Role of initial state gluon emissions in double J/1 production at central
rapidities

S.P. Baranov', A.V. Lipatov®3, A.A. Prokhorov??

LLPI, Moscow
2SINP MSU, Moscow
3DLNP JINR, Dubna

based on arXiv:2205.12018

International Conference on Quantum Field Theory, High-Energy Physics, and Cosmology
18 - 21 July 2022



Outline

v

Introduction

v

Color singlet contribution

v

Fragmentation contribution
» DPS

» Comparison with ATLAS data

v

Summary

21 July A.A. Prokhorov JINR 2022 2 /31



Introduction

> Non-relativistic QCD (NRQCD):

o(pp = I/ +X) =Y olpp = ce(*SHLLEY) + X)(07/ ¥ [n])

n

> o(pp — c6(25+1L(JG)) + X)) is the cross section of production unbound c¢ pair at the

Fock state n =25+1 L(Ja) with definite spin S, orbital angular momentum L, total
angular momentum J and color representation a (color singlet (CS) (1) and color octet
(CO) (8)) - can be calculated in the framework of pQCD

» LDME (long distance matrix element or nonperturbative matrix element) (O7/%[n])
corresponds to transition from unbound state to the physical J/1) meson -
nonperturbative part.
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NRQCD

% ce[3s{M]
* *
g v g

» Expansion of S-wave charmonia 1) in a small parameter v of a quarks relative motion:
[0) = 0(")leel*S{V]) + OWh)[ee PP 1g) + Ow?)leel* 51V gg) + Q(v?)leel* SV g)

> Total amplitude A(H) of charmonia production can be obtained from the amplitude
A(q) of quark production at the intermediate Fock state integrated with charmonia wave

function:
A= (27r) A () = A|q=0/ o Y@+
+ (%) . (;i‘)g # U@ (g) +
where
/(;i;q/(a)(q):\/%wa)(ox /(‘;ﬂ‘)’ 0@ (g) = _KH(LZ)\/LER/( )
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kp-factorization approach

>

Cross section in kp-factorization approach:

— — — —
do(pp — J/1 + X) = Z/ doydoy Y d*k 11d* K Lofi(wr, k3 p?) fi (@, k3 op®)-
n 1,7

do(i* 4§ — ce(*STILY) 4 X)(07/¥[n])

fij(x1,2, ?Ll,zalﬁ) - TMD gluon distribution functions (TMD PDF) in a proton
obeying the BFKL or CCFM evolution equation

do(i* + j* — J/ + Z/W) - off-shell partonic cross section

We see certain technical advantages in the ease of including higher-order pQCD radiative
corrections (namely, the leading-logarithm part of NLO + NNLO + ... terms
corresponding to real gluon emissions) in the form of transverse momentum dependent
(TMD, or unintegrated) gluon density in a proton

We use the kp-factorization approach with CCFM-evolved (Catani, Ciafaloni, Fiorani,
Marchesini) Transverse Momentum Dependent (TMD) gluon densities

Simultaneous description for all of the available LHC data on the entire charmonia and
bottomonia families were achieved within NRQCD [Phys.Rev.D.100.114021 (2019);
Eur.Phys.J.C 80 (2020) 11, 1022; Eur.Phys.J.C 79 (2019) 10, 830; Eur.Phys.J.C 80
(2020) 5, 486; Eur.Phys.J.C 81 (2021) 12, 1085]. Possible solution of polarization
problem [Phys.Rev.D.93.054037 (2016)].
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J /v pair production in NRQCD formalizm

> Direct test for mechanisms of creation bound heavy quark states.

> Progress in NRQCD evaluation of prompt J/v¢ + J/4 production:
complete LO calculations of CS and CO contributions [Phys. Rev. Lett. 115.022002
(2015)];
NLO corrections for CS contributions [Phys. Rev. D 94.074033 (2016)];
partial NLO* corrections for CS and CO [Phys. Rev. Lett. 111.122001 (2013)].

> Differential cross sections at the LO are significantly enhanced by the NLO terms.

> Unfortunately, theoretical predictions are demonstrated sizeable discrepancies with the
latest experimental data of ATLAS [Eur. Phys. J. C 77, 76 (2017)] and CMS [JHEP 09,
094 (2014)] Collaborations, especially at large m(J/v, J/¢) and Ay(J/v, J/v).

