
UNDERSTANDING JETS AT THE LARGE HADRON COLLIDER

Department of Energy
Final Report

DOE AWARD #SC003916

ARRA funded: 2010-2014

Matthew D. Schwartz
Professor of Physics

(617) 496-6908
schwartz@physics.harvard.edu

Department of Physics
Harvard University

Jefferson Laboratory
17 Oxford Street

Cambridge, MA 02138



Technical summary

This report summarizes accomplishments supported by the DOE Early Career award, DE-SC003916
over the years 2010-2014 when the grant was ARRA funded. 28 Papers were published by the PI in
this period, and a number of others by postdocs and students supported by the award. As indicated
by the title of the award “Understanding Jets at the Large Hadron Collider” the majority of results
pertain to improving our understanding of the collimated collections of particles known as jets that
are produced abundantly at high energy colliders like the LHC.

Jet physics is an exciting and rapidly growing branch of particle physics, particularly relevant
to the energy frontier. Just a few years ago, jets were universally treated as structureless objects,
representing the momentum of an underlying quark or gluon. Nowadays, jets are understood to be
intricate, dynamical objects with interesting hidden properties worthy of investigation and relevant
for understanding quantum field theory.

A number of the projects supported by this grant were devoted to improving our ability to
measure jet properties. For example, three papers were written on distinguishing quark from gluon
jets [1, 2, 3]. These papers have been very well-received and led directly to work by both ATLAS
and CMS on measurement of these jet properties. A way to measure the electric charge of jets
was proposed [4] and a method developed to calculate the distribution of the energy-weighted jet
charge (more precisely, the scale dependences of this quantity). This paper led to a collaboration
between the PI and ATLAS [5]. The measurement of jet charge in this ATLAS paper is the first
measurement of a new form of scaling violation in fragmentation, in agreement with the theory
prediction.

One of the most important developments in collider physics over the last decade was the re-
alization that the fantastic detectors of the ATLAS and CMS experiments at the LHC can look
inside of jets at a whole new level of detail. The PI has been one of the key players in this inves-
tigation, continually proposing new ideas and methods to be used. For example, a classic paper
by Schwartz and others [6] introduced the notion of top-tagging. Most of the time top quarks are
produced nearly at rest. However, if a very heavy new particle were to decay to a top quark then
the top could be highly energetic. In this case, the three jets from the top decay, would be highly
collimated, like the spray from a shotgun. The idea in [6] was to break apart this spray and look
for evidence of the three primordial quarks (rather than, say, one quark if it were not a top). This
“top-tagger” turned out to be very efficient. It was immediately implemented by the CMS collabo-
ration [7] and sometime later was also adopted by ATLAS (in a slightly modified form, through the
HEP top-tagger). These top-taggers have dramatically extended the reach for resonance searches
at the LHC. This grant additionally supported work on jet substructure methods for boosted W
bosons [8] and boosted Higgs searches [9].

Another active area of research in jet substructure is the removal of contamination from sec-
ondary collisions. This radiation, called pileup, has been relatively mild in the first run of the LHC.
However, in going to higher luminosities, the number of interactions per bunch crossing could in-
crease from around 30 to around 150. With 150 extra collisions, jet observables can be seriously
deformed. The current standard method of pileup removal is jet area subtraction (supplemented
with charge-hadron subtraction at CMS or a residual offset correction at ATLAS). Unfortunately,
area subtraction degrades at high pileup. In 2013, Schwartz proposed a method called Jet Cleansing
which is superior to area subtraction. Cleansing works by exploiting the ability of the experiments
to separate charged particles coming from the primary interaction vertex and from secondary ones.
By using this additional information and incoherence properties of the secondary radiation, it was
shown that pileup can be almost completely removed. See Fig. 1. This method has been tested by
CMS with very promising preliminary results [10].
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Figure 1: Jet cleansing. The left side shows how the invariant mass of a pair of jets (horizontal
axis) get deformed in a high pileup environment (vertical axis). The right side shows how the
uncontaminated observable can be reconstructed nearly perfectly using jet cleansing.

An additional area of research in jet physics support by this grant was the proposal and devel-
opment of new multivariate tools. In particular, an idea called Qjets was proposed [11]. The basic
idea is that traditional jet algorithms, like Cambridge/Aachen or anti-kT , cluster the particles in an
event in a rigid, deterministic way. This clustering amounts to a best guess of what semi-classical
branching history might have produced the jet. Unfortunately, observables tend to be sensitive
to the algorithm used. The new idea was to probe not just the best guess, but somewhat less
reasonable guesses as well. Adding weight factor, one can get an essentially continuous distribution
of possible interpretations. These can then be combined to extract much more information from an
event than a single algorithm possibly could. The Qjets idea has already been tested on data [12].

Another area in which this grant supported research was in the development of tools for preci-
sion calculations of jet observables. The distribution of the jets produced at a hadron collider can
usually be computed at fixed order in perturbation theory. Indeed, calculations of jet distributions
date back to the 1970s and have been steadily improving ever since. In contrast, the calculation of
the distribution of particles within a jet is never well approximated by any fixed order in perturba-
tion theory. Instead, resummation is required, as is an understanding of the effects of hadronization
and contamination from pileup. Effective field theories provide a fantastic tool both for the resum-
mation and for exploiting universality of power corrections such as hadronization. Over the last six
years or so there has been incredible progress in understanding these effective theories. A series of
applications of ever-increasing sophistication are bringing us closer to direct comparisons of preci-
sion theory for jet substructure with experimental data. As progress continues, we also gain deep
insight into the structure of quantum field theory, such as its factorization properties and emergent
symmetries.

