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Why the top mass?

• Top quark Yukawa:   plays an important role 
in electroweak vacuum stability 

• Current world average (HL-LHC projection ~ 200 MeV)

yt = 0.94 →
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mt = 172.76± 0.3GeV PDG

Buttazzo, et al., 2013; Andreassen, et al. 2014 

Some of the numbers that enter this world average:
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Why the top mass?

• Top quark Yukawa:   plays an important role 
in electroweak vacuum stability 

• Current world average (HL-LHC projection ~ 200 MeV)

yt = 0.94 →
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The only quark with three masses in PDG: 

Some of the numbers that enter this world average:
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1. A brief introduction 

2. Top mass using soft drop jet mass 

3. Top mass using energy correlators

Outline
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How to measure the top mass?

2. Exploit the final state decay products1. Exploit the production mechanism

(inclusive over final state) (insensitive to the production) 6



How to measure the top mass?

2. Exploit the final state decay products1. Exploit the production mechanism
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1. Exploit the production mechanism
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Figure 2: Realistic tt threshold shapes for several e+e� collider projects. The theory
curve from the NNLO calculation available in the TOPPIK code is folded with the
luminosity spectrum (LS), which includes an estimate of the beam energy spread and
the e↵ect of beamstrahlung in the linear collider projects, and Initial-State-Radiation
(ISR).

The statistical uncertainty on the mass depends on the number of fit points and on
the number of floating parameters. An optimization of the location of the fit points
can save considerable running time. In a one-parameter fit of the threshold shape one
achieves identical precision on the top quark mass with three wisely chosen points
(i.e. 30 fb�1) as with the full ten-point scan. The situation is more complex as soon
as more than one parameter is floated. The uncertainty increases by a factor three
when, apart from the mass, the top quark width and the strong coupling constant ↵s

are extracted.

2.5 Systematic uncertainties

Several groups have evaluated systematic uncertainties on the top quark mass ex-
traction. A number of experimental sources of uncertainty, including the impact of
non-tt background, are evaluated in Ref. [37]. The largest contribution is expected
to stem from the uncertainty in the beam energy, where a residual uncertainty of 1
part in 10.000 yields a 30 MeV uncertainty in the top quark mass. The uncertainty
due to an imperfect knowledge of the luminosity spectrum was revised based on the
work of Ref. [38] and is expected to be of the order of 10 MeV [39]. Ref. [33] has
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Threshold scan in e+e- colliders: < 50 MeV precision
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Even for a fixed c.o.m. energy tops are 
produced with a distribution of pT
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Challenging to exploit in pp collisions
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I will come back to this

1. Exploit the production mechanism
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Theoretically cleanest way: Count the tops
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Czakon, Mitov 2012, 2013; Aliev et al. 1007.1327

ATLAS, 1406.5375

CMS, 1701.06228
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Figure 6. Our “best” prediction for the LHC as a function of the collider energy. Inner band (light
green) represents scale uncertainty; total band is the linear sum of scale and pdf uncertainties. Also
shown are the most precise measurements from CMS and ATLAS [1–3].

The numbers above are derived in the following way: the partonic reaction gg → tt̄+X

is included at NLO+NNLL, as in Ref. [29]. All other partonic channels are now known in full

NNLO and are therefore included with the exact NNLO results, including NNLL soft gluon

resummation for the qq̄ → tt̄ + X reaction. We use MSTW2008nnlo68cl pdf set [61], and

scale and pdf variations are performed as described in Ref. [29].

We present our predictions for mt = 173.3 GeV. Such value for mt is consistent with the

current best measurements from the Tevatron [7] (173.18 ± 0.94 GeV), CMS [5] (173.36 ±
0.38±0.91 GeV) and with the ATLAS and CMS top mass combination [6] (173.3±1.4 GeV).

The measurements [1–3] we compare to, are presented at mt = 172.5 GeV (both for 7

and 8 TeV). For a consistent comparison, we translate all measurements to mt = 173.3 by

rescaling them with a common factor of 0.993512 [1]. In principle each measurement should

be rescaled with its own scaling factor, however such rescaling is available only for Ref. [1].

Given the week dependence of the measurements on the value of the top mass, however, any

inconsistency due to this procedure is at the sub-percent level and is thus inconsequential

given the size of the experimental and theoretical uncertainties.

As we discussed in detail in section 5.2, the inclusion of the NNLO correction to the

– 13 –
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How to measure the top mass?

2. Exploit the final state decay products1. Exploit the production mechanism
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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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2. Exploit the final state decay products

This approach has yielded the most precise measurements:
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Impact of NLO corrections

Observations: 

1. Threshold structure appears in the soft-collinear region 

2. NLO corrections make an impact only in the tail

Implications for direct measurements: 

1. Very challenging to improve PS beyond NLL. 
Hadronization models make up for inadequacies of 
the PS: poor theoretical control. 

2. PS impacts the meaning of the MC top mass 
parameter: effects as large as 0.5 GeV.
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Hoang, Plätzer, Samitz  1807.0661

Effect of shower cut on mMC
t

Hoang, Plätzer, 
Samitz  1807.0661

Why top mass interpretation problem?

Andre Hoang: What is the 
top quark mass? 2004.12915



Focus here for good theoretical control
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Avoid threshold region: indirect measurements
Away from threshold NLO matched MC 
are reliable 

Unfortunately, poor sensitivity 
when not leveraging the threshold
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Summary of challenges in the current paradigm
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Top mass via soft drop jet mass



Overcome challenges via analytical resummation
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Analytical resummation
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Consider the jet mass:

Resummation using SCET and HQET
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Analytical resummation
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Challenges in pp  

• Strongly correlated with outside radiation 

• Precision spoiled by uncorrelated 
contamination
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Soft drop jet mass

Improve robustness for the LHC by considering the soft drop jet mass
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Soft drop algorithm

Sketch credits: Johannes Michel
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Soft drop algorithm

Sketch credits: Johannes Michel
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Soft drop jet mass

No Soft Drop:

Soft Drop:

Quark jets Gluon jets

ξ =
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J
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Soft drop resummation region Ungroomed region Fixed order region

ξ0 = zcutRβ
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Inclusive jets

For  collisions work with inclusive jets:pp

Measurement of  on the jetτDGLAP splitting

Semi inclusive jet function
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Ungroomed resummation region
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Factorization for top jets
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Soft drop jet mass

Soft drop improves resilience of the peak against hadronization and the UE

Still need to account for residual shifts
28



Hoang, AP, Mantry, Stewart 1906.11843; AP, Stewart, Vaidya, Zoppi 2012.15568
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Collinear Soft SDOE
region

rejected

kept

Soft

}
}

Hadronization corrections
To describe the hadronization corrections we looked closely into the effects of 
clustering and two-pronged geometry of the groomed jet

Factorization of NP corrections:

NP corrections governed by 3 universal constants and 2 perturbative coefficients
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Hoang, AP, Mantry, Stewart 1906.11843; AP, Stewart, Vaidya, Zoppi 2012.15568
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Hadronization corrections
To describe the hadronization corrections we looked closely into the effects of 
clustering and two-pronged geometry of the groomed jet

Factorization of NP corrections:

NP corrections governed by 3 universal constants and 2 perturbative coefficients
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To calculate  and  one considers the cross section 
doubly differential in jet mass  and groomed jet radius 
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Calibration of Monte Carlo Top Mass
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Calibration of Monte Carlo Top Mass
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mMSR,P8

t (R = 1GeV) = 172.42± 0.1GeV

mMSR,H7

t (R = 1GeV) = 172.27± 0.09GeV

Calibration for Herwig consistent with Pythia despite very different shapes
32
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1q = 1.9± 0.07GeV , xH7
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= 0.98± 0.12
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Extending to NLL′ 
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Factorization for top jets

Groomed jet mass spectrum for �t,m
SD
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Collinear-Soft function now modified due to the presence of the decay products:
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This piece corrects for radiation at angles smaller than decay product subjets where the radiation is 
protected from soft drop grooming.
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Massless jets Correction piece

Factorization for tops with soft drop involves careful consideration 
of the presence of the decay products.



34

Renormalon subtraction for massless jets

Renormalon structure

��/��

Renormalon analysis allows us to probe scaling of the power 
corrections and stabilize perturbative expansion.
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Renormalon subtraction in the  functionS(d)
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Factorization for top jets
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Massless jets Correction piece

Presence of the decay products screens the SDNP renormalon!
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Results: NLL   + renormalon subtractions′ 
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Outlook
Future work: 

1. Breaking of nonperturbative universality: 
 
 
 
 
 

2. Effects of underlying event:

Breaking of nonperturbative universality

��/��
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Overcome challenges in the new paradigm
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To overcome these challenges we need:  

1. Top mass sensitivity in the hard region 

2. Insensitivity to soft physics and contamination from the underlying event 39



The 2-point correlator
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Correlation functions in other sciences

125 6. Initial Conditions from Inflation

CMB (Hlozek et al. 2011)

Weak Lensing (Tinker et al. 2011)

Clusters (Sehgal et al. 2011)

CMB Lensing (Das et al. 2011)

Galaxy Clustering (Reid et al. 2010)

LyA (McDonald et al. 2006)

non-linear

linear 
(reconstructed)

Figure 6.4: Compilation of the latest measurements of the matter power spectrum.
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Figure 6.5: The latest measurements of the CMB angular power spectrum by the Planck satellite.

6.6.2 CMB Anisotropies

The temperature fluctuations in the cosmic microwave background are sourced predominantly

by scalar (density) fluctuations. Acoustic oscillations in the primordial plasma before recombi-

nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see

fig. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the

parameters As and ns) and the cosmological parameters (through parameters like ⌦m, ⌦⇤, ⌦k,

Measurements by Plank Satellite
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On solving quantum many-body problems by experiment
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(Dated: 14 December 2016)

Knowledge of all correlation functions of a sys-
tem is equivalent to solving the corresponding
many-body problem [1, 2]. Already a finite set of
correlation functions can be su�cient to describe
a quantum many-body system if correlations fac-
torise, at least approximately. While being a
powerful theoretical concept, an implementation
based on experimental data has so far remained
elusive. Here, this is achieved by applying it to
a non-trivial quantum many-body problem: A
pair of tunnel-coupled one-dimensional atomic
superfluids. From measured interference pat-
terns we extract phase correlation functions up
to 10th order and analyse if, and under which
conditions, they factorise. This characterises
the essential features of the system, the rele-
vant quasiparticles, their interactions and possi-
ble topologically distinct vacua. We verify that
in thermal equilibrium the physics can be de-
scribed by the quantum sine-Gordon model [3–
6], relevant for a wide variety of disciplines
from particle to condensed-matter physics [7–9].
Our experiment establishes a general method to
analyse quantum many-body systems in experi-
ments. It represents a crucial ingredient towards
the implementation and verification of quantum
simulators [10].

One central objective of quantum field theories is
to capture the essential physics of complex quantum
many-body systems in terms of collective degrees of
freedom [11, 12]. Their propagation and interaction are
encoded in the correlation functions

G
(N)(z) = hO(z1)O(z2) . . .O(zN )i , (1)

where O(zi) are the corresponding Heisenberg operators
evaluated at coordinate zi, and N is the order of the
correlation. G(N) can be decomposed into [13, 14]

G
(N)(z) = G

(N)
dis (z) +G

(N)
con (z) . (2)

The first term G
(N)
dis is the disconnected part of the corre-

lation function. It is fully determined by the lower-order

⇤
Present address: 5. Physikalisches Institut & Center for

Integrated Quantum Science and Technology, Universität

Stuttgart, 70569 Stuttgart, Germany

†
schmiedmayer@atomchip.org

correlation functions and therefore does not contain new
information at order N .
The second term, G(N)

con , is the connected part of the
correlation function, and contains genuine new informa-
tion about the system at order N . In a diagrammatic

expansion, G(N)
con is given by a sum of fully connected

diagrams with N external lines.

If G(N)
con is zero for all N > 2, the higher-order corre-

lation functions factorise and are given by the Wick de-
composition [14, 15] containing only terms of G(N) with
N  2. In this case, the quantum many-body states are
Gaussian. Determining the collective degrees of free-
dom that lead to complete factorisation corresponds to
solving the quantum many-body problem.
Finding out up to which order N the connected cor-

relation function can be estimated with statistical sig-
nificance gives a direct handle on how much of the com-
plexity of the underlying quantum many-body system
is accessible in a given experiment.
With the rapid progress in quantum gas experiments

[16], measuring higher-order correlation functions [17–
20] is now within reach. To illustrate the power of the
above concepts to analyse a non trivial interacting quan-
tum many-body system, we experimentally investigate
two tunnel-coupled one-dimensional (1D) bosonic su-
perfluids, realised with quantum degenerate 87Rb atoms
trapped in a double-well (DW) potential with a freely

relative DOF DW 
potential

adjustable
tunnel-coupling

FIG. 1. Schematics of the experimental setup. We
consider two tunnel-coupled one-dimensional superfluids in
a double-well (DW) potential at a common temperature T .
Changing the barrier height of the DW potential (blue lines)
allows for an adjustable tunnel-coupling J between the two
superfluids. The superfluids are described in terms of density
fluctuations �⇢1,2 around their equal mean densities n1D and
fluctuating phases ✓1,2 (black lines). From these quantities
we define the relative degrees of freedom (DOF) �⇢ and '
used for the discussion in the main text.
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Correlation functions are extremely powerful!
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Progress in recent years

42
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Energy correlators map transition from perturbative to free hadron phase

This talk: first time applying them to top quarks



Which correlator will well characterize the top decay?
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Which correlator will well characterize the top decay?
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What do we expect to see at leading order?

The correlator is sensitive to angles 
between the decay products.
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<latexit sha1_base64="Pk0UOfT+6sSaNWzpUkJbtVfP6K0="></latexit>

⇣ ⌘
X

i<j

⇣ij ⇡
⇣mt

Q

⌘2 X

i<j

⇣̃ij

<latexit sha1_base64="HswH08l6DgZbArjZOt8Ksz/M/7U="></latexit>

⌦
⇣
↵
⇡ 3m2

t

Q2
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Top mass imprinted at a characteristic angle

!""#$

In contrast, in the CFT limit EEEC exhibits a featureless 
power law:

<latexit sha1_base64="PhRRYldN4wfzAikVmx+JNAoy4AQ="></latexit>

G(1)(⇣12, ⇣23, ⇣31)
CFT���! ⇣�1+�(4)

31 G(z, z̄)

light quark/gluon jets 46

Komiske, Moult, Thaler, Zhu 2201.07800



Suppress contribution from collinear splittings

We want to preserve the  dependence but  will also pick up 

collinear splittings

⟨ζ⟩ ∼ 3m2
t /Q2 ζ = ∑

i<j

ζij
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Constrain angles in equilateral configuration
<latexit sha1_base64="xHoy+PEfZ9FS0PrfszHj6kObyfM="></latexit>

d⌃(�⇣)

dQd⇣
=

Z
d⇣12d⇣23d⇣31

Z
d� cM(n)

4 (⇣12, ⇣23, ⇣31, ⇣, �⇣)

<latexit sha1_base64="GjPPToIxvDvODMSDAx1C+waGq7k="></latexit>

cM(n)
4 (⇣12, ⇣23, ⇣31, ⇣, �⇣) =

X

i,j,k
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n
k

Q3n
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⇣12 �

✓2ij
4

!
�

✓
⇣31 �

✓2ik
4

◆
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⇣23 �

✓2jk
4

!

⇥ �(3⇣ � ⇣12 � ⇣23 � ⇣31)
Y

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

⇥(�⇣ � |⇣lm � ⇣mn|).

Allow for some small asymmetry
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Understanding the distribution

What does the distribution look like at leading order?

49

Understanding the distribution

What does the distribution look like at fixed order?

40 / 63
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Understanding the distribution

What does the distribution look like with higher order corrections?

50

Understanding the distribution

What does the distribution look like with higher order corrections?

41 / 63

Collinear radiation causes a
uniform smearing

M 31g
h
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Understanding the distribution

What does the distribution look like with nonperturbative corrections?

51

We know from other studies of energy 
correlators that NP corrections are an 
additive power law
hep-ph/9902341 
hep-ph/9411211 
hep-ph/9708346



Understanding the distribution

What is the effect of asymmetry cut?