> Possible solutions: inclusion of high order corrections and/or new contributions
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CCFM evolution and multiple gluon radiation

» CCFM evolution equation at the leading
logarithmic approximation:

fo(z, k%, ¢?) = fo(z, k%, ad) As(q, q0)+

dq12
+/dz/qT9(q—zq/)X

X As(qv zq/)Ing(Z, qu kT)fg(z/Z»kl%v ql2)7

> Radiated gluons obey the angular ordering:

q > ZnQn > Zn—1qn—1 > ... > q1 > qo;

> Multiple gluon radiation can serve as a source for
J/4 production via fragmentation mechanisms,
because gluons have the non-zero pr
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Motivation and goals

> We consider the new contributions to the prompt .J/v¢ + J/v production based on the
fragmentation of gluons and charm quarks: g — J/+ and ¢ — J/1. We can expect a
sizeable contribution from multiple gluon radiation

> Recently we found that contributions of multiple gluon radiation to the cross section of
double J/1) production are very important [Eur. Phys. J. C80,1046 (2020)]. The multiple
gluon radiation can be taken into account using the CCFM evolution equation.

> A sizeable contributions from multiple gluon radiation for J/v + Z/Wi processes were
observed [Phys. Rev. D 104 (2021) 3, 034018]

> Additional fragmentation contributions in DPS mechanism is expected to be important
for double J/1 production.

» Our goal is to investigate a role of fragmentation mechanisms to the prompt
J/v + J/4 production
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Color singlet contribution to the J/v pair production

» Typical diagrams of prompt-prompt J/+ pair production at the LO QCD O(a%)
_ 1 _ 1
g +g" — cc[ssg >] + cc[35§ )] (~ 1/p§«)
> We take into consideration LO off-shell (depending on the initial gluons transverse
momenta) production amplitude of gluon-gluon subprocesses
> Cross section can be written:

o(pp = J/YI[$ + X) = [ 1oz g g™ = /0T /9P x

 fo (@1, ki, 1?) fq (w2, kp, 1) dkTpdksdp?pdyrdys % % %
where fg(z, k2, 1?) is the TMD gluon density in a proton

> Amplitudes A are calculated by S.P.Baranov [Phys. Rev. D 84, 054012 (2011)]
51 dily VET



Color singlet contribution to the J/v pair production

» Additional subleading CS subprocesses at O(a? — af)

9" + 9" = PP + ceP PV
g +g" — cE[3P§1)] + 05[3551)] +g
g +g* = calPsV + sV v g+ g
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Color octet-singlet contribution to the .J/v pair production

ce[*s®]

ﬁ;}\ cel*s{] ﬁ;; ce’s{V]
99 o/ 90

ce*’PP1 ¢

g C&[3P(]8)] ! ce3s® ce[*s® ce[3s®
(a) (b)
» CS-CO and CO-CO contributions starts to dominate with increasing pr
g +g" = P+l PP 49 (~1/ph)
g +9 s alPs + el ST +g (v 1)
9" +g" = P+ e (~ 1/p%)
9" 9" = cesiV] + e’ S| (~1/ph
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Fragmentation to the charmonium #

> Fragmentation function in NRQCD formalism at the starting scale H(Q) = mg_t:
D?f(z, Mg) = ng(zv ”(2))<O’H[n]>
n

> Typical diagrams of gluons and charm quarks fragmentation into charmonium

3S{8]
W §§§—_> as
3pl8l 18]
P;m NSy s 351[1.8] IS(ES]
a5 o2
5
SPJ[S]
[1]
3S1 .
a5
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Charmonium H production via fragmentation

» We consider contributions to the FFs:

g— CE[3S§8)] g— cé[3P§1)} +g
T/, = g— PP +g Yoy = g — ces{Y]
c— 06[359)} +c c— cE[3P51>] +c

> LO DGLAP evolution equation = FFs D} (z, u?) and D} (z, u?) at the any scale p?:

d (ij ):as(u2)<Pcc Pye )@( DH )
dlnp2? \ DIt 27 Peg Py Dit )”

where P,;, standard LO DGLAP splitting function

> Single charmonia production cross section via fragmentation mechanism can be written:

ol 2 HEX) [ 008 20 o, ) 5(z — /o)) ds
de dpgg*) g ?

do(pp — cc c
+ [ O D) o(e o) d
P
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Fragmentation contribution to the .J/v pair production

JIw JIw JIw
%g Jh
N 7
Jiv 9 c
—
’ ¢ Jlv
g* %——»
1 ﬁ%"h“w 1
N A u
(a) (b) (c)

> For the initial hard processes, we consider:
g +g"—=g" g +g —cte g g = q+g
g +g" —ct [ 3P§1’8>] y g gt e [ 3551)] +9,

