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Intro: indirect and direct measurements of the top quark mass at the LHC

Novel proposal: extract the top mass from correlators of energy flow operators

First results of an analysis based on Monte Carlo simulations of a 3-point correlator

Summary and outlook
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The top quark mass: indirect measurements

The top quark mass is a SM parameter of fundamental importance in high-energy 
physics: EW precision tests, vacuum stability, … Precision is a key goal!

Extracted by comparing theory vs data for collider observables, whose perturbative 
calculable contributions are evaluated in a renormalization scheme

Good theoretical control achieved by measuring the inclusive    cross section        
(indirect top mass sensitivity, tied to hard interaction)
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�(tt̄+X)Parton-level results for            to NNLO+NNLL 
accuracy         used by ATLAS and CMS to extract 

     in the pole-mass scheme
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The top quark mass: indirect measurements
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mpole
t = 172.9+2.5

�2.6 GeV
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mpole
t = 172.7+2.4

�2.7 GeV

ATLAS, 1406.5375

CMS, 1701.06228

(Large contribution from normalization 
uncertainties in the inclusive cross section)

More sensitivity to the top mass at LHC 
gained by exploiting information from 
the final-state top decay products
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The top quark mass: direct measurements

Analysis of kinematic observables built out of reconstructed 
top decay products (            ,           …) has yielded
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Figure 7

Left panel: Top mass dependence of the reconstructed top invariant mass mreco
t obtained from top decays

into three jets from MMC simulations in Ref. (124) (ATLAS collaboration). Right panel: Collection of
recent LHC direct top mass measurements.

jet-lepton invariant mass M`b (dilepton tt̄ and single top events) and reconstructed top invariant

mass mreco
t (see left panel of Fig. 7) distributions are used. For the ideogram and matrix element

methods the likelihood for a whole reconstructed final state to be compatible with a tt̄ production

hypothesis is determined event-by-event. Both approaches rely fully on the PS and hadronization

components of MMCs for the theoretical description, so that it is the mass parameter mMC
t which

is extracted from the best fits or the highest cumulative likelihood. A summary of all state-of-

the-art direct top mass measurements is shown in the right panel of Fig. 7. The current world

average quotes mMC
t = 172.9 ± 0.4GeV (1). The latest CMS and ATLAS combinations have

yielded mMC
t = 172.26 ± 0.61GeV (122) (see (123) for a measurement using single top events),

and mMC
t = 172.69 ± 0.48GeV (124), respectively. But I also want to recall the final Tevatron

combination which obtained mMC
t = 174.34 ± 0.64GeV (125).10 As already mentioned, the M`b

and mreco
t variables employed for the template method are examples for observables whose MMC

description is not improved by the NLO matching. The ideogramm and matrix element methods are

based on observables of the same kind, because such observables have the highest mass sensitivity

for the reconstructed decay products. Significant work is invested in the determination of the

systematic uncertainties by the experimental collaborations. These e↵orts, however, do not provide

insights concerning the interpretation problem of mMC
t , which – as long as the issue is unresolved

– must be viewed as an additional systematic error in the relation of mMC
t to a top mass scheme

defined in field theory.

So-called pole mass measurements are based on the inclusive and di↵erential tt̄ cross sections,

for which theoretical parton level predictions expressed in the pole mass scheme from NNLO+NNLL

calculations for the total cross section �(tt̄ + X) (128) or NLO-matched MC generators for the

reconstructed tt̄+jet invariant mass Mtt̄j (129), (di)leptonic variables (130) and tt̄ invariant mass

Mtt̄ are available. A summary of these measurements is shown in the right panel of Fig. 8, and

the current world average quotes mpole
t = 173.1 ± 0.9GeV (1). The inclusive tt̄ cross section

and the invariant masses Mtt̄ and Mtt̄j (away from the lower threshold at 2mt) are examples of

observables where the top mass sensitivity is indirect, i.e. exclusively tied to hard interactions.

For them, parton level predictions at NLO (or higher) and NLO-matched MC generators carry

NLO information on the mass scheme. Furthermore, for these observables the resolution scale

R for the QCD dynamics governing the mass sensitivity (see Fig. 4) is of order or larger than

mt. One can therefore expect that the theoretical errors of the parton level prediction may be

further reduced when even higher order fixed-order or resummed calculations become available or

when the MS top mass scheme is employed. Inclusive cross section measurements yielded mpole
t =

172.9+2.5
�2.6 GeV (ATLAS, 7 and 8 TeV data) (131), mpole

t = 173.8+1.7
�1.8 GeV (CMS, 7 and 8 TeV

data) (132) and mpole
t = 169.9+2.0

�2.2 GeV (CMS, 13 TeV data) (133).11 The relatively larger errors

in comparison to the direct measurements result from the uncertainty in the normalization of

the inclusive cross section (dominated by gluon luminosity uncertainties and renormalization scale

10I believe that much could be learned from knowing the reasons for the discrepancy between the Teva-
tron and the LHC measurements. The impact a recalibration of the jet energy scale for the Tevatron D0
lepton+jet direct mass measurement (126) was analyzed in Ref. (127).

11The analysis of Ref. (133) also studied the strong correlation between the extracted top mass, the value
of the strong coupling ↵s(MZ) and the employed set of parton distributions functions (134, 135, 136, 137).
The quoted lower value for mpole is based on a set of parton distribution functions (134) that is determined
in a simultaneous fit with ↵s. The associated range of ↵s values is below that of the world average. The
analysis also determined the MS top mass mt(mt) based on the calculations of Ref. (91).
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mMC
t = 172.26± 0.61GeV

ATLAS, 1810.01772

CMS, 1812.06489

Approach relies entirely on 
parton shower and models of 
hadronization and UE in Monte 
Carlo event generators:

Theory uncertainty?
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The top quark mass: groomed jet mass

Observables in direct measurements exhibit threshold structures, which enhance the 
sensitivity to     but also to soft and collinear radiation as well as hadronization

Higher level of theoretical control for the jet mass, combined with 
jet grooming such as soft drop          to mitigate effects from 
wide-angle soft radiation, UE contamination and hadronization

Even after grooming one 
needs to account for 
residual O(1 GeV) shifts
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Summary of challenges in the current paradigm
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Generic kinematic distribution with a top-mass sensitive threshold structure:

Non-trivial task to improve the situation in the current paradigm!
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New paradigm ?

We explore the possibility to extract the top quark mass from the measurement of 
energy-weighted angular correlations of boosted top decay products



Energy flow operators and correlators
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E(~n) '
Z 1

0
dt

⇣
Energy flux through d⌦

⌘

hep-ph/9512370, 0803.1467, 1309.0769, 1309.1424

Energy flow operator:

N-point correlators of energy flow operators                            lead to cross 
sections where the contributions from final-state particles are weighted by the 
eigenvalues of the energy flow operators in the various directions
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Energy-energy correlator in e+e- collisions
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d⌃

d cos�
=

Z
d2n1d

2n2 �(~n1 · ~n2 � cos�)
hE(~n1)E(~n2)i

Q2

two-particle inclusive QCD cross section 

(weighted cross section) 

At variance with standard 
event shapes, each event 
(collection of final state 
particles) contributes to 
multiple bins:

10 Strong coupling determination: 1804.09146, 1902.08158

PRL 41 (1978), PRD 19 (1979)



Energy correlators for jet substructure

1303.6637, 1306.6630

2004.11381, 2011.02492, 2201.07800, 2205.03414                                     

N-point energy correlators on jets: energy weighting naturally suppresses soft 
radiation without grooming, enabling novel precision calculations of LHC observables

Leading-power factorization theorems in the collinear limit
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EEC observable:

SLAC–PUB–17427

The Collinear Limit of the Energy-Energy Correlator

Lance J. Dixon,1 Ian Moult,2, 3 and Hua Xing Zhu4

1SLAC National Accelerator Laboratory, Stanford University, CA, USA
2Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA

3Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
4Zhejiang Institute of Modern Physics, Department of Physics, Zhejiang University, Hangzhou, 310027, China

The energy-energy-correlator (EEC) observable in e+e� annihilation measures the energy de-
posited in two detectors as a function of the angle between the detectors. The collinear limit,
where the angle between the two detectors approaches zero, is of particular interest for describing
the substructure of jets produced at hadron colliders as well as in e+e� annihilation. We derive a
factorization formula for the leading power asymptotic behavior in the collinear limit of a generic
quantum field theory, which allows for the resummation of logarithmically enhanced terms to all
orders by renormalization group evolution. The relevant anomalous dimensions are expressed in
terms of the timelike data of the theory, in particular the moments of the timelike splitting func-
tions, which are known to high perturbative orders. We relate the small angle and back-to-back
limits to each other via the total cross section and an integral over intermediate angles. This rela-
tion, for the EEC in e+e� and in Higgs decay to gluons, provides us with the initial conditions for
quark and gluon jet functions at order ↵2

s. In QCD and in N = 1 super-Yang-Mills theory, we then
perform the resummation to next-to-next-to-leading logarithm, improving previous calculations by
two perturbative orders. We highlight the important role played by the non-vanishing � function
in these theories, which while subdominant for Higgs decays to gluons, dominates the behavior of
the EEC in the collinear limit for e+e� annihilation, and in N = 1 super-Yang-Mills theory. In
conformally invariant N = 4 super-Yang-Mills theory, reciprocity between timelike and spacelike
evolution can be used to express our factorization formula as a power law with exponent equal to the
spacelike twist-two spin-three anomalous dimensions, thus providing a connection between timelike
and spacelike approaches.

I. INTRODUCTION

Jet and event shape observables play a crucial role
in our understanding of QCD, and are interesting more
generally for understanding the structure of Lorentzian
observables in quantum field theory. A particularly in-
teresting infrared-safe observable is the energy-energy
correlator (EEC), originally defined in e

+
e
� annihila-

tion [1, 2], which measures the energy in two detectors
separated by an angle �, see Fig. 1. The EEC can be de-
fined within QCD also for a gluonic source, namely the
decays of a Higgs boson to hadrons that are mediated by
a heavy top quark loop [3]. The EEC has also been stud-
ied in conformally invariant N = 4 super-Yang-Mills the-
ory (SYM) for sources that are protected by supersym-
metry [4–7]. It exhibits kinematic singularities in both
the back-to-back (� ! ⇡) and collinear (� ! 0) limits,
allowing its behavior in these limits to be understood to
all orders in perturbation theory using renormalization
group techniques. The compatibility of these two limits
suggests a particularly rigid structure, perhaps enabling
an all orders perturbative understanding of the EEC.

The EEC has attracted significant recent attention,
which has further revealed its perturbative simplicity.
Advances include analytic results for arbitrary � to next-
to-leading order (NLO) in QCD [3, 8] and at both NLO
[7] and NNLO [9] in N = 4 SYM; an understanding of
the all orders logarithmic structure in the back-to-back
limit � ! ⇡ [10, 11]; and numerical results at NNLO in
QCD [12] that have been matched [13] to the next-to-

next-to-leading logarithms (NNLL) in the back-to-back
limit [14] and used to determine the strong coupling [15].

FIG. 1: a)The EEC observable for a generic angle�.
b) In the collinear limit the EEC factorizes into a
hard function, H(x), describing the production of a
parton of momentum fraction x from the source, and
a collinear jet function, J(x,�), describing the
measurement.

Recently a description of the all-orders behavior in
the collinear limit for a conformal field theory has been
given [16, 17] based on the light-ray operator formal-
ism [18, 19]. The limit is described by a spacelike op-
erator product expansion (OPE) controlled by the twist-
two spin-three operator whose role was identified ear-
lier [4, 20]. Another spacelike approach to the collinear
limit in a CFT has been developed more recently [21],
based on the representation of the EEC in terms of the
Mellin amplitude of the four-point function [5–7].
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Straightforward to compute these observables on charged particles only and exploit 
the fine angular resolution of tracking detectors (energy weights get rescaled by 
moments of track functions               ) 2108.01674, 2201.05166     
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EEEC sensitivity to the top mass

Consider                    where   decays hadronically.

The measurement operator is inclusive on top decay products: 

sphere, and go on to measure its mass using energy correlators to determine the ultimate fate of our
universe!

3 Top mass determination using energy correlators

So, how can be probe top quark using energy correlators? The natural thing to do is to measure
the three-point correlator on hadronic top decays. The three-point correlator is defined on the state
containing the top:

ÈE(n̨1)E(n̨2)E(n̨3)Í ©
ÈÂt|E(n̨1)E(n̨2)E(n̨3)|ÂtÍ

ÈÂt|ÂtÍ
(1)

It turns out that this correlator is an extremely sensitive probe of the top quark mass.

3.1 Three point correlator on the top

We will consider the three-point correlator which is defined as

G(n)(’12, ’23, ’31) =
⁄

d‡ „M(n)(’12, ’23, ’31) (2)

where the measurement function is given by

„M(n)(’12, ’23, ’31) =
ÿ

i,j,k

En
i En

j En
k

Q3n
”

1
’12 ≠ ’̂ij

2
”

1
’23 ≠ ’̂ik

2
”

1
’31 ≠ ’̂jk

2
(3)

This measurement function depends on the three angles between the 3-points considered. And the
contribution of each triplet is weighted by the product of their energy raised to some power. The Q
is the hard scale corresponding to the top quark production.
In the CFT limit EEEC on massless quarks and gluons exhibits a featureless power law governed
by the twist-2 spin-4 anomalous dimension [Dixon, Moult, Zhu, 1904.01310][Korchemsky 1905.01444][Kologlu et al.
1905.01311]:

G(1)(’12, ’23, ’31) CFT
≠≠≠æ ’≠1+“(4)

31 G(z, z̄) , zz̄ = ’12/’31 , (1 ≠ z)(1 ≠ z̄) = ’23/’31 (4)

Here the z, z̄ complex variables characterize the shape of the triangle whereas ’ captures its size.
The top decay instead imprints mt as a characteristic scale in the 3-point correlator. The opening
angle of the top decay product is simply given by the ratio of top mass and top transverse momentum.
This dependence on the top mass through the opening angle endows the 3-point correlator with high
kinematic top mass sensitivity.
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⇣̂ij = (1� cos ✓ij)/2

At LO, for a boosted top, the distribution in                   has a peak whose                    
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m2
t/Q

2

the shape of the energy flow (most simply achieved by requiring                   )
location is proportional to         . The variance can be reduced by constraining the         
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EEEC sensitivity to the top mass

The key object in our analysis
<latexit sha1_base64="xHoy+PEfZ9FS0PrfszHj6kObyfM="></latexit>

d⌃(�⇣)

dQd⇣
=

Z
d⇣12d⇣23d⇣31

Z
d� cM(n)

4 (⇣12, ⇣23, ⇣31, ⇣, �⇣)
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�⇣where    denotes the asymmetry cut (shape parameter):
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Final states in collider experiments are characterized by correlation functions, hE(~n1) · · · E(~nk)i,
of the energy flow operator E(~ni). We show that the top quark imprints itself as a peak in the
three-point correlator at an angle ⇣ ⇠ m2

t/p
2
T , with mt the top quark mass and pT its transverse

momentum, providing direct access to one of the most important parameters of the Standard Model
in one of the simplest field theoretical observables. Our analysis provides a new paradigm for a
precise top mass determination that is, for the first time, highly insensitive to soft physics and
underlying event contamination.

Introduction.—The Higgs and top quark masses play a
central role both in determining the structure of the elec-
troweak vacuum [1–3], and in the consistency of precision
Standard Model fits [4, 5]. Indeed, the near-criticality of
the electroweak vacuum may be one of the most impor-
tant clues from the Large Hadron Collider (LHC) for the
nature of beyond the Standard Model physics [2, 6–10].
This provides strong motivation for improving the preci-
sion of Higgs and top quark mass measurements.

While the measurement of the Higgs mass is concep-
tually straightforward both theoretically and experimen-
tally [11], this could not be further from the case for the
top mass (mt). Due to its strongly interacting nature,
a field theoretic definition of mt, and its relation to ex-
perimental measurements, is subtle. In e

+
e
� colliders,

precision top mass measurements can be made from the
threshold lineshape [12–19]. However, this approach is
not possible at hadron colliders, where, despite the fact
that direct extractions have measured mt to a remark-
able accuracy [20–23], there is a debate on the theoretical
interpretation of the measured “Monte Carlo (MC) top
mass parameter” [24]. This has been argued to induce
an additional O(1 GeV) theory uncertainty on mt. For
recent discussions, see [25, 26]. It is therefore crucial to
explore kinematic top-mass sensitive observables at the
LHC where a direct comparison of the experimental data
with first principles theory predictions can be carried out.

Significant progress has been made in this regard from
multiple directions. First, in [27, 28] it was shown us-
ing soft-collinear e↵ective theory (SCET) [29–32], and
boosted heavy quark e↵ective theory (bHQET) [33–38]
that rigorous factorization theorems can be derived for
event shapes measured on boosted top quarks, enabling
these observables to be expressed in terms of the top
quark mass in a field theoretically well defined mass
scheme [39–43]. This approach can also be used to cali-
brate the MC top mass parameter [44–46]. Second, there
has been wide-ranging progress in parton shower algo-
rithms capable of simulating fully exclusive events, both

FIG. 1: A boosted top quark imprints its short lived exis-
tence onto the three-point correlator with a characteristic
angle, ⇣ ⇠ (1� cos ✓)/2 ⇠ m

2

t/p
2

T .

in terms of the general description of QCD showering [47–
60], and the specific treatment of top production and de-
cay [61–66].

A unique feature of the LHC is that large numbers of
top quarks (as well as W/Z/h bosons) are produced with
su�cient boosts that they decay into single collimated
jets on which jet shapes can be measured. Combined with
the seminal introduction of robust jet algorithms [67–71],
this initiated the field of jet substructure [72–74]. For re-
views, see [75, 76]. In Ref. [77], the groomed [78, 79]
jet mass was proposed as a top mass sensitive observ-
able, enabling a realization of the factorization based ap-
proach of [27, 28]. For measurements, see [80, 81]. While
jet grooming significantly improves the robustness of the
observable, residual hadronization corrections [82] and
contamination from the underlying event (UE) continue
to be limiting factors in achieving a precision competitive
with direct measurements.

In recent years, there has been a program to re-
think [83] jet substructure directly in terms of correla-
tion functions, hE(~n1) · · · E(~nk)i, of the energy flow in
a direction ~n [84–91], E(~n), motivated by earlier work
on the study of energy flow in conformal field theories
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⌧ m2
t/Q

2
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3-body hard kinematics:
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Top mass from EEEC in e+e- collisions (PYTHIA8)

Excellent sensitivity to the top mass (distributions normalized to peak heights):

We see that the asymmetry cut ”’ is active in constraining the configurations to equilateral triangle
as long as the triangle side length is at least twice the cut. The big bulge to the left results from
configurations that are not constrained to be in equilateral configuration, and hence are swamped by
collinear splittings. At ’ ≥ 3(mt/Q)2 we see a distinct peak corresponding to the top quark decay.
We also see that this leading order estimate is already a good approximation. The peak is slightly
shifted to the right as the tops radiate and lose some of their energy right before they decay. This
loss of energy is calculable and I will return to this towards the end of the talk. This tells us that
the peak is dominated by hard decay of the top. The peak is in fact resilient to collinear radiation
since at these energies, collinear splittings make their imprint on the spectrum much smaller angular
scales. Thus, this observable for the top can be computed in fixed order perturbation theory.

In fact, this peaked structure is remarkably sensitive to the top mass. In these plots we show a
comparison of n = 1 and n = 2 energy weighting. I should mention that the E2 weighting is not
collinear-safe but the IR divergences can be absorbed into moments of fragmentation functions.

Next, we note that unlike the jet mass, the nonperturbative corrections enter here as an additive
power law, which for the normalized distribution barely make any di�erence in the peak location.
From the zoomed in plot, we can read that the overall impact of hadronization is less than 250 MeV.

3.3 Hadron collider results

For hadron collider, we first need to take a closer look at the definition of the correlator:

ÈE(n̨1)E(n̨2)E(n̨3)Ít ©
ÈÂt|E(n̨1)E(n̨2)E(n̨3)|ÂtÍ

ÈÂt|ÂtÍ

An important component of this definition is the QCD final state |ÂÍ on which these correlators
are defined. For e+e≠ collisions the state can be defined by a local operator O acting on the QCD
vacuum.

|ÂÍ = O|0Í
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Peak position dominantly determined by the hard process 

For          large contribution from collinear splittings
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⇣ < 2�⇣
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Top mass from EEEC in e+e- collisions: hadronization
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�mHad

t ⇡ 150± 50MeV
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Hadronization has a small effect on the peak of the normalized distribution:



Top mass from EEEC in pp collisions

Boost-invariant measurement operator on a boosted top quark jet:

<latexit sha1_base64="Tqx4ug9Qhtg+zbF/7oF19ES94AY="></latexit>

cM(n)
(pp)(⇣12, ⇣23, ⇣31) =

X

i,j,k2 jet

(pT,i)n(pT,j)n(pT,k)n

(pT,jet)3n
�
⇣
⇣12 � ⇣̂(pp)ij

⌘
�
⇣
⇣23 � ⇣̂(pp)ik

⌘
�
⇣
⇣31 � ⇣̂(pp)jk

⌘

4

fined as

cM(n)
(pp)(⇣12, ⇣23, ⇣31) =

X

i,j,k2 jet

(pT,i)n(pT,j)n(pT,k)n

(pT,jet)3n

⇥ �

⇣
⇣12 � ⇣̂

(pp)
ij

⌘
�

⇣
⇣23 � ⇣̂

(pp)
ik

⌘
�

⇣
⇣31 � ⇣̂

(pp)
jk

⌘
, (7)

where ⇣̂(pp)ij = �R
2

ij =
q
�⌘

2

ij +��
2

ij , with ⌘,� the stan-

dard rapidity, azimuth coordinates. Here the hard scale
pT,jet appears, as opposed to Q in e

+
e
� collisions, em-

phasizing that characterizing pT,jet will play a crucial
role in our analysis. The peak of the EEEC distribu-
tion is determined by the hard kinematics and is found

at ⇣(pp)
peak

⇡ 3m2

t/p
2

T,t, where pT,t is the top pT , not pT,jet.
To clearly illustrate the distinction between the in-

frared measurement of the EEEC and the hard mea-
surement of the pT,jet spectrum, we present a two-step
analysis using data generated in Pythia8 (which we in-
dependently verified with Vincia2.3 [135]). First, we
generated hard top quark states with definite momentum
(like in e

+
e
�), but in the more complicated LHC envi-

ronment including UE. This is shown in Fig. 3, where
we see a clear peak that is completely independent of
the presence of MPI (the Pythia8 model for UE), even
without grooming. This illustrates that the correlators
themselves, on a perfectly characterized top quark state,
are insensitive to soft radiation, as in e

+
e
�.

We then performed a proof-of-principles analysis to il-
lustrate that a characterization of non-perturbative cor-
rections to the pT,jet spectrum allows us to extract mt,
with small uncertainties from non-perturbative physics.
While we will later give a factorization formula for the
observable d⌃(�⇣)/dpT,jet d⇣, for the present discussion
it is useful to write it as

d⌃(�⇣)

dpT,jet d⇣
=

d⌃(�⇣)

dpT,t d⇣

dpT,t

dpT,jet
. (8)

This formula, combined with Fig. 3, illustrates that the
source of complications in the hadron-collider environ-
ment lies in the observable-independent function of hard
scales dpT,t/dpT,jet, which receives both perturbative and
non-perturbative contributions. To extract a value of the
top quark mass, we write the peak position as

⇣
(pp)
peak

=
3Fpert(mt, pT,jet,↵s, R)

(pT,jet +�NP(R) +�MPI(R))2
. (9)

Here Fpert incorporates the e↵ects of perturbative radi-
ation. At leading order, Fpert = m

2

t . Corrections from
hadronization and MPI are encoded through the shifts
�NP(R) and �MPI(R). Crucially, in the factorization
limit that we consider, these are not a property of the
EEEC observable, but can instead be extracted directly
from the non-perturbative corrections to the jet pT spec-
trum [136]. This is a unique feature of our approach.

To illustrate the feasibility of this procedure, we used
Pythia8 (including hadronization and MPI) to extract

FIG. 4: The n = 2 three-point correlator on top jets in
hadron collisions in a pT,jet window. A clear peak can be
seen at ⇣ ⇡ 3m2

t/p
2

T,jet which is insensitive to the usage
of tracks.

⇣
(pp)
peak

as a function of pT,jet, over an energy range within
the expected reach of the high luminosity LHC. As a
proxy for a perturbative calculation, we used parton level
data to extract Fpert. To the accuracy we are working,
Fpert is independent of the jet pT , and can just be viewed
as an e↵ective top mass

p
Fpert(mt). We also extract

�NP(R) +�MPI(R) independently from the pT,jet spec-
trum.

Using Eq. (9) we fit ⇣
(pp)
peak

as a function of pT,jet for
an e↵ective value of Fpert(mt). An example of the dis-
tribution in the peak region is shown in Fig. 4, which
also highlights the insensitivity of the peak position to

the use of charged particles only (tracks). A fit to ⇣
(pp)
peak

for several pT,jet bins is shown in Fig. 5. With a per-
fect characterization of the non-perturbative corrections
to the EEEC observable, the value of Fpert(mt) extracted
when hadronization and MPI are included should exactly
match its extraction at parton level. This would lead
to complete control over mt. In Table I we show the
extracted value of Fpert(mt) from our parton level fit,
and from our hadron+MPI level fit for two values of the
Pythia8 mt. The errors quoted are the statistical er-
rors on the parton shower analysis. The Hadron+MPI
fit is quoted with two errors: the first originates from the
statistical error on the EEEC measurement, the second
originates from the statistical error on the determination
of �NP(R)+�MPI(R) from the pT,jet spectrum. A more
detailed discussion of this procedure can be found in the
Supplemental Material. Thus we find promising evidence
that complete theoretical control of the top mass, up to
errors . 1GeV, is possible with an EEEC-based mea-
surement. Our analysis also emphasizes the importance
of understanding non-perturbative corrections to the jet
pT spectrum.

The goal of this Letter has been to introduce our novel
approach to top mass measurements and illustrate its fea-

The peak from hard kinematics is now at

Performed a proof-of-concept analysis to show how the characterization of the 
top-jet pT-spectrum could allow us to extract the top mass

<latexit sha1_base64="9IfFBPkqFRE4kw2YHUtlgITo+rY="></latexit>

⇣̂(pp)ij = Rij =
q

�⌘2ij +��2
ij
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Top mass from EEEC in pp collisions: UE and tracks 

Measuring EEECs on top quarks with a fixed hard pT: 
insensitivity to UE contamination, even without grooming3

equilateral triangle ⇣̂ij = ⇣ allowing for a small asymme-
try (�⇣). Thus the key object of our analysis is the nth
energy weighted cross section

d⌃(�⇣)

dQd⇣
=

Z
d⇣12d⇣23d⇣31

Z
d�cM(n)

4 (⇣12, ⇣23, ⇣31, ⇣, �⇣) ,

(4)

where the measurement operator cM(n)
4 is

cM(n)
4 (⇣12, ⇣23, ⇣31, ⇣, �⇣) = cM(n)(⇣12, ⇣23, ⇣31) (5)

⇥ �(3⇣ � ⇣12 � ⇣23 � ⇣31)
Y

l,m,n2{1,2,3}

⇥(�⇣ � |⇣lm � ⇣mn|) .

