [10] are compared
to our LO NRQCD predictions in the PRA without (dashed lines) and with BFKL resummation (solid lines) including their
scale uncertainties (yellow and blue bands). Adding the total NLO∗ NLT contributions on top of the central LO NRQCD
predictions in the PRA with BFKL resummation yields the red solid lines. Frame (a) also contains the evaluations with the
unPDF sets of Refs. [28, 32] (B-MSTW, dotted lines) and Ref. [33] (JS-HJ, dot-dashed lines).

BFKL

R
+(k1T )

R
−(k2T )

R
−(qT )

R
+(−q′

T
)

R
−(k2T )

R
+(k1T )

R
−(qT )

R
+(−q′

T
)

m(p1T )

n(p2T ) n(p2T )

m(p1T )

FIG. 3. Schematic representation of Eq. (2).

as

dσPRA+BFKL = dσPRA + dσBFKL − dσBFKL,0, (3)

where the asymptotic term dσBFKL,0, which is ob-
tained from dσBFKL by replacing G(qT ,q

′
T , Y ) with

G(qT ,q
′
T , 0), is to avoid double counting. Equation (3)

smoothly interpolates from dσPRA at small |Y | values to
dσBFKL at large |Y | values.
The BFKL-improved PRA predictions thus evaluated

are also included in Figs. 2 and 4. Their uncertainties
are obtained by combining the PRA and BFKL ones in
quadrature. They exceed the PRA uncertainties only
moderately, which indicates that the scale uncertainties
in G(qT ,q

′
T , Y ) are well under control. In the p2T and

pψψT distributions and in the lowest few bins of the mψψ

and |Y | distributions, the BFKL resummation effects
are so insignificant that we refrain from displaying the
BFKL-improved results. On the other hand, these effects
are significant in the uppermψψ and |Y | bins, where they
may even double the pure PRA results, so as to reduce
the shortfall with respect to the CMS [10] and ATLAS
[11] data. In the latter case, even agreement is reached in
some medium mψψ bins. However, large gaps remain in
the upmost |Y | bin of CMS and the upmost fewmψψ bins

of CMS and ATLAS, to be explained by DPS. Contrary
to näıve expectations, the optimal scale turns out to be
larger than µ0, so that using the latter instead leads to
an enhancement of the BFKL-improved results, by fac-
tors of 1.0, 1.0, 1.1, 1.5, and 4.1 in the second to sixth
|Y | bin of CMS.
Quantitative extractions of DPS contributions from

the remaining discrepancies are likely to be meaning-
ful only after the complete NLO NRQCD corrections
are available, for the following reasons. Firstly, conven-
tional NRQCD factorization is known to break down at
NLO for double P -wave channels [17]. The quantita-
tive influence of this is presently unclear. Secondly, the
NLO NRQCD corrections to the NLT subprocesses can
be quite sizable because their O(αs) suppression is ex-
pected to be compensated by the relatively large values of

the color-singlet LDMEs 〈OJ/ψ(3S
[1]
1 )〉 and 〈Oψ′

(3S
[1]
1 )〉.

For the 3S
[1]
1 + 1S

[8]
0 /3P

[1]
1,2 channels, the type of diagrams

in Fig. 1(c) form a gauge invariant subset, but not for

the 3S
[1]
1 + 3S

[8]
1 channel because of g → cc̄(3S

[8]
1 ) forma-

tion. Their leading large-|Y | contributions can be esti-
mated via the gauge invariant MRK-asymptotic formal-
ism, already used to evaluate dσBFKL,0 for the LT sub-
processes in Eq. (3). We have checked for the R+R− →
cc̄(3S

[1]
1 )cc̄(1S

[8]
0 )g subprocess that our MRK approxima-

tion reproduces the exact result for the t-channel gluon
exchange type diagrams in the upmost CMS |Y | bin
within a factor of 1.2.
In this way, we find that such partial NLO (NLO∗) re-

sults for the individual (m,n) channels among the NLT
subprocesses can be up to a hundred times larger than
the LO PRA results for these channels in the upper |Y |
and mψψ bins. The effect of adding the total NLO∗ NLT
contribution on top of the central LO NRQCD prediction
in the PRA with BFKL resummation is shown for the up-
mostmψψ and |Y | bins in Figs. 2 and 4. In Fig. 2(c), this
amounts to 45% and 16% for direct and prompt produc-
tion, respectively. The total NLO∗ NLT contributions
will, in turn, be enhanced by BFKL resummation, which

Figure 5: The plots are taken from[Zhi-Guo He et.al ′19].
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Results2

Ratio SPS / DPS:

Rψψ =
σSPS

ψψ

σDPS
ψψ

' 0.2

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pψψ
T [GeV]

10−2

10−1

100

101

102

dσ d
pψ

ψ
T

[
nb G
eV

]

p + p→ J/ψ + J/ψ + X√
s = 13 TeV

LO PRA, ICEM
SUM
SPS
DPS
LHCb - 2017

6 7 8 9 10 11 12 13 14
mψψ [GeV]

10−2

10−1

100

101

102

103

dσ
dm

ψ
ψ

[
nb G
eV

]

p + p→ J/ψ + J/ψ + X√
s = 13 TeV

LO PRA, ICEM
SUM
SPS
DPS
LHCb - 2017

Figure 6: Spectra of pair J/ψ production on transverse momentum pψψ

T and invariant mass mψψ of J/ψ pair.

2The data are from LHCb Collaboration[Aaij et.al ′17].
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Figure 7: Spectra of pair J/ψ production on transverse asymmetry Aψψ

T between two J/ψ .

19 / 43



Introduction Factorization approaches Hadronization models Numerical methods QQ production Q D production Conclusions

0.0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.25

|∆yψψ|
10−1

100

101

102

103

dσ
d|

∆y
ψ

ψ
|[

nb
]

p + p→ J/ψ + J/ψ + X√
s = 13 TeV

LO PRA, ICEM
SUM
SPS
DPS
LHCb - 2017

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

|∆φψψ|/π
10−1

100

101

102

103

104

π
dσ

d|
∆φ

ψ
ψ
|[

nb
]

p + p→ J/ψ + J/ψ + X√
s = 13 TeV

LO PRA, ICEM
SUM
SPS
DPS
LHCb - 2017

Figure 8: Correlation spectra of pair J/ψ production on rapidity difference |∆yψψ | and azimuthal angle difference between two J/ψ .
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Pair ϒ production3
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Figure 9: Correlation spectra of pair ϒ production on rapidity difference |∆yϒϒ| and azimuthal angle difference between two ϒ.

3The data are from CMS Collaboration[Sirunyan et.al ′20].
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Associated J/ψ ϒ production4
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Figure 10: Correlation spectra of associated J/ψ ϒ production on azimuthal angles difference |∆φψϒ|.

p+ p̄→ J/ψ +ϒ+X

Via SPS and DPS:

F ψϒ = F ψ ×F ϒ

and

σeff = 11 mb

F ψ(ϒ) is fixed in the
inclusive J/ψ(ϒ)
production at the same
energy.

4The data are from D/0 Collaboration[Abazov et.al. ′16]. 22 / 43



Introduction Factorization approaches Hadronization models Numerical methods QQ production Q D production Conclusions

Associated Q D production (using ICEM, FM, and PRA)

Cross section for process p+ p→ Q+D+X ( Q = J/ψ,ϒ(1S)):

dσQD = dσ
SPS
QD +dσ

DPS
QD

with SPS and DPS contributions:

SPS master formula (Q[qq̄]):

dσ
SPS
QD = F Q ×

∫ 2MH

MQ
dM f (c→ D)×

∫
dz Dc→D(z,µ2

0 )

×∑
i, j̄

[
Φi/p(x1, t1,µ2)×Φ j/p(x2, t2,µ2)

]
⊗ dσ̂i j→qq̄cc̄

dM

DPS pocket formula:

dσ
DPS
QD =

dσSPS
Q ×dσSPS

D

(1+δQD) σeff
,

where δQD = 0.

All free parameters, F Q and σeff, are fixed in other processes.
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Inclusive D mesons production (using FM and PRA5)
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Figure 11: Spectra of inclusive D mesons production on transverse momentum pD
T of D0,+ mesons.

5The data are from LHCb Collaboration[Aaij et.al ′13].
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Results6

Comparison of the theoretical and experimental total cross sections:

Final state Energy Cross section Exp.±(stat.)± (syst.) LO PRA±(∆SPS)± (∆DPS)

J/ψ +D0 √
s = 7 TeV B(J/ψ → µµ̄)×σ 9.7±0.2±0.7 [nb] 9.6 +0.4

−0.1
+26.1
−5.9 [nb]

J/ψ +D+ √
s = 7 TeV B(J/ψ → µµ̄)×σ 3.4±0.1±0.4 [nb] 3.9 +0.2

−0.02
+10.8
−2.4 [nb]

ϒ+D0 √
s = 7 TeV B(ϒ→ µµ̄)×σ 155±21±7 [pb] 145 +16

−6
+124
−65 [pb]

ϒ+D+ √
s = 7 TeV B(ϒ→ µµ̄)×σ 82±19±5 [pb] 78 +14

−2
+140
−38 [pb]

ϒ+D0 √
s = 8 TeV B(ϒ→ µµ̄)×σ 250±28±11 [pb] 255 +25

−9
+189
−113 [pb]

ϒ+D+ √
s = 8 TeV B(ϒ→ µµ̄)×σ 80±16±5 [pb] 85 +8

−3
+63
−37 [pb]

Ratios SPS/DPS:

RψD =
σSPS

ψD

σDPS
ψD
' 1

13
and RϒD =

σSPS
ϒD

σDPS
ϒD
' 1

10

6The data are from LHCb Collaboration[Aaij et.al ′16].
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Associated J/ψ +D production
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Figure 12: Spectra of associated J/ψ +D production on transverse momentum pψ

T of J/ψ meson.
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Figure 13: Spectra of associated J/ψ +D production on transverse momentum pD
T of D meson.
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Figure 14: Spectra of associated J/ψ +D production on invariant mass mψD of J/ψ +D pair.
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Figure 15: Correlation spectra of associated J/ψ +D production on rapidity difference ∆yψD between J/ψ and D mesons.
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Figure 16: Correlation spectra of associated J/ψ +D production on azimuthal angles difference ∆φψD between J/ψ and D mesons.
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Associated ϒ+D production
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Figure 17: Spectra of associated ϒ+D production on transverse momentum pϒ
T of ϒ meson.
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Figure 18: Spectra of associated ϒ+D production on rapidity yϒ of ϒ meson.
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Figure 19: Spectra of associated ϒ+D production on transverse momentum pD
T of D meson.
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Figure 20: Spectra of associated ϒ+D production on rapidity yD of D meson.
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Figure 21: Spectra of associated ϒ+D production on transverse momentum pϒD
T of ϒ+D pair.
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Figure 22: Spectra of associated ϒ+D production on rapidity yϒD of ϒ+D pair.
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Figure 23: Spectra of associated ϒ+D production on invariant mass mϒD of ϒ+D pair.
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Figure 24: Correlation spectra of associated ϒ+D production on rapidity difference ∆yϒD between ϒ and D mesons.
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Figure 25: Correlation spectra of associated ϒ+D production on transverse assymetry AϒD
T between ϒ and D mesons.
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Figure 26: Correlation spectra of associated ϒ+D production on azimuthal angles difference ∆φϒD between ϒ and D mesons.
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Conclusions

i Considering parameters (F ψψ ,σeff) as independent, we obtained the following values of the parameters by data fitting
on pair J/ψ production total cross sections: F ψψ ' F ψ = 0.02, σeff = 11.0±0.2(stat.) mb;

ii At high energies, we obtained the following relations: F ψψ ' F ψ , F ϒϒ ' F ϒ, F ψϒ ' F ψ ×F ϒ;
iii We obtained a quite satisfactory description for the Q+D associated production cross sections in the ICEM using the

PRA without fitting any free parameters;
iv Data on inclusive productions cross sections of Q and D mesons can be described self–consistent with the data on the

associated production of Q+D;
v We find dominant role of the DPS production mechanism in the processes of pair Q and associated Q+D quarkonia

hadroproduction in the forward LHCb kinematic region, such as:

Rψψ ' 1/5, RψD ' 1/13, RϒD ' 1/10;

vi The azimuthal angle difference spectra of ∆φQD is flat due the DPS production mechanism;
vii We obtained a self–consistent description for the following processes:

p+ p→ Q+Q+X , p+ p̄→ J/ψ +ϒ+X , p+ p→ J/ψ +Z
/

W +X , p+ p→ Q+D+X

with the same σeff = 11 mb parameter value (for details see[Chernyshev and Saleev ′22,23]).

Thank you for your attention!
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Kinematical cuts

Collaboration Energy Rapidity Transverse momentum

J/ψ J/ψ

LHCb:
√

s = 13 TeV yψ ∈ [2.0,4.5] pψ

T < 10 GeV

J/ψ D

LHCb:
√

s = 7 TeV yψ ∈ [2.0,4.0] pψ

T < 12 GeV

yD ∈ [2.0,4.0] pD
T ∈ [3,12] GeV

ϒ D

LHCb:
√

s = 7 TeV yϒ ∈ [2.0,4.5] pϒ
T < 15 GeV

yD ∈ [2.0,4.5] pD
T ∈ [1,20] GeV

Table 1: Kinematical cuts of measurements. The data are from LHCb Collaboration[Aaij et.al ’14, 16, 17].
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