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We calculate cross section for production of y, pairs in proton-proton collisions. The cross section for
the g9 — xcy, Xcs, is considerably smaller (especially for the y.; y. final state) than that obtained recently

in the kp-factorization approach. We calculate therefore next-to-leading order (NLO) contributions with the

. pair and one extra associated (mini-)jet. We find these contributions to be much larger than those for the

2 — 2 contribution. Especially the emission of a leading gluon (carrying a large momentum fraction of one

of the incoming gluons) is important. These emissions in the kp-factorization approach are absorbed into

the initial state unintegrated gluon distributions. A smaller contribution to the cross section comes from the

production of central gluons emitted with rapidities between the y. mesons. They do lead, however, to an

enhancement of the y.-pair production at large rapidity distance between the mesons. Our present study

explains the size of the cross section for the y.-pair production obtained previously in the ky-factorization

approach. Several differential distributions are presented.

DOI: 10.1103/PhysRevD.99.074014

I. INTRODUCTION

The production of quarkonia in the nonrelativistic pertur-
bative quantum chromodynamics approach has a long history.
The production of J /y is a good example; see e.g., the review
[1]. Using standard parameters of the J /y wave functions the
lowest-order cross section in the color-singlet model is much
below experimental data. Higher order corrections and/or
color-octet contributions must be included to get closer to
the data [2—4]. Furthermore, a large fraction of the prompt
production originates from the radiative decays of P-wave y.,.
quarkonia. Another efficient option is the kp-factorization
approach [5] where already the lowest-order approach with
unintegrated gluon distributions constructed following
the prescription in Ref. [6] gives reasonable results (see
e.g., [7-11]). In general, the inclusive cross section for J/y
(the same is true for other quarkonia) grows with energy.

In recent years also the production of J/y pairs became
accessible experimentally [12—16]. There is not yet sufficient
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understanding of the measured cross section. An important
problem is the understanding of the contribution from single
parton scattering (SPS) and double parton scettaring (DPS)
mechanisms. Indeed, the importance of charm for the studies
of DPS has been stressed in [17,18]. Especially production
of two J/w mesons at large rapidity difference is not well
understood. The production of quarkonia with large rapidity
distance is often attributed to the double parton scattering
mechanism for which the two partonic processes are almost
uncorrelated, in contrast to the single parton scattering
mechanism where the correlation is encoded in relevant
matrix elements. In this region of phase space the DPS
contribution to the cross section for different hard processes
is well represented by the factorized ansatz,

16%(SPS, J/y
o(DPS, J/w/ /w) —5%-
€

(1.1)

The so-called effective cross section o4 determines the
normalization of the DPS contribution. A value of o &
15 mb was found from several phenomenological studies;
see e.g., [19] or a table in Ref. [16]. In the case of J/y pair
production the cross section for large rapidity distances
requires rather small values of 6. <5 mb [12-16]. Is the
production of J/y pairs different than for other partonic
processes? We do not see physical arguments to justify such
a claim.
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In Ref. [20] it was found that double y. production
associated with radiative decays of both y. quarkonia leads
to distributions quite similar to those from double parton
scattering. A rather sizeable cross section for y.-pair
production was obtained from the kp-factorization approach.
Can we get a similar result within the collinear-factorization
approach? The 2 — 2gg — y.yx. processes were already
calculated a long time ago [21]. We intend to calculate both
gg — x.xcprocesses (see Fig. 1) as well as 2 — 3 processes
(see Fig. 2). The recent calculation within kp-factorization
suggests that the 2 — 3 contributions may be sizeable.

One would expect that the emission of a gluon in the
central rapidity region of the parton-level process [see
diagram (C) in Fig. 2] would enhance the cross section at
large rapidity distances between the y. mesons. The
contributions of leading gluons, which carry a large
longitudinal momentum fraction of one of the incoming
gluons [see diagrams (A) and (B) in Fig. 2], contain a
contribution of minijets produced at a large rapidity
distance to the y. pair. Such contributions—beyond the
obvious collinear emissions—are included in the k-
factorization approach already in the lowest order. There
these gluons are absorbed into the initial state unintegrated
gluon distribution. The 2 — 3 processes were studied
previously in the context of quarkonium pair production
for pp — J/wJ/wg reaction [22] and the corresponding
cross section turned out to be similar to the leading pp —
J/wJ /y contribution and important in order to understand
some correlation observables.

We illustrate our calculations with several examples of
Yo X pairs. Several differential distributions are shown.

II. FORMALISM

A. Parton-level amplitudes

We are interested in three types of configurations in
which a final state gluon is produced: first, the central

production of a gluon gg — y.;9y.; [diagram (C) in
Fig. 2] and secondly the two configurations with leading
gluons [diagrams (A) and (B) in Fig. 2], where a gluon
carries the largest fraction of momentum of one of the
incoming gluons. The leading gluon minijet production
is expected of importance for comparison to the kr-
factorization approach. This contribution is dominated
by a kinematics, where the gluon is emitted at large rapidity
distance to the y. mesons.

A gauge invariant way to organize the calculation in this
situation is the use of vertices from the Lipatov effective
action [23,24].

Let us introduce the four momenta of incoming protons,
neglecting their masses,

s s
with the lightlike basis vectors
n :\%(1,0,0,11) (2.2)
The incoming gluon momenta are
9s = qan,; = x1Py,, qp = qyny = XPy,.  (2.3)

The vertex for the upper leading gluon reads [23,24]

T, (44 P1) = 2q4 9 + 17, (P1 — 29,),

N2
(pl +Qa) Vl;l’l;,

+ (qa - Zpl)yn; -
qa

(2.4)

while for the lower leading gluon we have

Xc Xc Xc
00000008 —— ——
q1 b1 _ g + g
- 3 3
Xe S Xc < Xc
q2 p2
FIG. 1. A diagrammatic representation of the leading order mechanisms for the pp — y.j, x.;, reaction.

(a) (b)
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Qm A(l g %)( ql,“ )\(,L
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. Xc v Xc
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FIG. 2. The lowest-order mechanisms for the y.;, x.;,9 production in the high-energy kinematics described in the text.
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n+prﬂvp(va PZ) = 2(']1:9/4» + n/j_(pZ - 2qb>1/

2
n:_ _ (p2 __Qb) + .+

+ (g5 = 2p2), p n;n,.
b

(2.5)

For the vertex of central gluon production (the “Lipatov
vertex”) we introduce the momenta of fusing gluons,

Qu=aim +qh. Gy = 4+ a4

¢ = (g} = 3. 26)
so that
Fﬂpv(qlﬂ QZ) - n;n;rcp(ql’ qZ)’
2 2
q -, 4 _
Co(q1,92) = (qf + —i) ny - (Q2 + —i) n,
9, q,
+ (92— q1);- (2.7)

We also need the g*g* — y,.; vertices. We write them in the
form

sz(J’Jz;QI’QZ)

= —i4ﬂ'as5ab 2R/(O)

\/aN M>

The explicit form of the tensors T, is found in Ref. [20].
Above a, b are the color indices of incoming gluons,
N. = 3 is the number of colors, and M is the mass of the y,
meson. For J =1 and J = 2 states, the tensors have the
form

\/g' T/w(']’ Jz;qh qZ) (28)

Tﬂv(lv‘]z;QI7q2) - Tﬂl/a<1;ql7QZ>€a*(‘]2’QI +q2)7
Tﬂv(zv‘]z;QI 7‘12) = Tﬂuaﬂ(Z;QIaQZ)gaﬂ*(‘]z’ q1 +QZ)7 (29)

where ¢,(J. p), €,,(J.. p) is the polarization vector/tensor
for the meson with momentum p. The derivative of the
radial wave function at the origin is related to the yy-decay
width as

27e*a
F(xeo =11 =— 5 -

Cc

RO (2.10)

We use the value |R'(0)|> = 0.042 GeV2. We can now
construct all the 2 — 3 amplitudes of interest from the
above tensors. The amplitude for gg — y.;, 9x.s, With a
central gluon reads

. , 1
Me = igsfapc Vi (CImpl)ZCp(CIa — P19y — Pz)

1 /
X 8;(/1gvpg)gvgb (qb? pZ)v (211)

where

!

Vi«(qas P1) = € (Aa 40) Vit (N1 1123 4 P1 = Ga)n ™
ng/(Qb’ p2) = ey(/lb’ qb)vllj’by/ (J27 J2z; qps P2 — qb)n+l/‘
(2.12)
The amplitude for the final state with the leading gluons in
the fragmentation region of gluon ¢, or g, can be written

in terms of the (half-) off-shell amplitude for the ¢g*g —
Xe1 X2 process. The 2 — 2 amplitude is obtained from

Mzg(qavqh;plvp2) = V;lz’,<J17JZI;Qa7p1 _QM)

_gll/y/éa/b/ ,
vaf/i(h,fn;m—%,%)
+ VO (I T 3G Py — )
_gll’y/éa,b/ ,
XTV;/‘L(JMJA;P] ~q4:9a)-
(2.13)
Here the Mandelstam variables are
1= (p1— Qa)z =(p2— %)27
i =(p1=qp)* = (P2 = 4.)° (2.14)

The amplitude of Eq. (2.13) enters the 2 — 3 amplitudes as
follows:

MA = igSfab’cgﬂ (la’ Qa)FMD/J(Qav pg)n—pew (/197 pg)

1 7 / /
X Zn""‘ Mll;/llj/(pg — {44 qb;pl’pZ)ED (/Ilﬂ Qb)

. 1 / !
= lgsfab'c2qz5za/1g Z n e (A, qp)
XMz’/f’(pg_QLuqb;plva)a (215)

and likewise
Mg = igsfapen™ e (Aas 4a) M (Gas P = Gb3 P1- P2)
e @) e G )
= igsfave™ & (Zas 4a) M7 (das Py = a3 P1s P2)

1
X Equj&lMy. (216)

We close this section with a brief comment on the gluon
exchanges in the crossed channel. The t-channel gluons
explicitly depicted in Fig. 2 are taken in the respective high-
energy limit—they correspond to the Reggeized gluons of
the effective action [23,24]. For the gluon exchanges in the
blobs of diagrams (A) and (B) of Fig. 2 we checked that the
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approximation of Reggeized gluon exchange in the gg —
XX subprocess becomes a good approximation at a
rapidity distance between y,.’s of AyZ3. In the numerical
calculations, we use the full gluon propagator in Feynman
gauge. We note that the interference between #- and u-
channel amplitudes is negligible and confined to a very
narrow interval around Ay ~ 0.

B. Parton-level cross sections

Let us now have a look at the parton-level cross section
in order to understand better the kinematics and possible
singularities in the integration over phase space. The 2 — 3
parton-level cross sections are obtained from

1

do =
4q5 q;

|M |2dq)(('Za + qbs P1> P2> pg) (217)

where i = A, B, C, and there is no interference between the
diagrams of Fig. 2. Let us start from the production of a
leading gluon along the direction of incoming gluon a,
described by amplitude M. Here, following the rules of
the high-energy limit, the four momentum ¢, = p, — g, of
the exchanged gluon enters the 2 — 2 amplitude in the
form

G = qim +qt, = aqin) +qie; (2.18)

We can now use the Ward identity to write

nte (Ay. qp) MEL (g1, a5 p1. P2)

q ’
= —qlf ete (Ay, qp) MR (g1, 40 P1- P2)
1

Clu

- (2-2).

(2.19)

Then, the 2 — 3 cross section takes the simple form

dz, 1
z21(1-21)4q7 g
x| M(2 - 2)Pd®(q, + q5: 1. P2)
ZCAan qudzl 1

Tomgi 2 2511 9%

X |M(2 = 2)]7d®(q; + q5: p1. p2)-

2C a5 ‘]ud qiL
s t2 P

do(2-3) =

(2.20)

Here one would recognized the factorization in the unin-
tegrated gluon distribution in a gluon

Zdl’lg/g(z, @'J_) - 2CAaS

= 2.21
dzdlog g% r (221)

and the off-shell cross section for the process g*g — y. x.-
The off-shell cross section will provide us with a scale

u* ~ M3, so that for g3, < u? we can neglect the off-
shellness of gluon ¢; and only the on-shell cross section
g9 — x.x. enters. The parton-level cross section then
consists of two parts:

do(2—-3)=

2CAaS/ﬂ2 dq%ldzld0(2—>2)

2
T q11 <1

+2CAas/ qu_'lleI
7 e mgi 2

Here the first piece contains the infrared divergent integral
[¥ dq}, /4%, which is of course just the collinear loga-
rithm in the g — gg splitting. In a complete NLO calcu-
lation of the inclusive y. y. the collinear logarithm within
some factorization scheme would be absorbed into the
evolution of the gluon distribution of one of the protons.
The contribution from hard g%, > u? is a genuine NLO
contribution. In our numerical calculations we simply show
the 2 — 3 cross section with a lower cutoff on the trans-
verse momentum of the produced gluon (mini-) jet,
PgL > Pii ~1 GeV.

Let us now come to the contribution from production of
a central gluon in the gg — y.gy. process. We write the
parton-level cross section differential in the gluon rapdity
y, and the transverse momenta of y, mesons p,,,

do(99—= xc9xc) = 2 |\Mc|Pdy,d*py 1 d*pay . (2.23)

256 256752
The square of the amplitude M of Eq. (2.11) can be
written in the usual impact factor representation

3,2

Mcl* =

1 l6ragl, (Pu)( 12(132&

z PiL+ DPai)?

16735

= N1 (2.24)

1(P1L) +(P11s =P )2 (Pay).

Here K, is the real-emission part of the BFKL kernel [25]

- - CAaS 1
Ki(Pi1s—P21) = - —.
e > 7 (D1l + Pa)?

(2.25)

Notice that the integral over the gluon rapidity is propor-

tional to Y = log(3/M?), so that the 2 — 3 cross section
will be
do(2 = 3) = 1z PR B =)
— — —
622 (N2 1 1\P1L)Ar\PrL, —P2L

X (oL )d*p1od” P - (2.26)
Here we again have an infrared singularity when
PgL = —D11 — Do — 0. This is of course just the back-
to-back region of the 2 — 2 process. The differential cross
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section of the Born-level 2 — 2 cross section can be
expressed in terms of the same impact factors and reads

1
1673 (N2 - 1)

X I (Pay )d* Py d* Py, .

do® (2 - 2) 11(P11)8% (Pro + Pav)

(2.27)

To the leading order in agY, the virtual correction to the
2 — 2 process can be easily calculated using the gluon
Reggeization property, which amounts to the replacement
of the gluon propagator by

% = éexp[a)@m, (2.28)
where
o) =S [pp, T (329
4r 01(0, —4,)*

Expanding the Regge propagator to the first order, we
obtain the 2 — 2 process cross section as

do(2 »2) = do"(2 - 2)

Y
1 (p)3% (p p
+ 1622(N2— 1) 1(P10)8 (P1o + Par)

X 2w(l31¢)Iz(ﬁu)‘pﬁudzﬁu- (2.30)

Then, the inclusive cross section for the production of y,.
pairs becomes

-

Y )Il(Pu)

0
T

do(99 = xcxcX) = dol”

X Kgrk (P11>—=P2u )12 (Pay)

X d*py1d*pyy . (2.31)

Here Kgpkp is the leading order in agY Balitsky-Fadin-
Kuraev-Lipatov (BFKL) kernel

Kerxr (P11.—Da21)
=K, (P11.—P21) +Ky(P11.—P21)

_(Zch< 1
7 \(31.+ G2 )?
§(g,.+q )1/d2Q i ) (2.32)
- qd1174921)5 1= = 5 5 .
2 Qi(QL—CIDz

We cannot absorb the infrared divergencies into the initial
state parton distributions in this case. However, for the
sufficiently inclusive, say over soft gluon radiation, cross
section, the infrared divergencies in the real and virtual part
of the BFKL kernel will cancel. Notice that this mechanism
resembles in many respects the Mueller-Navelet dijet

production [26], with the y,. playing the role of the jets.
However, for this case more involved calculations includ-
ing a full BFKL resummation have been performed in
recent years [27,28]. As in the case for production of
leading gluons, we will in our numerical calculations
show the contribution from the y.y.g final state with a
lower cutoff on the transverse momentum of the gluon

Por =11+ Goi| > Pyl ~1 GeV.

C. Hadron-level cross sections

We now come to the hadron-level cross sections. Below s
is the proton-proton center-of-mass energy squared. The
inclusive production of y,. pairs from the 2 — 2 process is
obtained from

1
167(x1x,5)?

X |M(2 = 2)[2dy,dy,d? Py, d* By 8P (P11 + Do)

do = xlg(xlvﬂz)ng(xb/‘z)

(2.33)
with py = [p;,|, and
M2 2
X; = / + p_T(eM + e)’2>’
S
M2 2
X = \| P (g g oo, (2.34)
S

The cross section for the 2 — 3 processes is calculated from

do = x,9(x, u2)x29(x2.14%) M(2-3)P

2567° (xlxzs)2|
X dyldy2dygd2ﬁlLdzﬁZLdzﬁqLé(z) (PrL+Pai+ D).

(2.35)

with
MLy, MLy, o Pel 2.36
)Cl \/E e + \/E e + \/E e’ ( . )

where m;; = \/M? + p? and y,, are the cm rapidities of
mesons. We take as the factorization scale > = § = x,x,s.
For the case of identical y,. mesons in the final state all of
the cross sections must be multiplied by 1/2.

III. NUMERICAL RESULTS

A. Parton-level processes

In this subsection we show two examples of rapidity
distributions on the parton level for the process (C)
in Fig. 2.
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In Fig. 3 we show distribution in rapidity for the
g9 = x.09xc0- Here the center-of-mass energy has been
fixed at W = 50 GeV. The two y., mesons are produced
in forward and backward directions while the gluon is
produced in the midrapidity region in the partonic center-
of-mass system. For comparison we show also rapidity
distributions of y., mesons from the gg — y.ox.0 process
(solid line).

Similar distribution for the gg — y.1gyx.1 process is
shown in Fig. 4. The situation is similar as for the y.qx.0
pair production. However, the 2 — 3 contribution here is
relatively enhanced compared to the 2 — 2 one (solid
lines). In each of the gg — y., vertices in the 2 — 2
process only one gluon is off-mass shell, whereas in the
2 — 3 process in one of the vertices both gluons are off-mass
shell. The vertex g*g* — y,; strongly depends on virtualities

of the gluons. We recall that when gluons are on-mass shell
the vertex vanishes (Landau-Yang theorem [29]).

To ensure validity of the effective Regge action (appli-
cability of the Lipatov vertex) one should ensure that the
gluon is produced at a distance of at least y,, ~ 1 from the
mesons. We therefore show in the left panels of Figs. 3 and
4 the result obtained for y,, = 1 and in the right panels the
result without a rapidity veto. Interestingly, for the y . case,
the gluon is automatically produced centrally, while for the
case of y., production the rapidity veto is important to
exclude contributions from noncentral kinematics.

B. Hadron-level cross sections

The integrated cross sections (full phase space) for differ-
ent components are shown in Table I for /s = 8 TeV.