> Circles denote the possible channels of g — J/4 and ¢ — J/% fragmentation
» Double charmonia production cross section can be written as:

H
a(ppﬁ’}-lﬁL’H/JrX)=Z/U(pp%Hl+X)Dl{(z,,u2)5(zfZ—) dz
a

, H H'
+Z//U(pp — g% /ct/qq) DI (z,u®)DL* (2, 1/ ?) 6 (z - ZT) s <Z’ - z;,, dzdz'
a,b
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DPS contribution to the J/v pair production

> Calculation of DPS:

UDPS(pp%’HJr’H'JrX):iUl(pp +X) -o2(pp + X)

Oeff
> Example of DPS J/4 pair production in conventional calculation scheme (left) and
modified DPS J/% pair production with fragmentation mechanism (right)

> Direct production of g*g* — J/% via 3S£8] intermediate state can be replaced by the
g*g* — g* (or g*g* — cc) with subsequent fragmentation to the J/« with additional
multiple gluon radiation

> For direct J/1) pair production:

Bsit, 3PP x P, 3PP = [g, ¢, 35{V, 3P x [g, ¢, 25{V, 2P(]
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Modelling events

We used:
» JH’2013 setl and set2 TMD gluon densities; Monte Carlo event generator CASCADE

> Additional fragmentation mechanism g — XC(SPBI]) + g based on fragmentation function
calculated by S.P. Baranov (Eur. Phys. J. Plus 136 (2021) 8, 836)

» numerical solution of DGLAP evolution of FFs with appropriate LDME's (0% [n]) (list
of used LDME for JH'2013 set1: (07/¥[35{V]y = 1.16 Gev3, (0¥ [35{V]) = 0.7038
Gev3, (Oxe1 3PNy = 0.95 Gev, (OXe2[3P{V]) = 0.49 GeV?,

(O7/v35]) = 0.0012 Gev3, (0¥[35®)]) = 0.0011 GeV3, (Ox<0[35¥)])) = 0.00012

GeV3, (0/¥[3P{®]) = 0.024 GeV5, (O¥[BP{P]) = 0.015 GeV® (see [Phys. Rev. D
100.114021 (2019)] for more information about fitting procedure)

> Effective cross section oeg = 13.8 mb for DPS was obtained from the best description of
LHCb data of J/1) pair production (see more in [Eur. Phys. J. C 80,1046 (2020)])

Selection criteria:

> J/p+ T/ pr(J/) > 8.5 GeV, |y(J/v)| < 2.1, trigger muons pr(p) > 4 GeV,
In(u)| < 2.3, muons pr(p) > 2.5 GeV, [n(p)| < 2.3
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Comparison with ATLAS data

= f i s f 1
O gk —3— ATLAS data | O 2L —3— ATLAS data |
E sum (JH'2013 set 1) 3 E sum (JH'2013 set 1) 3
© I
g E —— sum (JH2013 set 2) 3 =] E —— sum (JH2013 set 2) 3
= ZZ] : 3 a Et : 3
Z C - -~ DPS (JH2013 set1) ] Z 2 - -~ DPS (JH2013 set1) ]
; = 10 + t —— DPS + Fragm. (JH2013 set 1) ’9_‘ = 10 _'_f_+ —— DPS + Fragm. (JH'2013 set 1)
f S E ._{_< - processes (2)-(4) GH2013 set 1) 3 5 = E 1o processes (2)(4) (2013 set) 3
s 3 s F 3
25 & ] = ]
S[2 2|E =
2|E 2E 4L
cI° °l°

ﬁ

107 E 107 4
10’2? Q) <105 : 10’2? - 71‘,05<|y(J/Lu2)|<2.1 R P 3
08 S T 10 e L L b

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
m(J/P,J/P) [GeV] m(J/y,J/P) [GeV]

> Contributions from modified DPS, modified DPS + fragmentation and sum of all
contributions (modified DPS + fragmentation + color singlet)

> (2)-(4) processes include the g*g* — xc + Xc, 9*9* = xc + J/¥ + g and
g9t = J/b+J/Yv+g+g

» Shaded bands represents the scale uncertainties.
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do(J/W+I/p)

Comparison with ATLAS data

[pb/5 GeV]

L B L B —

r b >
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C sum (JH2013 set 2) | 5 C sum (JH'2013 set 2)