52



Enough sketching!
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Let us simulate



Simulation in PYTHIA8

1. Distinct peak at : peak dominated by hard decay of the top 

2. Resilient to collinear radiation, : fixed order perturbation 
theory sufficient

ζ ∼ 3(mt /Q)2

αs ln ζpeak < 1

54



Simulation in PYTHIA8

1. Asymmetry cut creates a sharp cutoff and makes the top peak visible. No hierarchy 
required. 

2. Impact on statistics: dΣ/dζ ≈ 4(δζ)2G(n)(ζ, ζ, ζ; mt) 55



Excellent top mass sensitivity
<latexit sha1_base64="ASyXsT1WEKLM4JGJ/hAlqSoSXy8="></latexit>

cM(n)(⇣12, ⇣23, ⇣31) =
X

i,j,k

En
i E
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j E

n
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Q3n
�
⇣
⇣12 � ⇣̂ij

⌘
�
⇣
⇣23 � ⇣̂ik

⌘
�
⇣
⇣31 � ⇣̂jk

⌘
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 is not IRC safe: absorb IRC sensitive pieces in moments of fragmentation functionn = 2



Hadronization corrections

1. Nonperturbative effects enter as an additive power law: not a shift as in the 
case of jet mass 

2. Normalized distribution: small effect on the peak, ΔmHad
t ≈ 150 ± 50 MeV
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EEEC on tops at the LHC
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We are in fact sensitive to the production mechanism
<latexit sha1_base64="kTjuO4fsNRsNmJChit4ABsTtZ9E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRD0GvAheIpoHJGuYnfQmQ2Znl5lZISwBf8CLB0W8+kXe/Bsnj4MmFjQUVd10dwWJ4Nq47reTW1peWV3Lrxc2Nre2d4q7e3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDK7GfuMRleaxvDfDBP2I9iQPOaPGSnf4cNIpltyyOwFZJN6MlGCGaqf41e7GLI1QGiao1i3PTYyfUWU4EzgqtFONCWUD2sOWpZJGqP1scuqIHFmlS8JY2ZKGTNTfExmNtB5Gge2MqOnreW8s/ue1UhNe+hmXSWpQsumiMBXExGT8N+lyhcyIoSWUKW5vJaxPFWXGplOwIXjzLy+S+mnZOy97t2elys3TNI48HMAhHIMHF1CBa6hCDRj04Ble4c0Rzovz7nxMW3POLMJ9+APn8wcOzo4V</latexit>

e+
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e�

ζpeak ≃
3m2

t

Q2

For  collisions we can define a state via a local operator : , 
and produce tops with definite velocity 

e+e− 𝒪 |ψt⟩ = 𝒪 |0⟩
Q/mt 59
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Energy correlators at hadron colliders

Let us take a closer look at the definition of 
the correlator: 

At hadron colliders we have something like:

|ψt⟩pp = An anti-kT jet with R = 1.2 and pT,jet ∈ [600,650] GeV⟩

<latexit sha1_base64="bbeaSvOZPrGWQZ/Zi7FDFfR+H/A="></latexit>

hE(~n1)E(~n2)E(~n3)it ⌘
h t|E(~n1)E(~n2)E(~n3)| ti

h t| ti

Here we need jets to specify the state
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Implications for hadron colliders

We can only indirectly constrain top velocity 
through pT,jet

Q1. How does adding UE impact the observable?

At the LHC we also have soft junk from the 
underlying event

Q2. How do shifts in  impact the state 

 and the EEEC measurement?

pT,jet
|ψt⟩

<latexit sha1_base64="QQHzzKhxKpoTCH0nWMYiO0oRCfQ="></latexit>

h t|E(~n1)E(~n2)E(~n3)| ti
h t| ti
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Q1: What is the impact of the underlying event?

For now fix the top quark velocity in  but include underlying event and consider a 
(unphysical) state of hard tops with a definite velocity:

pp

<latexit sha1_base64="NRRL5lrnUnnfdnnSDgvDPJCl5h4="></latexit>

| tipp =
���Tops produced with phardT,t = 600 GeV

E

The underlying event still impacts the  and 
adds additional uncorrelated soft radiation to 
the measurement.

pT,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

⌘

Use  in the energy weightspT,jet
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A: Correlators themselves are insensitive to the UE!
<latexit sha1_base64="NRRL5lrnUnnfdnnSDgvDPJCl5h4="></latexit>

| tipp =
���Tops produced with phardT,t = 600 GeV

E

ζ(pp)
peak ≈ 3( mt

pT,t
)

2

Not !pT,jet 63



Q2. How to deal with shifts in jet  impacting ?pT |ψt⟩

<latexit sha1_base64="8BF5u7ROEsmeSOdFpwJmH0qUa+o="></latexit>

d⌃(�⇣)

dpT,jetd⇣
=

d⌃(�⇣)

dpT,td⇣

dpT,t

dpT,jet

Completely insensitive to 
the underlying event

Only need to characterize the nonperturbative effects on the hard scale pT,jet

Write the measurement as 
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A: Disentangle by considering multiple  binspT
Unlike jet mass,  shifts impact the peak nonlinearlypT,jet

<latexit sha1_base64="E7tmE1RjDCn+YL3WmahEQLY2u7w="></latexit>

⇣(pp)peak =
3Fpert(mt, pT,jet,↵s, R)

(pT,jet +�NP(R) +�MPI(R))2

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.
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At leading order FLO
pert = m2

t

Determine  and  independently 
from the  spectrum

ΔNP(R) ΔMPI(R)
pT,jet

A promising evidence for complete 
theoretical control of the top mass 
up to errors  1 GeV!≲
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Outlook

Future improvements:

1. Improve the MC analysis by optimizing for , binning of  and exploring 
configurations other than equilateral triangle 

2. A systematic study of statistical power including HL-LHC projections

Δζ pT,jet

<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)

Factorization theorem: Mele, Nason 1990,1991; 
Czakon et al 2102.08267

Kang, Ringer, Vitev 1606.07063

Energy correlator jet function 
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Work in progress

 ?!W → qq̄′ 

Can we exploit the imprint of 2-body W decay in tops in the 3-point correlator?

A promising way to overcome the systematics of  shifts due to the underlying eventpT,jet

Ferdinand, Holguin, Moult, AP, Procura
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Conclusions
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1. The 3-point correlation function gives a kinematic structure in the hard region 

2. Very tiny hadronization corrections to the normalized spectrum 

3. Impact on  can be independently studied quantified.pT,jet
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Supplementary slides



Light Ray Operators

Need light ray operators for Lorentzian signature

<latexit sha1_base64="Y7sISgjaq/Hq4brcw8Q9V79j4xA="></latexit>

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)

Consider correlation functions of energy flow operators:
<latexit sha1_base64="E2M3Ybp8ZLgwKxrqiSeMZNhb8cg="></latexit>

h |E(~n1)E(~n2) . . . E(~nN )| i

 specifies the state on which we measure the correlator |ψ⟩

<latexit sha1_base64="YzExNEw/8LDICipCfNW7rUXvUmM="></latexit>

E(~n) '
Z 1

0
dt

⇣
Energy flux through d⌦

⌘
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Sveshnikov, Tkachov hep-ph/9512370, Hofman, Maldacena; 0803.1467
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Measurement on tracks
The measurement is insensitive to the usage of tracks, 
allowing for high angular resolution. 
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Comparison with Vincia
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Relaxing asymmetry cut at parton and hadron level

This peak ( ?) persists at hadron level, while this one ( ) requires asymmetry cut.W → qq̄′ t → bqq̄′ 



75

Analysis of  shiftspT,jet

Here we show  shifts relative to parton level:pT,jet



76

Obtaining the top mass from multiple  binspT,jet

1. Parameterize the all orders peak position: 

2. Work with 

3. Define 

4. Solve for  

5. The asymptotic value for  depends only on  and .

ρ

pv
T,jet mt Δref

<latexit sha1_base64="UL9on+D75ya982oPC237iqMkqn0="></latexit>

⇣(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
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Obtaining the top mass from multiple  binspT,jet

Fit function:
<latexit sha1_base64="dH3eKKHdjZsb9Agt2kDg3kKaobs="></latexit>

⇢ = ⇢asy + c2(p
v
T,jet)

�2 + c3(p
v
T,jet)
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hN(⌘1,�1)N(⌘2,�2)i = N1N2P (⌘1, ⌘2)
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X

X
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X

X

hPb-Pb| bN(⌘1,�1) bN(⌘2,�2)|XihX||Pb-Pbi

= hPb-Pb| bN(⌘1,�1) bN(⌘2,�2)|Pb-Pbi

Fully inclusive and hence nice properties
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d2pd2kd⌘d⇠
= h�̂(k)�̂(p)iP,T
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Case study: QGP in Pb-Pb
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Case study: QGP in Pb-Pb
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