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Multiparton interactions are a fascinating phenomenon that occur in almost every high-energy hadron-
hadron collision yet are remarkably difficult to study quantitatively. In this Letter, we present a strategy to
optimally disentangle multiparton interactions from the primary scattering in a collision. That strategy
enables probes of multiparton interactions that are significantly beyond the state of the art, including their
characteristic momentum scale, the interconnection between primary and secondary scatters, and the
pattern of three and potentially even more simultaneous hard scatterings. This opens a path to powerful new
constraints on multiparton interactions for LHC phenomenology and to the investigation of their rich field-

theoretical structure.
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At high-energy hadron colliders such as CERN’s Large
Hadron Collider (LHC), almost every event that gets
studied is accompanied by multiple additional parton
interactions (MPI) from the same proton-proton collision;
cf. Fig. 1. For example, in each proton-proton collision that
produces a Z or Higgs boson (the “primary” process),
models [1,2] suggest that there are about ten additional
parton collisions that occur simultaneously, usually involv-
ing QCD scatterings of quarks and gluons. MPI are the
subject of a rich array of studies, involving effects ranging
from partonic correlations inside the proton to color
reconnections between final-state quarks and gluons [3.,4].
Their modeling is an essential component of every major
simulation tool [5-7]. While often thought of as non-
perturbative, we shall see clearly below that MPI involve
transverse momenta of up to 10 GeV and beyond, i.e., close
to the scale of many of the primary processes regularly
studied at the LHC. In a context where there is an ambitious
worldwide effort to bring high precision in perturbative
QCD calculations for those primary process [8—10], our
current partial understanding of MPI scatters risks becom-
ing a limiting factor across much of the LHC program.

A major challenge in the experimental characterization of
MPI is the difficulty of unambiguously separating the MPI
signal from the primary hard scattering. In this Letter, we
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propose an approach to investigating MPI scatters in Drell-
Yan events that optimally suppresses the contamination
from the primary hard scattering. This opens the path to a
program of experimental study of MPI that goes signifi-
cantly beyond the current state of the art. Features that we
will highlight include (a) the clarity of the MPI signal;
(b) scope for quantitative investigations of the leading two
hard scatters (2HS) that includes direct experimental
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FIG. 1. Illustration of some MPI configurations that will be
probed in this Letter: (a) standard double hard scattering,
producing a Z boson and a pair of jets; (b) perturbative
interconnection between the partons involved in the two hard
scatterings, where the g that produces the Z and the ¢ that scatters
to produce the dijet system both have a common origin in the
perturbative splitting of a gluon; and (c) a process with three hard
scatterings.

Published by the American Physical Society


https://orcid.org/0000-0003-2594-2718
https://orcid.org/0000-0001-6967-5127
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.041901&domain=pdf&date_stamp=2024-01-23
https://doi.org/10.1103/PhysRevLett.132.041901
https://doi.org/10.1103/PhysRevLett.132.041901
https://doi.org/10.1103/PhysRevLett.132.041901
https://doi.org/10.1103/PhysRevLett.132.041901
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 132, 041901 (2024)

sensitivity to perturbative interconnection [11-15] between
the primary process and the second hard scatter—cf.
Fig. 1(b); and (c) the potential for observation of high-
purity triple parton scattering [Fig. 1(c)] [16,17] as well as
sensitivity to even more than three scatters.

The foundation of our approach is the well-known
fact [18] that if one considers events where the Drell-
Yan pair has a low transverse momentum, the amount of
initial-state radiation (ISR) is strongly constrained. To
illustrate this quantitatively, we examine the average trans-
verse momentum of the leading jet in Drell-Yan events as a
function of the Z transverse momentum. Specifically,
we consider Z — ptu~ events and cluster all particles
other than the muons with a jet algorithm (the anti-k,
algorithm [19] with a jet radius of R = 0.7, as implemented
in Fastet [20]). Experimentally, this observable could be
studied using charged-track jets (see below) or possibly
standard jets in a dedicated low-pileup run. For now, to help
expose the basic physical dynamics and scales, we retain all
particles in the jet clustering. Figure 2 shows results both
without and with MPIL.

Let us first concentrate on the curves without MPI: One
is from a resummed calculation (RadISH NNLL [21-23]), the
other from a Monte Carlo simulation that uses a combi-
nation of MINNLO [24,25] with POWHEG [26-28] and
PYTHIA8.3 [5] (with HepMmcC2 [29]), and the third is from
PYTHIA alone. All PYTHIA results use the Monash tune [30].
All three curves in Fig. 2 show the same features, namely,
that for almost the whole range of p,; the average leading
jet p, is roughly proportional to p,, (with a proportionality
coefficient close to 1), a consequence of momentum
conservation between the jet and the Z boson. For p,,

35 3
—— MPI on, Pythia8+MINNLO 5
=== MPI on, Pythia8 o
30 MPpI off, Pythia8+MINNLO =
=== MPI off, Pythia8
25 F—— RadISH NNLL ]
2 20F b
S
'*:é‘? 15 b
pp—-Z/y-uu, VS =13.6 TeV
10 anti-k; R=0.7 ]
66 <my, <116 GeV
5 pw>27 GeV, |ny| <25 ]
) L L L L L L
0 5 10 15 20 25 30 35
piz [GeV]

FIG.2. The average leading jet transverse momentum ( pi) asa
function of the Z transverse momentum, in Z — upu~ events,
with muon selection cuts as indicated in the plot. A radius of
R = 0.7 is used here to reduce the loss of transverse momentum
from the jet due to final-state radiation and hadronization and so
more accurately track the transverse momentum of the underlying
parton.

below about 2-3 GeV, the average leading jet p, saturates.
Events with very small p,; mostly occur when the trans-
verse recoil from one initial-state radiated gluon cancels
with that from other initial-state radiation. In this region,
the average leading jet p, has the parametric form ([31],
Sec. A1)

2Cr

M\ <In[(2+x)/ (14x)]
> ) K=—", (1)
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(Pl py—o ~ A <X

where A is the scale of the Landau pole in QCD,
M is the invariant mass of the Drell-Yan pair,
po = (11C4 —2n;)/(127), and Cr = 4/3, C, = 3, while
ny is the number of light quark flavors. With n; =5, this
gives A3 MO4 In practice, this simple scaling is accurate
only for large values of M, and the result from a full NNLL
resummation (green curve) can be read off as the intercept
of the corresponding curve in Fig. 2, i.e., 2.5 GeV, which
coincides well with the intercept of the simulations without
MPI (blue curves).

Next, consider the red curves in Fig. 2, those with MPL
For high p,, values, the leading jet p, again tracks p,;.
However, for low p,, values, the average leading jet p,
saturates at a value of about 10 GeV, which is significantly
above the MPI-off result. The interpretation is that, in
events with MPI, for low p,,, the leading jet almost always
comes from an MPI scatter, not from the hard scatter, and it
has a characteristic scale of the order of 10 GeV. This may
be surprising if one thinks of MPI as genuinely non-
perturbative, but less so if one considers that PYTHIA
simulates MPI as semihard scatterings [1,2]. (We found
similar results with the HERWIG7.2 [6,32] implementation of
a comparable model [33,34].)

Figure 2 provides the foundation for the rest of this
Letter. Specifically, if we consider events with a stringent
cut on p,,, we ensure the near-total absence of hadronic
radiation from the primary scatter (defined as that produc-
ing the Z). Existing experimental work confirms that the
relative MPI contribution is enhanced by choosing a low
p.z cut, for example, using p,; < 5 or 10 GeV [35-39].
From Fig. 2, we observe that if we choose a p,, cut that
corresponds to the onset of the low p,; plateau of the
MPI-off curves, i.e., p,; < C; =2 GeV, we will obtain a
near-optimal selection for the study of MPI: If one takes C,
any higher, one increases contamination from hadronic
activity due to the primary hard scatter; if one takes it any
lower, there is no further advantage in terms of reducing
primary hard-scatter contamination, but one loses cross
section (and also reaches the limit of experimental lepton
resolution). Our choice selects about 4%—5% of the Drell-
Yan events that pass the muon cuts, i.e., a cross section after
the C cut of about 40 pb at /s = 13.6 TeV. For an LHC
run 3 luminosity of 300 fb~!, this would yield a sample of
about 12 million events.
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At first sight, Fig. 2 might suggest that MPI dynamics
can be observed only at relatively low pfj ~ 10 GeV.
However, after applying the p,; cut, we can consider a
much wider array of observables, some of which extend
over a range of jet transverse momenta. The simplest is the
cumulative inclusive jet spectrum, i.e., the average number
of jets above some p;; yin, as a function of p,; nin:

1 doie(piz < Cz)
< tjmn)>C 6(]7[2 < CZ) Ptjmin Y dptj

(2)

To a good approximation, this observable is given by a
straight sum of the number of jets from the primary process
and the number of jets from the MPI. The approximation is
broken only by the potential overlap (in a cone of size R in
rapidity and azimuth) of hadrons from the two scatters, and
the approximation is exact in the limit of small R. Precisely
for this reason, from here onward we shall use R = 0.4
rather than the R = 0.7 in Fig. 2. All results (R = 0.4 and
R = 0.7) use area subtraction [40,41] to further reduce the
impact of such overlap, notably as concerns any under-
lying-event pedestal of transverse momentum from the
softest part of the MPIL. We include a jet rapidity cut,
|y;| < 2, to mimic the central acceptance of the ATLAS and
CMS detectors.

The cumulative inclusive jet spectrum is shown in Fig. 3.
It is clear that the vast majority of jets come from the MPI
scatters rather than the primary scatter, even for the
relatively large value of p,; i, = 50 GeV. Looking instead
at moderately low p,; i, values, Fig. 3 indicates that on
average there is one jet with p, 2 6 GeV, which is broadly
consistent with the plateau at 10 GeV in Fig. 2, considering
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FIG. 3. The cumulative inclusive jet spectrum (n(p;;min))c,
normalized to the number of events passing the cut
Pz < Cz =2 GeV, with MPI on and off. The lower panel
shows the fraction of jets that come from the MPI, demonstrating
purity of 50%-90% across a broad range of p,; i, jet cuts.

that Fig. 3 uses R = 0.4 instead of R = 0.7 and that it has a
limited rapidity acceptance. Note that, for large p;; nin, the
sample without MPI is dominated by events where the Z is
accompanied by two opposing jets. The PYTHIA8+MiNNLO
sample includes the matrix element for that process at
leading order (LO), while PYTHIAS does not, thus explain-
ing the observed difference between the two curves
for p, 2 10 GeV.

It is useful to define the pure MPI contribution to the
cumulative inclusive jet spectrum:

“MPI :
<n(plj.min)>%uzre = <n(ptj,min)>CZ - <n(plj.min)>2‘OZMPI'

(3)

In an actual experimental analysis, one might want to use a
next-to-leading order (NLO) Z + 2 jet sample to subtract
the hard-event contribution. Let us now see how Eq. (3)
connects with the widely used “pocket formula” for double-
parton scattering. That formula states that the double-
parton scattering cross section for two hard processes A
and B is given by

OAB = ) (4)

where o, for pp collisions is measured to be of the order
of 15-20 mb [42-48] (for processes involving a vector
boson) and is related to an effective area over which
interacting partons are distributed in the proton. We take
process A to be Z production with p,, < C, and process B
to be inclusive jet production and consider a p; i, that is
large enough for the pocket formula to be valid, i.e., such
that 65/0. << 1. This yields ([31], Sec. A 2)

1 do;
o pure-MPI ~_ dp.. jet 5
<n(pt].m1n)>CZ G /pmmm pt] szj P ( )

where (doje/dp,;) is the inclusive jet cross section for jet
production, without any requirement that a Z be present in
the event. (Using the PYTHIA minimum-bias process to
generate the reference jet sample, we find o5 ~ 30 mb,
somewhat larger than in standard measurements. This may
imply that PYTHIA is underestimating the MPI or overesti-
mating the minimum-bias jet spectrum or that the data used
for standard o extractions have a higher level of MPI
activity than would be seen with a p,, < 2 GeV cut.) The

right-hand side of Eq. (5) does not involve C, and, thus,

the pocket-formula prediction is that <l’l(p[j,min)>%uzre-MPI

should be independent of C;.

The pocket formula is, however, known to be an
approximation. The difficulty of obtaining a pure MPI
sample has so far limited the scope for investigating more
sophisticated theoretical predictions. One particularly inter-
esting effect not captured in the pocket formula relates to
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perturbative interconnection between the primary scattering
and the secondary scattering, as in Fig. 1(b), where at least
some of the partons entering the two separate hard
scattering processes (Z and dijet production) have a
common origin, e.g., a perturbative g — gg splitting, with
the g involved in Z production and the ¢ involved in dijet
production.

Our procedure of constraining the Z transverse momen-
tum means that the partons that annihilate to produce the Z
will almost always have a low transverse momentum,
which reduces the likelihood of their having been produced
in a perturbative splitting. In contrast, if we relax the
constraint on p,,, we will allow for substantially more
initial-state radiation from the partons that go on to produce
the Z. The ISR partons can then take part in a separate hard
scatter, i.e., increasing the interconnection contribution to
2HS [Fig. 1(b)].

To evaluate potential sensitivity to this effect, we examine
the ratio between the 2HS rate with loose (C, = 15 GeV)
and tight (C; = 2 GeV) constraints on p,z:

<n(ptj.nﬁn)>};151re_MPI (6)
<n(ptj,min)>12)ure_MPI '

s =

In each case, the 2HS rate is normalized to the number of Z
bosons that pass the selection cut. With the pocket formula
the ratio should be 1, and so an experimental measurement of
ris;» has the potential to provide powerful constraints
on deviations from the pocket formula. Note that,
with C; = 15 GeV, the pure-MPI jet fraction is predicted
by PYTHIA8+MiNNLO to be about 25% at p;; nin = 40 GeV
([31], Sec. A 3), which should be adequate for a quantitative
extraction of rys;.

Figure 4 shows the rs/, ratio evaluated in three ways.
The PYTHIA8+MiNNLO curve corresponds to a full analysis,
using PYTHIA8+MiNNLO curve itself (without MPI), to
evaluate the no-MPI contribution for Eq. (3). PYTHIAS does
not include a perturbative interconnection mechanism
(though it has correlations related to momentum conserva-
tion and color reconnections [49]), and one sees a result
consistent with ri5,, = 1 to within statistical fluctuations.

Figure 4 also includes curves from the dShower program
[50,51]. This is a state-of-the-art code that simulates a pure
2HS component, with the option of including interconnec-
tion effects according to Ref. [15]. Rather than carrying out
a full analysis (which would require a consistent merging
with a 1HS component), we determine the 5, ratio based
on the truth Monte Carlo information about the transverse
momentum of the hard outgoing partons in the 2 — 2
interaction, i.e., the second hard scattering. The pink curve
is the result without interconnection (with MSTW2008
PDFs (parton distribution functions) [52]) and is consistent
with 1. The orange curve includes interconnection effects,
and one clearly sees a 25%-30% violation of the pocket
formula. The scope for measuring this experimentally in a
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FIG. 4. PYTHIA8+MINNLO and dshower results for the ris/,
ratio in Eq. (6). Note the deviation from 1 when perturbative
interconnection is turned on between the primary and secondary
hard scatters, i.e., diagrams as in Fig. 1(b). The dshower bands
correspond to scale variation (see [31], Sec. A3 for further
details). They include only the Zgg final state, which represents
about 50% of independent 2HS, and so should be taken as
qualitative. No jet rapidity cut is applied.

full analysis depends critically on the systematic errors
associated with the subtraction of the no-MPI contribution
in Eq. (3). The significance of such a signal is discussed in
[31], Sec. A 3, for various scenarios of uncertainties on the
no-MPI term, and the conclusion is that reasonable
assumptions lead to at least 2 standard deviations at low
P1j.min» Which would correspond to exclusion of the pocket
formula. The significance can be raised by increasing the
accuracy of the no-MPI predictions, e.g., with improved
higher-order calculations.

The final question that we turn to is the sensitivity to
more than two simultaneous perturbative scatterings. So
far, the only attempt to study this experimentally has been
in triple charmonium production, where the measured cross
section has a large uncertainty [17,53] and where generic
difficulties in understanding charmonium production com-
plicate the interpretation of the results.

Here, we propose the study of charged-track jets, with
moderately low p, cuts. To illustrate the study, we construct
charged-track jets using charged particles with || < 2.4
and p, > 0.5 GeV. The use of charged particles enables the
study of moderately low p, jets even in high-pileup runs,
thus exploiting the full luminosity of the LHC. We order the
jets in decreasing p, and first study the two leading jets,
with a “product” cut [54] \/p; 1P > 9f ne GeV and a ratio
cut p,, > 0.6p,;. We quote the cuts in terms of a charged-
to-neutral conversion ratio f ., = 0.65. The overall scale of
the cuts ensures a non-negligible likelihood that each event
contains at least one pair of jets.

Figure 5 shows results for the absolute difference
in azimuthal angles between the two jets, Ad¢,.
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FIG. 5. The distribution of the absolute value of A¢;, between
the two leading charged-track jets in events with p,, < 2 GeV
(cf. the text for jet cuts). The plot shows a clear signal not just of
2HS (in the peak) but also of 3HS (plateau).

This observable is expected to peak around A¢;, = 7 when
the two jets come from the same hard partonic interaction
and to be uniformly distributed between O and z when the
two jets come from distinct partonic interactions. The plot
clearly shows both a peak and a continuum component. A
parton-level-based decomposition ([31], Sec. A 5) of each
histogram bin shows that the plateau is dominated by
events with three hard scatterings (3HS), where each of the
two leading jets comes from a different HS (each distinct
from the one that produced the Z). The enhancement near
A¢1, = & originates mostly from 2HS where the two jets
are from a single HS that is distinct from the one that
produced the Z; cf. Fig. 1(a). A measurement of A¢,
would, therefore, provide clear and quantifiable indications
not only of 2HS, but also of 3HS.

With such an unambiguous signal of 3HS, one may
wonder if it is possible to gain even further insight. One
obvious question is whether one can identify a system with
two back-to-back jets from one hard interaction and two
further back-to-back jets from another hard interaction, all
distinct from the Z hard interaction; cf. Fig. 1(c). This
appears to be on the edge of feasibility but also brings
sensitivity to 4HS ([31], Sec. A 4).

In conclusion, the study of Drell-Yan events with a tight
cut on p,, opens the door to numerous new studies of
multiparton interactions, with high-purity 2HS samples,
sensitivity to the perturbative quantum field theory effects
that interconnect primary and secondary scatters, and the
scope for extensive investigations into 3HS and perhaps
even beyond. The studies outlined here are all possible with
existing and run 3 data. The subset of studies that extends to
relatively low jet p, values should be feasible with charged-
track jets. There is also ample scope for further exploration,
for example, in terms of the choices of jet cuts or studies in

other collision systems such as p-Pb. We expect exper-
imental results on these questions to have the potential for a
significant impact not just on our intrinsic understanding of
multiparton interactions, but also for the accurate modeling
of hadron collisions that will be needed for the broad range
of high-precision physics that will be carried out at the
high-luminosity upgrade of the LHC and at potential future
hadron colliders.
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