;*_‘ ._}_o—f—~ - - - - DPS (JH2013 set 1) R = + + - - - - DPS (JH2013 set 1) R
= - i DPS + Fragm. (JH2013 set1) __| = [ DPS + Fragm. (JH'2013 set1) __|
3 10 Bss _"_’_Ii_‘ <=0+ processes (2)-(4) (32013 set 1) 3 g S:,* 102 + ___,_+ -:--- processes (2)-(4) (JH2013 set 1)
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S L - B ZIs o R
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Comparison with ATLAS data

= EroproT
8 102 —F— ATLAS data

n Et sum (JH2013 set 1)

ol - sum (JH'2013 set 2)

=S SN 77, 7271 - - - - DPS (JH2013 set 1)

S 10g DPS + Fragm. (JH'2013 set 1)

-+ processes (2)-(4) (JH2013 set 1)

do(J/W+I/p)
dp, (70,)
[

—

107 : E
1072 1
10_3§
§ WO <105 17T 3
10 v b b b b e b b e
10 12 14 16 18 20 22 24 26
p. () [GeV]
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Comparison with ATLAS data

—3— ATLAS data -
sum (JH2013 set 1)

—— sum (JH2013 set 2)
- - - DPS (JH2013 set 1) B
—— DPS + Fragm. (JH2013 set 1) B
- processes (2)-(4) (JH2013 set 1)

—3— ATLAS data

sum (JH'2013 set 1)

sum (JH2013 set 2)
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—— DPS + Fragm. (JH2013 set 1)
-1- = processes (2)-(4) (JH2013 set 1)

=
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R

[pb/m8]

B 7P, IIY)
5

f
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=
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Comparison with ATLAS data

10
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> C
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0 sum (JH2013 set 1)

3 10 i" sum (JH2013 set 2)

2 E - -~ DPS(JH2013 set1)
’; 3 r + 4 —— DPS + Fragm. (JH'2013 set 1)
=5 L —4— -.-.- processes (2)-(4) (JH'2013 set 1)
t|= 777 i =
B -
BlE £
oI° r

IR

=

21 July

80
m(p, ) [GeV]

[pb/2.5 GeV]

do(IIy+dIy )
dp.

T5.79)

,_.
2
L

10

3
i

1072

T
R

3

—F— ATLAS data |

- - - - DPS (JH2013 set 1)

iy

- processes (2)-(4) (2013 set 1) |

sum (JH2013 set 1) B
sum (JH2013 set 2) -

DPS + Fragm. (JH'2013 set 1)

B b b by b Lo L &
10 50 60 70
P, (1 J1) [GeV]

A.A. Prokhorov JINR 2022 21 /31



Fragmentation in DPS

s [T T T T T T T T = [T T T T T T T T T
[ - - > F 4
o —a— OPS Iy I part withou 35! g —a— OPS Iy I part withou 35”1
© oo ] s ers e s
2 @ Eg @
=10 —a— ops Iy panwinas? | 2510 —a— ops Iy apparwinas?
E S = - E| 2= B E|
55 [ == - ] E e — ]
32 L e 1 3> N ]
32 [T - T ] Bg T . ]
5|E —-— - e o
] —-— JE—
1026 - T — 102 — —— —
E —a— ] E —_— |
103 — 103k 4
E — E —
Gl b b b b e Lo Lol Covc v b b b b v Lo 147
0 4
m(J/y,J/p) [GeV] AyQIg,dp)

> [35’9), 3Pyg)] X [3S§1), 3P§8>] (red) contributions are same in both schemes of
calculations

> Second part [3S§8)] X [3S§1>, 3P§8), 35{8)} (blue) and it's modification
lg,c] x [359), 3P§8>,g, c] (orange) (with fragmentation contribution)

> Modified part of DPS with fragmentation mechanism increases the total and differential
cross section by 2 times
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Summary

> We compare our predictions of J/¢ + J/v production calculated within the
kp-factorization approach with latest ATLAS data at /s = 8 TeV.

> We take into account the effects of the multiple gluon radiation in the initial state.

> Fragmentation contributions of multiple initial gluon emissions to the J/v pair
production are very important at large invariant masses m(.J/%, J/v) and rapidity
separation |Ay(J/v, J/)|.

