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Estimation of the chances to find new phenomena at the LHC in a model-agnostic
combinatorial analysis
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In this paper, we estimate the number of event topologies that have the potential to be produced in
pp collisions at the Large Hadron Collider (LHC) without violating kinematic and other constraints.
We use numerical calculations and combinatorics, guided by large-scale Monte Carlo simulations

of Standard Model (SM) processes.

Then, we set the upper limit on the probability that new

physics may escape detection, assuming a model-agnostic approach. The calculated probability is
unexpectedly large, and the fact that the LHC has not found new physics until now is not entirely
surprising. We argue that the optimal direction for maximizing the chances of finding new physics
is to use unsupervised machine learning for anomaly detection or algorithms designed for event

classification.

I. INTRODUCTION

A simple answer to the question of why the Large
Hadron Collider (LHC) did not discover new physics can
be rather short: there are no new TeV-scale phenomena
that can be discovered using the LHC data, and perhaps
this might be the most obvious outcome of the LHC for
many years to come. Another way to answer this ques-
tion is to argue that not all event classes have been ex-
plored so far. Physics beyond the Standard Model (BSM)
can still produce unusual events with small production
cross sections, but such events have not been found yet.
Many make this last argument, but putting this discus-
sion on solid quantitative footing requires removing the
constraints imposed on experimental research by model
builders. In the past, the LHC had too significant a fo-
cus on setting limits on proposed BSM models. Looking
at this problem from a much wider angle by adopting a
model-agnostic view of BSM searches could reveal many
unexpected features of the LHC data.

The goal of this paper is to calculate the number of
unique event classes produced at the LHC. We define
an exclusive event class (or event topology) as a group
of events with exactly the same number of identified
particles and reconstructed jets. We use numerical cal-
culations based on combinatorics, guided by large-scale
Monte Carlo (MC) simulations of the Standard Model
(SM). The latter sets the necessary kinematic constraints
and boundary conditions for our calculations. Then we
estimate the chances that new phenomena might have es-
caped detection at the LHC. These calculations are fully
model-agnostic since they are not guided by BSM mod-
els.
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II. NUMBER OF UNIQUE TOPOLOGIES FROM
COMBINATORICS

Let us estimate how many unique event topologies are
expected to be produced in pp collisions at /s = 13 TeV.
Assume LHC collisions produce events with light-flavor
jets (j), jets associated with b-quarks (b-jets), electrons
(e), muons (u), tau () leptons and photons (y). In ad-
dition, neutrinos can lead to missing transverse energy,
referred to by the acronym “MET” (denoted in the nu-
merical calculation by the letter m). All events can be
grouped into exclusive classes denoted as

(Nm, Nj, Nb, Ne, Nu, N7, N7),

where N is an integer number that defines the number of
objects of a certain type, v = j,b,e, u, 7,7, in a collision
event. In the following, the word “object” will be used
for jets, b-jets, leptons, and photons. In the case of MET,
Nm is either Om (no significant MET) or 1m (when MET
is above 200 GeV). Thus, an event class marked with
1m corresponds to one (or several) produced neutrinos.
Using this notation, (1m, 27, 1b, Oe, Oy, 07, 1) represents
a class of events with large MET (1m), two light-flavor
jets (27), one b—jet (1b) and one photon (17).

To estimate how many unique topologies are expected
from the SM, we have produced a sample of PYTHIAS
version 8.307 [I] MC events with pp collisions at /s =
13 TeV after enabling all SM processes of this genera-
tor. Similar to [2], the simulation used 44 physics sub-
processes at leading-order QCD, such as light-flavor di-
jet production, all top production, weak single and dou-
ble boson production, prompt photons and all Higgs SM
processes. The cut on the two-body matrix elements in
PyYTHIA8 was set to 100 GeV. The total integrated lumi-
nosity of the simulation was 154 fb~!, i.e. larger than the
LHC Run2 data sample of 140 fb ~'. Since light-flavor
QCD dijets cannot create the required complexity of the
event classes, the generation of such events was relatively
suppressed compared to other sub-processes with lower
cross sections. The total number of generated events was
0.53 billion. Stable particles with a lifetime larger than
3 - 10710 seconds were considered, while neutrinos were