A key tool to studying jet properties is Soft-Collinear Effective Theory (SCET). This theory was
developed originally for B-physics, but was soon adapted for the calculation of jet properties. Since
resummation at hadron colliders is more complicated than at e+e− machines, the first application
of SCET to jet properties was for e+e− thrust [14, 15]. To apply SCET to hadronic collisions, one
needs a threshold to expand around and an appropriate factorization formula. One approach is to
expand around the machine threshold. Such expansions have been used successfully in Drell-Yan
and for vector boson spectra in the traditional approach [16, 17]. Building off these examples, this
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Figure 2: Comparison of theory to ATLAS data for the W+jet spectrum [13]. The red (upper) band
is the NLO prediction. My calculation is the green (lower) band, which includes full resummation
at the next-to-next-to-leading logarithmic level (NNLL) and partial resummation at the N3LL level.
One can see improved agreement with data. The reduced theoretical uncertainty will now allow
this spectrum to be used to constrain parton distribution functions (PDFs).

grant supported the derivation of a factorization formula in SCET for inclusive vector-boson-plus-
jet spectra at high pT [18, 13, 19]. Fig. 2 shows the distribution of the transverse-momentum of a
jet produced in association with a W -boson and compares to LHC data from ATLAS. The curve
labelled N3LLp+NLO is computed using SCET [13]. This is currently the world’s best calculation
of this distribution. Goals of this project include continued comparisons between precision theory
and LHC data, adding in additional features such as electroweak Sudakovs, and generalizing the
threshold expansion to other observables, such as the dijet spectra.

One important issue which resummed calculations shed light on, even for inclusive spectra is
scale setting. In fixed order calculations there is a renormalization group scale and factorization

scale, which are naturally set equal. However, choosing µ = mW or µ =
√
p2T +m2

W can lead

to differences much larger than the difference between NLO and NNLO. Consequently there can
be huge irreducible scale uncertainties at fixed order. When inclusive spectra are computed with
effective field theory, like in Fig. 2, there are four scales (hard, jet, soft and factorization scale)
which have natural algorithmically determined values.

Having validated the usefulness of the threshold expansion for inclusive vector boson spectra, the
next step was to use it for jet shape calculations. The simplest jet shape is the jet mass, which was
computed by Schwartz in [20] and shown in Fig. 3. The smooth curves in this figure are resummed
distributions of jet mass computed using SCET at the next-to-next-to-leading logarithmic accuracy
(NNLL) and compared to a simulation at roughly next-to-leading logarithmic (NLL) accuracy.

In the progression from e+e− event shapes, to inclusive spectra at hadron colliders, to jet
shapes at a hadron collider, various aspects of the effective field theory approach have now been
validated. One remaining obstacle to a fruitful direct comparison between precision theory and
data (and in using that comparison to find new physics) is disentangling the pertubative effects
from the non-pertubative ones, such as hadronization, and from pileup. To include the effects
of hadronization, it is likely that effective field theory methods can also apply. For example, the
jet shape n-subjettiness was computed by Schwartz et al. in [21] and it was shown that power
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Figure 3: Jet mass at the LHC. Solid lines show my calculation of the distribution of the mass of
a jet produced in association with a hard photon at the LHC [20]. This is the world’s best theory
prediction of this observable, so far. Histograms are output from a Monte Carlo event generator
(no data is yet available).

corrections, such as hadronization and pileup, can be controlled when expanding around the large-
boost limit.

A related issue with producing systematically improvable event shape calculations for real data
is the necessary appearance of multiple scales. For example, the jet mass distribution in Fig. 3 is
for vector-boson-plus-jet events. To find such an exclusive sample, one needs a veto on the energy
of a possible second jet. Such an energy veto introduces another scale. Having multiple scales
can produce non-global logarithms (NGLs) which can complicate the factorization. At this time,
it is only known how to resum the leading NGL at leading order in the number of colors Nc, and
then only numerically [22, 23]. Schwartz produced the first analytic calculation of subleading non-
global structure [24, 25]. One unanticipated development in the study of NGLs was the discovery
of a remarkable hidden conformal symmetry. By isolating this symmetry, using it to simplify
the BMS integro-differential equation [22], and exploiting state of the art techniques for iterative
integrals using symbols and coproducts and transcendentality, Schwartz was able to compute NGLs
analytically to 3-, 4- and 5- loops [26]. The conformal symmetry is closely related to the Lorentz
invariance of the energy distribution from the jets.

The importance of non-global structure is just one indication that we do not yet have a com-
plete understanding of factorization and the breakdown of factorization for general jet-based dis-
tributions. To that end, this grant supported work towards improving our understanding of the
foundations of factorization, both from the traditional pertubative QCD point of view, and from
the effective field theory point of view. In two papers [27, 28] Schwartz and Feige provided a
clean first-principles proof of factorization for well-separated jets. These papers establish decades-
old conjectures about the universality of splitting functions and soft factors, give a transparent
derivation of SCET, and an operator derivation of the zero-bin subtraction.
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