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Protons consist of three valence quarks, two up-quarks and one down-quark,
held together by gluons and a sea of quark-antiquark pairs. Collectively,
quarks and gluons are referred to as partons. In a proton-proton collision,
typically only one parton of each proton undergoes a hard scattering -
referred to as single-parton scattering - leaving the remainder of each
proton only slightly disturbed. Here, we report the study of double- and
triple-parton scatterings through the simultaneous production of threeJ/¢
mesons, which consist of acharm quark-antiquark pair, in proton-proton
collisions recorded with the CMS experiment at the Large Hadron Collider.
We observed this process - reconstructed through the decays of J/¢y mesons
into pairs of oppositely charged muons - with a statistical significance above
five standard deviations. We measured the inclusive fiducial cross-section to

be 2721141 (stat) + 17 (syst) fb, and compared it to theoretical expectations

—104

for triple-J/¢p meson productionin single-, double- and triple-parton
scattering scenarios. Assuming factorization of multiple hard-scattering
probabilities in terms of single-parton scattering cross-sections, double-
and triple-parton scattering are the dominant contributions for the

measured process.

High-energy particle accelerators are unique tools to study the
structure of matter at the shortest distances. The most powerful
accelerator today is the CERN Large Hadron Collider (LHC) that has
so far collided beams of protons with energies of up to 6.5 TeV, result-
ing in centre-of-mass energies of up to 13 TeV. Protons are used in
energy-frontier colliders because they are relatively easy to acceler-
ateandkeepinacircular orbit to enable high collision rates. However,
they are not fundamental particles and, in fact, have a complicated
quantum mechanical structure. Protons consist of three quarks, two
up-type and one down-type, and gluons, which hold together the three
valence quarks, as well as of a ‘sea’ of virtual quark-antiquark pairs,
which are fundamental elements of the quantum vacuum. All these
components are referred to as ‘partons’. In the standard picture of
proton-proton (pp) collisions, typically only afew partons undergoa
hard scattering with one another, with the remainders of each proton
onlyslightly disturbed inthe process. As the collision energy increases,
the densities of gluons and sea quarks probed inside each proton grow

rapidly. Thus, at high enough energies, more than one pair of partons
can undergo a hard scattering in a single pp collision, leading to the
simultaneous and independent production of two or more particles
with transverse momentum (p;) and/or mass (m) above a few gigaelec-
tronvolts. Double-parton scatterings (DPS) were first observed at the
CERN Intersecting Storage Rings some 35 years ago'? and have been
asubject of intense theoretical and experimental investigations ever
since’. Numerous DPS processes have been studied in measurements
with many combinations of pairs of heavy and/or high-p; produced
particles’. Triple-parton scatterings (TPSs), where three hard parton
interactionstake place simultaneously, have been proposed for study
only recently* and have not been experimentally explored yet. Stud-
ies of n-parton scattering (NPS) processes are important to elucidate
the complicated inner structure of the proton and its evolution with
energy>®. Many of these features, for example, the parton density
profile in the plane transverse to the colliding beams, as well as the
various correlations (in position, momentum, flavour, colour, spin
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and so on) between individual partons, are very difficult to calculate
theoretically,and can only be mapped out through experimental studies
of NPSin different systems and for different numbers n of simultaneous
scatterings’.

Measurements of such processes not only allow for a deeper
understanding of the protonstructure but also are of relevance at the
LHC to predict backgroundsinrare standard-model processes, and in
searches for new physics, in final states where multiple heavy particles
are produced’®. This Article presents the experimental study of the
simultaneous production of three massive particles originating in NPS,
andthe observation of triple-J/{p meson production. The study of TPS
via triple-J/ production provides input for further theoretical and
experimental progress in understanding the NPS dynamics.

Inthe simplest approach, ignoring any correlations between the
individual partons, the probability to produce n high-p; particlesina
given pp collision must be proportional to the nth product of prob-
abilitiestoindependently produce each of them. Thus, the probability
toproducetwo or three high-p; particlesinDPS and TPS scales with the
square and cube, respectively, of the corresponding single-parton scat-
tering (SPS) probabilities’. The occurrence of DPS and TPS processes
is therefore more likely for final states with large SPS cross-sections,
such as quarkoniastates (for example, J/and rYmesons), than for rarer
heavier particles, such as electroweak bosons. In the DPS case, the
cross-section to produce, for example, two charmonium mesons ¢, and
¢, can be written as the product of the SPS cross-sections for the pro-
duction of eachindividual meson divided by an effective cross-section
towarrant the proper units of the final result

PP—Y1+X _pp—hr+X

_ (ﬁ) Osps ~ Osps a
2 Ocff,pps '

pPp—P1r+X

ODPS

Here, m is a combinatorial factor to avoid double counting, m = 1(2)
if g, =, (Y, # ¢,), and o pps is an effective cross-section that, ina purely
geometric approach, canbe determined from the pp transverse over-
lap®. A smaller value of g pps, Which is proportional to the average
(squared) transverse separation of the partons participatingin the two
hard scatterings, implies larger DPS yields.

Forthe proton form factors typically implemented in the Pythia 8"
and Herwig++"? event generators commonly used in collider physics,
values of ¢ pps = 20-30 mb are expected. Such estimates are, however,
aboutafactor of two larger than those experimentally derived via the

ratio G pps = (000 ' obhe*2)/aP "X for processes involving pairs

of high-p;jetsand/orelectroweak bosons, which are found toliein the
range O.g pps = 10-20 mb (refs. ). This discrepancy has been mostly
explained as evidence of parton correlations in the collision not
accounted for in the purely geometrical approaches®. In addition,
significantly lower 0. pps ® 3-10 mb values have been extracted from
measurements of quarkonium pair production (J/g//y (refs. %),
J/wr (ref.?®) and Y (refs.®¥)) that have been interpreted as due to the
different dominant species (mostly gluons for quarkonia, and quarks
for electroweak bosons) in the parton distribution functions (PDFs)
probed in the different scatterings’, but can be also attributed insome
cases to poorly controlled subtractions of SPS contributions™.

The study of TPS via triple-//¢ production can help solve all the
issues mentioned above. The equivalent of equation (1) for the produc-
tion of three charmonium mesonsina TPS process reads

Pp=>1+X pp—=¢r+X pp—y3+X
PP ¥iats X _ m) ~sps SPS SPS Q)
TPS - 31

> s
Ocfr,Tps

where m =1,3 or 6 (depending on whether all three, two or none of the
y,;states areidentical). In the absence of parton correlations, the effec-
tive cross-section o ps is closely related to its DPS counterpart via

Ocfeps = KOest pps, With Kk Of order unity. A value of k = 0.82 + 0.11 has been
derived inref.* for a variety of proton transverse parton profiles. A
theoretical study of the production of three prompt-//¢ mesons?®,
based on the non-relativistic quantum chromodynamics approach at
leading-order (LO) accuracy as implemented in the HELAC-Onia
code”?*°, has demonstrated that the pure SPS contributions are negli-
gible compared with those from DPS and TPS. Namely, the top left
diagram of Fig. 1isirrelevant compared with the two other diagrams
in the left column of the figure. The experimental measurement of
pp > J/Y )/ )/ Xis thus a golden channel for the study of TPS and, in
addition, provides an alternative extraction of o ps, thereby shedding
light on the underlying dynamics of hard NPS. The production of J/¢
states can also proceed non-promptly through the decay of a
beauty-quark (b) hadron. Notwithstanding asmall branching fraction,
Bpyipx ~ 1% (ref. '), the cross-section to produce bb pairs is large at
the LHC, o(pp — bb X) ~ 0.5 mb(ref.*). The contributions of such pro-
cesses to inclusive triple-J/y production are schematically shown in
Fig.1(diagramsto theright of the vertical dashed line).

This Articlereports the observation of the simultaneous produc-
tion of three J/¢y mesonsin pp collisions. The analysisisbased ona data
sample collected at /s = 13 TeV by the Compact Muon Solenoid
(CMS) experiment, corresponding to an integrated luminosity of
133 fb™. TheJ/y mesons are reconstructed in their dimuon decay mode
over afiducial phase space in transverse momenta (p;#%) and (pseudo)
rapidities (I7*| and |y"¥|) defined to maximize the signal purity and the
detector acceptance and efficiency. The analysis of the 6y final state
offers a very clean experimental signature for inclusive triple-J/y
production, comprising prompt and non-prompt components. Meth-
ods provides more details on the experimental set-up and event recon-
struction (the //¢ candidates passing the triple-//¢ selection criteria
are shown in Extended Data Table1).

The signal yield is extracted with a three-dimensional unbinned
extended maximum likelihood fit of the my. - distributions of all
J/Ycandidatesinthe eventoverthe 2.9 GeV < my.,- < 3.3 GeVrange.
The expected // mass peaks are modelled with a Gaussian function
with mean fixed to their nominal value (m"¥ =3.097 GeV)* and the
root-mean-square (RMS) width fixed to the resolution derived from
the Monte Carlo (MC) simulation (6,, = 30 MeV). Given the very low
number of events passing the selection, the mass mean and RMS width
of the /i mesons cannot be left as free parameters in the fit. The
dimuon background is described with an exponential function®>>,
Thefithaseight free parameters for the yields given by the combination
ofeachof thethree//y candidates as being either signal or background.
The extracted signalyield (red shaded areas in the m,,.,- distributions
of Fig. 2) corresponds to Nyg"’ 5.0*2¢ triple-J/y events, with
1L OJr1 4 ¢ background events. The statlstlcal SIgmﬁcance ofthe signalis
evaluated using various methods. From the likelihood ratio of two
fits (background-only imposing N3jg‘p 0, and the default signal-
plus-background), with the standard asymptotic formula*® assuming
that the conditions to apply Wilks’ theorem®” are satisfied, a signifi-
cance of 6.7 standard deviations (s.d.) is obtained. The significance
derived assuming a Poisson counting experiment yields 5.8 s.d., and it
isfound tobe above 5.5 s.d. by using MC pseudoexperiments.

To cross-check the size of the combinatorial background derived
fromthefit, two tests are carried out. First, the fit isrepeated over the
extended dimuon mass range [2.5-3.3] GeV for the two subleading
J/Y mesons (dotted curves in Fig. 2). This mass range corresponds to
anasymmetric window of about [-200,,, +70,,] around the /¢y nominal
mass that, as aforementioned, covers lower dimuon masses where
the background, if any, should be larger. The obtained signal yield
is fully consistent with the default result. A second test is performed
whereby the opposite-sign (OS) requirement is removed to allow also
for same-sign dimuon combinations (*u*) for the two subleading pairs.
After applying the rest of the selection criteria of the default analysis,
no triplet events containing same-sign muon pairs are observed.
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Fig.1|Leading-order diagrams for inclusive triple-J/¢ productionin pp
collisions. The SPS, DPS and TPS processes are depicted in the top, middle and
bottom rows, respectively. The leftmost diagrams show triple prompt-//¢
processes. The remaining diagrams show (left to right) final states with
increasing contributions of non-prompt-//¢y mesons from beauty hadron decays.

Curly lines indicate gluons, arrows indicate (anti)charm quarks and ovals indicate
the proton parton densities. The symbols g * identify the number (i and,j) of
prompt (p) and non-prompt (np) contributions to the cross-section of each

diagram.
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Fig.2|Invariant mass distributions for the three y'u pairs in the selected events. The three distributions are ordered, left to right, by decreasing pair p;. The dataare
represented by the points with the vertical bars showing the (Poisson) statistical uncertainties. The solid (dotted) curve shows the overall fit to the data (in the extended
mass range, discussed in the main text), and the red shaded area shows the fitted signal yield. The horizontal bin width is indicated on the vertical axis legend.

To estimate the average prompt and non-prompt contributions
inthetriple-//y@events, the proper decay length of each//¢is calculated
as ¥ = (m’/‘l’/p’T/"’)L{(/y"’, where L{(/y"’ = (r- p/"*)/|p¥|is the transverse
distance between the//y¢ decay vertex and the primary pp interaction
vertex (PV) (ris the vector from the PV to the J/y vertex). The experi-
mental resolution on [/ is about 20 pm. Prompt-//¢ mesons are
defined as those having /¥ < 60 um, a choice that reduces the
non-prompt contribution by more than one order in magnitude®.
A signal-only subset of events is defined based on all //¢ candidates

found in a narrower invariant mass region, within +3 s.d. around m"?,
than that used in the default signal extraction. In this range, five
triple-//y events are found that can be classified as two events being
consistent withthe ‘2 non-prompt +1 prompt//¢ hypothesis, and one
eventeachinthe‘l non-prompt + 2 promptJ/¢’,‘3 non-prompt//¢’ and
‘3 promptJ/y’ categories. Such a classification is confirmed with a
second method where prompt and non-prompt weights are extracted
withthe sPlottechnique®, exploiting an unbinned maximum likelihood
fit of the I/ distributions.
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Table 1| Fiducial phase space for the triple-J/y
cross-section measurement

For all muons p>3.5GeV for |n|<1.2
pr>2.5GeV for 1.2<|n|<2.4
pr>6GeV and |y|<2.4

2.9GeV < my.,- <3.3GeV

For all J/y mesons

The cross-section forinclusive triple-//¢ production measuredin
the fiducial region defined in Table 1 is obtained via o (pp — J/¢J/
YJYpX)= N‘;’ifg”/(eﬁimﬂf/wqw”_), where N‘:’{g/"’ is the number of signal
events, Liq, is the total integrated luminosity, By, +,- is the dimuon
branching fraction and € = €,€,4€.cc, i the total efficiency composed of
trigger, identification and reconstruction components, respectively.
The J/¢ muon identification and reconstruction efficiencies are
extracted with the tag-and-probe method using correction factors
from the large inclusive J/¢ > u*u~ data samples used in ref. *°. As they
depend on the p; and n of the muons, they propagate into the final
cross-section via two-dimensional maps, yielding €,4€,.., = 0.78.
The trigger efficiency is found to be €, = 0.84 from a study of the
MC samples.

The impact on the extracted cross-section of the choice of func-
tions used to reproduce the shapes of the signal and background
dimuoninvariant masses is studied. For the signal, the Gaussian distri-
bution is changed to a Crystal-Ball function*° as well as to a Gaussian
function with the RMS width left to vary in the fit. The background
shapeis changed from the default exponential to first-and zeroth-order
polynomials. The relative differences in the cross-sections obtained
fromthe alternative modelling for signal and background are 0.8% and
3.4%, respectively,and are assigned as corresponding systematic uncer-
tainties. Uncertainties arising from the muon reconstruction and
identification efficiencies are derived by allowing the tag-and-probe
correction factorsfor each (py, ) binto vary within their precision, and
checking the effect on the extracted cross-section. The maximal
variation observed is £1.0%. Varying the relative composition of
double-and single-//¢ meson productioninthe MC event sample used
for the determination of the trigger efficiency leads to a 3.4% propa-
gated uncertainty. Uncertainties of 1.6% and 3.0% are added
from theintegrated luminosity measurement***, and from the simu-
lated signal sample size, respectively. The uncertainty in the
Byjpopru- = (5.961 + 0.033)% value® ™ propagates into a 1.7% uncer-
tainty in the cross-section. The total systematic uncertainty of the
measured cross-section is 6.2%, obtained by adding all individual
sources in quadrature (Extended Data Table 2). The measured
cross-section for triple-//¢ production, within the fiducial region
definedinTable1,is a(pp — J/J/J/p X) = 272F1%. (stat) + 17 (syst) fb

The total inclusive triple-//¢ cross-section is expected to
correspond to the sum of the contributions from the SPS, DPS and
TPS processes schematically shown in Fig. 1, each of which contains
various combinations of prompt (p) and non-prompt (np) J/¢
contributions

03]/¢' — 03]/¢+ ,I/!IJ+ /¢

tot SPS DPS TPS
- (Gl + 2R 4 002 1 ) 5
(03 + O + A2 4 )
(G + G O 4 ).

Under the simplest assumption of factorization of multiple
hard-scattering probabilities in terms of SPS cross-sections, the DPS
and TPS contributionsto triple-//y production (last row of equation (3))

canbe written through equations (1) and (2) as acombination of prod-
ucts of single- and double-//y SPS cross-sections as

Yy . my
Opps =

Oeff,DPS

x [22.012. 4 G20l 4 glb gloine @

SPS ™ SPS SPS ™ SPS SPS ™' SPS

+ olplnpolnp+alp olnp+02np01np]’

SPS SPS SPS ™ SPS SPS ~'SPS

and

TPS o2 SPS SPS
eff,TPS

A [(o“’ )3+(0an)3]

2 2
+ o (o) ot + oihs(oh)' .
eff, TPS

with combinatorial prefactors m; =2/2=1, m, =3/3!=1/2 and
m3 = 1/3! = 1/6 Therefore, from the eight individual SPS cross-sections
for single-, double- and triple-//¢ production, one can determine the
total triple-//¢ production cross-section via equations (3)-(5). The
values of therelevant SPS cross-sections, each within the fiducial phase
space defined in Table 1, are computed as described next and listed
inTable 2.

The values of the SPS single, double and triple prompt-//¢
cross-sections (oyh, 0ah and o5 are obtained with HELAC-Oniaat LO
oratapproximately next-to-leading-order (NLO*) accuracy***. For the
single prompt-//¢ prediction (olsf,’s), the theoretical calculations
HO(data) in Table 2 are normalized with a parameterization*® that
reproduces the data measured in pp collisions at 7 TeV (refs. ***"),
including all feed-down contributions from decays of heavier charmo-
niumresonances. For the double and triple prompt-J/¢ processes, the
HELAC-Onia calculations include only the ¢(2S) feed-down because
the x. decay contribution is only a few percent. All predictions for
cross-sections of non-prompt-//y meson productioninbeauty hadron
decays (0y?, ozpt and o;;7) have been obtained with MadGraph 5_
aMC@NLO (v.2.6.6)*® matrix elements, scaled by a factor of 1.15 to
account for next-to-next-to-leading-order bb cross-section correc-
tions*, combined with the Pythia 8.244 generator for parton shower
and decays (including all feed-down quarkonium contributions)®.
Mixed prompt plus non-prompt cross-sections (o)s(lfsy") are obtained
from J/¢ + bb events generated with HELAC-Onia at LO in the
colour-singlet model interfaced with Pythia 8.244 for the b quarks
fragmentationinto non-prompt-//¢ymesons. The uncertainties include
the (dominant) theoretical scale dependence and the (subdominant)
PDF uncertainties of the CT14NLO set*’, except for the single prompt-//¢
predictions that have a better precision because they are determined
with an explicit fit of the non-relativistic quantum chromodynamics
predictions to the LHC data*® and have an associated 10% uncertainty
of experimental origin. All these sources are treated as uncorrelated
and the corresponding uncertainties are added in quadrature.

Using equations (4) and (5) with the SPS cross-sections listed
in Table 2, and assuming that the effective DPS and TPS cross-
sections are related by O rps = (0.82  0.11) 04 pps (ref. ) in a baseline
approach that ignores parton correlations, one can extract the
value of the effective DPS cross-section that yields the experimentally
measured of’{)/t"’ value. Following such a procedure, the value
Oettpps = 2.717°¢ (exp) 113 (theo) mb is derived, where the first uncer-
tainty is due to the experimental 03{)/;” precisionand the second is due
to the propagation of all sources of theoretical uncertainties in the
ingredients of equations (3)-(5).

The inclusive triple-//¢ theoretical cross-sections and yields for
eachindividual process contributing to the total production are listed
inTable 3. The expected contributions from SPS, DPS and TPS processes
tothetotaltriple-//¢ cross-sectionamount to about 6%, 74% and 20%,
respectively. This confirms the conclusion of ref. >® that triple-//¢
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Table 2| Theoretical J/y, J/w+J/yp, and J/wy+J/w+J/p cross-sections

SPS single-J/y production SPS double-J/y production

SPS triple-J/y production

HO(data) MG5NLO+Py8 HO(NLO*) HO(LO)+Py8 MGS5NLO+Py8 HO(LO) HO(LO)+Py8 HO(LO)+Py8 MGS5NLO +Py8
p np p plnp np p plnp p2np np

OISPS U;PS agPS oéPS agPS ogPS ogPS OéPS OZPS

570 +57nb 600129 nb 40*%0pb 2471 430%% pb <5ab 522¢fb 1417 ab 124fb

Predictions for single-, double- and triple-J/y production cross-sections in SPS processes, which pass the fiducial criteria listed in Table 1, derived from the HELAC-Onia (HO) and MadGraph
5_aMC@NLO (MG5NLO) matrix element calculators, complemented with the Pythia8 (Py8) parton shower, as described in the text.

Table 3 | Expected contributions to triple-J/y production

Process: 3p 2p+1np 1p+2np 3np Total

It <0.005 57 0.014 12 18
N

NI 0.0 0.10 0.0 0.22 0.32
SPS

" 8.4 8.9 90 95 202
DPS

NI 0.15 0.16 1.65 1.75 37
DPS

" 6.1 19.4 20.4 7.2 53
TPS

NI on 0.36 0.38 013 1.0
TPS

I 15 34 10 M4 272
tot

NI 0.3 0.6 2.0 21 5.0

tot
Central values of the predictions for triple-J/y production cross-sections (in fb) and yields
from SPS, DPS (for O pps=2.7mb) and TPS (for Orps = 0.82x Ot pps =2.2Mb) processes, and
their total sum. The values are given in columns for combinations of n prompt and (3-n)
non-prompt-J/y mesons, the last column giving their corresponding sums. The DPS and TPS
results are derived via equations (3)—(5) from the SPS cross-sections listed in Table 2 with
Oqs10ps Chosen so that the sum of contributions yields a total cross-section equal to the
experimental value of o‘z/f The expected yield, Niféf is given for an effective integrated
luminosity of €£;,, = 87 b~ for each contributing process. The last column lists the total
cross-sections and yields for SPS, DPS, TPS and their sums.

productionisagolden channel to study DPS and TPS, with minimal SPS
contamination. The largest contributors to the triple-//y cross-section
ared’®? and g™, accounting for about 33% each, o3P, " and o}P2 "
amounting to about 7% each, and o representing about 4% of the

total production. Interms ofprompipasnd non-prompt contributions,
the theoretical expectation for the production of three promptly pro-
duced//¢ mesonsisabout 5% of the total yield, whereas the percentage
expected for three non-prompt-//¢y mesonsis about 45%. The remaining
halfofthetriple-//y events are expected to be due to the combination
of J/y mesons produced promptly and from beauty hadron decays.
Thisresultis consistent, within the large statistical uncertainties of the
present dataset, with the combination of promptand non-prompt-//¢
mesons derived from the decay length of each dimuon candidate.
InFig. 3, the o ps Value extracted here (red circle) is compared
with the world data on effective DPS cross-sections derived from midra-
pidity measurements with quarkonium final states***>**?*2¢5° (blue
symbols), as well as from processes with jets, photons and/or W bos-
ons” %% (black symbols). A few of the o pps values plotted have been
derived by more advanced phenomenological studies” *° of the experi-
mental quarkonium data. The effective cross-sections obtained from
quarkonium measurements favour a smaller value of 0. pps = 3-10 mb
compared with the 0. pps = 10-20 mb derived from harder or heavier
final states. Such an apparent process-dependent o pps Value is sug-
gestive of different parton transverse profiles, and/or correlations
present, probedinside the protonat varying fractional momenta, given
by x = /p%, +m} e1\[s,for V=J/, ¥, W, Z. Atmidrapidity (In] < 2.5),
quarkoniaare produced mostly in gluon-gluonscatterings carryinga
fractionx = 5 x10™* of the proton momentum, whereas mostly quarks

—— CMS, Vs =13 TeV, J/y + J/w+J/w  This work
CMS*, V8 =7 TeV, J/y+JJy Ref.
—— ATLAS, Vs =8TeV, J/y +Jly Ref. 2*
—— DO, V5 =1.96 TeV, J/y + Jjy Ref. zi
P DO*, Vs =1.96 TeV, J/y + Y Ref.
—— ATLAS*, VS =7 TeV, W+ J/y Ref.
—— ATLAS*, Vs =8TeV, Z +J/y Ref. &
—_— ATLAS*, V5 =8 TeV, Z + b>J/y Ref. 57
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Fig. 3| Comparison of 6. ,ps parameters extracted in various processes.
Theresult obtained here (top red circle) is compared with those derived in
midrapidity measurements of double-quarkonium and electroweak-boson-
plus-quarkonium production®**°7-%° (blue symbols), as well asin final

states with jets'>*"*>%, y + jets*> ¢, W + jets"*'* and same-sign W bosons'® (black
symbols). The arrows indicate lower (or upper) limits at 95% (68%) confidence
level. For the experimental results marked with a star, more recent theoretical
reinterpretations based on more accurate calculations of the corresponding SPS
cross-section are plotted. The original experimental results can be found in ref.
(CMS), ref. * (DO) and refs. *>* (ATLAS).

withx =107 participate in the production of electroweak bosons. The
fact that LHCb measurements of double-quarkonia and
quarkonia-plus-charm>*' at forward rapidities (7 = 2-4.5), processes
that originate in parton scatterings with asymmetric fractional
momentax; = 10™*and x, ~107?, lead to values of 0, ps = 15 mb, larger
than those measured at midrapidity for similar final states, seems to
confirm the dependence of the effective DPS cross-section on the
relevant parton species and x fractions probed.
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Methods

Experimental set-up

The centralfeature of the CMS apparatusis a superconducting solenoid
of 6 minternal diameter, providing a magnetic field of 3.8 T. Within the
solenoid volume are a silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter, and abrass and scintillator had-
ron calorimeter, each composed of a barrel and two endcap sections.
Forward calorimeters extend the i coverage provided by the barrel
and endcap detectors. Muons are measured over the range || < 2.4 in
gas-ionization detectors, embedded in the steel flux-return yoke out-
side the solenoid, made using three technologies: drift tubes, cathode
strip chambers and resistive plate chambers. Amore detailed descrip-
tion of the CMS detector can be found in ref. ¢,

Events of interest are selected using a two-tiered trigger system.
Thefirsttrigger level, composed of custom hardware processors, uses
information from the calorimeters and muon detectors toselect events
atarate of around 100 kHz with a fixed latency of about 4 ps (ref. ©°). The
second level (or high-level trigger, HLT) consists of afarm of processors
runningaversion of the full event reconstruction software optimized
for fast processing, and reduces the event rate to around 1 kHz before
datastorage®. The presentanalysis employs an HLT that requires three
muons, each having p; > 3.5 GeVfor || <1.2 (barrel) or p; > 2.5 GeV for
1.2<|nl < 2.4 (endcap).Inaddition, the event must have at least one pair
of oppositely charged muons with invariant mass between 2.80 GeV
and 3.35 GeV that originate from a common vertex with a probability
greater than 0.5%, as determined by a Kalman vertex fit®, thus sup-
pressing random combinations of muons from unrelated sources. MC
simulations are used to determine the trigger efficiency. Simulated
events are generated using HELAC-Onia (v.2.6.6) with the NNPDF3.0
PDF set®®, and Pythia 8.205 for the hadronization and decay with the
CUETP8M1underlying event tune®. Triple-//i events are simulated by
combining events from two different MC samples with varying rela-
tive fractions. The first MC sample contains three singly produced//¢
mesons, whereas the second sample combines single-and double-//y
meson production, following ref. ?%, As the J/¢ mesons originating
in both processes have slightly different p; spectra, the variation of
their relative fractions in the simulation allows to effectively scan the
triple-muon trigger efficiency in the more uncertain region close to
the trigger p; thresholds. The generated events are then processed
through a detailed Geant4 simulation®® of the CMS detector response.

Event reconstruction and selection

Muons are reconstructed by combining information from the silicon
tracker and the muon system™. The matching between tracks recon-
structed in each of the subsystems proceeds either outside-in, starting
fromatrack in the muon system, or inside-out, starting from a track
provided by the silicon tracker. Matching muons to tracks measured
inthesilicon trackerleads to arelative p;resolution of 1% in the barrel
and 3% in the endcaps for muons with p; up to 100 GeV (ref. *°). The
candidate vertex with the largest value of summed physics-object
p.2inthe event is taken to be the PV’°, Only charged particles that are
either directly participating in the PV determination, or are closest to
the PValongthezdirectionand notusedin any other PVidentification
(namely, they are consistent with secondary decays from the closest
PV), are used in the analysis. Simulation studies show that this proce-
dure efficiently suppresses any potential contamination from charged
particles produced in any other pp collision taking place in the same
bunch crossing (pile-up).

The offline dataanalysis starts by selecting events with six or more
reconstructed muons, each passing the prand i criteriaimplemented
atthe HLT. The muons are combined into OS pairs, and are considered
for further study if their invariant mass is 2-9 GeV < M- <3.3GeV
(corresponding to about +7 times the J/y mass resolution discussed
below) and originate from acommon vertex with a probability greater
than 0.5%, thereby reducing the random pairing of muons originating

from other background sources in the same event, as discussed below.
All selected muon pairs are further required to share the same PV
(including the possibility that they originate from secondary vertices
associated to a common PV) to eliminate accidental combinations
of muons from different pp collisions in the same or neighbouring
bunch crossings. The analysis thereby includes prompt-//¢ mesons
coming directly from the pp interaction (or from feed-down decays
of promptly produced and decayed resonances), and non-prompt
ones coming fromthe decays of beauty hadrons. To ensure high purity
andreconstruction efficiency, the /¢ candidates are required to have
pr>6GeVand |y <2.4.

After applyingthe selectioncriteria discussed above, six triple-//y
events are observed. No alternative pairings among the OS muons in
these six events are found to satisfy the analysis requirements. In all
events, the J/ meson with highest p; (‘leading’ J/y) is found to cor-
respond to the muon pair that passed the online trigger selection. In
inclusiveJ/y measurements**>*, a continuum backgroundis present
in the ™+~ distribution due to random combinations of OS muons
originating from semileptonic beauty- and charm-quark hadron
decays, b~> u+Xand c~> u+X, and Drell-Yan events, which pass the
trigger and data analysis criteria. To monitor the sideband background
population, the mass windows correspondingto the two subleadingJ/y
mesons are extended well below the /¢ mass region. The correspond-
ing dimuon invariant mass distributions are shown in Fig. 2 ordered
(left toright) by decreasing p; of the "™ system. Only one additional
background event is found in the extended mass region indicated
by the dotted curves, confirming that the combinatorial continuum
is suppressed by the requirement of having three reconstructed J/¢
candidatesin the same event.

Event kinematic properties
Detailed information of the kinematic properties of the J/y candidates
passing the triple-//¢ selection criteria are shown in Extended Data
Table 1. The kinematic distributions of all six J/¢ triplets do not show
any local peak, which could be indicative of, for example, aresonance
decaying into three /¢ mesons, but are distributed featureless (with
large point-to-point statistical uncertainties) over triple-//y mass, p;
andn.

Allsources of systematic uncertainty in the triple-//y cross-section
measurement are listed in Extended Data Table 2.

Data availability

Tabulatedresults are provided in the HEPData record for this analysis’.
Release and preservation of data used by the CMS Collaborationas the
basis for publicationsis guided by the CMS policy as statedin CMS data
preservation, re-use and open access policy.

Code availability
The CMS core software is publically available at https://github.com/
CMS-SW/Cmssw.
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Extended Data Table 1| Properties of J/y candidates measured in thetriple-J/p events. Dimuon invariant mass, proper
decay length, transverse momentum, rapidity, and azimuthal angle of each of the three J/y candidates measured in the six
triple-J/y events passing our selection criteria. (The last J/y candidate in the last row, with invariant mass m”¥2=2.94GeV, is
likely a background event)

Event w1 (GeV) w2 (Gev) m¥3(Gev) LT (mm) L2 (mm) L3 (mm)

1 3.08 3.10 3.07 177 0.24 ~001
2 3.15 3.06 3.09 0.05 0.36 0.02
3 3.10 3.14 3.1 ~0.04 0.03 0.05
4 3.07 3.03 3.09 0.48 0.81 0.82
5 3.12 3.14 3.14 ~0.25 0.13 ~0.02
6 3.06 3.17 2.94 0.11 0.38 0.61
Event p!(Gev) pM?(Gev) p™ (Gev) Y Y2 3
1 17.64 17.50 8.68 —2.25 ~0.39 153
2 91.50 54.04 11.81 1.99 0.81 —0.71
3 11.29 10.29 6.98 ~0.50 -0.37 ~1.64
4 15.46 10,61 7.84 ~0.83 224 ~1.78
5 8.67 7.71 6.75 2.03 ~1.14 ~1.87
6 60.70 19.09 17.03 159 2.29 1.58
Event (pJ/lJJ,l ¢J/l]J,2 ¢J/l]J,3
1 ~1.98 2.06 ~156
2 2.60 214 ~0.38
3 ~0.87 ~1.50 0.66
4 1.00 207 177
5 177 1.99 2,91
6 ~1.98 _1.74 217
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Extended Data Table 2 | Systematic uncertainty contribution. Relative contributions to the systematic uncertainty of the
pp~>J/wl/wl/wX) measurement. The last row gives the sum in quadrature of all components

Source

Relative uncertainty

J/ meson signal shape

Dimuon continuum background shape
Muon reconstruction and identification
Trigger efficiency

MC sample size

Integrated luminosity

Dimuon branching fraction

0.8%
3.4%
1.0%
3.4%
3.0%
1.6%
1.7%

Total

6.2%
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