For �⇣ ⌧ ⇣,

d⌃

d⇣
⇡ 4(�⇣)2 G(n)(⇣, ⇣, ⇣;mt) , (6)

where we have made the dependence on mt explicit.
Three-body kinematics implies that the distribution is
peaked at ⇣peak ⇡ 3m2

t/Q
2, exhibiting quadratic sensi-

tivity to the top mass. At the LHC the peak is resilient
to collinear radiation since ln ⇣peak < 1/↵s, makings its
properties computable in fixed order perturbation theory
at the hard scale. In the region ⇣ < 2�⇣ the hard three-
body kinematics is no longer identified, leading to a bulge
in the distribution (see the Supplemental Material). We
leave the optimization of �⇣ for future work.

Mass Sensitivity in e
+
e
�
.—To illustrate the mass sen-

sitivity of our observable, we begin with the simplest case
of e+e� collisions. We simulate the e

+
e
�
! t +X pro-

cess at a center of mass energy of Q = 2000 GeV using
the Pythia8 parton shower [132]. We reconstruct anti-
kT [69] jets with R = 1.2 using FASTJET [71], and an-
alyze them using the jet analysis software JETlib [133].
Although jet clustering is not required in e

+
e
�, this anal-

ysis strategy is chosen to achieve maximal similarity with
the case of hadron colliders considered below.

In Fig. 2 we show the distribution of the three-point
correlator in the peak region, both with and without the
e↵ects of hadronization. Agreement of the peak position
with the leading-order expectation is found, showing that
the observed behavior is dictated by the hard decay of
the top. In Fig. 2, linear (n = 1) and quadratic (n =
2) energy weightings are used, see Eq. (2). The latter
is not collinear safe, but for the energy correlators the
collinear IR-divergences can be absorbed into moments
of the fragmentation functions, as for track functions [83,
110].

Non-perturbative e↵ects in energy correlators are gov-
erned by an additive underlying power law [86, 108, 109,
134], which over the width of the peak has a minimal
e↵ect on the normalized distribution. This is confirmed
by the small di↵erences in peak position between par-
ton and hadron level distributions in Fig. 2. Taking

FIG. 3: The n = 1, 2 three-point correlators on decaying
top quarks with a fixed hard pT , with and without MPI.
Here a clear peak can be seen at ⇣ ⇡ 3m2

t/p
2

T,t. No
grooming has been applied.

mt = 170, 172 GeV with n = 2 as representative dis-
tributions, we find that the shift due to hadronization
corresponds to a �m

Had.
t ⇠ 250 MeV shift in the top

mass. This is in contrast with the groomed jet mass
case where hadronization causes peak shifts equivalent
to �m

Had.
t ⇠ 1 GeV [77]. Zoomed in plots are shown in

the Supplemental Material.
Hadron Colliders.—We now extend our discussion to

the more challenging case of proton-proton collisions.
This study illustrates the di↵erence between energy cor-
relators and standard jet shape observables, and also em-
phasizes the irreducible di�culties of jet substructure at
hadron colliders.
Implicit in the definition of energy correlators,

h |E(~n1) · · · E(~nk)| i, is a characterization of the QCD
final state | i. In the case of e+e� collisions, | i can be
defined by a local operator of definite momentum acting
on the QCD vacuum, | i = O|0i, giving rise to a per-
fectly specified hard scale, Q. This is also the case con-
sidered in the CFT literature. In hadronic final states at
proton-proton collisions, the states on which we compute
the energy correlators are necessarily defined through a
measurement, e.g. by selecting anti-kT jets with a spe-
cific pT,jet. Due to the insensitivity of the energy corre-
lators to soft radiation, we will show that it is in fact the
non-perturbative e↵ects on the jet pT selection that are
the source of complications in a hadron collider environ-
ment. This represents a significant advantage of our ap-
proach, since it shifts the standard problem of character-
izing non-perturbative corrections to infrared jet shape
observables, to characterizing non-perturbative e↵ects on
a hard scale. This enables us to propose a methodology
for the precise extraction of mt in hadron collisions by
independently measuring the non-perturbative e↵ects on
the pT,jet spectrum. We now illustrate the key features
of this approach.
The three-point correlator in hadron collisions is de-

EEEC is also insensitive to the use of tracks:

4

fined as

cM(n)
(pp)(⇣12, ⇣23, ⇣31) =

X

i,j,k2 jet

(pT,i)n(pT,j)n(pT,k)n

(pT,jet)3n

⇥ �

⇣
⇣12 � ⇣̂

(pp)
ij

⌘
�

⇣
⇣23 � ⇣̂

(pp)
ik

⌘
�

⇣
⇣31 � ⇣̂

(pp)
jk

⌘
, (7)

where ⇣̂(pp)ij = �R
2

ij =
q
�⌘

2

ij +��
2

ij , with ⌘,� the stan-

dard rapidity, azimuth coordinates. Here the hard scale
pT,jet appears, as opposed to Q in e

+
e
� collisions, em-

phasizing that characterizing pT,jet will play a crucial
role in our analysis. The peak of the EEEC distribu-
tion is determined by the hard kinematics and is found

at ⇣(pp)
peak

⇡ 3m2

t/p
2

T,t, where pT,t is the top pT , not pT,jet.
To clearly illustrate the distinction between the in-

frared measurement of the EEEC and the hard mea-
surement of the pT,jet spectrum, we present a two-step
analysis using data generated in Pythia8 (which we in-
dependently verified with Vincia2.3 [135]). First, we
generated hard top quark states with definite momentum
(like in e

+
e
�), but in the more complicated LHC envi-

ronment including UE. This is shown in Fig. 3, where
we see a clear peak that is completely independent of
the presence of MPI (the Pythia8 model for UE), even
without grooming. This illustrates that the correlators
themselves, on a perfectly characterized top quark state,
are insensitive to soft radiation, as in e

+
e
�.

