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Why the top mass?

• The Top is very interesting!
• Largest Yukawa coupling – sensitive to new 

physics.
• The Top and the Higgs masses determine the 

stability of the electroweak vacuum.
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FIG. 3. Gauge dependence of the SM potential at its maxi-
mum with mpole

h = 125.14 GeV and mpole
t = 173.34 GeV.

approach at 1-loop. Decent fits are (12)
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The consistent gauge-invariant values at NLO are
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= 2.88⇥ 109 GeV (13)
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= 2.40⇥ 1029 GeV

Note that �Vmin corresponds to an energy density well
above the Planck scale. Thus, the potential at the mini-
mum will surely be e↵ected by quantum gravity and pos-
sible new physics not included in our calculation. Previ-
ous analyses have defined stability to be Planck-sensitive
if the instability scale ⇤I > MPl [1, 2]. As we have ob-
served, the instability scale is gauge dependent, so this
is not a consistent criterion. An alternative criterion is
that new operator, such as O6 ⌘

1

⇤2
NP

h
6 be comparable

to Vmin when h = hhi. Although O6 and Vmin are gauge-
invariant, the value of O6 at the field value h where the
minimum occurs is gauge dependent, so this condition
is also unsatisfactory. A consistent and satisfactory cri-
terion was explained in [13]: the new operator must be
added to the classical theory and its e↵ect on Vmin eval-
uated.

Adding O6 to the potential, we find that the the po-
tential is still negative at its minimum in the SM even
for operators with very large coe�cients. For example,
taking ⇤NP = MPl = 1.22 ⇥ 1019 GeV, we find that
µ
min

X = 6.0 ⇥ 1017 GeV and Vmin = �(1.1 ⇥ 1017 GeV)4.
Comparing to Eq. (13) we see that the energy of the true
vacuum is very Planck-sensitive.

More generally, a good fit is given by

Vmin = �(0.01⇤NP)
4
, ⇤NP & 1012 GeV (14)

When ⇤NP < 3.6⇥1012 GeV, Vmin becomes positive and
for ⇤NP < 3.1 ⇥ 1012 GeV the maximum and minimum
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FIG. 4. Boundaries of absolute stability (lower band, NLO)
and metastability (upper line, LO). The thickness of the
lower boundary indicates perturbative and ↵s uncertainty.
The theoretical uncertainty of the metastability boundary is
unknown. The elliptical contours are 68%, 95% and 99%
confidence bands on the Higgs and top masses: mpole

h =

(125.14±0.23) GeV and mpole
t = (173.34±1.12) GeV. Dotted

lines are scales in GeV at which Vmin can be lifted positive by
new physics.

disappear. Thus the stability of the Standard Model can
be modified by new physics at the scale 1012 GeV.
If we vary the Higgs and top masses in the Standard

Model, we can compute the boundary of absolute stabil-
ity. This bound is shown in Figs. 4 and 5. The dotted
lines show where Vmin becomes positive when in the pres-
ence of O6 for the indicated value of ⇤NP. Unexpectedly,
we find that three independent conditions (1) that Vmin

goes to zero, (2) that Eq. (5) have no solution, and (3)
that Vmin goes positive when ⇤NP = MPl all give nearly
identical boundaries in the m

pole

h /mpole

t plane. Know-
ing that quantum gravity is relevant at MPl, we should
therefore be cautious about giving too strong of an in-
terpretation of the perturbative absolute stability bound
in the SM. We also show in this plot the metastability
bound, that the lifetime of our vacuum be larger than
the age of the universe. At lowest order this translates to
�( 1

R )�1
< �14.53 + 0.153 ln[RGeV] for all R [30]. Since

�(µ) is gauge invariant, so is this criterion. Although for
the Standard Model this approximation is probably suf-
ficient, it has not been demonstrated that the bound can
be systematically improved in a guage-invariant way [31].
In this paper, we have only discussed a single physical

feature of the e↵ective action: the value of the e↵ective
potential at its extrema. There is of course much more
content in the e↵ective action, especially when tempera-
ture dependence is included. Unfortunately, many uses
of the e↵ective action involve evaluating it for particu-
lar field configurations, a procedure that has repeatedly
been shown to be gauge-dependent. For example, the

1307.3536 , 1408.0292
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Why the top mass?

• The Top is very interesting!
• Largest Yukawa coupling – sensitive to new 

physics.
• The Top and the Higgs masses determine the 

stability of the electroweak vacuum.

• We are in an unprecedented era of 
high statistics collider physics!
• