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We propose that the process of triple prompt J/y hadroproduction is a very clean hard probe of multiple-
parton scatterings at high-energy hadron colliders, especially the least known triple-parton scattering. A
first complete study is carried out by considering single-, double-, and triple-parton scatterings coherently.
Our calculation shows that it is a golden channel to probe double- and triple-parton scatterings, as the
single-parton scattering is strongly suppressed. The predictions of the (differential) cross sections in proton-
proton collisions at the LHC and future higher-energy hadron colliders are given. Our study shows that its
measurement is already feasible with the existing data collected during the period of the LHC run 2.
A method is proposed to extract the triple-parton scattering contribution, and therefore it paves a way to
study the possible triple-parton correlations in a proton.
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Introduction.—Multiparton scattering (MPI) physics at
high-energy hadron colliders, like the Large Hadron Collider
(LHC) at CERN and future hadron colliders [1], is becoming
increasingly important to study new phenomenon [2,3] in the
standard model and to search for beyond the standard model
signatures [4—11] with the fast increase of the parton-parton
luminosity. As opposed to the leading MPI double-parton
hard scattering (DPS), the measurements of the next-to-
leading MPI triple-parton scattering (TPS) at the LHC are
absent due to their more complicated final states and much
fewer yields. Such rare processes, however, are possible to
study with enough statistics at the high-luminosity phase of
the LHC (HL-LHC). Similar to the DPS case, the general
factorization ansatz of MPI exists [ 12] and perturbative QCD
(PQCD) calculations are possible [13-27] given the full (yet
known) knowledge of the multiple-dimensional tomography
of the proton. In practice, the phenomenological studies of
MPI are either strongly model dependent or assume no
correlation between the multiple-parton scatterings. We will
use the latter approach here as a testable ground to study the
multiple-parton correlations from MPI. The current DPS
studies at the LHC and Tevatron suggest that the zero
correlation assumption is a rather good approximation.
With this assumption, a generic N-parton scattering (NPS)
cross section becomes [12]
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where the combinatorial factor m/N! takes into account the

indistinguishable final state symmetry and 63 is the single-

parton scattering (SPS) cross section of producing final state
fi- The effective cross section oy encodes all possible
unknown parton transverse profiles in the protons and should
be determined by experiments. The DPS and TPS cases
correspond to N =2 and N = 3 in the above formula (1).
From the pure geometrical consideration, Ref. [28] derives
Oeir3=(0.82+0.11) X 6.4, after a global survey of various
parton transverse profiles.

Heavy quarkonia, bound states of heavy-flavored quarks,
provide crucial insights of gluon-gluon and gluon-quark
correlations in the proton by studying their associated
production processes [9,10,29-44] in a wide kinematic
range. The values of o., for DPS extracted from the
quarkonium data are in general smaller than 10 mb, as
opposed to 15 mb from other final states at higher scales,
like the weak gauge boson processes [45-48]. However, we
should bear in mind that it is still far from being conclusive
in view of the remaining large uncertainties.

On the other hand, TPS theoretical studies in literature
are limited to open heavy-flavor productions [28,49,50] so
far. Their complete study by including SPS and DPS is not
available. In this Letter, we consider triple J/yw hadropro-
duction as a TPS-case study and perform a first complete
study by including SPS, DPS, and TPS simultaneously.

Theoretical framework.—In triple J /y hadroproduction,
there are three scattering processes (SPS, DPS, and TPS)
entering into the calculations of the (differential) cross
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FIG. 1. Typical Feynman diagrams for triple J/w hadropro-
duction via (a) SPS, (b) DPS, and (c) TPS processes.

sections, where we have shown one typical Feynman
diagram for each mode in Fig. 1. Under the zero correlation
assumption (1), we will use the following concrete formula:

oS (pp = J/yd [yl w + X)
B (pp = I/l w +X)oS(pp - Ty + X)

’

Oeff 2
c™S(pp = J/wJ/wl /v + X)
1[5 (pp - J/y + X)?

N 6 (Geff.3>2 @)

to calculate DPS and TPS cross sections. In total, there are
three different SPS cross sections, i.e., those of one, two,
and three J /y production, to be computed. A similar hybrid
approach proposed in Refs. [31,34,38] will be adopted
here. The matrix elements for double and triple prompt J /y
SPS productions are based on PQCD calculations in the
nonrelativistic QCD (NRQCD) factorization framework
[51], while the single J/w hadroproduction is estimated
by the data-driven approach.

The SPS cross sections for single and double J/y
production have been extensively studied in literature.
One encounters the difficulties in understanding single
J/w production in NRQCD, especially for the subleading
color-octet channels. Given the availability of its precision
measurements at the LHC covering a wide kinematic
regime, we will use the data-driven approach to fit the
matrix element of the single J/w production with the
precise experimental data [31].

On the other hand, we will use PQCD calculations to
determine the SPS yields of two and three J /y production.
For a multiple quarkonium SPS production process, its
cross section can be written as

o (pp = Q1+ Qp + X)

= > <8SPS(pp - Q0[n]--- 00[n,] + X)

<I0% ) ). §
i=1
where the long-distance matrix elements (LDMEs)

(0% (n;)) follow the power counting of the NRQCD
velocity scaling rule. The leading Fock state QQ[n] for

S-wave quarkonium, with the assumption of the same order
of magnitude in the short-distance coefficients (SDCs) &,
shares the same quantum number J*C and color represen-
tation as the quarkonium. Depending on the kinematic
region, the working assumption on the size of the SDCs
may not always hold. A notorious example is the boosted
single inclusive J/y production, which receives giant K
factors from QCD radiative corrections and is dominated
by the subleading Fock states (see Ref. [52] for a recent
discussion). Therefore, one should always bear in mind to
carefully check the working assumption case by case. It
certainly complicates the corresponding quarkonium phe-
nomenology studies.

The PQCD calculation of double J/y at leading-order
(LO) in v* (where v is the relative velocity between two
heavy quarks in the rest frame of the quarkonium) and next-
to-leading order (NLO) in a, shows a fairly good agree-
ment with the data when its DPS is small [35] and/or after
subtracting the estimated DPS [31,36]. In the present
Letter, we will use the partial NLO result of the double
J/yw SPS part by including infrared-safe real emission
diagrams only. It shows a reasonable agreement with the
complete NLO calculation [53].

Besides, we perform a first calculation of the SPS cross
section for triple J /y production here. As opposed to double
J /w production, the LO SDC in a; at leading v for single
and triple J/y production must accompany a hard gluon in
the final states within the PQCD framework. In other words,
it is O(a,/v*) compared to their subleading Fock state
channels. The expected hierarchy of different Fock states
should be respected as long as J/y is not boosted, because
(ay/v*) = (1/?) > 1 given a, ~ v*> ~ 0.2. It is indeed the
case in the single J/w production. At low Py or in the
P-integrated cross section, the leading Fock state 3S [11] [54]
contribution can describe the experimental measurements of
J/y pretty well [55]. We expect the situation in SPS triple
J/y production is analogous to the single J/y case. Since
triple J/y production is a very rare process and we are
interested in its discovery potential at the LHC and the future
colliders, we will not push J/y to the phase-space corners.
It is expected that the leading v partonic channel gg —
cEPS[lH] + 06[35[11]] + cEPS[II]] + gworks well, as long as Py
of J/y is not large. However, even at LO, the process is
already challenging enough on both sides of the scattering
amplitude computations and the phase-space integrations.
There are more than 2 x 10* Feynman diagrams to be
tackled. The computation is achieved here for the first time
with the help of HELAC-ONIA [56,57], due to the virtue of the
recursion relations.

Results.—The numerical calculations for SPS, DPS, and
TPS triple J/yw production are performed in the HELAC-
ONIA framework. In PQCD parts for double and triple J/y
yields, we take the charm mass being 1.5 GeV, and the
central scale uy = (Hy/2), where Hy; is the sum of the
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transverse masses of the final states. We will also inde-
pendently vary the renormalization scale up and the
factorization scale up by a factor of 2, ie., ugp/p=
Erypbo With &g/ = 0.5, 1, and 2. It is conventionally used
to estimate the missing higher order in a,, which is the
dominant theoretical uncertainty. We choose the proton
parton-distribution function as CT14NLO [58]. In double
and triple J/w SPS cross sections, we have also included
the feed-down contribution from the excited state y(25).
The corresponding LDMEs are estimated in a potential
model via (02(38")) = (9/27)|R2(0)?, where the
squared wave functions at the origin are |R’/¥(0)> =
0.81 GeV? and |R¥?9(0)[?> = 0.529 GeV? [59]. For the
single prompt J/y production cross section, we use the
same ansatz of the averaged amplitude squared [Eq. (1) in
Ref. [60] ] and fit to the LHCb data measured at /s =7
and 8 TeV [61,62]. The final fitted parameters in the ansatz
are listed in the top row of Table 1 in Ref. [60].

The inclusive total cross sections, as well as those in the
LHCb forward rapidity acceptance 2.0 <y;/,, <4.5 and
the ATLAS/CMS central rapidity acceptance |y, | < 2.4,
are presented in Table I. We have multiplied the branching
ratio of J/y into muon pairs in the cross sections. Four
different center-of-mass energies /s = 13, 27, 75, and
100 TeV are quoted to represent the LHC and the proposed
future hadron colliders [1]. We have quoted two theoretical
uncertainties in each SPS cross section. The first one is the
renormalization and factorization scale uncertainty, while
the second one is the error from the Monte Carlo integra-
tion. In the DPS cross sections, we only show the
uncertainty from the scale variations, because their
Monte Carlo errors are negligible. We do not show any
theoretical error for TPS, as the matrix element of the single

TABLE L.

J/w is determined by the very precise experimental data. In
general, the SPS contributions are several orders of
magnitude smaller than DPS and TPS cross sections, as
long as the unknown effective cross sections o, and G 3
are not significantly larger than the reference value of
10 mb. Such a conclusion holds regardless of the center-of-
mass energy /s and the rapidity cuts on J/y.

A few comments on the integrated luminosities at the
LHC and future hadron colliders are in order before we
move to estimate the expected number of events. ATLAS
and CMS experiments have collected around 150 fb~!
during the period of LHC run 2 at /s = 13 TeV, and
the corresponding number for the LHCb experiment is
6 fb~!. There will be two phases for HL-LHC runs [63].
(Strictly speaking, the nominal center-of-mass energy at
HL-LHC is 14 TeV instead of 13 TeV. Since the two
energies are very close, we do not expect any significant
difference for the cross sections.) During phase 1, LHCb
aims to deliver 23 fb~!, and ATLAS and CMS aim to
deliver 300 fb~!. The integrated luminosity of LHCb
(ATLAS and CMS) will increase to 300 fb~! (3 ab™!) at
phase 2. The nominal integrated luminosities for the future
hadron colliders (27 TeV high-energy LHC [63], 75 TeV
super proton-proton collider [64], and 100 TeV future
circular collider [65]) are in the range of 10-20 ab~!.

After fixing oy, = 0er3 = 10 mb, we predict the
numbers of triple J/y events being 42388 and 8 from
DPS and TPS, respectively, with the data on tape recorded
by the LHCb detector. These numbers will be 50 times
higher at the end of the LHC life according to the targeted
luminosity. On the other hand, we cannot directly use the
numbers in Table I to estimate the number of events
observed by the ATLAS and CMS experiments because

Cross sections 6(pp — 3J/w) x Br*(J/w — u*u~) (in femtobarn) at \/s = 13, 27, 75, 100 TeV proton-proton colliders,

where we have also included feed-down contributions from higher-excited quarkonia decay.