excluded from consideration. The NNPDF 2.3 LO [3]
parton density function, interfaced with PYTHIA8 via
the LHAPDF library [4], is used. A detector simulation
was not applied. The object reconstruction was the same
as in [2]. Hadronic jets are reconstructed using the anti-
kr algorithm [5] with a distance parameter of R = 0.4
implemented in the FASTJET package [6]. The transverse
momenta (pr) of the jets must be greater than 20 GeV,
and the pseudorapidity (n) must satisfy |n| < 2.5. A
jet is classified as a b-jet if its four-momentum matches
the momentum of a b-quark, and the b-quark contributes
more than 50% of the total jet energy. Leptons and pho-
tons are required to be isolated. A cone of size 0.2 in
azimuthal angle (¢) and 7 is defined around the true di-
rection of the lepton. Then, all energies of particles inside
this cone were summed up. A lepton is considered iso-
lated if it carries more than 90% of the cone energy. The
transverse momentum cut and the n cut were the same
as for jets. The requirement for MET was 200 GeV, i.e.
when Om becomes 1m in the symbolic calculation.
According to the above SM MC simulation, the num-
ber of non-identical event topologies was 3,537. The max-
imum number of observed objects was 175, 8b, 4e, 4, 47
and 4v. We did not observe more than 20 objects per
event. The total number of light-flavor b—jets was always
less than 19. In addition, the total number of leptons was
never larger than 5. All such restrictions can be called
the “boundary” condition, which limits the number of
possible event classes. They are summarized below:

Nm <2, Nj<18 Nb<9, Nj+ Nb<19,
Ne<b, Npu<bdH, NtT<d Ny<bh,
Nj+Nl<19, Nj+ Nvy<19, (1)
Nb+ Nl <9, Nb+Nvy<9,

N¢ <6, NI+ Nvy<6,

Nj+ Nb+ NC+ Ny < 21,

where N¢ = Ne + Ny + Nt is the total number of lep-
tons. Events with 95 and 5b (but with transverse mo-
menta larger than pr > 20 GeV used in this paper) and
four-lepton events have been recently studied by the LHC
[7, 8], thus our MC simulation should be a reasonable
representation of the reality.

We will keep a conservative view that a BSM phe-
nomenon does not violate the boundary condition; oth-
erwise, it can easily be found by looking at inclusive
single-particle distributions of identified particles or jets.
For example, an observation of events with five muons
could alarm the observer in the past and thus such high-
multiplicity events cannot represent the experimental
challenge for their detection. But new phenomena can be
“hidden” in exclusive combinatorial combinations, which
are more intricate to discover experimentally. We will
come back to the discussion of this point later.

Let us calculate how many combinatorial combinations
are expected by preserving the SM boundary condition
Eq. . First, we set the maximum number of objects to
be observed to Nmax = 20. There are up to n = 7 ob-
jects per event (where MET is counted as an additional

“object”). The total number of combinations, where
items can be repeated more than once and the ordering
of items is not important, is

n+r—1)!
> G )

Thus, the total number of unique combinations is 888022.
Imposing the boundary condition Eq. from the SM
MC simulation is not straightforward using analytic cal-
culation. However, such a calculation can be obtained
numerically as shown in Appendix [A] The obtained an-
swer is 19,497 combinations.

The difference between the MC prediction (3,537) for
SM processes and what, potentially, can be expected for
the number of event classes from combinatorics (19,497)
demonstrates that the MC event sample does not include
all possible event classes. For example, event topologies
such as

(Om, 27, 2b, 2e, 3u, 01, 07),
(Im, 45, 0b, 3e, 1p, 17, 1v), (3)
etc.

have never been seen in the generated event sample for
SM processes. The author does not know which BSM sce-
nario can lead to such event classes. Note that the event
topologies are defined in the restricted phase space, i.e.
in the limited kinematic region defined by the transverse
momentum and pseudorapidity selection. Thus, such
event topologies cannot violate charge, lepton number,
energy-momentum conservation, and other constraints.
The difference of about 5 between the number of event
classes predicted by the PYTHIA8 generator and by the
numeric combinatorics can be an indication that the
event generation may require more events. In addition,
not all physics processes are included in the event gen-
erator. For example, next-to-leading order QCD effects
may be in play. It should be noted that PYTHIAS agrees
well with alternative MC simulations up to six jets [9],
but the other event topologies need to be verified too.
We will put this question aside and assume that the to-
tal number of possible event classes is 19,497 , as derived
in the numeric computation with the PYTHIA8 bound-
ary condition Eq. (I), but not what has been predicted
by PYTHIAS itself for the number of event classes. More
realistic event generators may reduce the discrepancy be-
tween our numeric estimate and the generator predictions
for the number of unique event classes, but they cannot
change the conclusion of this paper, which does not rely
on MC simulations.

How can we be sure that previous LHC studies were
able to explore all such event topologies? According to
the publication record of the ATLAS and CMS exper-
iments, pp collision events have been studied in about
600 publicly available results using 140 fb=! of data. For
the sake of argument, let us assume that 5 non-identical



event classes were scrutinized in each paper[10], and they
were found to match the SM predictions. This gives 3,000
investigated event classes. Note that one ATLAS publi-
cation [II] contains the studies of more than 700 event
classes, but that analysis used a small fraction of the
LHC Run2 data, and these event classes are expected to
be a subset of the 3,000 event topologies assumed before.
Therefore, the number of unexplored event topologies,
out of 19,497 expected, is close to 81%.

If one considers fully reconstructed (identified) SM
heavy particles, such as Z, W and top quarks, the num-
ber of event classes will increase. This can easily be
checked by adding these additional particles in our nu-
meric notation after reducing the maximum multiplicities
of leptons from 4 to 3 (i.e. considering W — fv decays)
and reducing the number of jets (b-jets) by one. We
should also require that the total number of W, Z and
top quarks cannot be greater than 3; the latter boundary
condition makes this example more realistic. In this case,
the number of event topologies will increase to more than
140,000.

III. DISCUSSION

When discussing the coverage of the event classes by
the LHC studies, it is assumed that new phenomena pre-
dominantly contribute to a single event class, rather than
to many event classes. The latter assumption, keeping in
mind our model-agnostic approach, should be quite rea-
sonable considering the fact that we do not know much
about what can be expected from BSM physics.

From the standpoint of QCD, even if a BSM model is
characterized by a very specific event class (say, with a
fixed nj number jets plus some fixed number of leptons
and photons), additional event classes with extra jets can
be produced due to the parton shower. The event rate of
the events with nj+1 jets is suppressed with respect to
events with nj jets by the strong coupling constant ag
(times the number of jets). However, ignoring softer jets
involves an additional supposition that there is nothing
interesting in high-jet multiplicity events since they orig-
inate from the QCD parton showering. This assumption
is incompatible with the general search strategy since it
must involve an undefined cutoff parameter that limits
the number of jets and the entire scope of model-agnostic
searches. This is why an exclusive approach to jet mul-
tiplicity has been adopted by the ATLAS [I1] general
searches.

From an experimental perspective, it is not unreason-
able to think that some inclusive measurements may have
certain sensitivity to the 19,497 event classes reported
for the condition Eq. . This is because many studied
distributions at the LHC are a “mix” of different event
classes. In our view, inclusive measurements cannot ef-
fectively pinpoint a specific event topology produced with
a small cross-section. Generally, searches in events with
exclusive definitions of jets and particles, where any event

class with a fixed jet multiplicity is treated as a unique
hadronic-final signature, are better motivated. For ex-
ample, it is difficult to understand how an inclusive 2-jet
measurement can ping point event class with additional 2
jets and a few leptons shown in Eq. 7 which may have a
cross-section by several orders of magnitude smaller than
the inclusive 2-jet measurements. Thus, it is necessary
to carry out dedicated measurements focusing on such
exclusive event topologies.

IV. EXPERIMENTAL SCENARIO

We also verified a scenario after changing the PYTHIAS
boundary condition Eq. to:

Nm <2, Nj<T7, Nb<b Nj+ Nb<10,
Ne<4, Npu<4, Nt<4, Nvy<d4, (4)
N¢ <5, NI+ Nvy<b5b,

Nj+ Nb+ Nl + Ny < 13.

These restrictions are within the reach of the current
LHC studies since they correspond to the realistic recon-
struction of multiple hadronic jets [7, [§]. The obtained
number of event classes from the numeric calculation is
6,676. PYTHIA8 predicts 2,485 event classes, thus the
condition in Eq. reduces the discrepancy between our
expectation and the generator. Assuming 3,000 investi-
gated event classes at the LHC, the number of unexplored
event topologies is about 55%.

The trigger thresholds used at the LHC are another
noteworthy point for consideration. The minimum cut
on the transverse momenta pr > 20 — 30 GeV of jets,
which can lead to large jet multiplicities, is rather low
for effective trigger selection and for high purity in the
reconstruction of jets. However, it should be pointed out
that the main triggers to be used in such searches do not
need to be based on jet triggers: Since almost every event
contains e, i, or 7, the events can effectively be triggered
by using these particles, for which a 20 GeV requirement
is not unusual. From the point of view of triggers, the
most difficult categories for detection are the events with
very few jets without associated production of electro-
magnetic particles or significant MET. But the number
of such classes is very small compared to the overall num-
ber of combinations, thus it should not change much our
conclusion regarding the total number of expected event
classes.

V. HARD-QCD SCENARIOS

The previous consideration deals with situations when
the numbers of jets can go up to 6. This can be a real-
istic scenario for some supersymmetric extensions of the
Standard Model, where jets stem from exotic particles.
However, many BSM models can only be characterized
with several hard-pr jets (say, up to 4), while the other
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The number of expected event classes from the combinatorial analysis and PYTHIA8 as a function of the maximum

number of jets (NJpmae). It is assumed that the number of b—jet should be less than 50% of the total number of jets.

jets are produced due to the parton shower, where the
event rate of the events with Nj+1 jets is suppressed
with respect to the events with Nj jets by the strong
coupling constant ag (times the number of jets).

Therefore, we will consider a more inclusive definition
of event classes using Eq. [4] but with the Nj < 5 and
Nb < 3 restrictions. Electromagnetic particles do not
shower; therefore, we preserve the original boundary con-
dition for e, pu, 7 and . This implies that we ignore
events with higher jet multiplicities since they originate
from the parton shower of quarks and gluons (but ag
suppressed) of the same process, thus they do not carry
the new information about such BSM events. The ob-
tained number of event classes from the numeric calcula-
tion is 3172. About 40% of such classes were not found in
PvYTHIAS. Such a strong reduction in event classes com-
pared to events with larger jet multiplicities may also
lead to conclusion that many of such events have been
studied at the LHC.

Figure [I] demonstrates the dependence of the num-
ber of possible event classes as a function of the max-
imum number of jets (NJjaz). The calculations are
presented for the numerical combinatorial analysis and
for the PYTHIA8 simulation. During the calculation, we
limit the number of b—jets to 50% of the N.J,,q, value.
It can be concluded that the discrepancies between the
expected number of event classes and PYTHIA8 become
smaller for small values of NJ,,,qz-

VI. HIGH-STATISTICS SCENARIO

Now we will come back to the original condition
Eq. , and ask the following question: what is the num-
ber of classes with more than 9 events. This would cor-
respond to about 30 evidence for an observation of such
event class. This will address the low-statistics prob-
lem since this requirement removes low-statistics events,
which do not have the potential to lead to ”evidences”
for experimental observations.

Such estimates cannot be done in a model-independent
way since we do not have the information about cross-
sections of event classes which are not in PYTHIA8 (or
any Monte Carlo simulation). The obtained number of
combinations in PYTHIA8 with more than 9 events is
1,958 (out of the total 3,537). Thus, the total number of
events which have too low statistics for any observational
evidence is about 45%.

In reality, we cannot perform such estimates for hy-
pothetical BSM processes with unknown cross sections.
But if we assume that the same fraction of low-statistics
events holds for 19,497 classes using the condition
Eq. , we arrive to the number 10,723 for event classes
with more than 9 events in each. Assuming 3,000 investi-
gated event classes at the LHC, the number of unexplored
event topologies is about 72%. Of course, this number is
very speculative since we do not have any prior knowledge
of the cross-sections of such hypothetical BSM processes.



VII. KINEMATIC CONSIDERATION

It is more difficult to understand the kinematic side
of the argument beyond the object-multiplicity combina-
torics. So far we assumed that all objects are produced in
any detector region, following some density distributions
expressed in terms of py, 1 and ¢, and only a composition
of their multiplicities can separate one event topology
from the other. It is natural to expect that some BSM
phenomena may be distinguished from the SM events by
their distinct kinematics too. For example, heavy parti-
cles can predominately decay into two other jets/particles
in the central detector region, while other BSM models
may “prefer” to populate the forward detector regions.

We will use a simple toy consideration to calculate
the number of possible kinematic features using combi-
natorics with substitution. Assume that all objects in
19,497 distinct event classes populate the detector phase
space according to the SM expectations. We can de-
fine a new phenomenon if two objects approach close to
each other, i.e. they are the decay products of low-mass
states[I2]. Such objects are still counted as two separate
objects, but they form ensembles of kinematically unique
events, and their production rate should be larger than
that obtained from pure statistical noise around the SM-
defined densities.

