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In the spirit of Mueller-Navelet dijet production, we propose and study the inclusive production of a
forward J/yw and a very backward jet at the LHC as an observable to reveal high-energy resummation
effects a la Balitsky, Fadin, Kuraev, Lipatov. We obtain several predictions, which are based on the various
mechanisms discussed in the literature to describe the production of the J/y, namely, nonrelativistic QCD
singlet and octet contributions, and the color evaporation model.
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I. INTRODUCTION

The understanding of the high energy behavior of QCD in
the perturbative Regge limit remains one of the most
important and longstanding theoretical questions in particle
physics. In the linear regime where gluonic saturation effects
are not expected to be essential, QCD dynamics are described
using the Balitsky, Fadin, Kuraev, Lipatov (BFKL) formal-
ism [ 1-4], in the k,-factorization [5—11] framework. In order
to reveal these resummation effects, first with leading
logarithmic (LL) precision, and more recently at next-to-
leading logarithmic (NLL) accuracy, many processes have
been proposed. One of the most promising ones is the
inclusive dijet production with a large rapidity separation, as
proposed by Mueller and Navelet [12]. This idea led to many
studies, now at the level of NLL precision.
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Recent k,-factorization studies of Mueller-Navelet jets
[13-20] were successful in describing such events at the
LHC [21], exhibiting the very first sign of BFKL resum-
mation effects at the LHC. To test the universality of such
effects, we propose to apply a similar formalism to study
the production of a forward J/w meson and a very
backward jet with a rapidity interval that is large enough
to probe the BFKL dynamics but small enough for both the
J/y and the jet to be in the detector acceptance at LHC
experiments such as ATLAS or CMS.' Although J/y
mesons were first observed more than 40 years ago, the
theoretical mechanism for their production is still to be fully
understood and the validity of some models remains a
subject of discussions (for recent reviews see for example
Refs. [22-24]). In addition, most predictions for charmo-
nium production rely on collinear factorization, in which
one considers the interaction of two on-shell partons emitted
by the incoming hadrons, to produce a charmonium accom-
panied by a fixed number of partons. On the contrary, in this
work the J/y meson and the tagged jet are produced by the

'For example, at CMS the CASTOR calorimeter allows one to
tag a jet down to Y, = —6.55 in rapidity while the J/y could be
reconstructed up to Y| = 2.4, thus with a maximum interval in
rapidity of almost 9, more than sufficient to see BFKL resum-
mation effects.
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interaction of two collinear partons, but with the resumma-
tion of any number of accompanying unobserved partons, as
usual in the k,-factorization approach.

Here we will compare two different approaches for the
description of charmonium production. First we will use the
nonrelativistic QCD (NRQCD) formalism [25], in which
the charmonium wave function is expanded as a series in
powers of the relative velocity of its constituents. Next we
will apply the color evaporation model (CEM), which relies
on the local-duality hypothesis [26,27]. Finally we will show
numerical estimates of the cross sections and of the
azimuthal correlations between the J /y and the jet obtained
in both approaches. We will rely on the Brodsky-Lepage-
Mackenzie (BLM) procedure [28] to fix the renormalization
scale, as it was adapted to the resummed perturbation theory
a la BFKL in Refs. [29-32], which some of us applied to
Mueller-Navelet jets in Ref. [15]. Below, we will only
discuss in detail the new elements related to the various J /y
production mechanisms” All details related to the BFKL
evolution at NLL can be found in Refs. [13,14], while the
details related to the application of the BLM scale fixing in
our study are presented in Ref. [15].

II. DETERMINATION OF THE J/y
MESON VERTEX

We start with the determination of a general meson M
production vertex (the fact that we will restrict ourselves to
J/y in the rest of this paper plays no role at this stage). For
the moment, we do not consider any specific model for its
production. We generically denote with an index M the
kinematical variables attached to the system made of the
meson and the possible accompanying unobserved par-
ticles, and use an index V for the kinematical variables
attached to the J/y meson itself.

The inclusive high-energy hadroproduction process of
such a meson M, via two gluon fusion, with a remnant X and
ajet with aremnant Y separated by a large rapidity difference
between the jet and the meson, in scattering of a hadron
H(p,) with ahadron H(p,), is illustrated in Fig. 1, where as
a matter of illustration, we consider the parton coming out of
the hadron H(p ) to be a gluon and the parton coming out of
the hadron H(p,) to be a quark. For the sake of illustration,
we suppose that the meson is produced in the fragmentation
region of the hadron H(p,), named as forward, while the jet
is produced in the fragmentation region of the hadron
H(p,), named as backward. On one hand, the longitudinal
momentum fractions of the jet and of the meson are assumed
to be large enough so that the usual collinear factorization
applies (the hard scales are provided by the heavy meson
mass and by the transverse momentum of the jet), and we can
neglect any transverse momentum, denoting the momentum

*Note that in the context of pA collisions, the computation of a
similar vertex has been performed in Refs. [33,34], but based on a
different factorization approach suitable for saturation studies.

FIG. 1. The high-energy hadroproduction of a meson M and a
jet (here originating from a quark) with a large rapidity between
them. Left: Born approximation. Right: inclusion of BFKL-like
resummation effects due to multiple emissions of gluons and of
higher order jet vertex corrections.

of the upper (resp. lower) parton as xp; (resp. x'p,), their
distribution being given by usual parton distribution func-
tions (PDFs). On the other hand, the t-channel exchanged
momenta (e.g., k in the lhs of Fig. 1, or the various ones
involved in the rhs of Fig. 1) between the meson and the jet
cannot be neglected due to their large relative rapidity, and
we rely on k,-factorization.

According to this picture,3 the differential cross section
can be written as

do
dYVd|pVJ_ | d¢vd}’1d|Pu |d¢J

_ zb: A ' i l X fa () fy ()
do

X , 2.1
dyvd|pVJ_|d¢dejd|pJJ_|d¢J ( )

where f, , are the standard parton distribution functions of
a parton a(b) in the according hadron.
In k,-factorization, the partonic cross section reads

dé
dyvd|PVJ_ | d¢deJd|pJJ_ |d¢1

_ / P, KV y ok, X)G(=k =K, 8)V (=),

(2.2)

3We use the same notations as in Refs. [13,14].
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where G is the BFKL Green’s function depending on
§ = xx's, denoting as /s the center-of-mass energy of the
two colliding hadrons.

At leading order (LO), the jet vertex reads [35,36]:

VIO (ko) = 1 (kS (ks %), (2.3)
0) a; Cy/p
ha (kj_> - s
V2 K

X
SSZ)(kL;x) = 5<1 - ;]> |Pu\5<2)(’ﬂ - Pu)- (2~4)

In the definition of hﬁf’), C, = N, =3 is to be used for an
initial gluon and Cp = (N>-1)/(2N,) =4/3 for an
initial quark. Following the notations of Refs. [35,36],
the dependence of V on the jet variables is implicit. At next-
to-leading order (NLO), the jet can be made of either a
single or two partons. The explicit form of these jet vertices
can be found in Ref. [13] as extracted from Refs. [35,36]
after correcting a few misprints of Ref. [35].

The explicit form of the BFKL Green’s function G, as
obtained at LL [1-4] and at NLL [37,38] accuracy, can be
found in Ref. [13], and will not be reproduced here.

In the rest of the present paper, we will only focus on the
case where the meson vertex is treated at lowest order,
while the Green’s function and the jet vertex will be treated
at NLL. The computation of the NLO J/y vertex, which is
a quite involved task, is left for further studies.

To properly fix the normalization, let us focus for a
moment on the Born approximation, see the left-hand side
(Ihs) of Fig. 1. Then, each building block in the factorized
formula (2.2) is treated at lowest order. In this limit, our
normalizations are such that the Born Green’s function is

GBom(k K\ ,8) =& (k. —K)), (2.5)

while the jet vertices are given by Egs. (2.3), (2.4). As
explained above, the relevant components of the involved
momenta read

k=ppy+ky, p;=xpy+pi.

Pm = XP1+ Py, (2.6)

where k is the #-channel exchanged momentum. In the
high-energy limit, the 7, -matrix reads

. 4 1
2T = S N )

Mq

Z gl (ALL) B (H(p2)|g (0)[Y)(Y[Pr1g°(0)[H (p2)).

4
The phase space measure reads

H(py)

h @W h
P2

P

FIG. 2. Left: square of the amplitude of the Born process.
Right: symbolic factorized form of this squared amplitude
involving, from top to bottom, the gluonic PDF, the impact
factor describing the gg — M transition, the 7-channel exchange
of two off-shell gluons (in bold), the vertex describing the gg —
jet transition, and the quark PDF. The crosses symbolically
denote the appropriate Fierz structure in Lorentz space. Namely,
from top to bottom, g, tensors for gluons, due to the collinear
factorization of the gluon out of the upper PDF, pf| and p, arising
from the nonsense polarizations of the z-channel gluons in k,-
factorization, and finally p, and p| due to the collinear
factorization of the quark out of the down PDF. The black
fermions and curved gluon lines symbolize the trace over color
and Lorentz indices after the use of the Fierz identity in these two
spaces, while the blue (grey in printed black and white) gluons are
traces over color after the use of the Fierz identity in color space.

oy = 2250 x142(0) 1 (py)
S pJJ_

< g A a(py)(=igpit*)(Y|q(0)|H(p2)).  (2.7)

where a is the color index of a collinear gluon from the
hadron H(p;) and b is the color index of the exchanged
t-channel gluon. Here A% denotes the S-matrix element
describing the gg — M transition. Its computation will be
discussed in detail in the following subsections. After
factorization, illustrated symbolically by Fig. 2, we get

(H(p1)A% (0)[X)d” (X|AY | (0)|H(p1))

“This should be understood in an extended way, in particular due to the fact that M might involve several particles, as it is the case for

the color singlet NRQCD contribution.
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0 = 20)'5(p1 + 2= [ox] = (oo = lpul = p) x [SR ] [P | [ Ape | Cl (2

It can be written in a factorized form in terms of the rapidity y; of the quark jet and its transverse momentum p; :

T 3 X 3 M
dd = ZS dzkj_‘sz(_[PMJ_} + kJ_)dx‘S(x - [O[M])‘s(l —X = [O‘X]) [(Zi)fZEJ |:(2j)52EM]

x 8% (ky + py)dx's(x' = B,)8(1 — x' = [By]) {(2 V2E, } dy,;d’py,. (2.10)

This k,-factorization formula involves an integration over the transverse momentum k, of the four-momentum transfer k in
the 7-channel between both vertices. Using the expressions of the unpolarized quark PDF

H900) = [ |t |30 = = B H G O T OV (p2) @.1)
and of the unpolarized gluon PDF,
P [ o] =3 = e () o ORI X1, O 1) 2.12)

we obtain an expression for the differential cross section

do — 'H (%' ¥ = la _ d3pM
= [ asgac )k~ ) 2k (o) [P
S AL A V), @1

in which we factorized out the vertex for quark jet production in the Born approximation,

2
g Cr X7\

—6(1——=|6°(k — s 2.14
471'\/_|kJ_| < x/) ( 1 pJJ_) ( )

Jq(kJJ )

in accordance with Egs. (2.3), (2.4).

A. Color-singlet NRQCD contribution

In the color-singlet contribution the system [M] is made of the produced J/y charmonium and of the unobserved
gluon produced simultaneously with the charmonium in gluon-gluon fusion due to the negative charge-parity of the
J/w. We parametrize the momentum py, of the J/y and the momentum / of the unobserved gluon in terms of Sudakov
variables, as

M3, - py 2
7 [
[ D2+ Pvi, l=ap ——=py+1,. (2.15)
v ars

Py =ayp; +

Thus the expression of

&l &py
(27)32E, (27)32Ey,

1 do0(o)
= 202ap 8(x—a—ay)&(ky =1 = py.) ”

5(x — [(IM])‘SZ(/Q — [pm1l) [(2:)%} =0(x—a — av)52(ki -1 = pvi)

d*l, dyyd®py (2.16)

permits, with the use of (2.13), to write the differential cross section in the form
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do

= [ dxg(x)dyH(y)d*k
dyvdlpydydy,dip,.dd, / ()dyHA(y)dk,

from which we read off the J/y production vertex of the
color singlet NRQCD contribution as

|pVL|\/§
25n4s2(N2 _ 1)2k2

1 _
Iy —

o(
x (IV ZA”S’_%A

X X—Qy h
v

(2.18)

One should note that the above expressions include an
integration over the phase space of the unobserved gluon
with momentum /. The vertex which allows to pass from
open gq production to J/y production in color singlet
NRQCD reads [39,40]

(

with the momentum g = % py, m being the mass of the
charm quark, M/, = 2m. In the following we will use the
nonperturbative coefficient C; defined as

= (00"

The matrix element (O;), in NRQCD is related to the
leptonic meson decay rate by [25]

5
4N

(On)y

m

i
af

172
[v(q)i(q) ) 6024 + 2m)],,.

(2.19)

(2.20)

|Pvﬂ\/§ O(x—ay)
a —k
7452 (N? = 1)%k3x x—ay %A 190 (AL ( 13),
(2.17)
2
TV = It-] = 2ecma <012>V (1 —16%). (2.21)
m 3z

Here a is the fine-structure constant and e. = 2/3 is the
electric charge of the charm quark. Equation (2.21) in-
cludes the one-loop QCD correction [41-43] and «a; is the
strong coupling constant. One can use the value of this
decay rate to fix (O;) through this relation. Namely, using
the values T',+,- = 5.55 x 107 GeV [44], m = 1.5 GeV
and a three-loop running coupling with A4 = 0.305 GeV,
we obtain (O;),,, = 0.444 GeV?. As quoted in Ref. [45],
recent phenomenological analyses [46-48] have used
slightly smaller values of either 0.387 or 0.440 GeV?, as
obtained in Refs. [49,50] respectively. In order not to
underestimate the uncertainty, in the following we will vary
(Oy),,, between 0.387 and 0.444 GeV?.

The momentum transfer k in the 7-channel entering the
charmonium vertex has the approximate form given by
Eq. (2.6). The momentum conservation in the charmonium
vertex xp; + k = py + [ leads to the following relations
between the Sudakov variables of momenta:

X =ay+a, ki =pyL+1,
4 12 lZ
p=-t " Pvi 1 (2.22)
ays s

The contribution to the hard part is given by the 6
diagrams shown in Fig. 3, which leads to the expressions

(=i9*PCr o a v (s i Gt 1+m Pprthki—g+m .
D, =~———tr.(t't“")Tr |5 (2 2m)é*(l , 2.23
1 AN rL( ) r €V< q+ m)€ ()(q+l)2— L(ﬁp2+kl_q)2_m2p2 ( )
(—ig)*i*C, b g—xpi+m Bpr+k —g+m
Dy, = ————tr.(t¢"t")T 2+ 2 * , 2.24
2 AN rc( ) r ( q+ m)yj_ (q xpl)z_mz (ﬁp2+kl_q)2_m2p2 ( )
_(C9’PC vyl g 4 oy AP —g=l4m 555
D3_ AN trc([ f I)TI' eV( q+ m)YJ_(q_xpl)z_n,ﬂPZ(_q_l)z_m2€ () ’ ( . )
(—i9)3i2C1 1.b.a A% N A 2] + 2 +m N q +m
D, = N tr.(7'¢°1)Tr | €}, (2g + 2m)é* (1) e Ds (xp1 - 7 (2.26)
(—ig)3i2C I  q=Phr—k +m . xp—g+m
Ds = v Lir, (/24 1%)Tr | &5, (2g + 2m) p, = ﬂp;_ kj)Z — ¢ (1) (xpll— i . (2.27)
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g—Ppr—ky +m y,, —g—1+m
(q=PBpr— k) —m> "+ (

where tr, and Tr denote respectively the color and the Dirac traces. Let us observe the following relations between the Dirac
traces Trp(;) of diagrams D(i) due to charge conjugation invariance:

3 3-2C
D, = %Nll tr, (2144 Tt | &5, (24 + 2m) ps

s & (1), (2.28)

TrD(l) = TI’D(6), TrD(Z) = TrD(S)v TI‘D(3> = TI‘D(4). (229)

Consider the color factor: the symmetry property (2.29) results in the appearance in the sum of all diagrams of the
symmetric structure constants d°' of the SU(N) color group only. Thus, we obtain

3i2C, de! Tr
Aab — D zg Cyd { D(1)uL
Al Z ® 4 g+ 0)?*=m?|[(Bps + ki — q)* — m?]
N 2TFD(2)M N 2Trp@E)uL }
[(q=xp1)* =m?|[(Bpa + ko — q)* =m?]  [(q —xp1)* = m?][(1 + q)* = m?]

(—ig)3i2C dabl
ETl 1 DY ev,(29)e; (1), (2.30)

where we introduced the shorthand notation D” levp(2q) € (1) for the sum of all six diagrams contributing to J/y

production within the color singlet mechanism. One can check that this sum vanishes in the limit k;, — 0, as it should be the
case for an impact factor in k,—factorization due to its gauge invariance. For the gluon ¢(/), we choose the gauge

pa-e'(1) =0, (231)

which is a natural choice for a meson emitted in the fragmentation region of the hadron of momentum p;. The three
different traces then read

Ty, = 2mTe[m?&,e* ()7 pay + &8 (1)(q + Dy (ky — @) 2 + &8 (1)(q + D' pa + &4 (DY (ks — ) o]
= 8m[k' (2¢*(1) - g€y - pr + € - € (Dpa - 1) —eyf (ko - €' (D)py - 1+ 4ps - qq - €°(1))
+ U (py-€pky - € (1) =2py-qey - € (1) + €' () (=ky - Lips- €y + ki -€ypr-1+2ps-qey - )], (2.32)

A

TI"‘Z)l@) = 2mTe[m*y| & () poty + &yar e (D) (ko — @) pa + &40 (§ — xp1)e* (D) Py + 7' (g — xp1)e* (D) (ki — ) po]
=2m{8q'| (=2p, - g€l - €* (1) + €* (1) -k ps-€}) + 8xpy - qley p1 - € (1) — e/ (I)py - €})
+ x[=2sey ko € (1) = 2s€’ ' (Dky - € + K| (2s€} - €* (1) —4p, - €5 py - €*(1))]}, (2.33)

and
Ty = 2mTe[m?eyy'| pré* (1) — ey’ (§—xp1) (@ + e (1) = €387 pa(a+ 1) (D) + &34 (4 —xp1) poé* (1)

:2m{8q’j_(—2q-€*(l)p2-e’{,—l—e;-lpz-e*(l)—pz‘lej‘,-e*(l))+x[4seuq e*(I)
+2s(=e/'(D1-ey, + U e (1) -€3) =4l py-€* () pr-ey, =4 (1) (p1 - €y p2- 1= p1 - Ipy-€y) +4elf ) po-1py-€*(D)]}.

(2.34)
The denominators appearing in the expression for Aﬁ are equal to
1 X X X
0P =m? == |2 +4m>(——1) ——p}, ——1|.
(g+1)*—m 2[L+m<av ) anVL ali:|
X 1 X
(0= 90 = = =5 = ), Btk —aP = = (G- ZR) a9
ay 2 o

*Note that the sum of diagrams in this color singlet mechanism is gauge invariant, although the r—channel gluon is off-shell: indeed
due to the simple single color structure d**’ which factorizes, they are QED like.
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the gluon ¢(/) and the projection operator related to the
factorization of the gluonic PDF, namely

y 4,4,
(l)(']/l//) =D ngm/ <_gpp’ + ’/;12/7)

’ l / /l N
D, Dy Dy X (_gm/ + M) DV (236)
P2

. ﬁ’? 7 Thus we obtain that

—-q

62 ,abl jabl
E ab gw( gabyx _ 9 Cl d'd 1

AyA
Bpa + ]‘l¢\ je 1 "
which by taking into account Eq. (2.18) gives the J/y
Dy Ds Dy production vertex in the form
FIG. 3. The 6 diagrams contributing to the amplitude in color (1) |py J_|\/_2‘96C% ' 9(x —ay)

singlet NRQCD. The blobs with a cross symbolize the Fierz VJ/y/ T2k NZ(NZ—1)2 _ (J/y),
structure of Eq. (2.19). s i ( )? x(x —ay)
(2.38)

The cross section is obtained by squaring the sum of ~/4m\;_—ﬂzu o and PG — (N2_43\5N2_1). The

diagrams D(i), i.e. by contracting this sum with its complex with ay =
conjugate through the polarization tensors for the J/w and  final expression for DU (] /) reads
|

29
mU/‘l/): 2 232 2 2 22
(m® —q1)"(4xky - g, + ki (ay —2x) +4m*(x — ay) — 4xq7)
stay(ay — x)? 4 5 5
32 - k-
(4x(qu —ayk, -q,) + kl“v Am*(ay — x)?)? {32miary(ay — x)* (kL - q1)
+ (K3 )3ad [m?(ad — 2xay + 2x2) — @2 (ay — x)?]
+ szki [—2ayk, - q, (m*(ay —x)* + ‘ﬁ(za%/ + 2x%ay — 3xa%, +x7)) + a%,(a%, — 2xay +3x%)(ky - q1)*
+2(m*(ay = x)* = ¢ (a7, = xay +x%))*] = 4(k] *lavky - g (m*(ay + ¥ay = xay +x°) = xq7 (ay = x)?)
+m*(ay —x)* + m?q% (=5a), + 6x3ay — 13x%a3 + 12xa3, — 2x*) + x*(¢% ) (ay — x)?]}. (2.39)
I
B. Color-octet NRQCD contribution from which we read off the J/y production vertex of the
In the color-octet contribution [M] denotes one meson  color octet NRQCD contribution:
state, thus | 5 ) 2( )
(8) pvi|6(x —ay)o” (kL — py.
> Vi ki, x) =
3=l )k = (o) | | o Vars (N 1) x
n M
x Y A FF (ALY, (2.42)
S(x —ay)*(k, — Z w191 AL

2(2x)3

which leads to the differential cross section The vertex which allows to pass from open ¢g production

to J/w production in color octet NRQCD is defined as

do
ij—>d <08> 172 Ak A
dyvdlpuldrl»vdyfdlpuldaﬁj| . - | [v(q)a(q)]ly " — tds <7V) 652 + 2m)] 5.
Pyi|o\xX —ay 1L~ Pvi
= [ dxg(x)dyH(y)d’k
/ g(x)dyH(y)d"k V2R (N2 — 1)K x (2.43)
Z ﬁg/i ﬁ)*VSIO)(—kL,y), (2.41) where the value of the coefficient dg is determined by

comparison with the result of Cho and Leibovich [51,52],

014008-7
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ap1 Mj q opi J«j

Bp2 + kﬂ jz ¢ Bp2 + krﬂ j% —q Bpa + k‘m

q Tp1 ¢

A B C

FIG. 4. The 3 diagrams contributing to the amplitude in color
octet NRQCD. The blobs with a cross symbolize the Fierz
structure of Eq. (2.43).

namely Eq. (A.1b) of Ref. [52], for the total squared
amplitude for creating a specific quarkonium state 3S§8>.
Note that here we only consider the case where the quark-
antiquark pair has the same spin and orbital momentum as
the J/w meson. At large transverse momentum, which is
the case we will consider in the following, this contribution
is found to be dominant, see e.g., Ref. [53]. For N = 3 the

coefficient dg equals dg = ﬁi' An early analysis [54] gave

for the nonperturbative coefficient

values between 3.2 x 10~ and 5 x 10™* GeV?. More recent
analyses [46—48], as quoted in Ref. [45], obtained signifi-
cantly larger values which we will use here, namely we will
vary (Og),,, between 0.224 x 1072 and 1.1 x 107> GeV".

The hard part corresponds to the sum of the three
diagrams of Fig. 4, namely

(2.44)

q—xp;+m
AM(A 4+ B+ C) = (—ig)tin(q) |yt L—PLTT
- Hg=xp)t-m?

xi)l—fj—l—m }/’l
(xp1—q)*—m*"+

P2
+tp,

 cabe » N
—ifebe(=2k ph+4ps-qd?) 4q§ v(q).

(2.45)

After taking into account the projection (2.43) we obtain
AP (A+B+C—T)y)g

. 2.2 rabd | 8m it ’ .
=(~ig)*i*f bdi{m[—2q~pze‘fl+k1pz~ev]

16m

- 2.46
i (246)

[k pr-€ +2pr-qey)! ] }dgcs,

in which the propagator (g—xp;)?—m*=-1(4m>—k?).
One can easily check that this sum vanishes in the limit
k, — 0, as it should be the case for an impact factor in k,-
factorization. This is also true at the level of open quark
production, see Eq. (2.45). The result (2.46) together with
Eq. (2.42) leads to the J/yw production vertex for N = 3:

Vﬁ% = —8(x —ay)6* (kL — pv1)

|Pv¢|\/§94k2¢x
128zm> (4m? — k% )?

(Og)y. (2.47)

C. Color evaporation model

In the color evaporation model [M] denotes an open
quark-antiquark produced state with an invariant mass
M. Moreover, the differential cross section in this model
involves an integration over the invariant mass M? in
the interval [4m?,4M3), as it is assumed that in this
interval below the D-meson mass threshold, a fixed
fraction of these cc pairs (either produced in a singlet or
in an octet color state) will form J/y bound states. This
fraction is parametrized by the constant F;,,, which is
assumed to be universal as one of the main assumptions
of the color evaporation model, and we will vary it
between 0.02 and 0.04 based on a recent analysis [55]
(see also Ref. [56]).

The J/w momentum in this model is the sum
k; = ki + k,. We parametrize the momentum k; of the
produced quark and the momentum k, of the produced
antiquark as follows:

ki =a1py +pipr+ kit
m* — (ak, +1,)?
P2

= xap; + s
+ akl + lJ_, k% = m2, (248)
ky = aypi + Papr + koo
_ m? — (ak, —1,)*
= xapy 4ol
vak, —1. K =m, (2.49)
2 _ 12
M2 = (k 4+ k)2 =" 2.50
(ki + k2) o (2.50)
with @ = 1 — a. Thus,
dsz
5(x — [an]) 8 (k, — G Pw
(x = lan) s = o) | e
=68(x—a; — )8 (ki — ki —kyy)
Lk dk
(27)32E, (27)*2E,
1 dad?l
=d(x - av)52(kl —ky,) W ad = d)’vdzku,
(2.51)

which leads, by taking into account (2.13), to the differ-
ential cross section in the color evaporation model having
the form
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do / 4M? m2 — lzl
=F dxg(x)dyH4(dy)d*k / szé(M2 -
dde|pVJ_|d¢VdYJd|ij_|d¢J v ( ) ( ) + 4m? ao

9 Py |vV28(x — av)52(k — pyi) dad’l;

25”4s2( )2k2 ad Z‘Azl 91 A )V (kp)’) (2.52)
Ay Ay
with yy = In (ay/ i —+4), from which we read off the J/y production vertex in the color evaporation model:

<CEM) 4Mj, 2 2 12 dadzh |Pv¢|\/—5(x - av)‘sz(kl - Pvi)
k., F dM=5| M E .

J/l// ( L ) J/w Amz < ad ad A AzJ_ J_ A ) (N2 >2kix

172

(2.53)

|

The contribution to the hard part of the vertex in the Born ~ and the two corresponding coefficients read
approximation is given by three diagrams analogous to the
ones of the color octet NRQCD contribution, except for the

absence of any Fierz projection, since we simply deal with T ——4 1 2xs\2 1 2xs
open quark-antiquark production. These diagrams are r,=—4s|mf _ﬂ_1+W +taif ﬁ Y M2
shown in Fig. 5. The hard part then reads . (sz 1 > <2xs 1 ) K [klj__’_kﬂ_ 2xsk ]
e (2 el
i(—xpy + ki +m) b ME o) \ME B pib M
Al = (k) | (—igyi 1) (=igt® )
N G (L
e Py = ky 4+ m) ) l
+ (—igt Pz)( ) - 5 (—igrist) a 1 2xs 200008
xpi — ko m? +a; ;—1 ﬁ2+W kot 2 ki
(=), . .
+ g (=2p5kin + gt x8) 3 (—igrt€) | (ky). _ 1 2xs)2 1 2xs)2
. ——e| @b\ —ptie ) e\ g
(2.54)
,(2xs 1 2xs 1 ku ky, 2xs
. o . —8m°| — 5 M2 . 8 B 2kJ-
Thus its contribution to the J/y production vertex has M ﬂz M= p ﬁl b M
the form _( a 2xs a 2xs 2xs
: _’B_I‘FMZ ku_"’(l ﬁ2 kZJ_ aa ij_ s
3 Ay gl A = % (caTry + ¢Try).  (2.55) (2.57)
Ay Ay
where the two color structures are given by and
abc rabc 2 _
L S (i V) Trb:_4s<%+ﬂ>
2 2 b P
. :5ab60b+dllbcdllbc :NQ -1 (1 +M> 48 a ﬂ—l m_ﬂ %_1 k27i ‘ m_@
N? 2 N? 2 ’ XX b ox \x P2 b P
2.56 8m?
(2.56) L
P>
;ﬁ a «a ki ok | [k ko
apy ¥ apy ¥ apr | =—4sx<—+—) —8{0{2— o’ —— =
il o il " L b 2B RV
L I 8m?
ﬁp2+kﬂje - 5P2+M¢:é 9 Bpy+ kit +ﬂ]ﬁ2' (258)
FIG. 5. The 3 diagrams contributing to the amplitude in the
color evaporation model. Using the fact that
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2 2
m=—1
k ~ l N k ~ —l s ~ 4J‘
L Yot 2L, 7T ﬁ1kl_>0 s
2 2
m=—1[
g~ Mo (2.59)
k=0 xas

as well as the kinematical relation (2.50), one can easily
check that, as expected, both Tr, and Tr, vanish in the
limit £, — 0.

III. RESULTS

In this section we compare the cross sections and
azimuthal correlations between the J/w meson and the
jet obtained with the color singlet, color octet and color
evaporation hadronization mechanisms, for two different
values of the center of mass energy: /s =8 TeV and
\/s = 13 TeV. We consider equal values of the transverse
momenta of the J/y and the jet, |py,| = |p,.| = p., and
four different kinematical configurations:

do
dipvildlpsL|dY

[nb.GeV~Y

107!

102 &

107 k

107

10 | ©===1 Color singlet

\ Color octet

1 Color evaporation

106 . . ! Y
5 6 7 8

0<yy <25, —65<y; < -5, p; =10 GeV

do

dipv1|dlpsL|dY
107! . .

[nb.GeV~Y

10

oz Color singlet

6 |
107 1 Color octet
1 Color evaporation
107 . . Y
4 5 6 7

0<yy <25, —45<y; <0, p. =20 GeV

1 0<yy <25,-65<y;,<5,p; =10 GeV,
(i) O <yy <25,-45<y;,<0,p, =10 GeV,
(i) 0 <yy <25,-45<y;<0,p; =20 GeV,
@iv) O <yy <25,-45<y; <0,p; =30 GeV.
The very backward jet in the first configuration could be
measured for example with the CASTOR detector at CMS.
An experimental study combining the CASTOR detector to
tag the jet and the CMS tracking system to measure the J /y
meson would therefore allow to probe rapidity separations
Y = yy — y; up to values as large as 9. For the other three
configurations we restrict the rapidity of the jetto y; > —4.5
which corresponds to the typical values accessible by the
main detectors at ATLAS and CMS. In this case the
maximum rapidity separation is Y = 7. Since a BFKL
calculation is valid only for a large rapidity separation,
we will only show results for ¥ > 4. We use the BLM
renormalization scale fixing procedure, see Ref. [15], which

modifies the “natural” initial scale yig i =+/|pv.||PsL| bY

do

dlpvildlpsL]dY
10° . .

[nb.GeV 2]

SRR K
SRR 3o
LR S X,
R RRRRIIRRLEIEEILK
XKLL
XERKRIKRAK
XX

103 | &===1 Color singlet

\ I Color octet

1 Color evaporation ’

107 : : Y
4 5 6 7

0<yy <25, —45<y; <0, pp =10 GeV

do

dipvildlpsi]dY
1072 . :

[nb.GeV 2]

10 BX:
104

10

=z Color singlet

108 | | I Color octet
1 Color evaporation
10°® . s Y
4 5 6 7

0<yy <25, -45<y; <0, pp =30 GeV

FIG. 6. Cross section at /s = 8 TeV as a function of the relative rapidity Y between the J/y and the jet, in four different kinematical

configurations.
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do

dlpyyldlpsL]|dY
10° ; .

[nb.GeV 2

o SR
SXRRKS 35

SRS

RRRRRRRRS

102

I =1 Color singlet
=1 Color octet
Color evaporation

1 0—5 L ! L
5 6 7 8 9

0<yy <25 —65<ys<—5 p. =10 GeV

do

- — nb.GeV~?
d|pvﬂd\pJL|dY[n vl

107
5 RIS

10

107

107

10 | &===1 Color singlet

= Color octet

=71 Color evaporation X

10° : ‘ Y
4 5 6 7

0<yy <25, —45<y; <0, p. =20 GeV

do

- [nb.GeV~?
d|PVJ_‘d|PJJ_|dY[n vl

 ====1 Color singlet
=1 Color octet
Color evaporation

107 . . Y
4 5 6 7

0<yy <25, -45<y; <0, pp =10 GeV

do

- mb.GeV?
d|pvﬂd|pu|dy[n v

=z Color singlet
i =1 Color octet
Color evaporation

108 . . Y
4 5 6 7

0<yy <25, —45<y; <0, p. =30GeV

FIG.7. Cross section at /s = 13 TeV as a function of the relative rapidity ¥ between the J/y and the jet, in four different kinematical

configurations.