We then performed a proof-of-principles analysis to il-
lustrate that a characterization of non-perturbative cor-
rections to the pT,jet spectrum allows us to extract mt,
with small uncertainties from non-perturbative physics.
While we will later give a factorization formula for the
observable d⌃(�⇣)/dpT,jet d⇣, for the present discussion
it is useful to write it as

d⌃(�⇣)

dpT,jet d⇣
=

d⌃(�⇣)

dpT,t d⇣

dpT,t

dpT,jet
. (8)

This formula, combined with Fig. 3, illustrates that the
source of complications in the hadron-collider environ-
ment lies in the observable-independent function of hard
scales dpT,t/dpT,jet, which receives both perturbative and
non-perturbative contributions. To extract a value of the
top quark mass, we write the peak position as

⇣
(pp)
peak

=
3Fpert(mt, pT,jet,↵s, R)

(pT,jet +�NP(R) +�MPI(R))2
. (9)

Here Fpert incorporates the e↵ects of perturbative radi-
ation. At leading order, Fpert = m

2

t . Corrections from
hadronization and MPI are encoded through the shifts
�NP(R) and �MPI(R). Crucially, in the factorization
limit that we consider, these are not a property of the
EEEC observable, but can instead be extracted directly
from the non-perturbative corrections to the jet pT spec-
trum [136]. This is a unique feature of our approach.

To illustrate the feasibility of this procedure, we used
Pythia8 (including hadronization and MPI) to extract

FIG. 4: The n = 2 three-point correlator on top jets in
hadron collisions in a pT,jet window. A clear peak can be
seen at ⇣ ⇡ 3m2

t/p
2

T,jet which is insensitive to the usage
of tracks.

⇣
(pp)
peak

as a function of pT,jet, over an energy range within
the expected reach of the high luminosity LHC. As a
proxy for a perturbative calculation, we used parton level
data to extract Fpert. To the accuracy we are working,
Fpert is independent of the jet pT , and can just be viewed
as an e↵ective top mass

p
Fpert(mt). We also extract

�NP(R) +�MPI(R) independently from the pT,jet spec-
trum.

Using Eq. (9) we fit ⇣
(pp)
peak

as a function of pT,jet for
an e↵ective value of Fpert(mt). An example of the dis-
tribution in the peak region is shown in Fig. 4, which
also highlights the insensitivity of the peak position to

the use of charged particles only (tracks). A fit to ⇣
(pp)
peak

for several pT,jet bins is shown in Fig. 5. With a per-
fect characterization of the non-perturbative corrections
to the EEEC observable, the value of Fpert(mt) extracted
when hadronization and MPI are included should exactly
match its extraction at parton level. This would lead
to complete control over mt. In Table I we show the
extracted value of Fpert(mt) from our parton level fit,
and from our hadron+MPI level fit for two values of the
Pythia8 mt. The errors quoted are the statistical er-
rors on the parton shower analysis. The Hadron+MPI
fit is quoted with two errors: the first originates from the
statistical error on the EEEC measurement, the second
originates from the statistical error on the determination
of �NP(R)+�MPI(R) from the pT,jet spectrum. A more
detailed discussion of this procedure can be found in the
Supplemental Material. Thus we find promising evidence
that complete theoretical control of the top mass, up to
errors . 1GeV, is possible with an EEEC-based mea-
surement. Our analysis also emphasizes the importance
of understanding non-perturbative corrections to the jet
pT spectrum.

The goal of this Letter has been to introduce our novel
approach to top mass measurements and illustrate its fea-
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Top mass from EEEC in pp collisions: top-jet pT-spectrum 

The peak position is parameterized by                                          .
<latexit sha1_base64="E7tmE1RjDCn+YL3WmahEQLY2u7w="></latexit>

⇣(pp)peak =
3Fpert(mt, pT,jet,↵s, R)

(pT,jet +�NP(R) +�MPI(R))2

At leading order,             .  
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Fpert = m2
t

4

FIG. 4: On the left, the pT,jet spectrum at parton level, hadron level, and including MPI. A precise characterization
of the states on which the energy correlator is computed requires an understanding of the non-perturbative shifts
between these distributions. On the right, the hadron level and hadron+MPI curves shifted by constant values so
that the three curves overlap. In both figures pT,jet 2 [550, 650]GeV as this is the range in which we chose prefT,jet in
our analysis.

where ⇣̂(pp)ij = �R2

ij =
q

�⌘2ij +��2

ij . As before, the peak of the cM(n)
4 EEEC distribution is determined by the top

quark hard kinematics and is found at ⇣(pp)
peak

⇡ 3m2

t/p
2

T,t, where pT,t is the hard top pT , not pT,jet. Consequently,
the basic properties of the d⌃(�⇣)/dpT,t d⇣ distribution are completely insensitive to non-perturbative physics. In
the previous section we demonstrated this insensitivity by parton shower simulation wherein we showed evidence
that the top decay peak is nearly entirely independent of hadronization and UE. Consequently, in the limit that
pT,t/(�NP +�MPI) ! 1, the top decay peak position is exactly independent of non-perturbative e↵ects. However,
since pT,t is not directly accessible, the observable we consider is

d⌃(�⇣)

dpT,jet d⇣
=

d⌃(�⇣)

dpT,t d⇣

dpT,t

dpT,jet
, (12)

where pT,jet is the pT of an identified anti-kT top-jet. The top peak position in the distribution d⌃(�⇣)/dpT,jet d⇣ will
be shifted by hadronization and UE due to shifts in the jet pT distribution. This shift can be measured independently
from our observable and will be universal to all measurements of energy correlators on top quarks at the LHC.

We can parameterize the all-orders peak position in d⌃(�⇣)/dpT,jet d⇣ as

⇣(pp)
peak

= 3(1 +O(↵s))
m2

t

f(pT,jet,mt,↵s,⇤QCD)2
⌘ 3(1 +O(↵s))

m2

t

(pT,jet +�(pT,jet,mt,↵s,⇤QCD))
2
. (13)

Mainly, � receives three additive contributions from perturbative radiation, hadronization, and from UE/MPI:

� = �pert +�NP +�MPI. (14)

Some simple manipulations can be made so as to minimize the sensitivity to � in an extracted value of mt. We define
the following function of measurable and perturbatively calculable quantities,

⇢2(⇣(pp)v
peak

, pvT,jet) =
⇣
⇣(pp)ref
peak

� ⇣(pp)v
peak

⌘ 3(1 +O(↵s))

(pvT,jet)
2

�
3(1 +O(↵s))

(prefT,jet)
2

!�1

, (15)

where ⇣(pp)ref
peak

is the peak position in a fixed reference pT bin, prefT,jet, and ⇣(pp)v
peak

is the peak position for a variable pT,jet

value, pvT,jet, larger than the reference value (we require pvT,jet > prefT,jet to avoid divergences). ⇢2 is defined so that, in

the limit pvT,jet, p
ref

T,jet ! 1, we have ⇢2 ! m2

t . In the analysis below we set 3(1 + O(↵s)) 7! 3 so that, in the limit

pvT,jet, p
ref

T,jet ! 1, we find ⇢2 ! Fpert as defined in the main body of this Letter. Now let us make a further definition,

�ref
⌘ �(prefT,jet,mt,↵s,⇤QCD), �v(pvT,jet � prefT,jet,mt,↵s,⇤QCD) ⌘ �(pvT,jet,mt,↵s,⇤QCD)��ref. (16)

shift due to hadronization

shift due to hadronization + UE
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<latexit sha1_base64="NnlleksDpmdgT6l4UUIeHIIFzeo=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmpKjLogtdVrAP6Awlk2ba0CQTkoxYhoK/4saFIm79Dnf+jWk7C209cOFwzr3ce08kGdXG876dwtLyyupacb20sbm1vePu7jV1kipMGjhhiWpHSBNGBWkYahhpS0UQjxhpRcPrid96IErTRNybkSQhR31BY4qRsVLXPQiQlCp5hNXgFGaB4vCGNMddt+xVvCngIvFzUgY56l33K+glOOVEGMyQ1h3fkybMkDIUMzIuBakmEuEh6pOOpQJxosNsev4YHlulB+NE2RIGTtXfExniWo94ZDs5MgM9703E/7xOauLLMKNCpoYIPFsUpwyaBE6ygD2qCDZsZAnCitpbIR4ghbCxiZVsCP78y4ukeVbxzyvVu2q5dpXHUQSH4AicAB9cgBq4BXXQABhk4Bm8gjfnyXlx3p2PWWvByWf2wR84nz/hzpTN</latexit>

⇡ 4GeV

We first determined the shifts due to hadronization and UE from an independent 
measurement of the top-jet pT-distribution using PYTHIA8:
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Top mass from EEEC in pp collisions: top-jet pT-spectrum 

We then determined         from a fit looking at the peak positions       in different 
<latexit sha1_base64="nKLgTSuMClb6ve0/VsGzJKBkOWY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6rIoiMsK9gFNCJPppB06eThzI4QQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufcePxFcgWV9G5WV1bX1jepmbWt7Z3fP3D/oqjiVlHVoLGLZ94ligkesAxwE6yeSkdAXrOdPrqd+75FJxePoHrKEuSEZRTzglICWPLPuqAcJ+Y2XOzLECZNQFJ7ZsJrWDHiZ2CVpoBJtz/xyhjFNQxYBFUSpgW0l4OZEAqeCFTUnVSwhdEJGbKBpREKm3Hx2fIGPtTLEQSx1RYBn6u+JnIRKZaGvO0MCY7XoTcX/vEEKwaWb8yhJgUV0vihIBYYYT5PAQy4ZBZFpQqjk+lZMx0QSCjqvmg7BXnx5mXRPm/Z58+zurNG6KuOookN0hE6QjS5QC92iNuogijL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnD2P4lUM=</latexit>p
Fpert

<latexit sha1_base64="+XMIjNQ4Iy4QsODW7j9/LmS/Q1A=">AAACAHicbVBNS8NAEN34WetX1IMHL4tFqJeSSFGPRS8eK9gPaGrZbCft0k2y7G6EGnLxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXm+4Expx/m2lpZXVtfWCxvFza3tnV17b7+p4kRSaNCYx7LtEwWcRdDQTHNoCwkk9Dm0/NH1xG89gFQsju70WEA3JIOIBYwSbaSefeg9gib3aVmI06yXejLEAsgo69klp+JMgReJm5MSylHv2V9eP6ZJCJGmnCjVcR2huymRmlEOWdFLFAhCR2QAHUMjEoLqptMHMnxilD4OYmkq0niq/p5ISajUOPRNZ0j0UM17E/E/r5Po4LKbskgkGiI6WxQkHOsYT9LAfSaBaj42hFDJzK2YDokkVJvMiiYEd/7lRdI8q7jnlepttVS7yuMooCN0jMrIRReohm5QHTUQRRl6Rq/ozXqyXqx362PWumTlMwfoD6zPH77vloQ=</latexit>

⇣(pp)peak
<latexit sha1_base64="ZkFT8XOQgKPhigmXF+XA7a+W+BY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIHqQkUtRj0YvHCv2CNoTNdtqu3WzC7kaoIb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC2LOlHacb6uwtr6xuVXcLu3s7u2X7YPDtooSSaFFIx7JbkAUcCagpZnm0I0lkDDg0AkmtzO/8whSsUg09TQGLyQjwYaMEm0k3y7Hfto8T/syxA+gs8y3K07VmQOvEjcnFZSj4dtf/UFEkxCEppwo1XOdWHspkZpRDlmpnyiICZ2QEfQMFSQE5aXzwzN8apQBHkbSlNB4rv6eSEmo1DQMTGdI9FgtezPxP6+X6OG1lzIRJxoEXSwaJhzrCM9SwAMmgWo+NYRQycytmI6JJFSbrEomBHf55VXSvqi6l9Xafa1Sv8njKKJjdILOkIuuUB3doQZqIYoS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+7iZMn</latexit>pT,jet

bins. As a proxy for a perturbative calculations we used parton-level data to extract
<latexit sha1_base64="nKLgTSuMClb6ve0/VsGzJKBkOWY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6rIoiMsK9gFNCJPppB06eThzI4QQf8WNC0Xc+iHu/BunbRbaeuDC4Zx7ufcePxFcgWV9G5WV1bX1jepmbWt7Z3fP3D/oqjiVlHVoLGLZ94ligkesAxwE6yeSkdAXrOdPrqd+75FJxePoHrKEuSEZRTzglICWPLPuqAcJ+Y2XOzLECZNQFJ7ZsJrWDHiZ2CVpoBJtz/xyhjFNQxYBFUSpgW0l4OZEAqeCFTUnVSwhdEJGbKBpREKm3Hx2fIGPtTLEQSx1RYBn6u+JnIRKZaGvO0MCY7XoTcX/vEEKwaWb8yhJgUV0vihIBYYYT5PAQy4ZBZFpQqjk+lZMx0QSCjqvmg7BXnx5mXRPm/Z58+zurNG6KuOookN0hE6QjS5QC92iNuogijL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnD2P4lUM=</latexit>p
Fpert

The peak position is parameterized by                                          .
<latexit sha1_base64="E7tmE1RjDCn+YL3WmahEQLY2u7w="></latexit>

⇣(pp)peak =
3Fpert(mt, pT,jet,↵s, R)

(pT,jet +�NP(R) +�MPI(R))2

At leading order,             .  
<latexit sha1_base64="aUKAfH7Q2BSqX4g45wAGyRmHDCo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KUom6EoiAuK9gHtDFMptN26EwSZm6EGoq/4saFIm79D3f+jdM2C209cOFwzr3ce08QC67Bcb6t3NLyyupafr2wsbm1vWPv7jV0lCjK6jQSkWoFRDPBQ1YHDoK1YsWIDARrBsOrid98YErzKLyDUcw8Sfoh73FKwEi+fXDtpx0lccwUjPEFlj7cl3276JScKfAicTNSRBlqvv3V6UY0kSwEKojWbdeJwUuJAk4FGxc6iWYxoUPSZ21DQyKZ9tLp9WN8bJQu7kXKVAh4qv6eSInUeiQD0ykJDPS8NxH/89oJ9M69lIdxAiyks0W9RGCI8CQK3OWKURAjQwhV3NyK6YAoQsEEVjAhuPMvL5JGueSeliq3lWL1Mosjjw7RETpBLjpDVXSDaqiOKHpEz+gVvVlP1ov1bn3MWnNWNrOP/sD6/AFLxpR8</latexit>

Fpert = m2
t

5

sibility. This proof-of-principles analysis has shown that
our approach overcomes many of the standard issues of
jet shape based extractions. Nevertheless, there remain
many areas in which our methodology could be improved
to achieve greater statistical power and bring it closer to
experimental reality. These include the optimization of
�⇣, the binning of pT,jet and ⇣

(pp), and including other
shapes on the EEEC correlator. On the theoretical side,
our promising results motivate developing a deeper un-
derstanding of the three-point correlator of boosted tops
in the hadron collider environment.

Factorization Theorem.—Combining factorization for
massless energy correlators [137] with the bHQET treat-
ment of the top quark near its mass shell [27, 28, 43, 77]
allows us to separate the dynamics at the scale of the
hard production, the jet radius R, the angle ⇣, and the
top width �t. While factorization is generically violated
for hadronic jet shapes (see [138]), our framework is based
on the rigorous factorization for single particle massive
fragmentation [139–146]. Assuming ⇣ ⌧ R, we perform
a matching at the perturbative scale of the jet radius, us-
ing the fragmenting jet formalism [147–149], which cap-
tures the jet algorithm dependence. The final jet func-
tion describing the collinear dynamics at the scale of ⇣
is therefore free of any jet algorithm dependence. Corre-
spondingly, we expect to obtain the following factorized
expression

d⌃

dpT,jetd⌘ d⇣
= fi ⌦ fj ⌦Hi,j!t

⇣
zJ ; pT,t =

pT,jet

zJ
, ⌘

⌘

⌦ Jt!t(zJ , zh;R)⌦ J
[tracks]

EEEC
(n, zh, ⇣;mt;�t) , (10)

for the energy-weighted cross section di↵erential in pT,jet,
rapidity ⌘, and ⇣. This can be used to compute Fpert(mt)
in a systematically improvable fashion. Obvious depen-
dencies, such as on factorization scales, have been sup-
pressed for compactness. Here fi are parton distribu-
tion functions, and Hi,j!t is the hard function for inclu-
sive massive fragmentation [150, 151], which is known
for LHC processes at NNLO [152]. Jt!t is the frag-
menting jet function, which is known at NLO for anti-
kT jets [148, 149], but can be extended to NNLO us-
ing the approach of [153]. The convolutions over fi,j

Hi,j!t and Jt!t alone determine the pT,jet spectrum, in-
dependent of the EEEC measurement. Finally, JEEEC,
is the energy correlator jet function, which can be com-
puted in a short-distance top mass scheme, and can in-
clude information from track or fragmentation functions.
Around the top peak, JEEEC is almost entirely deter-
mined by perturbative physics. In the region of on-shell
top, it can be matched onto a jet function defined in
bHQET [27, 28, 39, 40, 77]. The functions in the fac-
torization formula above exhibit standard DGLAP [154–
156] evolution in the momentum fractions zJ and zh =
pT,hadron/pT,jet, and the ⌦ denote standard fragmenta-
tion convolutions. A more detailed study of the structure

FIG. 5: Plot of the peak position as a function of pT,jet,
as used in our fitting procedure.

Pythia8 mt Parton
p

Fpert Hadron + MPI
p

Fpert

172 GeV 172.6± 0.3 GeV 172.3± 0.2± 0.4 GeV

173 GeV 173.5± 0.3 GeV 173.6± 0.2± 0.4 GeV

175 GeV 175.5± 0.4 GeV 175.1± 0.3± 0.4 GeV

173� 172 0.9± 0.4 GeV 1.3± 0.6 GeV

175� 172 2.9± 0.5 GeV 2.8± 0.6 GeV

TABLE I: Values of the e↵ective parameter Fpert(mt)
extracted at parton level, and hadron+MPI level. The
consistency of the two approaches provides a measure of
our uncertainty due to non-perturbative corrections.

of the factorization, and a calculation of JEEEC, will be
provided in a future publication.

Conclusions.—We have proposed a new paradigm for
jet-substructure based measurements of the top quark
mass at the LHC in a rigorous field theoretic setup. In-
stead of using standard jet shape observables, we have
analyzed the three-point correlator of energy flow oper-
ators, and have illustrated a number of its remarkable
features. Our results support the possibility of achieving
complete theoretical control over an observable with top
mass sensitivity competitive with direct measurements.

Acknowledgements.—We are particularly grateful to
G. Salam for insightful questions that led us to (hope-
fully) significantly improve our presentation. We also
thank B. Nachman, M. Schwartz, I. Stewart and W.
Waalewijn for feedback on the manuscript. We thank
H. Chen, P. Komiske, K. Lee, Y. Li, F. Ringer, J.
Thaler, A. Venkata, X.Y. Zhang and H.X. Zhu for many
useful discussions and collaborations on related topics
that significantly influenced the philosophy of this work.
A.P. is grateful to M. Vos, M. LeBlanc, J. Rolo↵ and
J. Aparisi-Pozo for many helpful discussions about sub-
tleties of the top mass extraction at the LHC. This work
is supported in part by the GLUODYNAMICS project
funded by the “P2IO LabEx (ANR-10-LABX-0038)”

Consistency between the two 
approaches with differences 
smaller than/about 1 GeV
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Future improvements

Factorization theorem: 
<latexit sha1_base64="YmhxdP2/PYaCjXsrckpf3STi7x0="></latexit>

d⌃

dpT,jetd⌘ d⇣
= fi ⌦ fj ⌦Hi,j!t

⇣
zJ ; pT,t =

pT,jet

zJ
, ⌘

⌘

⌦ Jt!t(zJ , zh;R)⌦ J
[tracks]
EEEC (n, zh, ⇣;mt;�t)

Using the equilateral configuration we projected onto the top peak. However, also the 
W mass imprints itself in the correlator, in a different region of parameter space. 

Goal: trade the dependence of the EEEC measurement on the top-jet pT-spectrum 
for the dependence on the W mass
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Summary

Triple correlators of energy flow operators measured on boosted top jets: 

enhanced top-mass sensitivity in the hard region and natural suppression of soft 
radiation effects, hadronization and UE contamination 

Our first analysis based on simulations using PYTHIA8 motivates further studies to 
optimize EC-based strategy for top mass extraction with improved theoretical control 

Goal:


