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Hadroproduction of Y (nS) above BB Thresholds and Implications for Y;(10890)
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Based on the non-relativistic QCD factorization scheme, we study the hadroproduction of

the bottomonium states Y(55) and Y(6S).

We argue to search for them in the final states

Y(1S,28,38)nt 7, which are found to have anomalously large production rates at Y(5S). The
enhanced rates for the dipionic transitions in the T(55)-energy region could, besides T(55), be
ascribed to Y3(10890), a state reported by the Belle collaboration, which may be interpreted as a
tetraquark. The LHC/Tevatron measurements are capable of making a case in favor of or against the
existence of Y;(10890), as demonstrated here. Dalitz analysis of the Y (15,25, 3S)7" 7~ states from
the YT(55)/Y4(10890) decays also impacts directly on the interpretation of the charged bottomonium-
like states, Z,(10600) and Z;,(10650), discovered by Belle in these puzzling decays.

PACS numbers: 13.85.Ni;14.40.Pq;14.40.Rt

As a multi-scale system, heavy-quarkonium states pro-
vide a unique laboratory to explore the interplay be-
tween perturbative and nonperturbative effects of QCD.
Due to the non-relativistic nature, these states allow the
application of theoretical tools that can simplify and
constrain the analyses of nonperturbative effects. The
commonly-accepted method is the non-relativistic QCD
(NRQCD) [1] which adopts a factorization ansatz to sep-
arate the short-distance and long-distance effects. Since
the bottom quark is approximately three times heavier
than the charm quark, it is expected that the expansion
in a,(u), where p is a scale of O(my), and v?, with v
as the velocity of the heavy quark in the hadron, which
also is an NRQCD expansion parameter, converges much
faster for the bottomonium states. Consequently, great
progress has been made in the past years on the hadronic
production of T (15,25, 35) [2]. On the experimental side
the production rates and polarization have been mea-
sured at the Tevatron [3-5] and at the LHC [6-8]. Theo-
retical attempts to explain these data have been indepen-
dently performed by several groups with the inclusion of
the next-to-leading order QCD corrections [9-16].

Experimental and theoretical studies performed at
hadron colliders have so far been limited to the
T(15,2S5,3S5) bound states, since they all lie below the
BB threshold and hence have sizable leptonic branching
fractions. Above the BB threshold, however, the leptonic
branching ratios of the higher bottomonium states be-
come very small, as a consequence of which these states
have not been seen so far in hadronic collisions. But,
if the anomalously large decay widths of O(1) MeV in
the final states Y(15,25,3S)r+ 7, reported by Belle a
few years ago [17, 18], are to be ascribed to the decays

of the Y(55), then these final states are also promis-
ing for the detection of the T(55) in experiments at the
Tevatron and the LHC. Arguing along similar lines, the
rescattering mechanism which enhances the dipionic par-
tial widths in the Y(5S5) decays is also likely to yield
similar enhancements in the rates for the correspond-
ing transitions in the Y(6S) decays [19], which then
could also be measured in hadronic collisions. In this
paper, we derive the hadroproduction cross sections for
T(5S) and Y(6S) in pp(p) collisions using the NRQCD
framework, supplemented by the subsequent decays into
(15,285,387 r~.

The enhanced rates for the dipionic transitions in
the Y(55)-energy region could, however, also be as-
cribed to Y,(10890), a state reported by the Belle col-
laboration [17, 18], which is tentatively interpreted as a
tetraquark [20-23]. In that case, one expects a smaller
cross section for the hadroproduction of ¥3(10890) than
for a genuine bb bound state. At the same time, as there
are no tetraquark states expected to lie in the T(6.S) re-
gion, there would be no plausible grounds to expect a
measurable yield in the (Y(15,25,35) — putp )rtn~
final states from the decays of Y(6S). Since exotic states
in the charm sector have been successfully searched for
in the (J/¢,¢')ntx~ final states not only at the ete™
colliders, but also in hadroproduction in experiments
at the Tevatron [24] and the LHC [25, 26], the pro-
posed measurements at hadron colliders in the final states
(T(15,25,35) — utp~ )T 7~ could open new avenues
in the search and discovery of the exotic four quark states
in the bottom sector. In particular, there exist three can-
didates up to date, namely the states labeled Y3(10890),
7Z,(10610) and Z;(10650), with the last two observed



by Belle last year [27]. If the exotic state Y3(10890) is
not confirmed, we have nonetheless demonstrated a new
way to explore the bottomonia above the BB threshold,
which would supplement the study of Y(15,2S,35) in
hadronic collisions.

The cross section for the hadroproduction process
pp(p) = T+ X (we will leave X implicit in the following)
is given by

oxopp) T+ X)= [ dodzs Y i) 2

x&(ij — (bb)n + X){(O[N]), (1)

where 4,7 denotes a generic parton inside a pro-
ton/antiproton, and f,(z1), fo(z2) are the parton distri-
bution functions (PDFs), which depend on the fractional
momenta z;(¢ = 1,2) (an additional scale-dependence
is suppressed here), and Y denotes a generic bottomo-
nium state above BB threshold for which we consider
T(55) and T(6S) in this Letter. We adopt the CTEQ 6
PDFs [28] in our numerical calculations. (O[N]) are the
long-distance matrix elements (LDMEs). N denotes all
the quantum numbers of the bb pair, which we label in the
form 25+1L°J' (color ¢, spin S, angular momentum L, and
total angular momentum J), and & denotes the partonic
cross section. The normalized cross sections, in which the
LDMEs are factored out are defined by on = on/(O[N]).
The transverse momentum distribution is then given by
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FIG. 1. Individual contributions 3511 solid 3S§3 dashed
) )

188 dotted, CO contributions are multiplied by 10~2) for the
normalized transverse momentum distributions d&/dp: (ex-
plained in the text) for the process pp(p) — Y(55) (the cor-
responding curves for Y(6S) are almost identical on a loga-
rithmic plot, as are the distributions at 7 and 8 TeV). The p
integrated values are given in Table I.

TABLE I. Integrated normalized cross sections Gy, shown
in Fig. 1 (in units of nb/GeV?, CO channels are multiplied
by 1072) for the processes pp(p) — Y(55,65), assuming a
transverse momentum range 3 GeV < p: < 50 GeV. The
rapidity range |y| < 2.5 has been assumed for the Tevatron
experiments (CDF and DO0) at 1.96 TeV and for the LHC ex-
periments (ATLAS and CMS) at 7, 8 and 14 TeV; the rapidity
range 2.0 < y < 4.5 is used for the LHCb.

T(55) T(6S)

31 368 168 3l 3g8 168
Tevatron 2.72 1.73 1.75 2.54 1.66 1.60
LHC 71325 949 9.06 12.44 9.16 8.32
LHCb 7 3.13 278 2.65 293 2.67 2.43
LHC 8 15.35 11.15 10.57 14.41 10.75 9.73
LHCb 8 3.80 3.35 3.17 3.56 3.22 2.92
LHC 14 27.62 21.15 18.76 25.98 20.48 17.30
LHCb 14 799 691 6.45 7.50 6.67 5.92

where y is the rapidity of T, p; is the transverse momen-
tum and J is the Jacobian factor.

The leading-order partonic processes for the S-wave
configurations are:

9(p1)9(p2) *51)(ps) + g(ps)
)g(p2) = T['S5, *S71(ps) + 9(pa),
9(p1)a(p2) = Y['S5, *ST(ps) + q(pa),
q(p1)a(p2) = Y['S5, *SF(ps) + g

(p2) —
(p2) —
%

These differential partonic cross sections, which are
needed in Eq. (2) have been calculated in fixed-order per-
turbation theory in the literature. For the color singlet
(CS), one has (see for instance Ref. [15]):

do  5rad[s?(3

1?2+ 2(F — 1)% + a2 (i — 1)%)

-(4)

di 216m382(5 — 1)2(f — 1)2(a — 1)2
The Mandelstam variables are defined as
2 _ 2 _ 2
G— (p1 -H;z) - (1 12)3) Ca= (1 1274) . (5)
dmj dmy 4my

with my ~ 4.75 GeV. The factorization scale y¢ is chosen
as [y = \/4m12] + p?. The partonic cross sections for the
color octet (CO) have been calculated in Refs. [11, 29].
The K-factor for the CS contribution has been calculated
for the process pp(p) — Y(1S) in [15], which we have
employed for the numerical calculations presented here.
It is assumed, that the K-factor is not sensitive to /s.
The CO contributions are taken at LO, since the NLO
corrections, which have also been calculated for pp(p) —
T(1S), are small [11].

Using these inputs, we show the transverse momen-
tum distributions C‘li”t in Fig. 1 for the processes pp(p) —

T(55) at the Tevatron (CDF and DO0) and the LHC
(ATLAS, CMS and LHCb) in the transverse momentum
range 3 GeV < p; < 50 GeV, where log(p:/my(sg)) is not



TABLE II. The obtained CO-LDMEs for bottomonia produc-
tion (in unit of 1072GeV?) from [16], extracted from data.

H <OH!SS> <O0H3s%>

T(1S) 11.15+£0.43 —0.41+0.24
T(25) 3.55+£212  0.30+0.78
T(3S) —1.07+1.07 2.71+0.13

large enough to necessitate the resummation of the loga-
rithms [30-32]. The integrated normalized cross sections
on are given in in Table I.

For the long-distance part we need nonperturbative in-
put. The CS-LDMEs are given by the radial wave func-
tion at the origin and can be extracted from the par-
tial eTe™ widths via the Van-Royen Weisskopf formula.
Using the Particle Data Group values [33] for the lep-
tonic partial widths as input, and mv 55y = 10876 MeV,
my@es) = 11019 MeV, we find at NLO |R(O)|%ﬂ(55) =
2.37 GeV? and |R(O)|2T(6S) = 1.02 GeV3. The radial
wave function at origin R(0) is related to the LDME via
< OH 381 >=3|R(0)|?/(4r).

The CO-LDMEs can only be extracted from the ex-
perimental data on differential distributions. This has
been done for the T(15,25, 35) states by fitting the data
on Y(15,25,35) — utp~. The results for the CO ma-
trix elements, extracted for T (15,25, 35) in Ref. [16], are
displayed in Table II. We do not have the corresponding
nonperturbative input for Y(55,65) at the current stage.
Once the p;-distributions in these states have been mea-
sured, the CO matrix elements can be extracted from
an NRQCD-based analysis of the data. For our numeri-
cal estimates here, we will take the central values for the
T(15,25,35) states and assume as a first approximation,
that the Y(55, 65) have similar values. The spread in the
values of the CO-LDMES, given in Table II, is then taken
as a rough error estimate.

For the exclusive production processes pp(p) —
Y(55,65) — (Y(15,25,3S) — ptpu~)rTn~, we com-
bine the results from the cross sections discussed earlier
and the branching ratios for the Y(nS) decays, which
are listed in Table III. Note, that in this table, we have
assumed that the Belle anomaly seen in the Y(55) de-
cays can be explained in the rescattering model [19]. In
this model, the T(6S) — Y(15,25,3S)rT 7~ channels
are also expected to have partial widths of about 1 MeV.

Using the available NRQCD results, we have explored
the hadroproduction of bottomonium states above the
BB threshold at the LHC and the Tevatron. The
large branching fractions for the decays Y(55) —
Y(15,28,3S)nt 7, observed by Belle [17, 18], offer an
opportunity to access the Y(55) in hadronic collisions.
Attributing the large enhancement in the dipionic tran-
sitions at the Y(55) to the rescattering phenomenon [19],

TABLE III. Branching ratios for the T(55) and T(6S5). Allin-
put values are taken from the PDG [33], except for the T(6.5)
entries, which are estimated from the scattering model [19].

