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Description of production of hadrons in QCD is consist of pQCD and hadronization of final states.
Light and heavy-light hadrons hadroproduction:
e fragmentation mechanism.
Studied in processes: p+p—+D+X,DD+X,DZ/W+X, ...
Quarkonium hadroproduction:

o fragmentation mechanism (dominant at large p? 215 GeV Kniehl, Nefedov, and Saleev /16])3
e fusion mechanisms (CSM, NRQCD, (I)CEM);

Studied in processes (LHC data): inclusive production p+ p — Q (nS) + X and associated productions:
J/yYX Dff: /s = 1.8 TeV
LHCb: /s = 13 TeV, p¥" < 10,30 GeV

J/wJ/yX | LHCb: \/s=7,13TeV, py < 10 GeV

v «Prompt» production pp — J/y J/y X-production

'MS: =T7TeV, .

CMS: /s & pr > 6.5 GeV without B-hadron decay viab — J/y X. J
ATLAS: \/5 = 8 TeV, p} > 8.5 GeV

TYX CMS: /s =13 TeV o In this talk:

JwZX ATLAS: \/5 =8 TeV, p¥ > 8.5 GeV

JWWX ATLAS: \J5 = 7,8 TeV, pY > 8.5 GeV e Can be found in|cpemyshey and Saleev '22.23)-

QDX LHCb: /5 =7 TeV, p¥'" < 13,15 GeV

Processes of inclusive and associated quarkonia hadroproduction are a good tools to study hadronization. ,,;



Introduction Factorization approaches Hadronization models Numerical methods

o @000 0000 ]
Factorization approaches

Collinear Parton Model (CPM)
@ On-shell initial states: kly :xiPl-“ R K =0;

1

@ Collinear factorization: a (k1) +b (k2) — ... (ky)

do(ky \/5) = X, [Furp1: %) foyplx2 0%)| @ s 01,12,k )

a, b

- Z /d.X1 fa/p X1, M /d-x2 fb/p(x27 )Xdcab(l17t27kf)

where a,b € {g,q,G}. Partonic cross—section:
d6ap(th,12,kf) =
2m)* 8W (ki +hka— Y k) |

with flux—factor I >~ 2x1x,s;

@ Framework: Ug ~ pr > m. > Aqcp.
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Conclusions
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Parton Reggeization Approach (PRA)Nefedov, Saleev, and Shipilova '13]
@ Off-shell initial states (Reggeized gluons R and quarks Q): k“ =Xx; P“ +le, K= *szi;
@ Multi-Regge kinematics: i (k1) + j (ko) — ... (kf)

do (kg,\/s5) = Z [ ip (X1, 1%) X ¢j/p(x27[27u2)i| ®ASIRA (11,1, kp)

dx dx
—Z/ l/dl D/ (x1, 11, 1 / 2 /dlz/2 D/, (2,10, 1 )XdGPRA(ll,fzykf),

where t; = —le- and i, j € {R,0Q4, 04} Partonic cross section in PRA:

|APRAG j— )2

d6FRA (11,12, kp) = (2m)* 8@ (ky + ko — Y ky) d(ky)

with flux—factor I = 2x1xas, |APRA|2 is calculated in the Lipatov’s EFTipaioy 1955
¢ Exact normalization condition for the modified unPDF|Nefedov and Saleev 20]:

u?
/0 di @y, (x,1,1%) = Fyyp(x,1%),

here F;'/p(xnuZ) =X fi/p(xnuz);
@ Framework: Up < +/s—«small» x physics.

5/43
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unPDFs in the modified KMRW model:

i) = ST 3 gy (L) o -2,

J=84,q

where T;(t, u?, x) is Sudakov formfactor with boundary conditions 7;(f = 0, u?,x) = 0 and T;(r = u>, u?,x) = 1.
The solution for Sudakov formfactor|efedov and Saleev 20

vt ag(t!
Ti(t, %, x) = exp [—/t ar os(t) (Ti(t/7u2)+A‘E,~(t',[.t2,x))} ,

! 2z

with

(1, u?) Z/ dz 2P;i(2)0(A(r, %) —z),

A1) Z/ dz 6z tu)){ 0~ PO - xﬂ.

PRA smoothly interpolates QCD predictions between high—energy and low—energy regions
as well as between small-p7 and large—p of final particles. J

6/43
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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, «<BB 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 pp collisions with new
Unintegrated PDFs»,
Phys. Rev. D 102 (2020), 114018.
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Quarkonium production

My~ 3.097 GeV and My ~ 9.460 GeV - non-relativistic. Quarkonium in the potential model:

as(l/r) ,

(VC0mell(r) =—Cr ,

— |5 (Mgv) ~v~02-0.3

Color Singlet Model (CSM)[Baier, Ruckl, Berger, and Jones 83|
do (@Ps]]) = do (00Ps1]) x (s,

where (O9[S1]) ~| ¥q(0) [2
Non-relativistic QCD (NRQCD)[BodWm’ Braaten, and Lepage '95]

do(Q) =Y do (Q0[n)) x (0%[n)),

here n = 25+114.
Main problems:

@ octet contribution excess of predictions over experimental data in 7). production;

@ polarization puzzle.

Conclusions

[e]e]e}
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Color Evaporation Model (CEM) yi(sch and Halzen 77) < Improved CEM (ICEM) n; and Vogt /16)

i+j—0Q(po)+0(pg) —Q(p)
Master formula for the differential cross section:

2My
doq _ a ., [ 37 5(3) Mg ,\ 490 2 /02
d3p_()t ></dep5 PP DTy + O(?L/MQ)
Mq
2My
Q %00
~ 7@ x /dM[G(MfMQ)fG(MfZMH)} A

@ One free parameter 79 for each Q;
@ All quarkonium Q states are treated like QQ pairs below HH threshold;
@ All Q0 production diagrams included independent of color;
@ The QQ pairs produce quarkonium Q through proto—quarkonium state with 4-momentum p’ = po+pp with
matching condition: p = (Mg /M) p';
@ ICEM predicts polarized quarkonium productioncpeung and Vogt /21]-
ICEM can be considered as NRQCD without velocity scaling.

9/43
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Recent ICEM publications:

@ V. Cheung and R. Vogt, «Production and polarization of direct J/y up to O(ocg) 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/y in the improved color evaporation model using
the kr—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/y 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/y 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/y 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 mechanismipy jesio and Murgia '04]
i+j—c(q) (= D(p)+c
Master formula for the differential cross section:

di
dPTD dyp

do.e

/dz Desplz i) 5%
deL dye lg=q()

e Parameter z = (p°+p|) / (¢" +a]);
e Parameter cut: zew = mp/ (¢° +q|);
@ Peterson’s fragmentation function (FF)peterson et al. /83

z(1-2)?

2y _
De—p(z, 1) —Nm,

/dz D plz,u3) = fc — D),

with € = 0.06;
@ Fragmentation fractions: f(c — D) =0.542 and f(c — D) =0.225 (Gladilin '15]-

Conclusions

[e]e]e}
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Numerical methods

There are 2 ways to perform calculations in the PRA:

@ ReggeQCD Nefedov)—FeynCale model file

o Tree—level matrix elements for up to 2 — 4 partonic subprocesses with Reggeized partons;

® KaTie[Hameren 116 ~-MC generator

e Calculations up to 2 — 4 parton subprocesses with off—shell amplitudes;

o Tree—level matrix elements from AVHLIB pymeren /13)3

e Collinear PDFs from LHAPDF and TMD PDFs from TMDIib;

e unPDF with exact normalization in the modified KMRW model|Nefedoy and Saleev 120]3
e Multiparton interactions;

e Event files in LHE format.

These two methods are equivalent at the stage of numerical calculations.

Conclusions

[e]e]e}
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Pair J/y production (using ICEM and PRA)

Cross section for process p+p = J/y+J/y+X:

dcl/ll}/ do.SPS + dGDPS

with SPS and DPS contributions:
@ SPS master formula:

dGij—chE

SPS 2
=7"xY I] /Mv de[ ip (1,11, 1) X @, (32,10, 1 )]® M,

ij k=12
@ DPS pocket formula:

1

d&ij e
(1 + 5Q1Q2) Geff

DPS v
dopis = (7¥)" x e

2Mp
X Z H / de [q)i/p(xhtlnuz) X q)j/p(x27t27:u2):| ®
7 k=12 /My
where 0g,q, = 1 for @ = @, =J/y, 7V is fixed in inclusive J/y production, o considered as free parameter.