W =50 GeV uR=mrXC0 pTng=1.OGeV W =50 GeV “Rzmew pTgcut=1.0 GeV
— ——
" Yoeto = 1 Xcofrom gg%xcoxco i Xcofrom gg%xcoxco
104k i Xfrom gg—x 9%, | 104k i X from gg—-x 9%, |
g — — gfromgg—y 9x 1 r ., — — gfromag-x 9%, 1
s | / 15 | ]
A ! i £ | /
> i i = i ! ;
g . = / g :
sF | - 18F V- / E
o i - ~. ] F Y - ~. H 3]
i ‘I. / \ ; ] I 7'“/ \,‘ ]
f L . ] : % ¥ ,
Vo ! | | PN |
i | ! i
10—6\\”\\”\'u'\\uu\uu\muf\u\\uu 10—5\\”\\ ‘\\]\\‘\\\\‘\\\\‘\\ilww‘H\‘\H\
4 3 2 1 0 1 2 3 4 4 3 2 -1 0 1 2 3 4

y

FIG. 3.

y

Differential cross section for the processes from Figs. 1 and 2 (C) at the parton level, where the energy in the center of mass of

two gluons was fixed for W = 50 GeV. The left panel is for extra rapidity veto and the right panel without the extra condition.

W =50 GeV uﬂzmrxc‘ pTgcut=1.0 GeV

108 T

i yveto =1 - Xc1fr0m gg%xmxm 1

B Tt Xc1fr0m gg_)x(ﬂ g xc1 T

I . —‘_gfromgg%xmg?‘(m 1

w0l A A

s o SR

g [ F ]

50 ’
\b k TN

T 105k E

3 \ ]

i Vi ]

L v \ |

I [ | 1 PO P R BN N A

05~ 3 2 4 0 1 2 3 4

y

. W =50 GeV pR=mrxd pTng=1.OGeV

10° e e T

E - Xc1fr0m gg%xmxm E

r ST xc1from 992X, ,g‘.‘Xm 1

r .“. — — gfromgg—y gx‘:1 ]

104 o i E

o) F P ; ]

= [ ' ]

7 _-— T
9] — —

T 105 ; -

L ‘i 4

(Y [P N | L PSRN AU IPUT AT | O P P |

0473 2 4 0 1 2 3 4

y

FIG. 4. Differential cross section for the processes from Figs. 1 and 2 (C) at the parton level, where the energy in the center of mass of
two gluons was fixed for W = 50 GeV. The left panel is for extra rapidity veto and the right panel without the extra condition.
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TABLE 1. Values of total cross sections for particular processes for /s = 8 TeV.

X2 Oiotal Xcl Ootal Xco O'otal
PP = XaXea 0.62 nb PP = XelXel 8.60 x 1072 nb PP = Xc0Xc0 0.40 nb
pp = [Xe2xelg 0.19 nb x 2 pp = [xaxaly 407 x 102 nb x 2 PP = [xeoxeold 0.10 nb x 2

PP = Xo29Xe2 0.16 nb PP = Xe19Xeci 1.78 x 1072 nb PP = Xc09Xco 0.03 nb

fs=8Tev u =5 Pry oy = 1:0 GOV fs=8Tev =13 Ppy o = 1:0 GeV fs=8Tev =13 Pry o = 1:0 GV

L I ) PO R P A s VT T T (T, Wem b ST, 7, 16 ) K = O ALY 2 r

[ e (@), from pp—lx_, x. o] E e @), frompp—x_, x 91 A ()%, , from pp—1[x_, x, 9]

— Ao from PP =Y (X E __10'¢ “o Ay fromppox X E — - Xgp fOMPP=% X, E

> Xy frompP—x 9%, > 3 — X, frompp—y o 9x., 3 > Xoo fOMPP—% , 9%, ]

[0 ] [0 L ] [0 ]

9 4 9 4 9 i

s 'VE i o i = 3

£ E ] £ ] £ ]

C10°f 4 Fook ] -l ]

g1, { £ 1 810

b F ] b F ] b F ]

s i © f i1 © 1

10*E E 10*F E 10*F E

sl ] .:H‘m“m“m“m“l: :Hmux‘“m“x“.l:

109 2 4 6 8 10% 2 4 8 10 10% 2 4 10

p_ (GeV) P, (GeV) p, (GeV)

FIG. 5. Transverse momenta distributions of one of the y. for the pp = y.;x.; and pp = y.;x.;g reaction for /s = 8 TeV.

fs=8Tev p =3 Pryoy = 1:0 GEV {s=8Tev u =3 Py = 10 GOV {s=8Tev u =3 Py = 10 GOV

A ERREREmaEEE I e A RRRE R B o A RRBR R R R B e R
F— Ty PP 9l Xl — X PP X 9X o] — Xep PPl X ] — " Xy PP % 9, ] F— X PP OX Xl — - X PP X ,0X ]
© X PP [Xcon]g v Kogr PP2gog © Xep PP [mecl]g v Xop PPXokey X PP [Xczxcz]g vt Hop PPXpX, o
g | 2. | £ ’
2l . -2 | - -2 | -
=10 ] =0 ] =10 E
K F ] o F ] RS E H 1
o) ] 1 [o) ] 1 [o) ] \ 1
© 3 1 © 3 1 © 3 A 1
10°F 3 10°E 3 ‘*E 3
g ] g ] g , b
[ i [ i [ i [

4 4 alii A | AR

10 10 10 g g y 8

y y y
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We restrict ourselves to the case of identical pairs, i.e., In Fig. 5 we show transverse momentum distribution of
X0Xc0s Xel Xels OF Yoo ¥ oo We see that the cross sections for ~ one of the y, mesons for the 2 — 2 and 2 — 3 processes.
the 2 — 2 processes are consistently lower than the ones  The 2— 3 contributions were calculated with p7,>1GeV.

obtained in the kp-factorization approach in Ref. [20]. The factorization scale is chosen as u .= \/§ and the
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FIG. 8. Rapidity distributions of y, mesons and gluons from the gg — gy, y. processes with a leading gluon. Here ,u% = § was used.
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energy in the center of mass of two protons is 8 TeV.
We use the MSTW2008nlo [30] parton distribution
functions. For illustration in a few plots we present only
diagram (B) from Fig. 2, since the behavior of the process
described by diagram (A) is exactly opposite. We discuss
only such pairs, where the two y.’s have the same spin.
This is a sufficiently general example to illustrate the
general characteristics of these processes. Notice that in
high transverse momentum region, the pp — [x.x.lg
process dominates for each y,.;, though for y. it is
not a big effect.

In Fig. 6 we show rapidity distributions of y. mesons for
the different 2 — 2 and 2 — 3 mechanisms discussed
above. One can see that in the rapidity range |y| > 3 the
PP = [xe1xc1]g process is not negligible (the middle plot
in Fig. 6). While the 2 — 2 subprocesses lead to the

production of y. mesons at midrapidities the 2 — 3
processes generate y,. mesons also at large |y|. Such
mesons are then suppressed in the midrapidity experiments
as ATLAS or CMS. The same may be true in the case of the
forward LHCb experiment. When the forward emitted
meson is measured the second meson is emitted preferen-
tially at midrapidities [diagrams (A) and (B)] or even in
opposite directions [diagram (C)]. We leave detailed studies
relevant for a given experiment for the future.

In Fig. 7 we compare rapidity distributions of y,
mesons and the associated gluon [see diagram (C) in
Fig. 2]. In this case, while the y,. quarkonia are produced
preferentially in forward or backward directions, gluons
are emitted preferentially at midrapidities. For compari-
son we show also distributions of y,. quarkonia from the
2 — 2 subprocesses.
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FIG. 10. Distribution in the difference of rapidities between y.; meson and gluon from diagrams presented in Fig. 2. The most external
lines in the plot are for difference between the external gluon and the external y.; meson [diagrams (A) and (B) from Fig. 2].
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In Fig. 8 we show similar distributions for diagrams (A)
and (B) in Fig. 2 and for reference also the distributions
from the 2 — 2 subprocesses.

In general, there is rapidity ordering of final state
particles for the considered 2 — 3 processes. To see it
even better let us present now distributions in rapidity
differences between final state objects.

.
dFodp_dp_(nb/GeV?) p =3
MRS I

PP Ly
8- 10?

