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Multi-parton interactions are a fascinating phenomenon that occur in almost every high-energy
hadron–hadron collision, yet are remarkably di�cult to study quantitatively. In this letter we
present a strategy to optimally disentangle multi-parton interactions from the primary scattering in
a collision. That strategy enables probes of multi-parton 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 multi-parton interactions for
LHC phenomenology and to the investigation of their rich field-theoretical structure.

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 in-
teractions (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” pro-
cess), models suggest that there are about ten additional
parton collisions that occur simultaneously, usually in-
volving QCD scatterings of quarks and gluons. MPI are
typically considered to be part of the non-perturbative
modelling of hadron collisions. However, as we shall make
evident, a notable characteristic of MPI models is that
the largest momentum transfer across the di↵erent MPI
scatters — about 10GeV of transverse momentum —
is much larger than the usual non-perturbative scale of
QCD (1GeV) and well within the perturbative regime.
In a context where there is an ambitious worldwide e↵ort
to bring high precision in perturbative QCD calculations
for the primary process [1–3], it is essential to develop
a deep understanding also of the structure of the MPI
scatters.

The significant importance of MPI has led to exten-
sive work, both experimental and theoretical [4]. On the
experimental front, the interpretation of the results is
usually hampered by the di�culty of unambiguously sep-
arating the MPI signal from the primary hard scattering.
This limits the scope for investigating some of the most
intriguing theoretical questions surrounding MPI.

In this letter we propose an approach to investigate
MPI scatters in Drell-Yan events that optimally sup-
presses the contamination from the primary hard scat-
tering. This opens the path to a programme of experi-
mental study of MPI that goes significantly 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 scat-
ters (2HS) that includes direct experimental sensitivity to
perturbative interconnection [5–9] between the primary
process and the second hard scatter, cf. Fig. 1b; and (c)
the potential for observation of high-purity triple parton
scattering (Fig. 1c) [10, 11], as well as sensitivity to even
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FIG. 1. Illustration of some MPI configurations that will be
probed in this paper: (a) standard double hard scattering,
producing a Z boson and a pair of jets; (b) perturbative in-
terconnection between the partons involved in the two hard
scatterings, where the q̄ that produces the Z and the q that
scatters to produce the dijet system both have a common ori-
gin in the perturbative splitting of a gluon; and (c) a process
with three hard scatterings.

more than three scatters.

The foundation of our approach is the well-known
fact [12] 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 aver-
age transverse momentum of the leading jet in Drell-
Yan events as a function of the Z transverse momentum.
Specifically, we consider Z ! µ+µ� events and cluster
all particles other than the muons with a jet algorithm
(the anti-kt algorithm [13] with a jet radius of R = 0.7,
as implemented in FastJet [14]). Experimentally, this
observable could be studied using charged-track jets, or
possibly standard jets in a dedicated low-pileup run. We
return to the charged-track jet case in more detail below,
but at this stage of the discussion, to help expose the ba-
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Option A: MPI as part of the MC toolkit
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Figure 1: Schematic of the structure of a pp → tt event, as modelled by PYTHIA. To
keep the layout relatively clean, a few minor simplifications have been made: 1) shower
branchings and final-state hadrons are slightly less numerous than in real PYTHIA events,
2) recoil effects are not depicted accurately, 3) weak decays of light-flavour hadrons are
not included (thus, e.g. a K0

S meson would be depicted as stable in this figure), and 4)
incoming momenta are depicted as crossed (p→ −p). The latter means that the beam
remnants and the pre- and post-branching incoming lines for ISR branchings should be
interpreted with “reversed” momentum, directed outwards towards the periphery of the
figure; this avoids beam remnants and outgoing ISR emissions having to criss-cross the
central part of the diagram.
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where s0 = 4m2
p and A= 0.05 GeV. The cross section for other B B interactions is found by rescaling

this value by an AQM factor. The only exception is when the quark-contents make annihilation
impossible, e.g. like in a ∆++ +Σ

−
interaction, in which case the annihilation cross section is set

to zero.
Finally, resonance production refers to processes where the two hadrons combine to form one

resonance particle. The cross section for the process AB → R is given by a non-relativistic Breit–
Wigner [215],

σAB→R =
π

p2CM

(2SR + 1)
(2SA+ 1)(2SB + 1)

ΓR→ABΓR

(mR −
#
s)2 + 1

4Γ
2
R

, (250)

where S is the spin of each particle, pCM is the CM momentum of the incoming particles, ΓR→AB
is the mass-dependent partial width of the decay R → AB, and ΓR is the mass-dependent total
width of R. The full list of implemented resonances is given in ref. [214]. For π π and π K where
the total cross section is calculated using the parameterization by Pelaez et al., the partial cross
sections are rescaled to ensure their sum equals the total cross section.

6.2 Multiparton interactions basics

Hadrons are composite objects. A proton consists of three valence quarks, plus countless gluons
and sea quarks. When two hadrons collide there is a possibility for several parton pairs to col-
lide — multiparton interactions (MPIs). Processes with exactly two parton pairs, double parton
scattering (DPS), was proposed in the early days of QCD, but then viewed as a rare perturbative
process [222, 223]. Regge–Gribov theory, on the other hand, allowed for events with multiple
cut pomerons, i.e. several “strings” crossing from one rapidity end of the event to the other, each
generating its sequence of low-p⊥ hadrons [224]. The PYTHIA philosophy for the first time in-
troduced a merger and extension of these two approaches [225]. In it, semiperturbative MPIs
both generate multiple minijets, that contribute to the p⊥ flow, and multiple colour connections
between the beam remnants, that leads to events with higher multiplicity. This picture is now
generally accepted in its essentials. An overview of MPI theory and phenomenology can be found
in ref. [226], with the PYTHIA perspective described in ref. [227], with many further references.
See also the online manual under the “Multiparton Interactions” heading.

6.2.1 The perturbative cross section

The p⊥-differential perturbative QCD 2→ 2 cross section can, to leading order, be written as

dσ
dp2⊥

=
∑

i, j,k

∫∫∫
fi(x1,Q2) f j(x2,Q2)

dσ̂k
i j

d t̂
δ

#
p2⊥ −

t̂ û
ŝ

$
dx1 dx2 d t̂ , (251)

withQ2 = p2⊥ as factorization and renormalization scale, partons assumedmassless, and k running
over processes with the same initial state but different final states (cf. eq. (36) and eq. (41)). The
partonic cross section dσ̂/d t̂ is dominated by t-channel gluon exchange, i.e. qq′ → qq′, qg→ qg
and gg→ gg. (Including those u-channel graphs that easily can be relabelled into t-channel ones.)
This cross section has an approximate behaviour

dσ̂
d t̂
∝
α2s (Q

2)
t̂2

⇒ dσ̂
dp2⊥
∝
α2s (p

2
⊥)

p4⊥
. (252)
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divergent when p⊥ → 0
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(attempt to) couple to the vanishing net colour charge of the hadron. By contrast, traditional
perturbation theory is based on the assumption of asymptotically free incoming and outgoing
partons. To be specific, a multiplicative damping factor

!
αs(p2⊥0 + p2⊥)

αs(p2⊥)

p2⊥
p2⊥0 + p2⊥

"2

. (253)

is introduced, with p⊥0 a free parameter. This means a modification to eq. (252)

dσ̂
dp2⊥
∼
α2s (p

2
⊥)

p4⊥
−→

α2s (p
2
⊥0 + p2⊥)

(p2⊥0 + p2⊥)
2

, (254)

which is finite in the limit p⊥ → 0, cf. fig. 10b.
The p⊥0 value is not provided from first principles, although suggestions have been made to

equate it with the saturation scale Qs in colour glass condensate models [228,229]. Fits to pp/pp
data give a result that increases with energy, by default like

p⊥0(ECM) = (2.28 GeV)
#

ECM
7 TeV

$0.215
, (255)

but alternatively a logarithmic rise could be assumed. It should be noted that results are sensitive
to the choice of PDF set, and especially to the low-x behaviour of the gluon distribution at small
Q2. The numbers are for the default NNPDF2.3 QCD+QED LO αs(MZ) = 0.130 set [230]. The
choice of an LO PDF is deliberate, since the description of partonic collisions is also an LO one, but
in particular since NLO PDFs tend to become unphysical at small x and Q2. This is why PYTHIA

offers the possibility to use two different sets of PDFs, one for the hard processes, where these
kinematic regions are not accessed, and one for MPIs and showers, where often they are.

The range of x values that can be accessed by MPI in PYTHIA is illustrated by the thick black
lines in fig. 11, for hadronic CM energies ranging from 10 GeV (at the left-hand edge of the plot)
to 100 TeV (at the right-hand edge). The shaded area emphasizes the region of low x ≤ 10−4

in which current PDFs are uncertain by a factor two or more. The red dashed line indicates the
solution to x2s = 4p2⊥0, for the default form of p⊥0(ECM) given by eq. (255). Any partonic collision
with p̂⊥ ∼ p⊥0 will involve at least one x value below this line. Thus, especially at LHC energies
and beyond, it is important to keep in mind that the effective MPI cross section (and hence any
observables derived from it) around p̂⊥ ∼ p⊥0 really depends on the combination of p⊥0 and
the shape of the low-x PDF parameterization. Since the latter can change drastically between
different PDF sets, any “tuned” values of p⊥0 should be considered valid only for the PDF set they
were obtained with.

6.2.2 The impact-parameter model

A hadron is characterized not only by its longitudinal structure, as encoded in the PDFs, but also
by its transverse one. That is, the “impact parameter” plane overlap of partons in the two hadrons
influences the possible collisions. The hadrons are Lorentz contracted to pancake shapes in high-
energy collisions, such as the LHC, so the partons can be considered as frozen during the short
collision time.

As a first approximation we will assume a common spatial distribution ρ(x)d3x = ρ(r)d3x
for all parton types and momenta in a hadron. In the collision between two hadrons, passing by

131

with  a free parameter p⊥0( s)

Standard  cross section2 → 2
[Bierlich et al SciPost Phys. Codebases 8 (2022)] [Sjostrand and van Zijl PRD 36, 2019 (1987)] [Sjostrand and Skands JHEP 03 053 (2004)]
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where S is the spin of each particle, pCM is the CM momentum of the incoming particles, ΓR→AB
is the mass-dependent partial width of the decay R → AB, and ΓR is the mass-dependent total
width of R. The full list of implemented resonances is given in ref. [214]. For π π and π K where
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sections are rescaled to ensure their sum equals the total cross section.

6.2 Multiparton interactions basics

Hadrons are composite objects. A proton consists of three valence quarks, plus countless gluons
and sea quarks. When two hadrons collide there is a possibility for several parton pairs to col-
lide — multiparton interactions (MPIs). Processes with exactly two parton pairs, double parton
scattering (DPS), was proposed in the early days of QCD, but then viewed as a rare perturbative
process [222, 223]. Regge–Gribov theory, on the other hand, allowed for events with multiple
cut pomerons, i.e. several “strings” crossing from one rapidity end of the event to the other, each
generating its sequence of low-p⊥ hadrons [224]. The PYTHIA philosophy for the first time in-
troduced a merger and extension of these two approaches [225]. In it, semiperturbative MPIs
both generate multiple minijets, that contribute to the p⊥ flow, and multiple colour connections
between the beam remnants, that leads to events with higher multiplicity. This picture is now
generally accepted in its essentials. An overview of MPI theory and phenomenology can be found
in ref. [226], with the PYTHIA perspective described in ref. [227], with many further references.
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withQ2 = p2⊥ as factorization and renormalization scale, partons assumedmassless, and k running
over processes with the same initial state but different final states (cf. eq. (36) and eq. (41)). The
partonic cross section dσ̂/d t̂ is dominated by t-channel gluon exchange, i.e. qq′ → qq′, qg→ qg
and gg→ gg. (Including those u-channel graphs that easily can be relabelled into t-channel ones.)
This cross section has an approximate behaviour

dσ̂
d t̂
∝
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t̂2

⇒ dσ̂
dp2⊥
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2
⊥)

p4⊥
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sections are rescaled to ensure their sum equals the total cross section.
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2
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Here the naive probability is corrected by an exponential factor expressing that there must not
be any interaction in the range between

!
s/2 and p⊥1 for p⊥1 to be the hardest interaction. The

procedure can be iterated, to give

dP
dp⊥i

=
1
σnd

dσ
dp⊥i

exp

!
−
∫ p⊥i−1

p⊥i

1
σnd

dσ
dp′⊥

dp′⊥

#
. (264)

The exponential factors resemble Sudakov form factors of parton showers [51], or virtual correc-
tions of “uncut pomerons” in the Regge–Gribov framework, and fills the same function of ensuring
that probabilities are bounded by unity. We will use the Sudakov terminology to stress this sim-
ilarity. Summing up the probability for a scattering at a given p⊥ scale to happen at any step of
the generation chain gives back (1/σnd)dσ/dp⊥, and the number of interactions above any p⊥
is a Poissonian with an average of σint(p⊥)/σnd, as it should. The downwards evolution in p⊥ is
handled by using the veto algorithm, like for showers. If no MPIs are generated in the evolution,
a sequence is rejected and a new try made.

When the impact-parameter variability is to be included as well, eq. (263) generalizes to

dP
d2bdp⊥1

=
$O(b)
〈 $O〉

1
σnd

dσ
dp⊥1

exp

!
−
$O(b)
〈 $O〉

∫ !s/2

p⊥1

1
σnd

dσ
dp′⊥

dp′⊥

#
. (265)

This expression can be integrated over p⊥1 to give eq. (259). Once b has been chosen, the selection
is similar to that in eq. (263), except that there is now a factor $O(b)/〈 $O〉 multiplying the rate.
The same factor enters in the extension of eq. (264), for the continued evolution, to

dP
dp⊥i

=
$O(b)
〈 $O〉

1
σnd

dσ
dp⊥i

exp

!
−
$O(b)
〈 $O〉

∫ p⊥i−1

p⊥i

1
σnd

dσ
dp′⊥

dp′⊥

#
. (266)

The usefulness of the doubly differential expression in eq. (265) is not so apparent in the
generation of an inclusive non-diffractive event sample, where p⊥1 can be integrated out before
selecting b. But it gives important insights, especially since the MPI machinery is also intended
to be used to generate the underlying event associated with other processes. Assume e.g. that we
want to produce a hard jet sample, i.e. p⊥1 > p⊥min. For a large p⊥min the steep fall of dσ/dp⊥
ensures that the argument of the exponent is tiny, and so the exponent itself is close to unity
and can be neglected. The b and p⊥1 expressions then factorize. The former variable is selected
proportional to $O(b), while the latter is selected according to the conventional differential cross
section. Since $O(b) is more peaked at small b than Pint(b), it means that hard processes are se-
lected at more central b values than inclusive non-diffractive events. The physics is quite clear:
the probability to obtain a hard collision is proportional to the full parton-parton collision rate,
〈$nMPI(b)〉 ∝ $O(b), and so it is strongly peaked at small b, while already a single MPI is enough
to obtain a non-diffractive event, and so that probability saturates at unity in Pint(b). The con-
sequence of picking a smaller b in hard processes is that the selection rate for subsequent MPIs,
eq. (266), also is larger, thus giving a higher level of underlying activity than that of the full
non-diffractive event sample, the “pedestal effect”.

While the expression in eq. (265) provides for interpolation between hard and soft events,
it is important to note that only the non-diffractive processes, i.e. the ones where the hardest
interaction is selected by the MPI machinery, involve the full correlation. If one studies a hard
process, be it hard QCD jets or something else, then in PYTHIA the selection of process kinematics

134

+ some impact-parameter distribution

[Bierlich et al SciPost Phys. Codebases 8 (2022)] [Sjostrand, van Zijl PRD 36, 2019 (1987)] [Sjostrand, Skands JHEP 03 053 (2004)]

Standard  cross section2 → 2

σnd = 50 mb

[Corke, Sjostrand JHEP 1103 (2011)]
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6.2.5 Interleaved and intertwined evolution

So far we have only considered an MPI as a 2 → 2 process, but it should be associated with
ISR and FSR showers. In particular, ISR needs to take momentum from the beams, and can also
change the “original” flavour taken out of the beam during the backwards evolution. This implies
a more intricate competition between the MPI systems than already outlined. If all MPIs are first
considered, then their number will be maximized, whereas there may be little room left for ISR. If
instead ISR is added to each MPI before proceeding to the next, then there will be less room left
for MPIs.

Time ordering does not give any clear guidance what is the correct procedure. Incoming high-
energy hadrons can be viewed as flat pancakes, such that all MPIs happen simultaneously at the
collision moment, while ISR stretches backwards in time from it, and FSR forwards. But we have
no clean way of separating the hard interactions themselves from the virtual ISR cascades that
“already” exist in the colliding hadrons.

Instead we choose the same guiding principle as we did when we originally decided to consider
MPIs ordered in p⊥: it is most important to get the hardest part of the story “right”, and then one
has to live with an increasing level of approximation for the softer steps. Since also showers are
ordered in (some kind of) p⊥, it is meaningful to choose p⊥ as common evolution scale. Thus the
scheme is characterized by one master formula

dP
dp⊥

=
!
dPMPI

dp⊥
+
∑ dPISR

dp⊥
+
∑ dPFSR

dp⊥

#

× exp
$
−
∫ p⊥max

p⊥

&
dPMPI

dp′⊥
+
∑ dPISR

dp′⊥
+
∑ dPFSR

dp′⊥

'
dp′⊥

(
(271)

that probabilistically determines what the next step will be. Here the ISR sum runs over all in-
coming partons, two per already produced MPI, the FSR sum runs over all outgoing partons (or
dipoles), and p⊥max is the p⊥ of the previous step. Starting from the hardest interaction, eq. (271)
can be used repeatedly to construct a complete parton-level event. The flavour and momentum
used by previous MPIs or shower branchings are book kept in accordance with the principles out-
lined previously, with a few straightforward extensions. For ISR, e.g. the x and flavour of the own
MPI does not count as used up.

MPIs are not only related to each other by overall momentum and flavour conservation issues,
but may be directly interacting with each other. Two such examples are joined interactions and
partonic rescattering.

In the former, two partons participating in two separate MPIs may turn out to have a common
ancestor when the backwards ISR evolution traces their prehistory. The joined interactions are
well known in the context of the forwards evolution of multiparton densities [240, 241]. It can
approximately be turned into a backwards evolution probability for a branching a→ bc

dPbc(xb, xc ,Q
2)& dQ2

Q2

αs
2π

xa fa(xa,Q2)
xb fb(xb,Q2) xc fc(xc ,Q2)

z(1− z)Pa→bc(z) , (272)

with xa = xb+xc and z = xb/(xb+xc). The main approximation is that the two-parton differential
distribution has been been factorized as f (2)bc (xb, xc ,Q2)& fb(xb,Q2) fc(xc ,Q2), to put the equation
in terms of more familiar quantities.

Just like for the other processes considered, a form factor is given by integration over the
relevant Q2 range and exponentiation. Associating Q & p⊥, joined interactions can be included
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Figure 1: Schematic of the structure of a pp → tt event, as modelled by PYTHIA. To
keep the layout relatively clean, a few minor simplifications have been made: 1) shower
branchings and final-state hadrons are slightly less numerous than in real PYTHIA events,
2) recoil effects are not depicted accurately, 3) weak decays of light-flavour hadrons are
not included (thus, e.g. a K0

S meson would be depicted as stable in this figure), and 4)
incoming momenta are depicted as crossed (p→ −p). The latter means that the beam
remnants and the pre- and post-branching incoming lines for ISR branchings should be
interpreted with “reversed” momentum, directed outwards towards the periphery of the
figure; this avoids beam remnants and outgoing ISR emissions having to criss-cross the
central part of the diagram.
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Tuning parameters:   and transverse geometry profile p⊥0( s)

[Bierlich et al SciPost Phys. Codebases 8 (2022)] [Sjostrand and van Zijl PRD 36, 2019 (1987)] [Sjostrand and Skands JHEP 03 053 (2004)]
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10 2 The CMS UE tunes
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Figure 5: CMS data at
p

s = 7 TeV [17] on particle (top) and psum
T densities (bottom) for charged

particles with pT > 0.5 GeV and |h|< 0.8 in the TransMIN (left) and TransMAX (right) regions
as defined by the leading charged particle, as a function of the transverse momentum of the
leading charged-particle pmax

T . The data are compared to PYTHIA8 Tune 4C, and CUETP8S1-
CTEQ6L1, CUETP8S1-HERAPDF1.5LO, and CUETP8M1. The ratios of MC events to data are
given below each panel. The green bands in the ratios represent the total experimental uncer-
tainties.
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Figure 3: CDF data at
p

s = 900 GeV [11] on particle (top) and psum
T densities (bottom) for

charged particles with pT > 0.5 GeV and |h|< 0.8 in the TransMIN (left) and TransMAX (right)
regions as defined by the leading charged particle, as a function of the transverse momentum
of the leading charged-particle pmax

T . The data are compared to PYTHIA8 Tune 4C, CUETP8S1-
CTEQ6L1, CUETP8S1-HERAPDF1.5LO, and CUETP8M1. The ratios of MC events to data are
given below each panel. The green bands in the ratios represent the total experimental uncer-
tainties.
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[CMS Collab. EPJC 76 (2016) 3, 155]
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Is it possible to describe MPI 
with QFT tools?

Tevatron

MPI/underlying event tuning



6

Option B: double-parton scattering as QFT playground

Z

The double-parton scattering (DPS) cross section can be written as

i j
k

lb

[Paver, Treleani, Nuovo Cim. A70 (1982) 215] [Blok, Dokshitzer, Frankfurt, Strikman, PRD 83 (2011) 071501] [Diehl, Ostermeier and Schäfer (JHEP 1203 (2012)]

λ2
QCD 1/Q2 1/Q2 λ2

QCD1/λ2
QCD

= 𝒪(
λ2

QCD

Q4 )

where we have introduced the double-parton density Fab(xa, xb, b)

Double parton scattering can be used 
for proton tomography, i.e. extract 
partonic correlations

= ∫b
Fik(xi, xk, b) ⊗ ̂σij→Z ̂σkl→jets ⊗ Fjl(xj, xl, b)

xa

xb

b
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Option B: double-parton scattering as QFT playground

xa

xb

b s

G = matter profile

σA,B
DPS =

σA
SPS σB

SPS

σeff

Fab(xa, xb, b) ≃ f(xa)f(xb)∫s
G(s)G(b + s)

∼ πR2 ∼ 50 mb

To first approximation, double-parton density is given by

This leads to the so-called pocket-formula 
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Option B: double-parton scattering as QFT playground

Z
Z ×= +…

To first approximation, double-parton density is given by

This leads to the so-called pocket-formula 

xa

xb

b s

G = matter profile

σA,B
DPS =

σA
SPS σB

SPS

σeff

Fab(xa, xb, b) ≃ f(xa)f(xb)∫s
G(s)G(b + s)

i.e.

∼ πR2 ∼ 50 mb
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Figure 3: Comparison of seff,DPS parameters extracted in various processes. The result obtained
here (upper red circle) is compared to those derived in midrapidity measurements of double-
quarkonium and EW boson plus quarkonium production [22, 24, 25, 57–60] (blue circles), as
well as in final states with jets [19, 51, 52, 62], g+ jets [53–56], W+jets [13, 14], and same-sign W
bosons [18] (black squares and triangles). 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. [23] (CMS), Ref. [26] (D0)
and Refs. [50, 63] (ATLAS).
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Classic experimental challenge in DPS

9

Z

vs

Same experimental signature: Z boson (2 leptons) + jets

Z

Background (1HS)Signal (2HS)
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Illustration: first LHC DPS measurement with W(→ ℓv) + jj
[ATLAS Collab. New J.Phys. 15 (2013) 033038]
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Illustration: first LHC DPS measurement with W+2-jets
[ATLAS Collab. New J.Phys. 15 (2013) 033038]
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Low 2HS purities require very good understanding of 1HS 

Gavin P. Salam QCD@LHC, Durham, September 2023

Illustration: W+2-jets study
➤ E.g. ATLAS,  + 2 jets 

1301.6872 

➤ Exploits fact that MPI jet-pair more 
likely to balance than radiation jet pair, 
so MPI should be enhanced for 

 

➤ That works to some extent, but relative 
MPI (2HS) fraction is moderate (  25%) 

➤ Quantitative analysis requires very good 
understanding of radiation in single hard 
scattering (1HS)

W → ℓν

Δjets = ⃗pJ1
T + ⃗pJ2

T → 0

≲

4

Hard double-parton interactions in W (→ !ν) + 2-jet events 12
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Figure 4. Distribution of (a) ∆njets and (b) ∆jets in the inclusive A+H+J pseudo-data (dots)
compared to the results of fitting ∆njets by a linear combination of Template A (dashed line)
extracted from this sample and of Template B obtained from the dijet data (blue solid line).
The result is shown as the green histogram. The bins to the right of the vertical dash-dotted
line were excluded from the fit. The pseudo-data and the overall fit have been normalised to
unity, Template A to 1− f (MC)DP (∆njets) and Template B to f

(MC)
DP (∆njets).

In the fit to the distribution of ∆njets, events with ∆
n
jets > 0.93 (corresponding to the last

two bins of the fit) were ignored, since they represent configurations with two nearly parallel
jets and therefore rather test the parton shower model. The fit minimisation, when performed
to the ∆jets instead of the ∆njets distribution, resulted in a value f

(MC)
DP (∆jets) that was within

13% of f (MC)DP (∆njets). The resulting description of the distributions in ∆
n
jets and ∆jets by the

combination of the Templates A and B, using f (MC)DP (∆njets), are shown in Figure 4.

7.2. Influence of pile-up

In order to account for the influence of pile-up, the extraction of f (MC)DP was repeated after
selecting only events with the requirement of exactly one reconstructed vertex, imposed on
both the inclusive A+H+J sample and Template A. A subset of dijet events from earlier data-
taking periods, where the effects of pile-up were smaller, was used to model Template B.
In this way, the fitted value of f (MC)DP represents the DPI rate that would be extracted in the
absence of pile-up. The result is

f (MC)DP (∆njets) = 0.059±0.007 (stat.) , (13)

which is in good agreement with that obtained from a fit to the ∆jets distribution. The ratio,
rpile−up, of the f

(MC)
DP value with the one-vertex requirement to that without the requirement,

without accounting for the effect of correlations§, is rpile−up = 1.17± 0.15 (stat.). A direct
extraction of f (D)DP using only single pp interactions is not possible due to the small numbers

§ The impact of including the correlations is estimated to result in a maximum reduction of the statistical
uncertainty on rpile−up to 0.12.

ATLAS 
data
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Avoid QCD radiation issue: same-sign W±W±

[CMS Collab. PRL 131 (2023) 091803]

Traditional gold-plated observable for MPI:
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Figure 1: Example Feynman diagrams for leptonically decaying W±W± bosons produced via
DPS (upper) and SPS (middle and lower) processes.

from the silicon tracker, the crystal electromagnetic (ECAL), and the brass-scintillator hadron
calorimeters, which all operate within a 3.8 T superconducting solenoid, with data from the
gas-ionization muon detectors embedded in the flux-return yoke outside the solenoid. De-
tails of the event reconstruction used to define the primary vertex (PV) and build leptons, jets,
hadronically decaying t leptons (th), and missing transverse momentum (p

miss
T ) are provided

in Refs. [47–52]. Events of interest are selected using a two-tiered trigger system. The first level
(L1), composed of custom hardware processors, selects events at a rate of around 100 kHz [40].
The second level, known as the high-level trigger, further reduces the event rate to around
1 kHz before data storage [41].

Charged leptons are required to originate from the primary vertex (PV) to avoid contributions
from additional pp interactions in the same and nearby bunch crossings (pileup). Electrons are
identified using a multivariate analysis (MVA) discriminant that combines observables sensi-
tive to the matching of charged-particle tracks in the tracker to the energy deposits in the ECAL
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calorimeters, which all operate within a 3.8 T superconducting solenoid, with data from the
gas-ionization muon detectors embedded in the flux-return yoke outside the solenoid. De-
tails of the event reconstruction used to define the primary vertex (PV) and build leptons, jets,
hadronically decaying t leptons (th), and missing transverse momentum (p

miss
T ) are provided

in Refs. [47–52]. Events of interest are selected using a two-tiered trigger system. The first level
(L1), composed of custom hardware processors, selects events at a rate of around 100 kHz [40].
The second level, known as the high-level trigger, further reduces the event rate to around
1 kHz before data storage [41].

Charged leptons are required to originate from the primary vertex (PV) to avoid contributions
from additional pp interactions in the same and nearby bunch crossings (pileup). Electrons are
identified using a multivariate analysis (MVA) discriminant that combines observables sensi-
tive to the matching of charged-particle tracks in the tracker to the energy deposits in the ECAL

Signal (2HS)

𝒪(α4, α2
s α2)𝒪(α2)

Experimental signature:  + e±μ±, μ±μ± pT,miss
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Avoid QCD radiation issue: same-sign W±W±

[CMS Collab. PRL 131 (2023) 091803]

Traditional gold-plated observable for MPI suffers from background:

Just  statistical significance with full Run 2 dataset6.2σ

6

WZ and ZZ backgrounds are included as free parameters in the fit together with the signal
process. The fit is performed after combining all the background and signal processes in the
aforementioned lepton flavor and charge categories, resulting in four independent distribu-
tions of the final BDT discriminant per data-taking year. An excess of events with respect to the
background-only hypothesis is observed, which is quantified by calculating the p-value using
a profile likelihood ratio test statistic [87]. Figure 2 shows the BDT discriminant distribution
after the ML fit (postfit) for the four lepton flavor and sign categories. The contributions from
different backgrounds and the signal processes are stacked on top of each other and the associ-
ated postfit uncertainties are also shown. The distributions of the kinematic variables used to
train the BDT discriminants along with the two BDT discriminants are shown in Appendix A.

0 10 20 30 40 50
Bin number

0.5
1

1.5
2

2.5
3

D
at

a/
bk

g. ±W±DPS W Total background unc.
0

100

200

300

400

500

600
Ev

en
ts Data Nonprompt Charge misid.

WZ *γW γV
ZZ Rare ±W±DPS W
Total unc.

CMS  (13 TeV)1−138 fb

+µ+µ −µ−µ+µ+e −µ−e

Figure 2: Postfit distribution of the final BDT discriminant output for the four lepton flavor
and sign categories. The SPS W±W±, ttV, and VVV contributions are grouped as the “Rare”
background. The total postfit uncertainty in the signal and background predictions is shown
as the hatched band. The bottom panels show the ratio of data to the sum of all background
contributions as the black data points along with the extracted signal shown by the red line.
The vertical error bars on the data points represent the statistical uncertainty of the data.

The measured value of sW±W±

DPS is 80.7 ± 11.2 (stat)+9.5
�8.6 (syst) ± 12.1 (model) fb, where the model

uncertainty accounts for the difference in cross sections obtained in the experimental accep-
tance region with the PYTHIA and HERWIG simulations. The observed statistical significance of
the signal is 6.2 standard deviations above the background-only hypothesis. Separate fits to the
e±µ± and µ±µ± channels indicate that the two measurements agree within 1.7 standard devia-
tions. The DPS W±W± production cross section is also measured in a fiducial volume, defined
using two generator-level SS “dressed” leptons (e±µ± or µ±µ±) from W boson decays exclud-
ing the events with leptonically decaying t leptons. The leptons are dressed by adding the mo-
menta of generator-level photons within a cone of DR(`, g) < 0.1 to their momenta, and are re-
quired to pass kinematic requirements on the pT, h, m`` , and p

``
T variables from the SR selection.

The measured fiducial cross section is 6.28 ± 0.81 (stat) ± 0.69 (syst) ± 0.37 (model) fb, where the
model uncertainty represents the observed difference in reconstruction efficiencies within the
fiducial region obtained using the PYTHIA and HERWIG simulations. The measured value of
the inclusive (fiducial) cross section is in agreement with the predicted value of 86.4 (6.74) fb by
PYTHIA8 with the tune CUETP8M1 and dShower. A value of seff is extracted from Eq. (1), using
the measured sW±W±

DPS value and the next-to-NLO prediction for the single W+ (W�) produc-
tion cross section including leptonic decays of 35.4 ± 1.4 (26.0 ± 1.0) nb [91, 92]. This procedure
results in a value of 12.2+2.9

�2.2 mb, consistent with previous measurements of this quantity from

BDT 
discriminant
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Theory challenges in DPS: beyond pocket-formula

Z

Perturbative interconnection, i.e. 1 → 2

[Diehl, Ostermeier, Schafer JHEP 1203 (2012)], [Diehl, Gaunt, Schönwald JHEP 1706 (2017) 083]

Delicate interplay with loop corrections to 1HS: need to avoid double counting

Substantial progress in describing 2HS with MC tools: dShower

Extend 1HS theory to 2HS: double PDFs, colour flow, sum rules, DGLAP

xq

xq̄

b

lim
b→0

Fqq̄(xq, xq̄, b) ∼ αs
f(xq + xq̄)
xq + xq̄

Pg→qq̄(
xq

xq + xq̄
) 1

b2

[Cabouat, Gaunt, Ostrolenk JHEP 11 (2019) 061], [Cabouat, Gaunt JHEP 10 (2020) 012]
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Theory challenges in DPS: beyond pocket-formula

Z

Perturbative interconnection, i.e. 1 → 2

[Diehl, Ostermeier and Schafer JHEP 1203 (2012)], [Diehl, Gaunt, Schönwald JHEP 1706 (2017) 083]

Delicate interplay with loop corrections to 1HS: need to avoid double counting

Substantial progress in describing 2HS with MC tools: dShower

Double parton densities, colour flow, sum rules, DGLAP evolution?

xq

xq̄

b

lim
b→0

Fqq̄(xq, xq̄, b) ∼ αs
f(xq + xq̄)
xq + xq̄

Pg→qq̄(
xq

xq + xq̄
) 1

b2

Rest of this talk: present an 
experimental strategy to optimally 

disentangle 1HS from MPI

[Cabouat, Gaunt, Ostrolenk JHEP 11 (2019) 061], [Cabouat, Gaunt JHEP 10 (2020) 012]
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Idea: exploit Parisi-Petronzio lesson from 1979
[Parisi, Petronzio, NPB 154 (1979) 427-440]

Z

We explore Drell-Yan events and study the  limit. Two concurring 
mechanisms:

ptZ → 0

p2
tZ ∼ k2

t,i ≪ MZ

Exponential suppression of 
the spectrum (Sudakov peak)

Z

g

1

kt,i

Leading jet pt vs ptZ

[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001]

https://doi.org/10.1016/0550-3213(79)90040-3
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Idea: exploit Parisi-Petronzio lesson from 1979
[Parisi, Petronzio, NPB 154 (1979) 427-440]

Z

We explore Drell-Yan events and study the  limit. Two concurring 
mechanisms:

ptZ → 0

p2
tZ ≪ k2

t,i ≪ MZ

 suppression of the 
spectrum (dominant for )
𝒪(pt)

ptZ → 0

Z

g

2

∑ k2
t,i ≃ 0,

kt,i

Z
g

g

Leading jet pt vs ptZ

[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001]

https://doi.org/10.1016/0550-3213(79)90040-3
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Idea: exploit Parisi-Petronzio lesson from 1979
[Parisi, Petronzio, NPB 154 (1979) 427-440]

Z

Leading jet pt vs ptZ

[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001]

⟨pℓ
tj ⟩ptZ→0 ∼ Λ ( M

Λ )
κ ln 2 + κ

1 + κ

∼ 2-3 GeV

2 Intercept calculable

Z

kt,i

κ =
2CF

πβ0

https://doi.org/10.1016/0550-3213(79)90040-3


By constraining  we can forbid QCD radiation from 1HS above 2-3 GeVptZ
17

Key observation to suppress 1HS contribution
[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001] [MINNLO: Monni et al JHEP 05 (2020) 143]

Z



Suggests we should study MPI with help of a tight cut on ptZ
18

What happens when switching on MPI?
[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001] [MINNLO: Monni et al JHEP 05 (2020) 143]

Z

⟨pℓ
tj ⟩ptZ→0 ∼ 2.5 GeVMPI off:

MPI on: ⟨pℓ
tj ⟩ptZ→0 ∼ 10 GeV
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Fig. 12 Comparisons of data and MC predictions for charged particle multiplicity density, Nch/dh df , for Z-boson transverse momentum, pZ
T, in

the interval 20�50 GeV, in the trans-max (a) and trans-min (b) regions. The bottom panels in each plot show the ratio of MC predictions to data.
The shaded bands represent the combined statistical and systematic uncertainties, while the error bars show the statistical uncertainties.
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Did nobody think about this before?

There has been some past study of MPI with  cuts ptZ

[ATLAS Collab EPJC 74 (2014) 12, 3195] [Bansal et al. PRD 93 (2016) 5, 054019]
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FIG. 2. Jet multiplicity distributions are compared for events with and without MPI. The events

from Z + jets processes are generated using powheg, parton showered and hadronized with

pythia8. Jets with pT larger than 20 GeV/c are considered. The distributions are shown (a)

without any condition on pZT and (b) with pZT less than 10 GeV/c. The ratio plot in the bottom

panel shows deviations of the distributions after switching o↵ MPI.

of MPI. The sensitivity to the presence of MPI increases significantly by requiring an upper

cut on the pT of Z-boson. It is observed that parameters of the MPI model, have increased

sensitivity in the jet multiplicity distribution than the correlation observables. Hence jet

multiplicity distribution associated with Z-boson can be used to perform the inclusive MPI

measurements at the LHC and constraint MPI model parameters with better precision.
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Underlying event study Enhanced MPI with  GeVptZ < 10

Gavin P. Salam QCD@LHC, Durham, September 2023

Is this not obvious?
➤ There has been some past 

study of MPI with  cutsptZ

9
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Bansal, Bansal, Kumar, 
Singh 1602.05392 
suggested MPI studies 
with  for 
improved MPI purity
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Figure 2: Jet multiplicity in three different regions of pT(Z): pT(Z) < 10 GeV (upper left),
30 < pT(Z) < 50 GeV (upper right), pT(Z) > 100 GeV (lower). The error bars on the
data points represent the statistical uncertainty of the measurement, and the hatched band
shows the total statistical and systematic uncertainties added in quadrature. Predictions using
MG5 AMC+PY8 ( 2j NLO) with and without MPI are shown.

MPI on

MPI off

CMS 2210.16139 
showed results with 

, 
confirming some MPI 
enhancement

ptZ < 10 GeV

[CMS Collab EPJC 83 (2023) 8, 722]
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This study: establish what cut to use, explore new opportunities

We want balance between :

• maximising stats (loose )pcut
tZ

• minimise 1HS (tight )pcut
tZ

Optimum at  GeVpcut
tZ = 2

Corresponds to 12 million events in Run 3 at LHC

Experimental feasibility :

• = 2 GeV: 4-5% pcut
tZ σDY
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New observables: cumulative jet spectrum with ptZ < CZ

⟨n(ptj, min)⟩CZ
=

1
σ(ptZ < CZ) ∫ptj, min

dptj
dσjet(ptZ < CZ)

dptj

Average number of jets above  for a given cut  on  :ptj,min CZ ptZ

For small jet radii,  ,the total spectrum is a linear sum, i.e.:R

⟨n(ptj, min)⟩CZ
≃

R<1

n−HS

∑
i

⟨n(ptj, min)⟩i
CZ

= ⟨n(ptj, min)⟩MPI−off
CZ

+ ⟨n(ptj, min)⟩MPI−on
CZ
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New observables: cumulative jet spectrum with  GeVptZ < 2

｛Z+jj@LO

Less than 1 jet/event from the primary hard scattering 

MPI off
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New observables: cumulative jet spectrum with  GeVptZ < 2

Around 10 jets/event from multi-parton interactions 

Gavin P. Salam QCD@LHC, Durham, September 2023

Simplest observable: cumulative inclusive jet spectrum for ptZ <  2 GeV
For small jet radius (here ) 
this is a linear sum of 

➤ cumulative jet spectrum from 
1HS process  

➤ cumulative jet spectrum from any 
additional hard scatters 

Dominated by jets from additional 
hard scatters

R = 0.4

11

3

FIG. 3. The cumulative inclusive jet spectrum hn(ptj,min)iCZ

normalised to the number of events passing the cut ptZ <
CZ = 2GeV, with MPI on and o↵. The lower panel shows
the fraction of jets that come from the MPI, demonstrating
purity of 50�90% across a broad range of ptj,min jet cuts.

the MPI scatters rather than the primary scatter, even
for the relatively large value of ptj,min = 50GeV. Looking
instead at moderately low ptj,min values, Fig. 3 indicates
that on average there is one jet with pt & 6GeV, which is
broadly consistent with the plateau at 10GeV in Fig. 2,
considering that Fig. 3 uses R = 0.4 instead of R = 0.7,
and that it has a limited rapidity acceptance. Note that
for large ptj,min, the sample without MPI is dominated
by events where the Z is accompanied by two opposing
jets. The Pythia8+MiNNLO sample includes the ma-
trix element for that process at leading order (LO), while
Pythia8 does not, thus explaining the observed di↵erence
between the two curves for pt & 10GeV.

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

hn(ptj,min)i
pure-MPI
CZ

⌘ hn(ptj,min)iCZ�hn(ptj,min)i
no-MPI
CZ

.
(3)

In an actual experimental analysis, one might want to
use a next-to-leading order (NLO) Z + 2jet 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

�AB =
�A�B

�e↵
, (4)

where �e↵ for pp collisions is measured to be of the or-
der of 15�20mb [34–40] (for processes involving a vector
boson) and is related to an e↵ective area over which in-
teracting partons are distributed in the proton. We take
process A to be Z production with ptZ < CZ and process
B to be inclusive jet production, and consider a ptj,min

that is large enough for the pocket-formula to be valid,

i.e. such that �B/�e↵ ⌧ 1. This yields ([26], § A2)

hn(ptj,min)i
pure-MPI
CZ

'
1

�e↵

Z

ptj,min

dptj
d�jet

dptj
, (5)

where d�jet

dptj
is the inclusive jet cross section for jet pro-

duction, without any requirement that a Z be present in
the event.1 The right-hand-side of Eq. (5) does not in-
volve CZ , and thus the pocket-formula prediction is that
hn(ptj,min)i

pure-MPI
CZ

should be independent of CZ .
The pocket formula is, however, known to be an ap-

proximation. The di�culty of obtaining a pure MPI
sample has so far limited the scope for investigating
more sophisticated theoretical predictions. One partic-
ularly interesting e↵ect not captured in the pocket for-
mula relates to perturbative interconnection between the
primary scattering and the secondary scattering, as in
Fig. 1b, 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 ! qq̄ splitting, with the q̄ involved in Z production
and the q involved in di-jet production.
Our procedure of constraining the Z transverse mo-

mentum means that the partons that annihilate to pro-
duce the Z will almost always have a low transverse mo-
mentum, which reduces the likelihood of their having
been produced in a perturbative splitting. In contrast,
if we relax the constraint on ptZ , we will allow for sub-
stantially 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. 1b.
To evaluate potential sensitivity to this e↵ect, we ex-

amine the ratio between the 2HS rate with loose (CZ =
15GeV) and tight (CZ = 2GeV) constraints on ptZ ,

r15/2 =
hn(ptj,min)i

pure-MPI
15

hn(ptj,min)i
pure-MPI
2

. (6)

In each case the 2HS rate is normalised 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 r15/2 has the potential to provide pow-
erful constraints on deviations from the pocket formula.
Note that with CZ = 15GeV, the pure-MPI jet fraction
is predicted by Pythia8+MiNNLO to be about 25% at
ptj,min = 40GeV ([26], § A3), which should be adequate
for a quantitative extraction of r15/2.

1 Using the Pythia minimum-bias process to generate the refer-
ence jet sample, we find �e↵ ' 30mb, somewhat larger than in
standard measurements. This may imply that Pythia is un-
derestimating the MPI or overestimating the minimum-bias jet
spectrum, or that the data used for standard �e↵ extractions
has a higher level of MPI activity than would be seen with a
ptZ < 2GeV cut.

MPI on

MPI off

ptj,min MPI purity
10 GeV 90%
20 GeV 78%
40 GeV 60%

MPI on
MPI off
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New observables: cumulative jet spectrum with  GeVptZ < 2

Around 10 jets/event from multi-parton interactions 

ptj,min MPI purity
10 GeV 90%
20 GeV 78%
40 GeV 60%

MPI on
MPI off

Tight cut on  yields high-purity MPI 
samples. How can we exploit them?

ptZ



We introduce the pure MPI contribution to the inclusive jet spectrum

24

Pure MPI cumulative jet spectrum with ptZ < CZ

Z
Z ×= +…

σA,B
DPS =

σA
SPS σB

SPS

σeff

In the pocket-formula approach this reduces to

⟨n(ptj, min)⟩
pure−MPI
CZ

≡ ⟨n(ptj, min)⟩CZ
− ⟨n(ptj, min)⟩no−MPI

CZ

Z+jj@NLO theory prediction
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Pure MPI cumulative jet spectrum with ptZ < CZ

⟨n(ptj, min)⟩
pure−MPI
CZ

≃
1

σeff ∫ptj, min

dptj
dσjet

dptj

Pocket formula predicts  to be independent of ⟨n(ptj, min)⟩
pure−MPI
CZ

CZ

Inclusive jet rate in min-bias (no Z)

We introduce the pure MPI contribution to the inclusive jet spectrum

⟨n(ptj, min)⟩
pure−MPI
CZ

≡ ⟨n(ptj, min)⟩CZ
− ⟨n(ptj, min)⟩no−MPI

CZ

Z+jj@NLO theory prediction
In the pocket-formula approach this reduces to
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New observable: ratio of  with different ⟨n(ptj, min)⟩
pure−MPI
CZ

ptZ < CZ

r15/2 =
⟨n(ptj, min)⟩

pure−MPI
15

⟨n(ptj, min)⟩pure−MPI
2

We propose to measure 

• Pocket formula: r15/2 = 1 • Pythia:              (colour reconnection)r15/2 ≃ 1



• Perturbative interconnection: 
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New observable: ratio of  with different ⟨n(ptj, min)⟩
pure−MPI
CZ

ptZ < CZ

r15/2 =
⟨n(ptj, min)⟩

pure−MPI
15

⟨n(ptj, min)⟩pure−MPI
2

We propose to measure 

• Pocket formula: r15/2 = 1 • Pythia:              (colour reconnection)r15/2 ≃ 1

Z

These splittings result in higher ptZ ⇒ r15/2 > 1
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Can one see effect of perturbative interconnection?
Measure cumulative jet rate with two  cuts:  

➤ tight (2 GeV)  

➤ loose (15 GeV) 

Take ratio of pure-MPI jet rates  

 

Compare to  

➤ Pythia: no interconnection (expect ) 

➤ dShower: with option of interconnection 
[Cabouat, Gaunt, Ostrolenk, 1906.04669; 
Cabouat, Gaunt, 2008.01442]

ptZ

3

FIG. 3. The cumulative inclusive jet spectrum hn(ptj,min)iCZ

normalised to the number of events passing the cut ptZ <
CZ = 2GeV, with MPI on and o↵. The lower panel shows
the fraction of jets that come from the MPI, demonstrating
purity of 50�90% across a broad range of ptj,min jet cuts.

the MPI scatters rather than the primary scatter, even
for the relatively large value of ptj,min = 50GeV. Looking
instead at moderately low ptj,min values, Fig. 3 indicates
that on average there is one jet with pt & 6GeV, which is
broadly consistent with the plateau at 10GeV in Fig. 2,
considering that Fig. 3 uses R = 0.4 instead of R = 0.7,
and that it has a limited rapidity acceptance. Note that
for large ptj,min, the sample without MPI is dominated
by events where the Z is accompanied by two opposing
jets. The Pythia8+MiNNLO sample includes the ma-
trix element for that process at leading order (LO), while
Pythia8 does not, thus explaining the observed di↵erence
between the two curves for pt & 10GeV.

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

hn(ptj,min)i
pure-MPI
CZ

⌘ hn(ptj,min)iCZ�hn(ptj,min)i
no-MPI
CZ

.
(3)

In an actual experimental analysis, one might want to
use a next-to-leading order (NLO) Z + 2jet 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

�AB =
�A�B

�e↵
, (4)

where �e↵ for pp collisions is measured to be of the or-
der of 15�20mb [34–40] (for processes involving a vector
boson) and is related to an e↵ective area over which in-
teracting partons are distributed in the proton. We take
process A to be Z production with ptZ < CZ and process
B to be inclusive jet production, and consider a ptj,min

that is large enough for the pocket-formula to be valid,

i.e. such that �B/�e↵ ⌧ 1. This yields ([26], § A2)

hn(ptj,min)i
pure-MPI
CZ

'
1

�e↵

Z

ptj,min

dptj
d�jet

dptj
, (5)

where d�jet

dptj
is the inclusive jet cross section for jet pro-

duction, without any requirement that a Z be present in
the event.1 The right-hand-side of Eq. (5) does not in-
volve CZ , and thus the pocket-formula prediction is that
hn(ptj,min)i

pure-MPI
CZ

should be independent of CZ .
The pocket formula is, however, known to be an ap-

proximation. The di�culty of obtaining a pure MPI
sample has so far limited the scope for investigating
more sophisticated theoretical predictions. One partic-
ularly interesting e↵ect not captured in the pocket for-
mula relates to perturbative interconnection between the
primary scattering and the secondary scattering, as in
Fig. 1b, 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 ! qq̄ splitting, with the q̄ involved in Z production
and the q involved in di-jet production.
Our procedure of constraining the Z transverse mo-

mentum means that the partons that annihilate to pro-
duce the Z will almost always have a low transverse mo-
mentum, which reduces the likelihood of their having
been produced in a perturbative splitting. In contrast,
if we relax the constraint on ptZ , we will allow for sub-
stantially 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. 1b.
To evaluate potential sensitivity to this e↵ect, we ex-

amine the ratio between the 2HS rate with loose (CZ =
15GeV) and tight (CZ = 2GeV) constraints on ptZ ,

r15/2 =
hn(ptj,min)i

pure-MPI
15

hn(ptj,min)i
pure-MPI
2

. (6)

In each case the 2HS rate is normalised 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 r15/2 has the potential to provide pow-
erful constraints on deviations from the pocket formula.
Note that with CZ = 15GeV, the pure-MPI jet fraction
is predicted by Pythia8+MiNNLO to be about 25% at
ptj,min = 40GeV ([26], § A3), which should be adequate
for a quantitative extraction of r15/2.

1 Using the Pythia minimum-bias process to generate the refer-
ence jet sample, we find �e↵ ' 30mb, somewhat larger than in
standard measurements. This may imply that Pythia is un-
derestimating the MPI or overestimating the minimum-bias jet
spectrum, or that the data used for standard �e↵ extractions
has a higher level of MPI activity than would be seen with a
ptZ < 2GeV cut.

r = 1

16

4

FIG. 4. Pythia8+MiNNLO and dShower results for the r15/2
ratio of Eq. (6). Note the deviation from 1 when perturba-
tive interconnection is turned on between the primary and
secondary hard scatters, i.e. diagrams as in Fig. 1b. The
dShower bands correspond to scale variation (see [26] §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.

Fig. 4 shows the r15/2 ratio evaluated in three ways.
The Pythia8+MiNNLO curve corresponds to a full analy-
sis, using Pythia8+MiNNLO curve itself (without MPI),
to evaluate the no-MPI contribution for Eq. (3). Pythia8
does not include a perturbative interconnection mecha-
nism (though it has correlations related to momentum
conservation and colour reconnections [41]), and one sees
a result consistent with r15/2 = 1 to within statistical
fluctuations.

Fig. 4 also includes curves from the dShower pro-
gram [42, 43]. This is a state-of-the-art code that simu-
lates a pure 2HS component, with the option of including
interconnection e↵ects according to Ref. [9]. Rather than
carrying out a full analysis (which would require a con-
sistent merging with a 1HS component), we determine
the r15/2 ratio based on the truth Monte Carlo informa-
tion about the transverse momentum of the hard outgo-
ing partons in the 2 ! 2 interaction, i.e. the second hard
scattering. The pink curve is the result without intercon-
nection (with MSTW2008 PDFs [44]), and is consistent
with 1. The orange curve includes interconnection e↵ects,
and one clearly sees a 25-30% violation of the pocket for-
mula. The scope for measuring this experimentally in a
full analysis depends critically on the systematic errors
associated with the subtraction of the no-MPI contribu-
tion in Eq. (3). The significance of such a signal is dis-
cussed in [26] §A3, for various scenarios of uncertainties
on the no-MPI term, and the conclusion is that reason-
able assumptions lead to at least 2 standard deviations
at low ptj,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.

FIG. 5. The distribution of the absolute value of ��12

between the two leading charged-track jets in events with
ptZ < 2GeV (cf. text for jet cuts). The plot shows a clear
signal not just of 2HS (in the peak) but also of 3HS (plateau).

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 mea-
sured cross section has a large uncertainty [11, 45] and
where generic di�culties in understanding charmonium
production complicate the interpretation of the results.

Here we propose the study of charged-track jets, with
moderately low pt cuts. To illustrate the study, we con-
struct charged-track jets using charged particles with
|⌘| < 2.4 and pt > 0.5GeV. The use of charged par-
ticles enables the study of moderately low pt jets even
in high-pileup runs, thus exploiting the full luminosity of
the LHC. We order the jets in decreasing pt, and first
study the two leading jets, with a “product” cut [46],
p
pt1pt2 > 9fchg GeV, and a ratio cut, pt2 > 0.6 pt1. We

quote the cuts in terms of a charged-to-neutral conversion
ratio fchg = 0.65. The overall scale of the cuts ensures a
non-negligible likelihood that each event contains at least
one pair of jets.

Fig. 5 shows results for the absolute di↵erence in az-
imuthal angles between the two jets, ��12. This observ-
able is expected to peak around ��12 = ⇡ when the two
jets come from the same hard partonic interaction, and to
be uniformly distributed between 0 and ⇡ 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 ([26] § A5) of each
histogram bin shows that the plateau is dominated by
events with 3 hard scatterings (3HS), where each of the
two leading jets comes from a di↵erent HS (each distinct
from the one that produced the Z). The enhancement
near ��12 = ⇡ originates mostly from 2HS where the

25% effect from interconnection

Can one see effect of perturbative interconnection in data? 

[dShower: Cabouat, Gaunt, Ostrolenk JHEP 11 (2019) 061, Cabouat, Gaunt JHEP 10 (2020) 012]
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NB: 15 GeV cut reduces MPI purity, making this a difficult measurement

Plots show significance v. of 
perturbative interconnection in 
simulation 

➤ for dShower-sized effect 

➤ with various possible assumptions 
for sizes of theory uncertainties on 
1HS subtraction + their 
correlation between the two  
cuts 

➤ Just barely feasible? 

➤ motivates NNLO (matched) Z+2j 
calculations

ptj,min

ptZ

17

12

FIG. 10. Statistical significance of the detection of the breaking of the pocket-formula with the rx/2 observable for three
di↵erent values of ⇢ in Eq. (A17) (one per column) and three di↵erent assumptions for the fractional uncertainties, fx and f2,
on the no-MPI cross section (one per row). See main text for further details.

4. Z plus four-jet study

Figure 11 shows a Z plus four-jet study that is intended to help examine the structure of 3HS, in particular
the situation where the Z and each of the two pairs of jets arises from distinct hard scatterings. We apply the
usual ptZ < CZ = 2GeV requirements, and the same cuts for the two highest pt jets as in Fig. 5, but with an
additional constraint of ��12 > 3⇡/4, so as to enhance the contribution from the situation where the two leading
jets are from the same hard interaction. We then apply product and ratio cuts to a second pair of jets, jets 3 and 4,
p
pt3pt4 > 9fchg GeV, pt4 > 0.6 pt3. We also apply a rapidity cut |�yi,j | > 1, with i = {1, 2} and j = {3, 4}, to reduce

the likelihood that a jet in the first pair and a jet in the second pair originate from the fragmentation of a single
hard parton. Finally, we plot the distribution of ��34 in Fig. 11. We see some degree of peak around ��34 = ⇡,
for the most part a consequence of the 3HS that we were trying to isolate. Meanwhile the plateau region receives
contributions from a mix of 3HS, 4HS and even some 5HS, illustrating the considerable potential of such a Z + 4-jet
analysis. Clearly it would be interesting, in both the dijet and 4-jet studies, to further investigate the structure of
di↵erent numbers of interactions, for example by varying the jet pt cuts so as to modify the relative contributions
from di↵erent numbers of hard interactions.

1HS theory assumption: 5% uncertainty 
                                        50% correlated

2σ

5σ

significance of signal 
 of perturbative interconnectionAssume dShower size for signal. 

Evaluate few assumptions for:

• theory uncertainty on 1HS subtraction

⟨n(ptj, min)⟩
pure−MPI
CZ

≡ ⟨n(ptj, min)⟩CZ
− ⟨n(ptj, min)⟩no−MPI

CZ

• + their correlation for different  CZ
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FIG. 10. Statistical significance of the detection of the breaking of the pocket-formula with the rx/2 observable for three
di↵erent values of ⇢ in Eq. (A17) (one per column) and three di↵erent assumptions for the fractional uncertainties, fx and f2,
on the no-MPI cross section (one per row). See main text for further details.

4. Z plus four-jet study

Figure 11 shows a Z plus four-jet study that is intended to help examine the structure of 3HS, in particular
the situation where the Z and each of the two pairs of jets arises from distinct hard scatterings. We apply the
usual ptZ < CZ = 2GeV requirements, and the same cuts for the two highest pt jets as in Fig. 5, but with an
additional constraint of ��12 > 3⇡/4, so as to enhance the contribution from the situation where the two leading
jets are from the same hard interaction. We then apply product and ratio cuts to a second pair of jets, jets 3 and 4,
p
pt3pt4 > 9fchg GeV, pt4 > 0.6 pt3. We also apply a rapidity cut |�yi,j | > 1, with i = {1, 2} and j = {3, 4}, to reduce

the likelihood that a jet in the first pair and a jet in the second pair originate from the fragmentation of a single
hard parton. Finally, we plot the distribution of ��34 in Fig. 11. We see some degree of peak around ��34 = ⇡,
for the most part a consequence of the 3HS that we were trying to isolate. Meanwhile the plateau region receives
contributions from a mix of 3HS, 4HS and even some 5HS, illustrating the considerable potential of such a Z + 4-jet
analysis. Clearly it would be interesting, in both the dijet and 4-jet studies, to further investigate the structure of
di↵erent numbers of interactions, for example by varying the jet pt cuts so as to modify the relative contributions
from di↵erent numbers of hard interactions.
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Assessing statistical significance of perturbative interconnection

Assume dShower size for signal. 
Evaluate few assumptions for:

• theory uncertainty on 1HS subtraction

⟨n(ptj, min)⟩
pure−MPI
CZ

≡ ⟨n(ptj, min)⟩CZ
− ⟨n(ptj, min)⟩no−MPI

CZ

• + their correlation for different  CZ

Just barely feasible. Motivation for 
NNLO (matched) Z+2j calculations 
to reduce theory uncertainty 
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Assessing statistical significance of perturbative interconnection

Assume dShower size for signal. 
Evaluate few assumptions for:

• theory uncertainty on 1HS subtraction

⟨n(ptj, min)⟩
pure−MPI
CZ

≡ ⟨n(ptj, min)⟩CZ
− ⟨n(ptj, min)⟩no−MPI

CZ

• + their correlation for different  CZ

Just barely feasible. Motivation for 
NNLO (matched) Z+2j calculations

Can we go beyond 2HS?
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Final topic: seeing 3HS via azimuthal correlations 

Measure  between leading jets using a tight cut on Δϕ ptZ

Signal (3HS) Background (2HS)
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Final topic: seeing 3HS [easy!]
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Z HS1
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FIG. 4. Pythia8+MiNNLO and dShower results for the r15/2
ratio of Eq. (6). Note the deviation from 1 when perturba-
tive interconnection is turned on between the primary and
secondary hard scatters, i.e. diagrams as in Fig. 1b. The
dShower bands correspond to scale variation (see [26] §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.

Fig. 4 shows the r15/2 ratio evaluated in three ways.
The Pythia8+MiNNLO curve corresponds to a full analy-
sis, using Pythia8+MiNNLO curve itself (without MPI),
to evaluate the no-MPI contribution for Eq. (3). Pythia8
does not include a perturbative interconnection mecha-
nism (though it has correlations related to momentum
conservation and colour reconnections [41]), and one sees
a result consistent with r15/2 = 1 to within statistical
fluctuations.