B(Y(58) — Y(18)nt7~) (0.53 £0.06)%
B(Y(58) — YT(28)nt7~) (0.78 £0.13)%
B(YT(55) — T(3S)nt7~) (0.48 +0.18)%
B(Y(6S) —» Y(19)rtn™) ~ 0.4%
B(T(6S) = T(29)at7n™) (0.4—-1.2)%
B(Y(6S) = Y(3S)rTn™) (1.2—-2.5)%
B(T(18) — ptu™) (2.48 £0.05)%
B(Y(2S) — ptpu™) (1.93 £0.17)%
B(Y(38) — ptu™) (2.18 £ 0.21)%

TABLE IV. Total cross sections for the processes pp(p) —
1(55,69) = (Y(nS) — pTu " )nTa™ (n=1,2,3) in pb at the
Tevatron (y/s = 1.96 TeV) and the LHC (y/s =7, 8, 14 TeV),
assuming the rapidity intervals described in Table I. The error
estimates are from the variation of the central values of the
CO-LDMEs, taken from Y(15,285,35), see text.

T(55) T(6S)
n=1 n=2 n=3 n=1 n=2 n=3
Tevatron 2+1 241 12408 1.44+1.0 2+1 443
LHC 7 946 107 745 6+4 9+7 23417
LHCb 7 342 3+2 2+1 2+1 3+2 745
LHC 8 10£7 12+8 845 7+5 11£8 27+20
LHCb 8 3+2 3+2 24+4+1.6 2.7+2.0 3£2 8+6

LHC 14 19413 22415 154+11 13£10 20£15 51+£39
LHCb 14 6+4 7&£5 5+3 4+£3 TE£5 17+12

very similar dipionic rates are expected for the T(6.5) de-
cays, which we have also worked out. In calculating the
cross sections, we have included the next-to-leading or-
der contributions by rescaling the available results for the
process pp(p) — Y(15) [15]. The resulting cross sections
presented here have large uncertainties, reflecting essen-
tially our ignorance of the CO matrix elements for the
T (55) and YT(65), which we estimated using the LDMEs
for T(15,285,3S) as input. However, once the experimen-
tal distributions for the T(55) and Y(65) are available,
the required CO matrix elements can be extracted from
data, reducing the current uncertainties. Depending on
the c.m. energy and the rapidity interval, our estimates
yield typically a range of O(10) pb, with a factor of 2
uncertainty up and down for the two LHC experiments
ATLAS and the CMS. The cross sections are typically
smaller by a factor 3 for the experiments at the Tevatron
and LHCDb. Nevertheless, given the current luminosities,
they are large enough to undertake exploratory studies
in hadronic collisions.

There are two competing scenarios, which can be ex-
plored in the future data analysis: i) Experiments are
able to establish the signals in the processes pp(p) —
Y(55,65) — (Y(15,25,358) — pTp~)ntx~, in agree-



ment with the estimates presented here. 1ii) Experi-
ments are able to establish only the process pp(p) —
Y(5S8) — (Y(15,25,38) — wuTp~)rTw~, but not
pp(p) — Y(6S) — (Y(15,25,35) — wptpu )mtn—,
which, in our opinion, would speak against the rescat-
tering mechanism and strengthen the case of Y;(10890)
as the source of the anomalous dipion transitions [20-23].

Once enough data are available, one could undertake
a Dalitz analysis of the Y(15,2S,3S)n 7~ final states
to determine the origin of the charged tetraquarks states
Zp(10600) and Z,(10650), discovered by the BELLE col-
laboration [27] along similar lines. In this regard, we
wish to point out that recently a charged four-quark
state Z.(3900) has been discovered by the BESIII col-
laboration [34], confirmed by Belle [35], in the decays
Y (4260) — Z.(3900)*7F — J/¢ntm~, where Y (4260)
is an exotic ¢¢ state [2], possibly a tetraquark [23, 36].
This lends indirect support to the interpretation that
Z,(10600) and Z;,(10650) are likewise the decay prod-
ucts of the exotic state ¥3,(10890). We note that Z.(3900)
is also found in the analysis based on CLEO data [37].
These charmonium-like states can be accessed at hadron
colliders in the final state J/¢) 7.

In conclusion, we have shown by computing the
cross sections for the processes pp(p) — Y(55,65) —
(T(1S8,25,35) — ptp~ )77, that the experiments at
the hadron colliders LHC and the Tevatron have the
sensitivity to detect the bottomonium states Y(55) and
T (65), extending significantly their current experimental
reach, and exploring thereby also the nature of the exotic
states Y3(10890), Z;(10600) and Z,(10650), discovered in
eTe™ annihilation experiments.
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