Inclusive 20 <y, <45 [yl <24

13 TeV SPS 0.41124, £0.0083 (1.84]L £0.18) x 1072 (8.73% £ 0.098) x 1072
DPS (190735) x (10 mb/ o ) (7.0%5%) x (10 mb/os ) (50737%) x (10 mb/os )
TPS 130 x (10 mb/aeff‘3)2 1.3 x (10 mb/Geff‘3)2 18 x (10 mb/Geff‘3)2

27 TeV SPS 0.46723 + 0.022 (3.2132 £0.21) x 102 (5.873 £0.29) x 1072
DPS (5607350°) x (10 mb/6g ) (19777) x (10 mb/ o ) (1201639 x (10 mb/cg )
TPS 570 x (10 mb/o'efm)z 5.0 x (10 mb/o‘efm)z 57 x (10 mb/o‘efm)z

75 TeV SPS 0.597;5, £0.016 (3.0535 £0.23) x 1072 (72585 £0.38) x 1072
DPS (19001 460°) x (10 mb/oegr ) (57735°) x (10 mb/og ) (3101376°) x (10 mb/oesr)
TPS 3900 x (10 mb/(feff~3)2 27 x (10 mb/(feff&)z 260 x (10 mb/(feff~3)2

100 TeV SPS L1%0 +£0.044 (4.5533 £0.72) x 1072 (36130 £ 1.8) x 1072
DPS (340023500") x (10 mb/oer ) (100£53°%) x (10 mb/ o ») (4901350°) x (10 mb/oefr )
TPS 6500 x (10 I‘Ilb/O'effﬁ)2 45 x (10 I‘Ilb/O'effj)2 380 x (10 mb/aefm)z
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FIG. 2. Cross section o(pp — 3J/w) x Br*(J/y — p*pu~)
(in femtobarn) dependence of the minimal transverse momentum
cut Py > Py, among three J/y’s at /s = 13 TeV and within
the rapidity interval |y, ,| < 2.4. The horizontal dashed lines are
the expected 100 events under targeted integrated luminosities.

of their large magnetic fields and their triggers on the low-
momentum muons. The lowest transverse momentum Py
of J/y that can be observed at these two detectors is not
zero. For instance, the minimal Py of J/y in each event is
from 4.5 to 6.5 GeV in the CMS double J/y measurement
[33]. The cumulative distributions o(P7 > Prpin) X
Br3(J/w — putu~) are shown in Fig. 2, where the SPS,
DPS, and TPS cross section are shown individually.
6(Py > Prmin) is the cross section with the requirement
of Py of each J/y candidate larger than Py ;,. We have
selected events by imposing the rapidity |y,,,| < 2.4 and
used a Gaussian distribution with (k) = 3 GeV to mimic
the (universal) intrinsic k7 smearing effect from the initial
states. (The value of (k;) we used here is approximately
determined by the LHC measurements of the J/y pair
[35,36].) Specifically, the whole kr smearing is assumed to
be factorized out by

do /+°° r -2 do
= dk} e 7 — 4
d®u.,  Jo "8 (ks)? d® “)

where the phase-space mapping ® — @, is determined
by boosting the whole event according to the generated

transverse momentum imbalance |ET| = ky with the uni-
form azimuthal angle in the transverse plane. The TPS
cross section decreases faster than the DPS cross section as
Pr min increases. It is understood because TPS has a
typically higher-twist effect than DPS. The former is more
power suppressed at a higher scale than the latter one. The
same argument should be applied to the comparison
between SPS and DPS, as the latter is more power

suppressed than the former. It is not the case in Fig. 2
because of the caveat that we mentioned in the previous
section. Like the case of single J/w production, the LO
calculation in a, and in 27 is not sufficient to account for the
SPS yields at large P7. They might be strongly enhanced by
higher-order QCD radiative corrections and the subleading
color-octet channels in the same regime. However, given
the substantial suppression of SPS compared to DPS and
TPS, we do not expect the inclusion of the new channels
will significantly change the total yields after summing of
the three contributions when Py < 10 GeV. Three hori-
zontal dashed lines in the figure are indicated for observing
100 events with the integrated luminosities 150 fb~! (data
on tape), 300 fb~! (phase 1 of HL-LHC), and 3 ab™! (phase
2 of HL-LHC), respectively. With 150 fb~!, one is able to
observe more than 100 selected events with Py > 5 GeV.
The Monte Carlo simulations are necessary in order to
properly take into account the realistic experimental con-
ditions, like the trigger, reconstruction efficiency, and
combinatorial backgrounds. Such a study is beyond the
scope of our Letter.

In order to filter out the TPS events, a good observable is
to use the minimal rapidity gap among the three J/w
mesons. Such an observable has the virtue of being
insensitive to the intrinsic k; smearing, as opposed to
other observables like the azimuthal angles. The cumulative
distributions o (|Ay| > |Ay|,,) X Br*(J/w — utpu~) can
be found in Fig. 3, where |Ay| is the minimal absolute
rapidity difference among the three possible combinations
of a J/y pair. Because none of the three J/y pairs are
correlated in TPS, in contrast to SPS and DPS, it has higher
possibility of generating an event with a large rapidity gap.

104 Prompt 3-JAy production at Vs=13 TeV LHC 1
i SPs I
10% DPS 71 +
—_ E S —
g 10° !
L 1k 6 fb "
@ 10" i
2‘(5 of 23 fb ©
€ 10 ¢ r
= 300_fb
T 4o ]
é‘ E 3.abt °
2 102k Z o
© E A
10—3 ..- 100 events /é ';é'
10'4 — kt smearing (kp)=3 GeV -E
10'5 i 1 1 1 1 1 W
0 0.5 1 1.5 2 2.5 3 3.5
IAY in
FIG. 3. Cross section 6(pp — 3J/w) x Br*(J/w — p*p~) (in

femtobarn) dependence of the minimal rapidity gap cut |Ay| >
|Ay|min among three J/w’s at /s = 13 TeV. The horizontal
dashed lines are the expected 100 events under targeted integrated
luminosities.
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Indeed, TPS contribution starts to be dominant when
|Ay| > 1. The situation here is quite similar to the absolute
rapidity difference in the double J/y production, which has
been extensively used to extract DPS in the process. The
minimal rapidity gap |Ay| can be readily used to determine
TPS information in the triple J/w production. Thus, it
paves the way to study the triple-parton correlations in a
proton for the first time via the TPS triple J/y process.
Conclusions.—We have proposed to use triple prompt
J/w production at the LHC and future hadron colliders to
improve our knowledge of the multiple-parton scattering
physics. In particular, the TPS has never been observed in
experiments. The triple prompt J /y hadroproduction can be
a very clean process to probe TPS and, therefore, the
possible triple-parton correlations in a proton. We performed
a first complete theoretical study of the process by including
SPS, DPS, and TPS contributions. Especially, we have
accomplished the very challenging task of the PQCD
calculation for triple J/y SPS production at O(a!), which
involves more than 2 x 10* Feynman diagrams. Our calcu-
lation shows that it is a DPS and TPS dominant process, and
therefore a golden channel to probe MPI. Although the
process is rare, we have shown that the data on tape after
LHC run 2 are already more than enough to measure the
process. Finally, we also pointed out that the minimal
rapidity gap among three J/y’s is a very useful observable
to separate the TPS events from the DPS and SPS events.
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0004-02, ANR-10-LABX-63). Y.-J. Z. is supported by the
National Natural Science Foundation of China (Grant
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