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Precision top quark mass extraction from LHC data: a persistent challenge

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

Parton-shower simulations: theoretical robustness and experimental feasibility 

Summary and outlook
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Top quark mass: SM parameter of fundamental importance in high-energy physics

(EW precision tests, vacuum stability,…) High precision at LHC: persistent challenge

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

Good theoretical control for inclusive    cross section        

(indirect top mass sensitivity, tied to hard interaction)
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�(tt̄+X)Parton-level results for            to NNLO+NNLL 
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The top quark mass: indirect measurements
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ATLAS 1910.08819, CMS 1812.10505

Weakly sensitive to the top mass,

strongly affected by PDF uncertainties

Higher sensitivity to the top mass achieved by considering differential distributions 
as well as          processes: 

4

CMS 1603.02303
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The top quark mass: direct measurements

Analysis of kinematic observables built out of reconstructed 
top decay products has yielded higher precision:
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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).

www.annualreviews.org • What is the Top Quark Mass? 13

CMS 2302.01967

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

Robust theory uncertainty?
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mMC
t = 171.77± 0.37GeV



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

6

Hoang et al. 1708.02586, 1906.11843; 
Pathak et al. 2012.15568
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Observables for the top mass extraction at LHC

We explore possibility of precision extraction of top quark mass at the LHC from the 
measurement of energy-weighted angular correlations of boosted top decay products

from Hoang 2004.12915
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Jet Shapes with the Broadening Axis
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Abstract: Broadening is a classic jet observable that probes the transverse momentum

structure of jets. Traditionally, broadening has been measured with respect to the thrust

axis, which is aligned along the (hemisphere) jet momentum to minimize the vector sum

of transverse momentum within a jet. In this paper, we advocate measuring broadening

with respect to the “broadening axis”, which is the direction that minimizes the scalar

sum of transverse momentum within a jet. This approach eliminates many of the cal-

culational complexities arising from recoil of the leading parton, and observables like the

jet angularities become recoil-free when measured using the broadening axis. We derive a

simple factorization theorem for broadening-axis observables which smoothly interpolates

between the thrust-like and broadening-like regimes. We argue that the same factorization

theorem holds for two-point energy correlation functions as well as for jet shapes based on a

“winner-take-all axis”. Using kinked broadening axes, we calculate event-wide angularities

in e
+
e
� collisions with next-to-leading logarithmic resummation. Defining jet regions using

the broadening axis, we also calculate the global logarithms for angularities within a single

jet. We find good agreement comparing our calculations both to showering Monte Carlo

programs and to automated resummation tools. We give a brief historical perspective on

the broadening axis and suggest ways that broadening-axis observables could be used in

future jet substructure studies at the Large Hadron Collider.ar
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In this form, it is clear that only certain flavor summed moments of the matching coe�cients

for the fragmentation functions appear, and furthermore, that the integrals in the momentum

fraction variables, xi, are factorized. In particular, we can define the quark jet function

relevant for the EEC as

Jq

EEC(~b?) =
X

i

1Z

0

dx x Iqi

 
~b?
x

, x

!
, (3.24)

and similarly for the anti-quark jet function. The one-loop result for Jq

EEC is given in App. A.

This allows us to write our final factorized expression as

d�

dz
=

1

2

Z
d2~k?

Z
d2~b?
(2⇡)2

e�i~b?·~k?H(Q, µ)Jq

EEC(~b?, µ, ⌫)J q̄

EEC(~b?, µ, ⌫)SEEC(~b?, µ, ⌫)�

 
1 � z �

~k2
?

Q2

!
.

(3.25)

This provides a fully factorized description of the EEC in the back-to-back region into hard,

jet and soft functions, and is one of the main results of this paper. We verify that this

produces the known logarithmic structure at NNLO in App. B.

We find it interesting that this factorization theorem of Eq. (3.25) is as close as possible

to a direct crossing of the factorization theorem for qT for color singlet production,4 which

can be written in impact parameter space as

1

�

d3�

d2~qTdY dQ2
= H(Q, µ)

Z
d2~b?
(2⇡)2

ei
~b?·~qT [B ⇥ B] (~b?, µ, ⌫)S?(~b?, µ, ⌫) . (3.26)

Here, instead of TMDFFs, transverse momentum dependent beam functions (also known as

TMDPDFs) appear, and the soft function, referred to as the TMD soft function, is identical

to the EEC soft function up to the direction of the Wilson lines in its definition. Explicitly,

for the soft function, we have

S?(~b?, µ, ⌫) = lim
⌫!+1

1

Nc

trh0|T
h
S†
n̄�(0)Sn+(0)

i
T̄
h
S†
n�

⇣
y⌫(~b?)

⌘
Sn̄+

⇣
y⌫(~b?)

⌘i
|0i . (3.27)

The precise definitions of the beam functions will not be important for the present discussion,

but can be found in [91, 96, 97].

The key reason for the utility of this factorization theorem of Eq. (3.25) is that all the

ingredients are related (or identical) to other functions that have been calculated to high

perturbative accuracy, namely the TMDFFs, and the TMD soft function. This will allow us

to directly use these results to improve the perturbative understanding of the EEC observable.

This ability to relate di↵erent functions highlights a benefit of operator based factorization

theorems.
4
It would also be interesting to study semi-inclusive DIS with measured transverse momenta of an identified

outgoing hadron. In this case, while it has been argued that the partially crossed soft function should be used

[93, 94], the analysis of [95] indicates that future pointing Wilson lines should be used. We leave a study of

this question in our framework to future work. We thank John Collins for discussions on this point.
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The precise definitions of the beam functions will not be important for the present discussion,

but can be found in [91, 96, 97].

The key reason for the utility of this factorization theorem of Eq. (3.25) is that all the

ingredients are related (or identical) to other functions that have been calculated to high

perturbative accuracy, namely the TMDFFs, and the TMD soft function. This will allow us

to directly use these results to improve the perturbative understanding of the EEC observable.

This ability to relate di↵erent functions highlights a benefit of operator based factorization

theorems.
4
It would also be interesting to study semi-inclusive DIS with measured transverse momenta of an identified

outgoing hadron. In this case, while it has been argued that the partially crossed soft function should be used

[93, 94], the analysis of [95] indicates that future pointing Wilson lines should be used. We leave a study of

this question in our framework to future work. We thank John Collins for discussions on this point.
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Energy flow operators and correlators
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0
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E(~n) '
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0
dt

⇣
Energy flux through d⌦

⌘

Energy flow operator:

N-point correlators of energy flow operators                            related 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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Two-point energy correlator in e+e- collisions
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two-particle inclusive QCD cross section 

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

9 𝜶S extraction from EEC at NNLO+NNLL: Kardos et al. 1804.09146
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Factorization theorems for energy correlators in e+e-

In the collinear limit at leading power: 
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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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Universal behavior in the collinear limit
In QCD a time-like factorization formula can be derived to resum large logs in the collinear limit:
Dixon, Moult, Zhu 2019
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hadronization effects:
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In the back-to-back limit at leading power: 
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The back-to-back region of EEC
The back-to-back limit in  collisions is dominated by both soft and collinear physics, and is 
described by a Drell-Yan-like factorization formula:
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2

Computed up to N4LL: Duhr, Mistlberger, Vita 2205.02242
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Here we see that the factors of 1/z(d�2) in matching coefficients cancel the corresponding ones in
eq. (2.45).

Combining everything from eq. (2.34) we find
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Here, we have expanded q0T ⇡ qT = Q(0,
p
1� z, 0) +O(Q�

2) in the exponent and have dropped
other O(�2) terms. Note that after the ⇣ moment, the two terms in the second line of eq. (2.34)
become identical compensating the factor of 1/2.

Noting that the integrand does not depend on the direction of qT , we can simplify
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where we have defined the b-space resummed cross section:
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which is dimensionless by construction.

2.4 Comparison with Moult & Zhu’s derivation

We now make a comparison of the derivation above with the original derivation presented in
Ref. [7]. The key difference is our choice of the reference vectors n and n̄ and the frame. In
Ref. [7], the reference vectors were aligned along the jet axes, and the perp-component of the soft
momenta was defined with respect to the thrust axis. The z12 measurement is then given by a
combination of transverse hadron momenta with respect to jet axes and the soft momenta with
respect to the thrust axis in their eq (3.7). On the other hand, in the derivation above we simply
chose the reference vectors to lie along the outgoing hadrons, which directly gives access to the
relative angle z12 and avoids any mention of jets or thrust axis.

We also made use of the di-hadron production in the hadron frame, where extensions to
higher point correlators or subleading powers is expected to be much simpler compared to the
lab frame, and noticed that the result can be straightforwardly related to the lab-frame result
through a simple boost. On the other hand, in the center of mass frame, the reference vectors
(whether along the hadrons or the jet axes) are not back-to-back, and results in inhomogenous
O(Q�

2) terms in the light cone decomposition of the vector boson momentum q (unlike the
overall

p
z factor in eq. (2.41)), which complicates their treatment at higher powers.

In this form, it is clear that only certain flavor summed moments of the matching coe�cients

for the fragmentation functions appear, and furthermore, that the integrals in the momentum

fraction variables, xi, are factorized. In particular, we can define the quark jet function

relevant for the EEC as
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and similarly for the anti-quark jet function. The one-loop result for Jq

EEC is given in App. A.

This allows us to write our final factorized expression as
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This provides a fully factorized description of the EEC in the back-to-back region into hard,

jet and soft functions, and is one of the main results of this paper. We verify that this

produces the known logarithmic structure at NNLO in App. B.

We find it interesting that this factorization theorem of Eq. (3.25) is as close as possible

to a direct crossing of the factorization theorem for qT for color singlet production,4 which

can be written in impact parameter space as
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Here, instead of TMDFFs, transverse momentum dependent beam functions (also known as

TMDPDFs) appear, and the soft function, referred to as the TMD soft function, is identical

to the EEC soft function up to the direction of the Wilson lines in its definition. Explicitly,

for the soft function, we have
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The precise definitions of the beam functions will not be important for the present discussion,

but can be found in [91, 96, 97].

The key reason for the utility of this factorization theorem of Eq. (3.25) is that all the

ingredients are related (or identical) to other functions that have been calculated to high

perturbative accuracy, namely the TMDFFs, and the TMD soft function. This will allow us

to directly use these results to improve the perturbative understanding of the EEC observable.

This ability to relate di↵erent functions highlights a benefit of operator based factorization

theorems.
4
It would also be interesting to study semi-inclusive DIS with measured transverse momenta of an identified

outgoing hadron. In this case, while it has been argued that the partially crossed soft function should be used

[93, 94], the analysis of [95] indicates that future pointing Wilson lines should be used. We leave a study of

this question in our framework to future work. We thank John Collins for discussions on this point.
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Energy correlators for jet substructure

(Chang et al. 1303.6637, 1306.6630)

Energy weighting naturally suppresses soft radiation without grooming and enables 
novel precision calculations of LHC observables to get access to detailed scaling and 
shape information about the energy distribution within jets

11

Can be readily computed for track-based measurements to exploit the fine angular 
resolution of tracking detectors: energy weights get simply rescaled by moments of 
track functions               Li et al. 2108.01674, Jaarsma et al. 2201.05166     

In recent years growing efforts to rethink jet substructure using energy correlators: 
insights from CFT and light-ray OPE

Chen et al. 2004.11381, Hofman and Maldacena 0803.1467, Belitsky et al. 1309.0769, 1309.1424,  Kravchuk and Simmons-Duffin 1805.00098                       

Measured by CMS (2402.13864), RHIC (2309.05761) and ALICE (2409.12687) experiments                       
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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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EEEC sensitivity to the top mass

The key object in our first analysis
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�⇣where    is 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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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 LO hard process 

For          large contribution from collinear splittings
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Top mass from EEEC in e+e- collisions: hadronization

<latexit sha1_base64="XXop7HQ8KtdwhW+xwRudkCe25U4="></latexit>

�mHad

t ⇡ 150± 50MeV

16

Hadronization has a small effect on the peak of the normalized distribution:
Non-perturbative effects in ECs are governed by an additive power law (Korchemsky, Sterman NPB 555, 1999)

19

Excellent top mass sensitivity and robustness to hadronization

• The imprint of the top quark is extremely sensitive to the top quark mass


• Nonperturbative effects have a very small effect on the peak, 


‣ This is in a stark contrast to the jet mass with  shifts in the peak.

Δmhadr.
t ≈ 150 ± 0.5 MeV

∼ 1 GeV
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The case of pp collisions

Measurement operator on a boosted top quark jet:
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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 a precise characterization of 
the top-jet pT-spectrum would enable a precision top mass extraction from
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The case of pp collisions: top-jet pT-spectrum 

Need for a robust jet-pT measurement spoils the effectiveness of this approach:                                   
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Problems: 

• Challenging to unfold the jet  to  precision!


• Shifts due to hadronization and MPI in the jet  spectrum induce large  shifts in the extracted 
top mass from .

pT ∼ 5 GeV

pT ∼ 1 GeV
ζt ∼ m2

t /p2
T,jet

The need for a clean jet  measurement however spoils the theoretical elegance of this approach:pT

Holguin, Moult, AP, Procura 2022
But the jet  spoils the elegance …pT

Shifts due to hadronization and UE in the jet pT-spectrum induce   1 GeV shifts 

in the top mass extracted from the peak position
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Novel approach: the W as a standard candle 
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We can trade the jet-pT scale by the mass of the W boson inside the boosted top jet:                                 

22

The Standard Candle approach in nutshell

• Remove the shared energy scale


• Calibrate  using the  mass :   


• Exploit the  inside the top jets as a standard candle

Mtop W mW = 80.377 ± 0.012 GeV

W
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Novel approach: the W as a standard candle 
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The key object in our novel analysis is the integrated triple-energy correlator

23

Imprint of the  in the EEEC distributionW
The observable we define to extract the -imprint: W

As  is lowered we allow for more squeezed configuration and see the peak at  emerging.ζS ζW ∼ m2
W /p2

T
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The standard candle observable
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To extract the W imprint we consider the ratio

• This works because of the same b2b soft function.
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A robust  sensitive projectionmW
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with MPI

0.2 0.4 0.6 0.8

0.1

0.2

0.3

0.4

0.5

0.6

The ratio against 2-point correlator is robust against both collinear and b2b hadronization effects
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Top mass extraction: a feasibility study
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We exploit the high degree of correlation between top and W imprints. For large boosts:

where C is governed by relative W boost, top decay and depends on the jet radius R.

Calibrating the top mass
The strategy is to simply take the ratio of the peaks of the  and the  distributions. 
The resulting ratio is proportional to top mass:

T(ζ) W(ζ)

For now extract this from parton showers (error bar is stat + polynomial peak fit) by averaging 
over  GeV.pT ∈ [400,600]

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 24

Shower

Pythia 8.3 1.076 ± 0.001 1.085 ± 0.001 1.094 ± 0.001 1.101 ± 0.001

Vincia 2.3 1.082 ± 0.001 1.087 ± 0.001 1.095 ± 0.001 1.103 ± 0.001

Herwig 7.3 
Dipole 1.080 ± 0.001 1.087 ± 0.001 1.095 ± 0.001 1.101 ± 0.001

Herwig 7.3 
A.O. 1.094 ± 0.001 1.101 ± 0.001 1.109 ± 0.001 1.115 ± 0.001

R = 0.8 R = 1.0 R = 1.2 R = 1.5

29

Use the standard 
CP5 tune for 
Pythia and VinciaFor now, we extract C from parton-level 

simulations averaging over 

(Different event generators employ different 
approximations to description of top decay)

<latexit sha1_base64="BP455ZRrjYWPLwveJLV3t5MEm+s=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBBEQpiVoB5FD3qMkBdklzA76SSjs7PLzKwQlv0HL/6KFw+KePXizb9x8jhoYkFDUdVNd1cQC64NId/OwuLS8spqbi2/vrG5tV3Y2W3oKFEM6iwSkWoFVIPgEuqGGwGtWAENAwHN4P5q5DcfQGkeyZoZxuCHtC95jzNqrNQpHMedtFbCqadCfAcmy7DHJW5XCCnhU0J8rzS2rqGRdQpFUiZj4HniTkkRTVHtFL68bsSSEKRhgmrddkls/JQqw5mALO8lGmLK7mkf2pZKGoL20/FPGT60Shf3ImVLGjxWf0+kNNR6GAa2M6RmoGe9kfif105M79xPuYwTA5JNFvUSgU2ERwHhLlfAjBhaQpni9lbMBlRRZmyMeRuCO/vyPGmclN3TcuW2Ury4nMaRQ/voAB0hF52hC3SDqqiOGHpEz+gVvTlPzovz7nxMWhec6cwe+gPn8wcpj5vT</latexit>

pT,jet 2 [400, 600]GeV



Top mass extraction: a feasibility study
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Checklist for a precision top mass extraction:

robustness against hadronization and UE 

vastly dominant effects perturbative 

negligible power suppressed effects

resilience to experimental systematics

feasibility study using MC event generators Holguin, Moult, Pathak, MP,  Schöfbeck, Schwarz 2407.12900 

Figure 1. An illustration of the many subprocesses that enter into the description of a top quark
jet substructure observable at the LHC, measured by the detector with varying degrees of angular
and energy resolution.

measurements on top jets have several experimental advantages relative to commonly used

jet observables.

In this context, it has been proposed [26, 27] that the three-point energy correlator,

measured on su�ciently boosted top quark jets, can be used for a precision extraction of

the top quark mass. Since energy correlators allow for the determination of dimensionless

characteristic angles, as opposed to dimensionful mass scales, a clean approach to extracting

the top quark mass in a well-defined mass scheme from LHC data is to isolate the ratio

of the top to the W boson mass from selected projections of the correlator spectrum [27].

The goal of this paper is to thoroughly explore, using event generator simulations, the

robustness of this proposal for the precision extraction of a theoretically well-defined top

mass [28, 29] and to motivate further theoretical and experimental research into energy

correlators on top quark decays. A preliminary version of the results of this paper was

presented in Ref. [30].

The precise extraction of the top quark mass from a measurement of energy correlators

on top quark jets relies on a detailed understanding of the numerous physics subprocesses

involved in the production and decay of a boosted top quark, as well as the experimental

systematics, as illustrated in figure 1. To show the feasibility of the measurement, we must

show that both the experimental systematics and the dependence on poorly understood

nonperturbative subprocess are under control. We do this by systematically investigating

the dependence of the proposed measurement on each of the subprocesses in figure 1 using
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Jet radius dependence
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Jet radius dependence
Varying the jet radius impacts the sampled top and  boosts 
via the  

W
pT,jet

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence
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Varying R impacts both perturbative and non-
perturbative jet features but the effect on the 
extracted top mass is dominantly perturbative

30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)
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Shift from hadronization/UE is about 200 MeV
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Jet radius dependence
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Hadronization effects

26

Small sensitivity to hadronization corrections 

in all parton shower generators 

Figure 13. Impact of the choice of recoil scheme in the top quark decay.

Figure 14. Impact of hadronization corrections in di↵erent parton shower generators.

origin. Table 1 shows the change in the parameter C with di↵erent perturbative parton

shower models. Notably, the three dipole showers, which each handle the NLO top decay

phase-space in an equivalent fashion, are consistent within ±0.5%. In contrast, the Herwig

angular ordered parton shower does not fill the complete NLO phase space and computes

a value of C larger by about 2%. This is consistent with the expectation from factoriza-

tion, which is that underestimating the NLO contribution will lead to an overall smaller

characteristic decay angle for the top quark.

4.2.6 Hadronization

Hadronization corrections have both universal and non-universal components. We have

chosen to discuss the corrections from hadronization in this section since they are improv-

able, and indeed, there has been significant recent progress in understanding nonperturba-
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Hadronization effects
All the showers exhibit a cancellation of hadronization effects in 
the  up to 500 MeV. Primarily shifts in the  distribution.  
(error bar is stat + polynomial peak fit)

pT,jet W

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!



b-quark fragmentation modelling

27

Negligible impact from b-quark hadronization models

34

Hadronization effects
Negligible impact of b hadron fragmentation modeling:

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024 30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!



Underlying event contamination

28

Negligible impact from UE tune variations

35

Effect of contamination
We work with standard CMS CP5 tune and consider UE 
tune variation and find negligible impact

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024 30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!



PDF variations

29

Variations in PDFs lead to significant shifts and induce 
substantial uncertainties in      distribution but the 

ratio of the peaks is extremely robust (negligible shifts)

36

PDF variations
Variations in PDFs lead to significant shifts and induce substantial 
uncertainties in the  distribution but the ratio of the peaks is 
extremely robust (negligible shift):

pT,jet

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023, 2024

36

PDF variations
Variations in PDFs lead to significant shifts and induce substantial 
uncertainties in the  distribution but the ratio of the peaks is 
extremely robust (negligible shift):

pT,jet

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023, 2024

30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!



Hard scattering corrections

30

Variations in the physics at the hard scale through 

scale variations of ISR: negligible impact

37

Hard scattering corrections
Probe variations in the physics at the hard scale via scale 
variation in the ISR: Negligible impact.

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!



Hard scattering corrections

31

Variations in the physics at the hard scale through 

NLO matching to       process: negligible impact 

38

Hard scattering corrections
Probe variations in the physics at the hard scale via NLO 
matching to  process: Negligible impact.tt̄ + j

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

38

Hard scattering corrections
Probe variations in the physics at the hard scale via NLO 
matching to  process: Negligible impact.tt̄ + j

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024 30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!



Wide-angle soft physics

32

Models of color reconnection probe wide-angle soft 
physics at non-perturbative scales: small impact 

39

Wide angle soft physics
Color reconnection models probe the soft wide angle 
effects at the nonperturbative scale: Negligible impact

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!



Shower uncertainty: FSR scale variation

33

Results from LL showers + LO description of the top 
decay: small impact from FSR scale variation

40

Shower Uncertainty Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Shower uncertainty results from LL showers + LO description 
of the top decay: Negligible impact of FSR scale variation

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!



Shower uncertainty: top jet recoil schemes

34

Top jet recoil schemes model NLO top-decay effects in 
parton showers: perturbative component dominates and 
significantly affects the top mass

41

Shower Uncertainty
Shower uncertainty results from LL showers + LO description 
of the top decay: Expect significant improvement with the top 
decay description at NLO + Sudakov “b2b” resummation

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!
!



Experimental feasibility: statistics at the LHC

35

The measurement is statistically feasible at the LHC

43

Statistical sensitivity
Crucially, the measurement is statistically feasible at the LHC

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!
!

!



Experimental feasibility: jet energy scale

36

We use the CMS model for jet energy scale uncertainty 
and vary accordingly      : very small impact

44

Jet energy scale
We model the CMS jet energy scale uncertainty and vary 
the pT,jet

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

45

We model the CMS jet energy scale uncertainty and vary 
the : Negligible impactpT,jet

Jet energy scale Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!
!

!
!



Experimental feasibility: constituent energy scale

37

Effects of varying the momenta of the jet constituents 
(1% for charged, 3% for photons and 5% for neutrals): 
very small impact

46

Constituent Energy Scale
Study the effect of varying the constituent momenta: 1% for 
charged, 3% for photons and 5% for neutrals: Negligible impact

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!
!

!
!
!



Experimental feasibility: track efficiency 

38

CMS track efficiency models: small impact

49

Track Efficiency
Investigate two CMS track efficiency models: Negligible 
impact of track efficiency profile (SMP_22_015 includes 
track  dependence).pT

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!
!

!
!
!
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Experimental feasibility: heavy flavor dependence 

39

CMS models for different jet response between jets 
originated by a light quark vs b-quark: small effect

51

Heavy Flavor Dependence
A known effect in detectors is the different jet response depending 
on the origin of a jet. Test the effect separately for particles that 
originate from a heavy flavor bottom quark or from a light quark.

Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024
30

The checklist Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

What is NOT included here: 


1. Detector simulation


2. Impact of event generator modeling through unfolding 
(expect to be small for a track-based measurement)

!
!
!

!
!

!
!

!
!
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Summary and outlook

Triple energy correlators measured on boosted top jets: enhanced top-mass sensitivity 
dominated by hard kinematics (perturbatively calculable effects)

By exploiting both top and W imprints in the triple energy correlator, high level of 
resilience against soft radiation effects, underlying event contamination and 
hadronization. Theoretical robustness and experimental feasibility

40

Our MC-based analysis motivates novel precision calculations of energy correlators on 
top decays and further exploration of the experimental measurement.

Goal: a novel, theoretically clean, precision extraction of the top mass in a well-defined 
short-distance scheme based on energy correlators measured on boosted top jets at LHC


