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A novel method is proposed here to precisely model the multi-dimensional features of QCD
multi-jet events in hadron collisions. The method relies on the schematization of high-pr QCD
processes as 2 — 2 reactions made complex by sub-leading effects. The construction of libraries
of hemispheres from experimental data and the definition of a suitable nearest-neighbor-based
association map allow for the generation of artificial events that reproduce with surprising accu-
racy the kinematics of the QCD component of original data, while remaining insensitive to small
signal contaminations. The method is succinctly described and its performance is tested in the
case of the search for the hh — bbbb process at the LHC.
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T. Dorigo

Quantum Chromo-Dynamical (QCD) processes yielding multi-jet final states often constitute a
problematic background to searches for rare phenomena in hadron-hadron collisions. The most
advanced Monte Carlo (MC) generators can nowadays be trusted to produce a reliable modeling
of the final state under investigation. Yet the huge cross sections of the involved processes call
for prohibitively large simulations; limitations in the available computing power then prevent the
use of QCD MC samples for modeling purposes, or affect the statistical accuracy of the resulting
measurements.

One example of the above situation are Large Hadron Collider (LHC) searches for pair-
produced Higgs bosons in the four-b-quark final state, hh — bbbb. The study of Higgs boson pair
production is the most straightforward way to determine the Higgs self-coupling A, a parameter
that may distinguish the Standard Model from many new physics scenarios involving anomalous
couplings of the Higgs field[1]. The large branching fraction of h — bb decay makes events with
four b-quark jets attractive for that purpose. Unfortunately, the rate of QCD processes yielding the
same final state dwarfs the rare 1k decay signal. The extraction of a cross section measurement in
that channel thus demands a very precise multi-dimensional modeling of the observable features of
QCD processes, enabling background rejection by multi-variate classifiers and an estimate of the
signal component in selected data.

We describe here a novel experimental technique, called "hemisphere mixing", designed to
model QCD multi-jet processes in LHC collisions, and we illustrate the statistical properties of
the resulting model in the case of hh — bbbb searches. Event mixing techniques are not a novelty
in experimental particle physics: they are frequently used in the study of symmetric electron-
positron collisions, where the initial and the final state are quite clean, and the physics of the
interaction makes the event simple to interpret. Conversely, in hadron collisions the complexity
of the physics makes the application of mixing techniques much less straightforward, although
examples do exist [2, 3, 4, 5, 6]. In the mentioned cases the elements subjected to mixing are
individual particles, while here we use hadronic jets, as we are interested in the event features at the
level of granularity where jets are the elemental observations. As jets are more direct messengers
of the subnuclear reactions than individual hadrons, the creation of artificial events by the mixing
of jet collections requires additional care.

Multi-jet events can be described as the result of a simple tree-level 2 — 2 parton-parton
scattering, made complex by “second order” effects such as QCD initial- and final-state radiation,
pile-up, or multiple parton scattering. The kinematics of the two leading final-state partons, if
properly estimated, may be used to identify events of similar characteristics. A mixing procedure
exploiting that similarity may thus focus on the modeling of second-order effects. Artificial replicas
of the original events can be created by mixing and matching subsets of the jets observed in different
events. We explain how that is done in the following.

Let us consider a dataset of QCD multi-jet events, e.g. one collected by a suitable trigger in
real LHC collisions, or simulated by a MC program. For each event an axis may be constructed on
the plane transverse to the beams, the “transverse thrust axis”, defined as the azimuthal angle ¢r
(conventionally defined in [0, 7r[) which maximizes the transverse thrust quantity 7°:

T:ZPT,j|COS(¢j_¢T)| )]
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Once ¢r is known we may also define the related variable 7:

T, :ZPT,j’Sin<¢j_¢T)| 2

J

Above, j sums run on the collection of jets, and pr ; indicates the transverse momentum of jet j.
The transverse thrust axis defines a plane orthogonal to it which divides the event in two separate
hemispheres, each corresponding to a collection of the jets, with cos(¢; — ¢7) > 0 or < 0. The use
of transverse coordinates in the construction permits to avoid dealing with the unknown boost of
the center of mass of the hadron collision.

We characterize each hemisphere by its number of jets (N;), its number of b-tagged jets (Np)',
the sum of the projections of jet pr along the thrust axis (7"), the combined mass of the jets (M),
the variable called T, (see Eq. 2), and the sum of the jets p, components, P,. We may label them
as h1(N;,Ny,T,M,T,,P;) and ho(N;, Ny, T,M, T,,P.). If we start from N events, we obtain a library
of 2N hemispheres. Using the hemisphere library we may create artificial replicas of the original
events by pairing hemispheres observed in different events of similar kinematics. For each original
event, composed of hemispheres A1 and hy, we look in the library for the two hemispheres £, and
hy that are the most similar to hy and hy, in the sense that they have the exact same value of N;
and N,, and have the smallest distances D(1,p), D(2,q) in the space spanned by the additional
continuous variables T, M, T,, P;:

_ 2 _ 2 _ 2 _ 2
D(Lp)Z:(T(hl)VTT(hp)) +(M(h1)VMM(hp)) +(Ta(hl)vrara(h,,)) +(|Pz(h1)VP2Pz(hp)|) )

_ 2 _ 2 _ 2 _ 2
D(z,q)z:(T(hz)VTT(hq)) +(M(hz)VMM(hq)) +(Ta(hz)VTTg(hq)) +(Pz(h2)vp7|PZ(hq)|) @

Above, denominators contain the variances Vr, Vi, Vz, and Vp of the considered variables.The
identified pair &, h, constitutes an entirely new event, as we prevent 4, and h, from being equal
to h; and h,. We match the P, variables by considering only their absolute value (thus assum-
ing, as it is safe to do for ATLAS and CMS, that detector acceptance to jets is forward-backward
symmetric), and invert the sign of jet p, components in one of the two matched hemispheres if
sgn|P;(h1)P.(hy)] # sgn[P,(hp)P.(hy)]. h, and h, are finally rotated along the azimuthal direction
to match the original thrust axis of the modeled event. The procedure outlined above allows us to
create an artificial dataset, of numerosity equal to that of the original data sample. Artificial events
are composed by hemispheres observed in original data, combined in a way that preserves their
general features. Multi-dimensional statistical tests using a complete set of kinematic variables
prove that the model reproduces the features of the original dataset quite accurately, if the latter
is indeed constituted predominantly by QCD multi-jet events. When the original dataset contains
a small fraction (say, a few percent) of events originated by a heavy particle decay, or Higgs pair
production events, the mixing procedure smears out the features of the minority component, mak-
ing them more similar to those of QCD: artificial data thus remain a robust model of the QCD
component alone. This happens because the probability that the mixing procedure models a rare

Ib-tagged jets are ones which are identified, based on their observed characteristics, as probable products of the
hadronization of a b-quark.



Hemisphere Mixing: a Fully Data-Driven Model of QCD Multijet Backgrounds for LHC Searches
T. Dorigo

signal event with the combination of two hemispheres also originally belonging to signal events
scales with the square of the signal fraction. That probability also depends on how “recognizable”
are the signal hemispheres, according to the metric defined above. As long as D uses variables
that do not discriminate too strongly the signal from QCD multi-jet production, a small signal con-
tamination will not affect the results of the mixing procedure, which will still produce an artificial
sample faithfully modeling the dominant process. This property makes the method quite attractive
to model the large QCD background in small-signal searches.
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Figure 1: The percentage bias B (black points) on the estimated signal fraction extracted from fits to the
reconstructed Higgs boson mass distributions is drawn as a function of the true signal fraction F"™¢. The
green band shows the level of bias considered acceptable for searches of new signals in hadron collider
data. The upper right inset shows the distribution of the leading jet pair mass M}, of the QCD (black) and
signal (red) components, their sum (blue), and the fit result (points with uncertainty bars) for a 5% signal
contamination.

The validity of the model is tested using fast-simulated LHC 13-TeV proton-proton collisions
produced by the Delphes MC [7]. We consider a dataset corresponding to 5 inverse femtobarns of
QCD multi-jet events and a detector simulation mimicking the average characteristics of ATLAS
and CMS. We add to it different fractions of simulated hh — bbbb events in turn, creating several
datasets of different composition.

The datasets are reduced by the following event selection. Jets are considered if they have
pr > 30 GeV and pseudo-rapidity® |17| < 2.5, and events are kept if they contain at least four b-
tagged jets, N, > 4. In order to reconstruct a variable sensitive to the signal component, we pair
up the four b-tagged jets® such that the two jet pairs have minimum invariant mass difference;
this defines two-jet masses M, and Ms4 which exhibit peaking distributions at about 125 GeV
in signal events, and smoother distributions in QCD events. We finally extract an estimate of the
signal fraction in each mixture dataset by a two-component likelihood fit to the two-dimensional
distribution of M, and Ma4, by using artificial data as a model of the QCD background alone, and

2pseudo-rapidity is defined as ) = —log(tan 0/ 2), where 6 is the angle that a jet makes with the beams direction.
3In order to carry out the procedure described in the text, we order jets by the b-tagging discriminator variable [8]
and consider the leading four jets in the list.
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the Higgs pair simulation as a model of the signal process. A comparison of the fitted with the true
signal fraction allows us to draw some conclusions on the accuracy of the background model.

Figure 1 shows the results of the above procedure. The fit returns a unbiased estimate of
the signal component if the latter is comparably small. For signal fractions above 5% the signal
contamination is seen to affect the corresponding artificial sample, which is used as a background-
only model by the fit. It is generally agreed that biases up to 20% in the estimated signal component
can be considered acceptable in typical searches for new particles. Therefore we conclude that the
modeling method is valid when small signals are sought, and it indeed is quite powerful, as it is
entirely data-driven and the statistical precision of the model matches the one of real data.

The hemisphere mixing technique was used in a preliminary search for Higgs pair production
in 2015 data by the CMS collaboration [9]. Its application to the larger 2016 dataset is under way.
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