In general:
FYWAFYxFY = (FY, FYY) are independent parameters

13743
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FVY and F extraction!

o> o
€|<B o PP I/Y+X LO PRA, ICEM '8-‘8 P = Y(1S)+X LO PRA, ICEM
- V5=13TeV " LHCb-2015 0 Vs=TTeV " LHCb-2012
oS .\PS} 2'O<Vr<2,5
Sl 20< v S
< <2s %0t
<0205 r
M
10°- )
X104
= S0y g
=
1072 |
X106 3
—— 5<“r<4.u
10-4F —ﬁ—:::;_l_
x10-8 4
0<yr
1076::——&%—_‘;‘21’:‘;;
P D = == N D R ST
[ S N A S T (RS VRS A KR V1 [ T A R C RS LR A R R
v '
pr [GeV] pr[GeV]

Figure 1: Spectra of inclusive J/y and Y production on transverse momentum p}' of J/y and p¥ of Y(1S) mesons respectively.
We found ¥ = 0.020 and F¥ = 0.021 at LHC energies, plots are frOM|Chernyshev and Saleev /22,23]-

!The data are from LHCb Collaborationj el /15,12)-
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FYY and o4 extraction

0.0
—— LHCh, ¥ = 0.020
| —— ATLAS (REG-I), 7 = 0.021
0057 ATLAS (REGAID), 7 = 0.021
—— COMS, 7V =0.011
0.04r
‘g: 0.03-
0.02-
0.01-

5
=)

25 50 75 100 5 0 5 300 5
O [mb)

Figure 2: Plot is taken from|chernyshev and Saleev /22]-

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

<1
AGEXP =

Xk

Conclusions

[e]e]e}
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Isolines corresponds more strong condition:

x=Y x=20,1510
k

We obtained: \ FYV ~ 7Y —0.02 and G~ 11 mb |,

oy latr-gren
=Lt
0.023 ¥ B9
¥=20
ool T x=1S
— =10
s 0021
s
002
0.019)
0.018|
90 95 00 05 0 s 0 5

Oeff [mb]

Figure 3: Regions of the parameters F ¥V and O in the ICEM for
pair J/y production, obtained as a result of data

ﬁtting[Chemyshev and Saleev /22]* Oeff = 11.0£0.2 (Stat')'

Q D production Conclusions
0000000000000 00000 [e]e]e}

QQ production
0008000000

L L B DA
limi pp@I13TeV
@ Preliminary y pey gpy.sn)
. LHCb (JAy-Y(15))
. LHCb (JAy-Y(25))
Pp@8 TeV
- ATLAS (JAy-2")*
. ATLAS (Uy-Iy)
o LHCb (X(15)-D")
@1V
ATLAS (JAy-W*y*
. CMS (Jy-Iy)*
J— LHCb (JAy-D")*
—— LHCb (D"-D")
ATLAS (W*-2 jets)
CMS (W2 jets)
PP@196 TeV

. DO (Ay-T)*
. DO Uity
o DO (-3 jets)
PP@I8TeV
—— CDF (4 jets)
o CDF (7-3 jets)
A IR R S M

0 20 40 60 80 100

[PoS (LHCP2020) 172; G [mb]
arXiv: 2009.12555] ¢

Figure 4: From Liupan An, talk at EPS-HEP2023:

Oeff = 13.1+ 1.8 (stat.) 2.3 (syst.) mb (from new pair J/y data).

Our extracted value of . = 11 mb is in good agreement with others.
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@ Z.G. He, B.A. Kniehl, M.A. Nefedov and V.A. Saleev, «Double Prompt J/y Hadroproduction in the Parton
Reggeization Approach with High—Energy Resummation», Phys. Rev. Lett. 123 (2019), 162002;

dor/dPy (nb/GeV)

dor/dmy , (nb/GeV)

0.001

10

107°

. CMS

E—— PRA+BFKL
- P

RA

dor/d|Y| (nb)
°

CMS
PRA+BFKL

1Y

Figure 5: The plots are taken fromzy; Guo He et.al "19]-
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Results?
Ratio SPS / DPS:
O.SPS
44
I~
I?V/u/ (yI)I’S ~0.2
vy
— 10} — 10}
'E‘E ptp—=J/y+I/y+X LO PRA, ICEM _E‘E P p— Iy X L0 PRA.ICEM
— Vs=13TeV — SuM — Vs =13TeV — SuM
B oSS ol 2 1 —— sPS
<[ 10 - N 3 —-- DPS
kS DPS g

+ LHCb-2017

+ LHCb-2017

1 2 3 4 5 6 7 8
pr¥ [GeV]

Figure 6: Spectra of pair J/y production on transverse momentum py ¥ and invariant mass My of J/y pair.