Fig. 4 also includes curves from the dShower pro-
gram [42, 43]. This is a state-of-the-art code that simu-
lates a pure 2HS component, with the option of including
interconnection e↵ects according to Ref. [9]. Rather than
carrying out a full analysis (which would require a con-
sistent merging with a 1HS component), we determine
the r15/2 ratio based on the truth Monte Carlo informa-
tion about the transverse momentum of the hard outgo-
ing partons in the 2 ! 2 interaction, i.e. the second hard
scattering. The pink curve is the result without intercon-
nection (with MSTW2008 PDFs [44]), and is consistent
with 1. The orange curve includes interconnection e↵ects,
and one clearly sees a 25-30% violation of the pocket for-
mula. The scope for measuring this experimentally in a
full analysis depends critically on the systematic errors
associated with the subtraction of the no-MPI contribu-
tion in Eq. (3). The significance of such a signal is dis-
cussed in [26] §A3, for various scenarios of uncertainties
on the no-MPI term, and the conclusion is that reason-
able assumptions lead to at least 2 standard deviations
at low ptj,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.

FIG. 5. The distribution of the absolute value of ��12

between the two leading charged-track jets in events with
ptZ < 2GeV (cf. text for jet cuts). The plot shows a clear
signal not just of 2HS (in the peak) but also of 3HS (plateau).

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 mea-
sured cross section has a large uncertainty [11, 45] and
where generic di�culties in understanding charmonium
production complicate the interpretation of the results.

Here we propose the study of charged-track jets, with
moderately low pt cuts. To illustrate the study, we con-
struct charged-track jets using charged particles with
|⌘| < 2.4 and pt > 0.5GeV. The use of charged par-
ticles enables the study of moderately low pt jets even
in high-pileup runs, thus exploiting the full luminosity of
the LHC. We order the jets in decreasing pt, and first
study the two leading jets, with a “product” cut [46],
p
pt1pt2 > 9fchg GeV, and a ratio cut, pt2 > 0.6 pt1. We

quote the cuts in terms of a charged-to-neutral conversion
ratio fchg = 0.65. The overall scale of the cuts ensures a
non-negligible likelihood that each event contains at least
one pair of jets.

Fig. 5 shows results for the absolute di↵erence in az-
imuthal angles between the two jets, ��12. This observ-
able is expected to peak around ��12 = ⇡ when the two
jets come from the same hard partonic interaction, and to
be uniformly distributed between 0 and ⇡ 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 ([26] § A5) of each
histogram bin shows that the plateau is dominated by
events with 3 hard scatterings (3HS), where each of the
two leading jets comes from a di↵erent HS (each distinct
from the one that produced the Z). The enhancement
near ��12 = ⇡ originates mostly from 2HS where the

Δϕ12 ∼ π

⃗pJ1
T⃗pJ2

T

Z
HS1

HS2

HS3

0 < Δϕ12 < π
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FIG. 4. Pythia8+MiNNLO and dShower results for the r15/2
ratio of Eq. (6). Note the deviation from 1 when perturba-
tive interconnection is turned on between the primary and
secondary hard scatters, i.e. diagrams as in Fig. 1b. The
dShower bands correspond to scale variation (see [26] §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.

Fig. 4 shows the r15/2 ratio evaluated in three ways.
The Pythia8+MiNNLO curve corresponds to a full analy-
sis, using Pythia8+MiNNLO curve itself (without MPI),
to evaluate the no-MPI contribution for Eq. (3). Pythia8
does not include a perturbative interconnection mecha-
nism (though it has correlations related to momentum
conservation and colour reconnections [41]), and one sees
a result consistent with r15/2 = 1 to within statistical
fluctuations.

Fig. 4 also includes curves from the dShower pro-
gram [42, 43]. This is a state-of-the-art code that simu-
lates a pure 2HS component, with the option of including
interconnection e↵ects according to Ref. [9]. Rather than
carrying out a full analysis (which would require a con-
sistent merging with a 1HS component), we determine
the r15/2 ratio based on the truth Monte Carlo informa-
tion about the transverse momentum of the hard outgo-
ing partons in the 2 ! 2 interaction, i.e. the second hard
scattering. The pink curve is the result without intercon-
nection (with MSTW2008 PDFs [44]), and is consistent
with 1. The orange curve includes interconnection e↵ects,
and one clearly sees a 25-30% violation of the pocket for-
mula. The scope for measuring this experimentally in a
full analysis depends critically on the systematic errors
associated with the subtraction of the no-MPI contribu-
tion in Eq. (3). The significance of such a signal is dis-
cussed in [26] §A3, for various scenarios of uncertainties
on the no-MPI term, and the conclusion is that reason-
able assumptions lead to at least 2 standard deviations
at low ptj,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.

FIG. 5. The distribution of the absolute value of ��12

between the two leading charged-track jets in events with
ptZ < 2GeV (cf. text for jet cuts). The plot shows a clear
signal not just of 2HS (in the peak) but also of 3HS (plateau).

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 mea-
sured cross section has a large uncertainty [11, 45] and
where generic di�culties in understanding charmonium
production complicate the interpretation of the results.

Here we propose the study of charged-track jets, with
moderately low pt cuts. To illustrate the study, we con-
struct charged-track jets using charged particles with
|⌘| < 2.4 and pt > 0.5GeV. The use of charged par-
ticles enables the study of moderately low pt jets even
in high-pileup runs, thus exploiting the full luminosity of
the LHC. We order the jets in decreasing pt, and first
study the two leading jets, with a “product” cut [46],
p
pt1pt2 > 9fchg GeV, and a ratio cut, pt2 > 0.6 pt1. We

quote the cuts in terms of a charged-to-neutral conversion
ratio fchg = 0.65. The overall scale of the cuts ensures a
non-negligible likelihood that each event contains at least
one pair of jets.

Fig. 5 shows results for the absolute di↵erence in az-
imuthal angles between the two jets, ��12. This observ-
able is expected to peak around ��12 = ⇡ when the two
jets come from the same hard partonic interaction, and to
be uniformly distributed between 0 and ⇡ 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 ([26] § A5) of each
histogram bin shows that the plateau is dominated by
events with 3 hard scatterings (3HS), where each of the
two leading jets comes from a di↵erent HS (each distinct
from the one that produced the Z). The enhancement
near ��12 = ⇡ originates mostly from 2HS where the

Δϕ12 ∼ π

⃗pJ1
T⃗pJ2

T

Z
HS1

HS2

HS3

0 < Δϕ12 < π

[Previous studies of 3HS: CMS Collab. Nature Phys. 19 (2023) 3, 338-350, D’Enterria, Snigirev PRL 118 (2017) 12, 122001]
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FIG. 4. Pythia8+MiNNLO and dShower results for the r15/2
ratio of Eq. (6). Note the deviation from 1 when perturbative
interconnection is turned on between the primary and sec-
ondary hard scatters, i.e. diagrams as in Fig. 1b. The dShower
bands correspond to scale variation (see [31], §A 3 for further
details). They include only the Zgg final state, which repre-
sents about 50% of independent 2HS, and so should be taken
as qualitative. No jet rapidity cut is applied.

Fig. 4 shows the r15/2 ratio evaluated in three ways.
The Pythia8+MiNNLO curve corresponds to a full analy-
sis, using Pythia8+MiNNLO curve itself (without MPI),
to evaluate the no-MPI contribution for Eq. (3). Pythia8
does not include a perturbative interconnection mecha-
nism (though it has correlations related to momentum
conservation and colour reconnections [49]), and one sees
a result consistent with r15/2 = 1 to within statistical
fluctuations.

Fig. 4 also includes curves from the dShower pro-
gram [50, 51]. This is a state-of-the-art code that simu-
lates a pure 2HS component, with the option of includ-
ing interconnection e↵ects according to Ref. [15]. Rather
than carrying out a full analysis (which would require
a consistent merging with a 1HS component), we deter-
mine the r15/2 ratio based on the truth Monte Carlo in-
formation about the transverse momentum of the hard
outgoing partons in the 2 ! 2 interaction, i.e. the sec-
ond hard scattering. The pink curve is the result with-
out interconnection (with MSTW2008 PDFs [52]), and
is consistent with 1. The orange curve includes intercon-
nection e↵ects, and one clearly sees a 25-30% violation
of the pocket formula. The scope for measuring this ex-
perimentally in a 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], §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 ptj,min, which would correspond to ex-
clusion of the pocket formula. The significance can be
raised by increasing the accuracy of the no-MPI predic-

FIG. 5. The distribution of the absolute value of ��12

between the two leading charged-track jets in events with
ptZ < 2GeV (cf. text for jet cuts). The plot shows a clear
signal not just of 2HS (in the peak) but also of 3HS (plateau).

tions, 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 mea-
sured cross section has a large uncertainty [17, 53] and
where generic di�culties in understanding charmonium
production complicate the interpretation of the results.

Here we propose the study of charged-track jets, with
moderately low pt cuts. To illustrate the study, we con-
struct charged-track jets using charged particles with
|⌘| < 2.4 and pt > 0.5GeV. The use of charged par-
ticles enables the study of moderately low pt jets even
in high-pileup runs, thus exploiting the full luminosity of
the LHC. We order the jets in decreasing pt, and first
study the two leading jets, with a “product” cut [54],p
pt1pt2 > 9fchg GeV, and a ratio cut, pt2 > 0.6 pt1. We

quote the cuts in terms of a charged-to-neutral conversion
ratio fchg = 0.65. The overall scale of the cuts ensures a
non-negligible likelihood that each event contains at least
one pair of jets.

Fig. 5 shows results for the absolute di↵erence in az-
imuthal angles between the two jets, ��12. This observ-
able is expected to peak around ��12 = ⇡ when the two
jets come from the same hard partonic interaction, and to
be uniformly distributed between 0 and ⇡ 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], §A 5) of each
histogram bin shows that the plateau is dominated by
events with 3 hard scatterings (3HS), where each of the
two leading jets comes from a di↵erent HS (each distinct
from the one that produced the Z). The enhancement
near ��12 = ⇡ originates mostly from 2HS where the
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FIG. 4. Pythia8+MiNNLO and dShower results for the r15/2
ratio of Eq. (6). Note the deviation from 1 when perturbative
interconnection is turned on between the primary and sec-
ondary hard scatters, i.e. diagrams as in Fig. 1b. The dShower
bands correspond to scale variation (see [31], §A 3 for further
details). They include only the Zgg final state, which repre-
sents about 50% of independent 2HS, and so should be taken
as qualitative. No jet rapidity cut is applied.

Fig. 4 shows the r15/2 ratio evaluated in three ways.
The Pythia8+MiNNLO curve corresponds to a full analy-
sis, using Pythia8+MiNNLO curve itself (without MPI),
to evaluate the no-MPI contribution for Eq. (3). Pythia8
does not include a perturbative interconnection mecha-
nism (though it has correlations related to momentum
conservation and colour reconnections [49]), and one sees
a result consistent with r15/2 = 1 to within statistical
fluctuations.

Fig. 4 also includes curves from the dShower pro-
gram [50, 51]. This is a state-of-the-art code that simu-
lates a pure 2HS component, with the option of includ-
ing interconnection e↵ects according to Ref. [15]. Rather
than carrying out a full analysis (which would require
a consistent merging with a 1HS component), we deter-
mine the r15/2 ratio based on the truth Monte Carlo in-
formation about the transverse momentum of the hard
outgoing partons in the 2 ! 2 interaction, i.e. the sec-
ond hard scattering. The pink curve is the result with-
out interconnection (with MSTW2008 PDFs [52]), and
is consistent with 1. The orange curve includes intercon-
nection e↵ects, and one clearly sees a 25-30% violation
of the pocket formula. The scope for measuring this ex-
perimentally in a 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], §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 ptj,min, which would correspond to ex-
clusion of the pocket formula. The significance can be
raised by increasing the accuracy of the no-MPI predic-
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ptZ < 2GeV (cf. text for jet cuts). The plot shows a clear
signal not just of 2HS (in the peak) but also of 3HS (plateau).

tions, 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 mea-
sured cross section has a large uncertainty [17, 53] and
where generic di�culties in understanding charmonium
production complicate the interpretation of the results.

Here we propose the study of charged-track jets, with
moderately low pt cuts. To illustrate the study, we con-
struct charged-track jets using charged particles with
|⌘| < 2.4 and pt > 0.5GeV. The use of charged par-
ticles enables the study of moderately low pt jets even
in high-pileup runs, thus exploiting the full luminosity of
the LHC. We order the jets in decreasing pt, and first
study the two leading jets, with a “product” cut [54],p
pt1pt2 > 9fchg GeV, and a ratio cut, pt2 > 0.6 pt1. We

quote the cuts in terms of a charged-to-neutral conversion
ratio fchg = 0.65. The overall scale of the cuts ensures a
non-negligible likelihood that each event contains at least
one pair of jets.

Fig. 5 shows results for the absolute di↵erence in az-
imuthal angles between the two jets, ��12. This observ-
able is expected to peak around ��12 = ⇡ when the two
jets come from the same hard partonic interaction, and to
be uniformly distributed between 0 and ⇡ 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], §A 5) of each
histogram bin shows that the plateau is dominated by
events with 3 hard scatterings (3HS), where each of the
two leading jets comes from a di↵erent HS (each distinct
from the one that produced the Z). The enhancement
near ��12 = ⇡ originates mostly from 2HS where the
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FIG. 3. The cumulative inclusive jet spectrum hn(ptj,min)iCZ

normalised to the number of events passing the cut ptZ <
CZ = 2GeV, with MPI on and o↵. The lower panel shows
the fraction of jets that come from the MPI, demonstrating
purity of 50�90% across a broad range of ptj,min jet cuts.

the MPI scatters rather than the primary scatter, even
for the relatively large value of ptj,min = 50GeV. Looking
instead at moderately low ptj,min values, Fig. 3 indicates
that on average there is one jet with pt & 6GeV, which is
broadly consistent with the plateau at 10GeV in Fig. 2,
considering that Fig. 3 uses R = 0.4 instead of R = 0.7,
and that it has a limited rapidity acceptance. Note that
for large ptj,min, the sample without MPI is dominated
by events where the Z is accompanied by two opposing
jets. The Pythia8+MiNNLO sample includes the ma-
trix element for that process at leading order (LO), while
Pythia8 does not, thus explaining the observed di↵erence
between the two curves for pt & 10GeV.

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

hn(ptj,min)i
pure-MPI
CZ

⌘ hn(ptj,min)iCZ�hn(ptj,min)i
no-MPI
CZ

.
(3)

In an actual experimental analysis, one might want to
use a next-to-leading order (NLO) Z + 2jet 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

�AB =
�A�B

�e↵
, (4)

where �e↵ for pp collisions is measured to be of the or-
der of 15�20mb [34–40] (for processes involving a vector
boson) and is related to an e↵ective area over which in-
teracting partons are distributed in the proton. We take
process A to be Z production with ptZ < CZ and process
B to be inclusive jet production, and consider a ptj,min

that is large enough for the pocket-formula to be valid,

i.e. such that �B/�e↵ ⌧ 1. This yields ([26], § A2)

hn(ptj,min)i
pure-MPI
CZ

'
1

�e↵

Z

ptj,min

dptj
d�jet

dptj
, (5)

where d�jet

dptj
is the inclusive jet cross section for jet pro-

duction, without any requirement that a Z be present in
the event.1 The right-hand-side of Eq. (5) does not in-
volve CZ , and thus the pocket-formula prediction is that
hn(ptj,min)i

pure-MPI
CZ

should be independent of CZ .
The pocket formula is, however, known to be an ap-

proximation. The di�culty of obtaining a pure MPI
sample has so far limited the scope for investigating
more sophisticated theoretical predictions. One partic-
ularly interesting e↵ect not captured in the pocket for-
mula relates to perturbative interconnection between the
primary scattering and the secondary scattering, as in
Fig. 1b, 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 ! qq̄ splitting, with the q̄ involved in Z production
and the q involved in di-jet production.
Our procedure of constraining the Z transverse mo-

mentum means that the partons that annihilate to pro-
duce the Z will almost always have a low transverse mo-
mentum, which reduces the likelihood of their having
been produced in a perturbative splitting. In contrast,
if we relax the constraint on ptZ , we will allow for sub-
stantially 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. 1b.
To evaluate potential sensitivity to this e↵ect, we ex-

amine the ratio between the 2HS rate with loose (CZ =
15GeV) and tight (CZ = 2GeV) constraints on ptZ ,

r15/2 =
hn(ptj,min)i

pure-MPI
15

hn(ptj,min)i
pure-MPI
2

. (6)

In each case the 2HS rate is normalised 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 r15/2 has the potential to provide pow-
erful constraints on deviations from the pocket formula.
Note that with CZ = 15GeV, the pure-MPI jet fraction
is predicted by Pythia8+MiNNLO to be about 25% at
ptj,min = 40GeV ([26], § A3), which should be adequate
for a quantitative extraction of r15/2.

1 Using the Pythia minimum-bias process to generate the refer-
ence jet sample, we find �e↵ ' 30mb, somewhat larger than in
standard measurements. This may imply that Pythia is un-
derestimating the MPI or overestimating the minimum-bias jet
spectrum, or that the data used for standard �e↵ extractions
has a higher level of MPI activity than would be seen with a
ptZ < 2GeV cut.

r = 1
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FIG. 4. Pythia8+MiNNLO and dShower results for the r15/2
ratio of Eq. (6). Note the deviation from 1 when perturba-
tive interconnection is turned on between the primary and
secondary hard scatters, i.e. diagrams as in Fig. 1b. The
dShower bands correspond to scale variation (see [26] §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.

Fig. 4 shows the r15/2 ratio evaluated in three ways.
The Pythia8+MiNNLO curve corresponds to a full analy-
sis, using Pythia8+MiNNLO curve itself (without MPI),
to evaluate the no-MPI contribution for Eq. (3). Pythia8
does not include a perturbative interconnection mecha-
nism (though it has correlations related to momentum
conservation and colour reconnections [41]), and one sees
a result consistent with r15/2 = 1 to within statistical
fluctuations.

Fig. 4 also includes curves from the dShower pro-
gram [42, 43]. This is a state-of-the-art code that simu-
lates a pure 2HS component, with the option of including
interconnection e↵ects according to Ref. [9]. Rather than
carrying out a full analysis (which would require a con-
sistent merging with a 1HS component), we determine
the r15/2 ratio based on the truth Monte Carlo informa-
tion about the transverse momentum of the hard outgo-
ing partons in the 2 ! 2 interaction, i.e. the second hard
scattering. The pink curve is the result without intercon-
nection (with MSTW2008 PDFs [44]), and is consistent
with 1. The orange curve includes interconnection e↵ects,
and one clearly sees a 25-30% violation of the pocket for-
mula. The scope for measuring this experimentally in a
full analysis depends critically on the systematic errors
associated with the subtraction of the no-MPI contribu-
tion in Eq. (3). The significance of such a signal is dis-
cussed in [26] §A3, for various scenarios of uncertainties
on the no-MPI term, and the conclusion is that reason-
able assumptions lead to at least 2 standard deviations
at low ptj,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.

FIG. 5. The distribution of the absolute value of ��12

between the two leading charged-track jets in events with
ptZ < 2GeV (cf. text for jet cuts). The plot shows a clear
signal not just of 2HS (in the peak) but also of 3HS (plateau).

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 mea-
sured cross section has a large uncertainty [11, 45] and
where generic di�culties in understanding charmonium
production complicate the interpretation of the results.

Here we propose the study of charged-track jets, with
moderately low pt cuts. To illustrate the study, we con-
struct charged-track jets using charged particles with
|⌘| < 2.4 and pt > 0.5GeV. The use of charged par-
ticles enables the study of moderately low pt jets even
in high-pileup runs, thus exploiting the full luminosity of
the LHC. We order the jets in decreasing pt, and first
study the two leading jets, with a “product” cut [46],
p
pt1pt2 > 9fchg GeV, and a ratio cut, pt2 > 0.6 pt1. We

quote the cuts in terms of a charged-to-neutral conversion
ratio fchg = 0.65. The overall scale of the cuts ensures a
non-negligible likelihood that each event contains at least
one pair of jets.

Fig. 5 shows results for the absolute di↵erence in az-
imuthal angles between the two jets, ��12. This observ-
able is expected to peak around ��12 = ⇡ when the two
jets come from the same hard partonic interaction, and to
be uniformly distributed between 0 and ⇡ 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 ([26] § A5) of each
histogram bin shows that the plateau is dominated by
events with 3 hard scatterings (3HS), where each of the
two leading jets comes from a di↵erent HS (each distinct
from the one that produced the Z). The enhancement
near ��12 = ⇡ originates mostly from 2HS where the

25% effect from interconnection

High-purity 2HS samples Perturbative 
interconnection 3HS (and potentially 4HS)

Potential for significant impact on conceptual and 
quantitative understanding of multi-parton interactions