Let us count how many such unique kinematic topolo-
gies can exist by grouping jets and particles. For exam-
ple, consider the event topology with one jet, one b—jet
and one electron, such as:

(14, 1b, le),

where we shorten the notation after removing Om, Ou,
07 and 0v. This event topology creates 3 kinematically-
distinct classes:
(04, 151b, 1e), (14, Ob, 1ble), (1ljle, 1b, Oe),
where the four-character strings, 1j1b, 1ble and 1jle,
represent three two-body groups with a certain dynamic
correlation between the objects in each group. For ex-
ample, such objects can be close to each other for a sta-
tistically significant number of events, since they stem
from exotic low-mass states. Experimentally, these three
combinations can be viewed as invariant masses of jet+(b-
jet), e+(b—jet) and jet+e with associated production of
other objects produced anywhere in a detector following
the SM single-particle densities. Now we can ask this
question: how many such sub-classes of events exist out
of 19,497 total combinations? The obtained number us-
ing numeric combinatorics is 159,674 (see Appendix.
As before, now we need to estimate how many two-
body distributions have been analyzed at the LHC. We
assume that, for each of the 3,000 event classes studied
at the LHC, at least one relevant two-body kinematic
distribution (such as an invariant mass) has been in-
spected, and no deviations from the SM have been found.
Therefore, for the expected 159,674 event classes with

two-body correlation, the chances that the LHC will en-
counter one of these topologies, which may have an excess
over the SM background, are about 2%. This assumes
that such events with correlations are explored uniformly
across all the event topologies. This estimate can only
be used as a conservative guide, or an upper limit on the
actual LHC coverage of new phenomena, since this cal-
culation does not consider charge topologies, correlations
beyond the two-prong decays, known heavy SM particles,
and other possibilities.

For the boundary condition Eq. (), which is moti-
vated by the recent LHC studies, the calculated number
of two-particle sub-classes is 53,108. This leads to ~ 6%
kinematic distributions potentially explored at the LHC.

VIII. CONCLUSION

The modern approach to searches for new physics at
the LHC is usually based on event signatures proposed
by model builders. It is quite clear that the LHC has
good coverage of event topologies with low jet/particle
multiplicities and hard-QCD jets. But for events with
large multiplicities, where jets are treated exclusively, the
experimental coverage of the LHC is not large.

Nature can be more unpredictable, and more model-
agnostic approaches can also be useful for discovering
new physics in the LHC data. Our numeric analysis,
guided by the large-scale SM simulations, reveals that
the non-observation of new phenomena at the LHC is
not unsurprising. If a BSM signal with unusual two-
particle correlations can equally be found in any of the
event classes discussed in this paper, then the chance
that the LHC could detect such a new phenomenon is
rather small, that is, about 2% (or 6%), depending on the
boundary condition used in the numeric calculation. If
we are only interested in jet/particle multiplicities, then
the number of unexplored event classes is 81% (55%),
leading to the probability of 19% (45%) for the observa-
tion of a new event topology at the LHC. These estimates
assume that a BSM phenomenon can equally be found in
any of those unexplored event classes and jets are treated
excursively. These values represent the upper bounds on
the probability of finding new phenomena because only
the lightest identified particles were taken into account,
and the calculation of kinematically distinct event classes
includes only one feature (i.e. two-particle correlations).
Despite the approximate nature of our calculations, they
represent the first quantitative estimates obtained under
the assumptions proposed in this paper. Thus, the LHC
is still at the beginning of the journey to discover new
physics.

In order to tackle the problem of searches for new phe-
nomena in the vast number of possible event topologies
reported in this paper, novel methods of data analysis,
which rely less on expectations from BSM models, should
be widely used. For example, unsupervised machine-
learning methods can automatically label unusual event



classes as anomalies. Then such anomalous events can be
compared with the SM predictions. Only very recently
the LHC [I3| [14] has started its physics program of us-
ing anomaly detection and fully unsupervised machine
learning for complete event kinematics. For studies of
multiplicities of event classes, one can train a neural net-
work to reproduce the shapes of rates of event class as
a function of their multiplicities using a small fraction
of data or some control region. Comparing such shapes
with the actual data would provide a useful tool to un-
derstand the “missing information” problem. We hope
this or similar approaches will receive the needed atten-
tion, and the general searches with machine learning will
realize their full potential to discover new physics in the
near future.
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Appendix A: Code availability

The PYTHIAS settings, the generator code and the
output data used in this study can be accessed via [I5].
The numeric code for the combinatorial analysis is imple-
mented in PYTHON 3 without external dependencies.
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