2The data are from LHCb Collaboration| ay;j e.a1 /17)-

102 L L L

10
myy [GeV]
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=
= PP I)yHI/y+X LOPRA. ICEM
B V5 =13Tev — SuM
o —— SPS
S5
< ek --- DPS
J LHCb-2017

- . . .

1075 8] 02 03 [ 05 06 07 038 09 10
vy

ﬂT

Figure 7: Spectra of pair J/y production on transverse asymmetry .ﬂ;’ ¥ between two J /.
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=z = "
= PP I/WtI WX LO PRA. ICEM = PP I W+Iy X LO PRA. ICEM
= Vs=13TeV — SuM = Vs=13TeV — SuM
ol 5 ol& ol —— SPS
3| g =g --- DPS
~ l_\;" ¥ LHCb-2017
10°F
wE 3 t —
100k
|
10-1 I . I . I . I . 10-1 I I . I . .
0.0 0.25 05 0.75 1.0 1.25 15 1.75 20 225 0.0 0.1 0.2 0. 0.7 0.8 0.9 1.0
[Ayyy|

Figure 8: Correlation spectra of pair J/y production on rapidity difference

4 [).‘5 0.6
[Adyyl/m

|Ayyy| and azimuthal angle difference between two J/y.
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Pair T production?

o 10 o 10
= V5= 13TeV, pT] < 2.0 HOTRA ICEM = V5= 13TeV, p1] < 2.0 LOFRA ICEM
£ o o
25 SPS g§ 0L SPS
102 ---* DPS =3 - DPS
F o CMs - 2020 F o CMs - 2020
—tF— 102
—_—
10t _1_ T |
1 1
10'F T T I
10° e
F T =0.005 ! 100
FT=0.007
Geir =11 mb
107 i 3 3 1055 [ 0 . 0 35 30

1.5
[Adry|

Figure 9: Correlation spectra of pair Y production on rapidity difference |Ayyy| and azimuthal angle difference between two Y.

*The data are from CMS Collaboration;synyan et.al /20 -
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Associated J/y Y production*
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Conclusions

Q D production
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p+p—=J/w+YT+X

Via SPS and DPS:
FY =7V xFT
and
Oeff = 11 mb
FY) js fixed in the
inclusive J /y(Y)

production at the same
energy.

Figure 10: Correlation spectra of associated J/w Y production on azimuthal angles difference |A¢yy|.

4The data are from D@ Collaboration|sp,ov et . "6
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Associated Q D production (using ICEM, FM, and PRA)

Cross section for process p+p — Q+D+X (Q =J/y,Y(1S)):

SPS DPS

dogp = doyp +dogp

with SPS and DPS contributions:
@ SPS master formula (Q[¢g]):

2M,
dcs%s FQ /}deMf(caD)x/dzDHD(z,Mg)
Q

d 6i Jj—rqgcc

XZ [ i/p(X1:t1, 1 )X(bj/p(x27t27”2):| ®—

@ DPS pocket formula:
" (1+0gp) Oerr
where dgp = 0.

All free parameters, F9 and Ocff, are fixed in other processes.

Conclusions

[e]e]e}
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Inclusive D mesons production (using FM and PRAS)

= 10% =

§|8 pap— DX LO PRA, ICEM 2 ot prpoDF X LOPRA, ICEM
9 Vs=7TeV HH LHCb-2013 V5=TTeV HH LHCb-2013

of3s 10 oRt

S

)
w Sls gl
10°}
x1072 5 & 10-1
25<y0 o

107 x104 10731
30<y0 35
1074E

“1o-
10 5,3.5<}1)<40

x108 4

T 2 3

X108
107F <y,
HO<yp o

2
D<)‘D<2.5

X102 5 sy

x10-4
30<y0 g0

X106 3
3.5
<49

7y
PR [GeV]

Figure 11: Spectra of inclusive D mesons production on transverse momentum p? of D%* mesons.

*The data are from LHCb Collaboration ij e(.a /13)-

7y
PR [GeV]
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Results®
Comparison of the theoretical and experimental total cross sections:
Final state Energy Cross section Exp.= (stat.) & (syst.) ~ LO PRA= (Agps) = (Apps)
J/wy+D®  fs=TTeV  B(J/y— ui)xo 9.74+0.240.7 [nb] 9.6 701 25! [nb]
J/w+Dt  Jfs=TTeV BU/y—ui)xoc 3.440.1+0.4 [nb] 3.9 103, 7198 nb]
Y+D° Vs=TTeV  B(Y — uji)x o 155+£21+7 [pb] 145 716 1124 [pb]
Y+D*t Vs=TTeV  B(Y — uji)x o 824 19+5 [pb] 78 +14 +14 [pb]
Y+D° Vs=8TeV  B(Y — uji)xo 250428411 [pb] 255 +25 +}§§ [pb]
Y+D*t Vs=8TeV  B(Y — uji)xo 80+ 165 [pb] 85 tg 43 [pb]
Ratios SPS/DPS:
SPS SPS
Sun c 1
R Yoo~ — and Ryp=—2 —
yD D
oy 13 oRPS 710

The data are from LHCb Collaboration| ayj o1 /16)-
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Associated J/y + D production
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10
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Figure 12: Spectra of associated J/y + D production on transverse momentum p;’f of J/y meson.
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Figure 13: Spectra of associated J/y + D production on transverse momentum pIT) of D meson.
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Figure 14: Spectra of associated J/y + D production on invariant mass myp of J/y + D pair.
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Figure 15: Correlation spectra of associated J/w -+ D production on rapidity difference Ay¥" between J/y and D mesons.
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Figure 16: Correlation spectra of associated J/ + D production on azimuthal angles difference A¢yp between J/y and D mesons.
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Figure 17: Spectra of associated Y + D production on transverse momentum p} of Y meson.

31/43



Introduction Factorization app F ion models Numerical methods
o] 0000 0000 ]
= =
= p+p—Y(18)+D"+X LO";‘&‘CEM =
bl s =17TeV — o~
ws|~§ v —— sPS ws|§
109k -~~~ DPS
+H LHCb-2016
102 -
T + ¥
| E—
101 L
—————— Vel
L]
1 \0| L L 1 L
%0 25 3.0 35 2.0 25
T

4.5

QQ production Q D production Conclusions
0000000000 000000000800000000 000
10%
p+p—YUS)+DT+X LO PRA, ICEM
Vs=1TeV — SuM
103k —— SPS
---- DPS
H LHCb-2016
]02,
S S—
T +
T ey 1
10t B z
777777 Sl
0% T
-1
1055 25 30 35 10
xr
y

Figure 18: Spectra of associated Y + D production on rapidity y of Y meson.
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Figure 19: Spectra of associated Y + D production on transverse momentum pLT) of D meson.
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Figure 20: Spectra of associated Y + D production on rapidity y” of D meson.
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Figure 21: Spectra of associated Y + D production on transverse momentum p¥D of Y+ D pair.
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Figure 22: Spectra of associated Y ++ D production on rapidity y'? of Y + D pair.
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Figure 23: Spectra of associated Y + D production on invariant mass myp of Y + D pair.
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Figure 24: Correlation spectra of associated Y -+ D production on rapidity difference Ay"? between Y and D mesons.
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Figure 26: Correlation spectra of associated Y + D production on azimuthal angles difference A¢yp between Y and D mesons.
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Conclusions

@ Considering parameters (¥ ¥¥, 0.f) as independent, we obtained the following values of the parameters by data fitting
on pair J/y production total cross sections: F ¥V ~ FY =0.02, Oer = 11.040.2 (stat.) mb;

@ At high energies, we obtained the following relations: FYY ~FY, F N~ gt gV~ gV T,

@ 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;

@ 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;

@ 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:

Ryy~1/5,  Ryp~1/13,  Ryp~1/10;

The azimuthal angle difference spectra of A¢gp is flat due the DPS production mechanism;
We obtained a self—consistent description for the following processes:

P+p—Q+Q+X, p+p—=J/y+Y+X, ptp—=J/W+Z/W+X, p+tp—>Q+D+X

with the same O = 11 mb parameter value (for details se€[Chernyshev and Saleev 22,23))-

Thank you for your attention!
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Kinematical cuts

Collaboration Energy Rapidity Transverse momentum
vy
LHCb: Vs=13TeV W e€[2.0,45 pF<10GeV
J/yD
LHCb: Vs=TTeV W e2.0,40] pF<I12GeV

P €[2.0,40] pRe[3,12] Gev

YD

LHCb: Vs=1TeV  y'€2.0,45 pLl<15Gev

P €[2.0,45  p?e[1,20] Gev

Table 1: Kinematical cuts of measurements. The data are from LHCb Collaborationaajj ct.al *14, 16, 17]-
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