1 5 2
Hrpim = |Pvil - [psi|exp {5)(0(’1,7) —§+2<1 +—1>],

where

Xo(n.y) =2w(1) - W(}’ +g> - w(l —7 +g> (32)

is the LL BFKL eigenvalue and [ = -2 [J dxIn(x)/
[x* — x + 1] = 2.3439. The uncertainty band is computed
in the same way as in Ref. [15] with the addition of the
variation of the nonperturbative constants related to J/y
hadronization in the ranges specified in the previous
sections. We fix the charm quark mass to m = 1.5 GeV.
In Figs. 6 and 7 we show the differential cross section

do- . . . .
dpvrldpyay s 2 function of the rapidity separation Y for

the four kinematical cuts described above, for /s = 8 TeV
and /s = 13 TeV respectively. We observe that in
NRQCD the color octet contribution dominates over the
color singlet one, especially at high p,. The color evapo-
ration model leads to similar results as the color octet
NRQCD contribution. Note, however, that the absolute
normalization of the cross section in the color evaporation
model is not very well determined. As expected, the cross
sections slightly increase when passing from /s = 8 TeV
to /s = 13 TeV, although this increase is much smaller
than the uncertainties.

In Figs. 8 and 9 we show, in the same kinematics, the
variation of (cos @) as a function of Y, where ¢ is defined as
@ = |py — ¢; — x|, for \/s =8 TeV and /s = 13 TeV
respectively. A value of ¢ = 0 therefore corresponds to a
back-to-back configuration for the J/y and the jet and
values of (cos @) close to unity are equivalent to a strong
correlation. One can see from these figures that the values
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Variation of {cos @) at /s = 8 TeV as a function of the relative rapidity ¥ between the J/y and the jet, for the four kinematical

cuts described in the text. The grey band corresponds to the results obtained when the J/y production vertex is replaced by the leading

order jet production vertex.

of (cos @) obtained with the three production mechanisms
are compatible with each other as well as with the results
obtained when the J/y vertex is replaced by the leading
order jet vertex shown for comparison. We note that
passing from /s = 8 TeV to /s = 13 TeV increases very
slightly the decorrelation effects.

One should note that these results could be significantly
altered when taking into account the NLO corrections to the
J/w production vertex, as it is the case when passing from
the LO to the NLO jet vertex, see Refs. [13,14]. The
derivation of the NLO J/y production vertex goes well
beyond the scope of this work and is left for further studies.

IV. CONCLUSIONS

The study of the present article was strongly motivated
by the possibility of a first measurement by either ATLAS
or CMS collaborations at the LHC going beyond the
conventional Mueller-Navelet dijet production. Up to

now Mueller-Navelet processes were considered as the
inclusive production of two very forward jets separated by a
large rapidity gap, and such processes are very promising
ways of experimentally discriminating BFKL and pure
collinear dynamics. Our study increases the number of
phenomenologically important processes to study this
discrimination, which is an outstanding issue in small-x
physics.

We have shown that the study of the inclusive production
of a forward J/w and a very backward jet at the LHC leads
to very promising cross sections, to be studied either at the
ATLAS or CMS experiments. The possibility of tagging a
high rapidity jet on one side, and a J/y charmonium on the
other side (although with a smaller absolute rapidity), can
give access to BFKL resummation effects, since the relative
rapidity up to roughly 7 (and even 9 for CASTOR) is
theoretically just in the appropriate kinematical range. We
have computed the required matrix elements, in the
NRQCD color singlet and color octet approaches, as well
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FIG. 9. Variation of {(cos @) at /s = 13 TeV as a function of the relative rapidity Y between the J/w and the jet, for the four
kinematical cuts described in the text. The grey band corresponds to the results obtained when the J/y production vertex is replaced by

the leading order jet production vertex.

as in the color evaporation model. Our numerical results
show that in the NRQCD approach, the color octet
contribution dominates over the color singlet one, and
the color evaporation model gives a prediction similar to the
color octet NRQCD contribution. The study of the azimu-
thal correlations gives results which are very similar to the
ones obtained in the Mueller-Navelet case (using for
consistency one of the two jet vertices at LO, since the
J/y vertex is itself treated at LO).

Our predictions for the rapidity distributions and
azimuthal correlations of the meson and the jet shown in
Figs. 6-9 include contributions from the nearly back-to-
back kinematics. One should note that in all three models
considered in this article, Sudakov-type logarithms might
appear analogously to the case of Mueller Navelet dijets
in the almost back-to-back kinematics as discussed in
Ref. [57]. The importance of Sudakov resummation effects
for Mueller-Navelet jets is under investigation [58]. For the
case of charmonium production considered here, the study

of these Sudakov resummation effects, which goes beyond
the scope of the present paper, could be performed in
analogy with the works of Refs. [33,59].

The next stage, in order to get full NLL BFKL predictions
for this process, would require to use the NLO expression for
the charmonium production vertex, which has not yet been
computed. This is left for future studies.

We did not include any double parton scattering con-
tribution, which through two decorrelated BFKL ladders
could lead to the same final state. In the case of Mueller-
Navelet jets, some of us have shown that this contribution is
rather small with respect to the single BFKL ladder
contribution [60], except potentially for large s and small
jet transverse momenta. For the present process, it would
thus be interesting to study this contribution in the
CASTOR kinematics.

Finally, a comparison between our predictions and
analogous predictions purely based on collinear dynamics
would be very interesting. This is left for future studies.
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