> Implementation of fragmentation mechanism to the DPS increases by two times the total
and differential cross section in comparison with conventional scheme of calculations.
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Thank you for your attention
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Evolution
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Z/W* + J/4 production
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> Fragmentation contributions to the J/1 production are remarkably important, especially

at large transverse momenta (at P

21 July

/P

T

> 20-30 GeV it gives approximately the same
contribution as NLO NRQCD + DPS) [Phys. Rev. D 104 (2021) 3, 034018]

A.A. Prokhorov JINR 2022

27 /31



Effects of multiple gluon radiation in ATLAS, CMS kinematics

> See [Eur. Phys. J. C80,1046 (2020)] for

those in ATLAS and CMS analysis)
» Fragm. coll.: collinear calculation in LO

details. s el ; : :

> Selection criteria: pp(J/¢) > 10 GeV for Q E =13Tev T o, T
5 E

both produced mesons (such cuts are close to = [ A0 PoF Fregm. comb, (39" - )

10° L - (F:rsagm comb. (g*g* — cc)

> Fragm. lead.: calculation in framework of
kp-factorization approach, where J/v
mesons are originated from gluon produced in
hard subprocess and leading gluon in cascade

do(3/y Ip)
dmQ@7y )

» Fragm. comb.: calculation in framework of
kp-factorization approach with all

combinatorial contributions from cascade £ :
gluons o T

> CS: color singlet J/4 pair production in 0t e T ]
framework of kp-factorization approach (box 20 30 40 50 60 70 80 90 100
diagrams) m(Ip Iy)[GeV]
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Effects of multiple gluon radiation in LHCb kinematics

—s— Fragm. coll. (gg — g°g")

[nb/GeV]

—+— Fragm. comb. (g"g* — g*)

cs

> See [Eur. Phys. J. C80,1046 (2020)] for
details.

> Selection criteria: 4.5 < pr(J/¢) < 10 GeV
and 2 < y(J/¢) < 4.5 for both produced
mesons

da(J/yp /)

> Cascade gluon fragmentations give a small
contribution to the forward J/v pair
production

> Only CS mechanism and DPS give a
significant contribution to the J/¢ £
production in the forward rapidity region o

25 30 35
Mm@y JIp) [GeV]
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DPS o

ATLAS

ATLAS (1/s =8 TeV, J/1) + J /1, 2016)

DO (/5 = 1.96 TeV, J/1p + J /4, 2014)

DO (/5 = 1.96 TeV, J /4 + T, 2016)

LHCb (/s = 7&8 TeV, T(1S) + D™, 2015)
LHCb (v/s =17 TeV, J/9 + AT, 2012)
LHCb (/s =7 TeV, J/9 + DI, 2012)
LHCb (/5 =7 TeV, J/2 + D*, 2012)
LHCb (Vs =7 TeV, J/2 + D°, 2012)
ATLAS (/5 =7 TeV, 4 jets, 2016)

CDF (/5 = 1.8 TeV, 4 jets, 1993)

UA2 (/s = 630 GeV, 4 jets, 1991)

AFS (/5 = 63 GeV, 4 jets, 1986)

DO (/s = 1.96 TeV, 2y + 2 jets, 2016)

DO (/s = 1.96 TeV, v + 3 jets, 2014)

DO (/s =1.96 TeV, v + b/c + 2 jets, 2014)
DO (/s = 1.96 TeV, v + 3 jets, 2010)

CDF (v/s = 1.8 TeV, v + 3 jets, 1997)
ATLAS (/s =8 TeV, Z + J/1, 2015)

CMS (/5 =7 TeV, W + 2 jets, 2014)
ATLAS (Vs =7 TéV, W + 2 jets, 2013)

Experiment (energy, final state, year)
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DPS o.g extraction from LHCb data

> See [Eur. Phys. J. C80,1046 (2020)] for details.
> Double J/v production at forward rapidities can be used to determine the DPS oeg.

> We tried to extract oeg from avaliable LHCb data /s = 7 TeV [Phys. Lett. B707, 52
(2012)] and /s = 13 TeV [JHEP 06, 047 (2017)] by considering the CS and DPS
contributions.

> Selection criteria: pp(J/¢) < 10 GeV, m(J/v, J/¢) < 15 GeV and 2 < y(J/¢) < 4.5

s 45¢ T
3 pa 4+ Lcbdaa 1
» Calculation of DPS Sak ety e E
(s 1 /4. X) 38as SRR
opps = 5 TP LTS oot gE o b E
with inclusion of feeddown contribution from radiative u2-5; :}: :§3 *
Xc and ¢’ 2 + .
> oo = 17.5 £ 4.1 mb for AO gluon density 1.53{_ ——— E
oo = 13.8 £ 0.9 mb for JH'2013 set 2 gluon density e f%?: 3
> Results are compatible with many other estimations osh. o~ A E
based on essentially different final states. G* L T‘T*mfaa-*-m::z! Hee .

0 5 10
P, (I 31y) [GeV]
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