10,

p,,(GeV)

The distribution in rapidity distance between two y.
mesons is shown in Fig. 9 for different components
discussed in the present paper: y.oXco» XeiXe1 and
X Xeo- Indeed, as expected, the largest distances between
the y. quarkonia are populated by processes with the gluon
emitted among both y,. mesons. Then also a sizeable gap at
small rapidity distances can be observed.

G
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FIG. 11. Two-dimensional distributions (pr; X pry) for y.ox.o production. Here ;4% =3.
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FIG. 12. Two-dimensional distributions (p7; X prs) for y.; y.1 production. Here ,ujzc = 3.
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FIG. 13. Two-dimensional distributions (p7; X prs) for y. y.» production. Here ,uJ% =3.
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processes for /s = 8 TeV. Here /4%- =3.

In Fig. 10 we show similar distributions, this time for
rapidity distance between one of the y, mesons and the
associated gluon for y.ox.0. XeiXe1 and yexe. The
considered mechanisms prefer large distances also in this
variable.

Let us discuss now some correlation observables.

In Figs. 11-13 we show two-dimensional distribu-
tions in transverse momenta of both y. quarkonia for
separate diagrams (A) and (C) shown in Fig. 2. The
contributions of diagram (B) can be obtained by
symmetry with respect to pr; <> pro. Such separation
of contributions of different diagrams is possible due to
quite different phase space population of the different
mechanisms (diagrams).

Finally in Fig. 14 we show distribution in p7gn
(vector sum of transverse momenta of both outgoing
quarkonia) for different involved contributions. Because
of the momentum conservation it equals the transverse-
momentum distribution of the emitted gluon. A signifi-
cant difference between diagram (A) and (B) or (C)
appears for y.;. Emission of the gluon is suppressed in
diagram (A) at small p; region. While the distributions
for y.ox.o and y. y., are similar, the distributions for
Xe1 X are clearly less steep. Similar observation was
already made in the kp-factorization study in [20]. This
is particularly spectacular for the central emission dia-
gram [diagram (C) in Fig. 2] when both gluons are off-
mass shell.

IV. CONCLUSIONS

In the present paper we have calculated differential
cross sections for y,. pair production in the collinear
approach including next-to-leading order corrections

(2 - 3 processes). Here we have considered only
symmetric pairs (identical y. mesons). The present
results can be compared to previously calculated cross
sections in the kp-factorization approach with uninte-
grated gluon distributions constructed according to
Ref. [6]. We have found that the leading order 2 — 2
processes give much smaller cross sections than those
in the kp-factorization approach. Therefore we have
calculated higher order corrections including 2 — 3
processes. There are three typical diagrams with
emission of leading and central gluons (see Fig. 2).
The cross section for leading gluon emission is much
larger.

When adding the leading and (real emission part of the)
next-to-leading order contribution we have obtained results
that are similar to the kp-factorization results for the
production of y.ox.o and y. y., but still considerably
less than in the kp-factorization approach for the y.; y.;-
The latter disagreement is likely due to even higher order
[next-to-next-to-leading order (NNLO)] contributions
(involving 2 — 4 processes) contained effectively in the
kp-factorization which may be crucial to include for the
Xc1xe1 channel as here the vertices vanish for on-shell
gluons. In general, the larger the numerical value of
deviation from the on-shell situation the larger the vertex.
We expect that consistent inclusion of the NNLO correc-
tions may be important in this particular case and much less
important for other cases. A detailed study will be done
elsewhere.

The central gluon emission is interesting in that it
enhances production of y.’s at large rapidity distances.
This is similar to the Mueller-Navelet production of large
rapidity distance dijets and one may think of a larger
enhancement from resummation.

074014-11



BABIARZ, SCHAFER, and SZCZUREK

PHYS. REV. D 99, 074014 (2019)

We have calculated several single-particle differential
distributions in rapidity and transverse momentum of y,.
mesons as well as some correlation observables such as
two-dimensional distribution in transverse momenta of
both y. quarkonia or in transverse momentum of the
quarkonium pair.
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