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Production of the Exotic 1~ ~ Hadrons ¢(2170), X(4260), and Y,(10890) at the LHC
and Tevatron via the Drell-Yan Mechanism
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We calculate the Drell-Yan production cross sections and differential distributions in the transverse
momentum and rapidity of the J?© = 17~ exotic hadrons ¢(2170), X(4260), and Y, (10890) at the LHC
and the Tevatron. These hadrons are tetraquark (four-quark) candidates, with a hidden s3, ¢, and bb
quark pair, respectively. In deriving the distributions, we include the order oy QCD corrections, resum the
large logarithms in the small transverse momentum region in the impact-parameter formalism, and use the
state of the art parton distribution functions. Production rates for the processes pp(p) — ¢(2170)X
(— p(1020)7 7~ = KK 7wt a )+ ..., pp(p)— X@260)(—J/ypmtm™ - utu a7 )+ ...,
and pp(p) — Y,(10890)( — Y(18,2S,38)7mt 7w~ — utu 77~ ) + ... are presented. Their measure-
ments will help in understanding the dynamics of these exotic hadrons.
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Exotic hadron spectroscopy now stands on firm footing,
thanks mainly to experiments during the last several years
at the two e e~ B factories, BABAR, and Belle, which have
reported an impressive number of such states in the mass
region of the charmonia [1]. Most of these states defy a
conventional ¢¢ charmonium interpretation, but their af-
finity to decay into the hidden charm states J/, ¢’ and
into open charm states DD™ reveal that they have a cé
component in their Fock space. Of particular interest for us
is the JPC = 17 state Y(4260), discovered by BABAR [2]
in the initial state radiation (ISR) process e"e™ —
Yisr Y (4260) — yispJ /7w =, confirmed later by
CLEO [3] and Belle [4], with the latter finding that two
interfering Breit-Wigner amplitudes to the J/¢mtm™
state describe the data better. Maiani et al. [5] have inter-
preted Y(4260) as the first orbital excitation of a diquark-
antidiquark (tetraquark) state ([cs][¢5]). Particle Data
Group (PDG) [6] has assigned the name X(4260) for this
resonance, which is what we also use.

Evidence exists also for an 53 state Y (2175) with the
quantum numbers JPC =177, which was first ob-
served by BABAR [7] in the ISR process ete™ —
Yisrf0(980)(1020), where £,(980) is an 0F* scalar state,
later confirmed by BESII [8] and Belle [9]. In [10],
Y,(2175) is interpreted as a tetraquark [sq][5 §] with one
unit of relative angular momentum. This state is now called
¢(2170) by PDG [6], which we also use. Likewise, Belle
[11,12] measured the state Y,(10890) in the process
ete” — Y,(10890) — Y(1S,2S,3S)7" 7, which is in-
terpreted as a hidden bb tetraquark state [13—15].

The aim of this Letter is to investigate the Drell-Yan
production of the JP© = 17" exotic hadrons at the
Tevatron and the LHC pp(p) — y*— V + ..., with V
being one of the states ¢(2170), X(4260), or Y;(10890).
The running common thread is that all three are candidates
for the first orbital excitation of diquark-antidiquark states
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with a hidden s5, ¢¢, and bb quark content, respectively.
Drell-Yan processes are theoretically better understood
than the corresponding hadronic (prompt) production pro-
cesses. Unfortunately, due to the very small leptonic
branching ratios [6], production of these exotic states in
the traditional €* €~ pair (€* = e*, u™) is not promising
in the processes pp(p) — v — V(= €T€7) + ...

We point out that the corresponding production cross
sections are large enough to be measured at the LHC
and the Tevatron, if, instead of the lepton pair, one con-
centrates on the final states in which these exotic vector
hadrons have been discovered in the e* e~ annihilation
experiments:  ¢(2170) — ¢(1020)£,(980), X(4260) —
J/Yata™, and Y,(10890) — Y(1S,2S,3S)7" 7. The
obvious advantage is that the essential input (branching
ratios for the discovery channels times the respective lep-
tonic widths) needed for estimating the cross sections, are
all provided by the e"e™ experiments, yielding model-
independent cross sections irrespective of the nature of
these states. On the other hand, these measurements are
challenging due to the preponderance of the 77+ 7~ pairs
from the underlying event in pp and pp collisions, and
hence the combinatorial background is expected to be
formidable. However, we trust that, once the energy-
momentum profile of the background 7% 7~ pairs at the
hadron colliders is well understood, the background can be
effectively removed by appropriate cuts, enabling the ex-
periments in carrying out significant measurements in this
sector.

The Drell-Yan cross sections are based on the factoriza-
tion theorem (here X denotes a bunch of hadrons)

oop/pp =V +X) = [dndn3 fuw) i)
a,b

X ola+b— V(p) + X), (D
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where a, b denotes a generic parton inside a proton or
antiproton, V = ¢(2170), X(4260), Y,,(10890) for the pro-
cesses considered here with p = (p° ps, p?) being the
momentum 4-vector of the V, and f,(x;), f,(x,) are the
parton distribution functions (PDFs), which depend
on the fractional momenta x;(i = 1,2) (an additional
scale dependence is suppressed here). We shall adopt the
MSTW (Martin-Stirling-Thorne-Watt) PDFs [16] in our
numerical calculations, and use another PDF set, the
CTEQI10 [17], to estimate the uncertainties from this
source. The process-dependent partonic cross sections
o(a + b — V + X) will be computed using the QCD per-
turbation theory.

We recall that the leading order contribution comes from
the subprocess gg — y* — V

ngqulz 5(p2
N,

with N. = 3. We include the leading order QCD [i.e.,
O(ay)] corrections, implemented following the pioneering
papers [18,19]. This formalism is applied to calculate the
differential distributions d*o/dydp%, with the rapidity
defined as y =1 ln” +"

tribution at the tree level has the form 8(p2). Perturbative
QCD (gluon bremsstrahlung) generates a nontrivial
pr distribution. However, large logarithms of the type
a"In™(p?/ p2) arising from higher order QCD corrections
spoil the perturbative expansion in the small transverse
momentum region. These large logarithms must be re-
summed in order to improve the convergence of the per-
turbation theory. This is done in the Collins-Soper-Sterman
(CSS) framework [20] where the resummation is carried
out in the impact-parameter space, yielding a simple form
for the resummed p; distribution
2 ~asy
da_z)) 3)

dydpy

gy = (5aq8bq + Baq(?bq) - m%,), (2)

. The transverse momentum dis-

d2 o d2 ober d2 res

dydpy  dydp;

f(pT)(dydPT

in which d?0"™ /dydp? reorganizes the singular terms in
the py — 0 limit. Explicitly, this takes the form

dZO.res 2
-7 eibr b
dydp? (277')2 quqv
dx, xY c
- ’ C a/ga\ > M &
f fa(xl lu‘) qa/q (X1 M 8, b)
dx, x9 c
X — y C ; s 7
-/;‘2’ X fo(xa, p) qb/qb( M, 8 b)
c
X eXP{_W(b, 7 v X Xz)}, 4

with X9 = my/\/se’, xX3 = my/\/se””, and s is the square
of the center-of-mass collision energy. The function f(p;)
in (3) is introduced as a matching function for which we
use f(pr) =1/[1+ (pr/Omaen)*] [21]. To estimate the

uncertainty in the transverse momentum distributions
caused by the matching procedure, we shall take Q,,chn =
The Sudakov factor W(b, §, p, Xy, x,) is expressed as

W(ogpxi)= [ G )+ B

and the coefficient functions A, B, an/qa(x?/xl), and
Cyp /qb(xg /x,) are expanded [in units of («,/7)™]. Some
leading terms in these expansions are [20]

AV =473 B = -2
1
O =su8(1-2),  C))=>z01-2) (5)
™ 8
) = (sjk[ (1-2+601— z)<? - 5)]

where the integration constants C;, C, in the Sudakov
factor (not shown explicitly) and the renormalization scale
p in (4) have been taken as C; = ub = ¢ = 2¢~ ¢ and
C, = 1, where yp = 0.57722 is the Euler constant.

The asymptotic term in (3) coincides with the perturba-
tive results in the small p; region

dZ gy

dydp}

d2 ober

dydp7

(6)

’
p3—0

so that in this region the resummed terms dominate. The

factorization scale is chosen as u = 4/p} + m?.

As the large impact parameter b corresponds to a low
momentum scale, a cutoff is introduced in the CSS formal-

ism [20], which replaces the parameter b by b* =

b/\1 + b?/bZ,., with b, bounded from above by b,,,.
The nonperturbative effects to compensate this cutoff

are incorporated into a phenomenological function
Fnp(b, my, x4, x5), and a commonly adopted parametriza-
tion obtained by fitting the data on W and Z production
[22] is given by

Fyp = exp[ g1b* — g:b° IHE - glggbln(o 01)]

where g, = 0.11 GeV?, g, = 0.58 GeV?, g3 =
—1.5GeV™!, and Q) = 1.6 GeV for b, = 0.5 GeV ™.
It should be pointed out that the above value of Q is not
appropriate for ¢(2170), as in this case m40;170) < 2Q,,
which would lead to an enhancement of the large b region
instead of suppressing it, and therefore in our calculation
we use as input Qp = 1.0 GeV, which we adopt for the
Y, (10890) and X(4260) cases as well.

The electromagnetic coupling constants g5y are rela-
ted to the e™ e~V coupling g,.v by g,5v = €,8..v- The
relevant e"e~ experimental data which are used to
derive these parameters are collected in Table I. The
entries for I, (Y,)B(Y, — Y (nS)7" 7~) are obtained by
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of pb) for the process pp — (p(2170) —

(a)

$(1020)£,(980) = K"K mwtm )+ ..., (b) pp — (X(4260) = J/ya*m — utu w 7))+ ..., and (c) pp — (¥,(10890) —
Y(1S,28,38)7 7~ — utu 7wt 7w) + ... at LHC with /s = 7 TeV using the MSTW PDFs.

using the relation T,.(Y,)B(Y,— YnS)mtw")=
Ty,m3 o(Y(nS)mw*7~)/(127), with all three quantities
on the right-hand side taken from Belle [12].

Having specified the formalism and the necessary in-
puts, we present our numerical results. As the distributions
at the Tevatron and the LHC are rather similar, we show the
figures only for the LHC. Rapidity distributions do/dy
(in units of pb) for the three Drell-Yan processes at
the LHC for ./s=7TeV are shown in Fig. 1:
(@) pp—((2170)— $(1020)f,(980)—K* K~ 7 77 )+...,
b) pp—XA60)—J/pmt T oputu T T)F L,
and (¢) pp — (¥,(10890) — Y(1S, 28, 38S)7m 7~ —
utu~ 7 ) + ... (contributions from three intermedi-
ate states have been added). The normalized distributions
are stable, though the indicated uncertainties in the nor-
malization in Table II discussed below will also reflect in
the rapidity distributions shown in this figure. The corre-
sponding transverse momentum distributions do/dpy (in
units of pb/GeV) are shown in Fig. 2, which are obtained
for the rapidity range |y| < 2.5 (for ATLAS and CMS).
The corresponding distributions in the rapidity range 1.9 <
y <4.9 (for the LHCb) are very similar, and hence not

TABLE I. Masses, total, and partial decay widths of the
¢(2170), X(4260), and Y,(10890). Unless specified, all input
values are taken from the PDG review [6].

my (MeV) I (MeV) I,.B (eV)
$(2170) 2175 15 61 = 18 25+09*°
X (4260) 426378 108 =21 [4]  6.0749 " [4]
Y,(10890)  10888.4%30 [12] 30.7789 [12] 0.697033 < [12]
B(/,_,KJrK* (489 =+ 05)% 3]"0(980)—'77#77'7 (Sotg)% [23]
Bijympt - (5.9320.06)% By(g—p, (248 £0.05)%
Yosy—p u- (1.93£017)% Byagp:, (218 £021)%

T'pe X B(¢(2170) — ¢(1020)£,(980)).

T,, X B(X(4260) — J/ " 7~ ), corresponding to solution L.
T,, X B(Y,(10890) — Y(1S)w"7~) obtained from o =
(2.78724%) pb. For Y, — Y(2S)m" 7, the cross section

(4.827191) pb gives T, B = (1.207943) eV, while for Y, —

Y(3S)m* 7, the cross section (1.717242) pb corresponds to
I, B= (0427519 ev.

shown. The uncertainties caused by the matching functions
are displayed.

The integrated cross sections for the processes pp(p)—
Y,(10890)(— Y (185,28, 3S) 7w 7m —pu u mra ) +...,
pp(p) — X(4260)(— J/ymtm — utu mta )+ ...,
and pr(p) — ¢(2170)(— ¢(1020)£,(980) —
K"K 7w ™)+ ... at the Tevatron (/s = 1.96 TeV)
and the LHC (for /s = 7 TeV and 14 TeV) are presented
in Table II, using the MSTW PDFs [16]. The errors shown
are from the parametric uncertainties in the PDFs and the
various experimental inputs given in Table I, which we
have added in quadrature. We have also checked that our
results are modified only moderately if we use a different
set of PDFs. For the CTEQ10 PDFs [17], most changes
amount to less than 30%, which are smaller than the
uncertainties from the experimental input. We remark
that the cross sections for CDF and DO (/s = 1.96 TeV)
and the LHCb (for \/s = 7 TeV) are comparable, despite
different center-of-mass energies, due to their different
rapidity ranges, whereas the cross sections for the
ATLAS and CMS detectors at the LHC (/s = 7 TeV)
are larger by typically 1.6 [for ¢(2170)], 1.7 [for
X(4260)], and 2.0 [for Y,(10890)], compared to the ones
calculated for the CDF and DO at the Tevatron.

To estimate the number of events, we assume an inte-
grated luminosity of 10 fb™! at the Tevatron by the end

TABLE II. Cross sections (in units of pb) for the processes
pp(p)— p(2170)(— $(1020)f,(980)—K K~ 7" 7"), pp(p)—
X4260)(—=J/¢pm " —pu u mtaT), and  pp(p) —
Y,(10890)( — Y (18,28, 3S)m "7~ — w u wt ™), at the
Tevatron (/s = 1.96 TeV) and the LHC (/s =7 TeV and
14 TeV), using the MSTW PDFs.

¢(2170) X(4260) Y,(10890)

Tevatron (ly| <2.5) 2.3%83 0.237043 0.0020%0.0006
LHC 7 TeV (ly| <2.5) 3.6714 0407932 0.0040750013
LHCb 7 TeV (1.9 <y <4.9) 22717 0.24%33% 0.002373:507
LHC 14 TeV (ly| <2.5) 4.5719 054794 0.006053012

LHCb 14 TeV (1.9 <y <4.9) 2.712 0.31723] 0.00337351)
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FIG. 2 (color online). Transverse momentum distributions j—" (in  units of pb/GeV) for the process

(a) pp — ((2170) — $(1020)f,(980) = K* K 7t7~ )+ ..., (b) pp = (X(4260) = J/ypm m” - u u mra)+ ..., and
(c) pp— (¥,(10890) — Y (15,28, 38)m*m~ — u u 7t 77 ) + ... at the LHC (\/s =7 TeV) with the rapidity cut |y| <2.5
using the MSTW PDFs. Uncertainties caused by the matching functions are displayed through 1/[1 + (p7/Qmaet)*] With Qpaieh =

2 = Dmy.

of this year, and half that number at the LHC (for
\Js =7 TeV) by the end of 2012. This yields 2.3 X 10*
events for the mode ¢(2170) — ¢(1020)f,(980) —
KTK~ o 7™, 2.3 X 10% events for the mode X(4260) —
J/yatam™ — ut u~ [and approximately the same num-
ber for the X(4260) — J/yatm™ — et e wt 7w~ mode],
and only about 20 events for the mode Y,(10890) —
Y(1S,28,38) 7" 7~ — u"u 7t 7 [and approximately
the same number of events for the Y,(10890)—
Y(1S,28,3S)m"7m — ete " m~ mode]. The corre-
sponding numbers for the ATLAS and CMS [LHCb] are
1.8[1.1] X 10%, 2.0[1.2] X 103, and 20[11], respectively.
Hence, all these processes have measurable rates, given
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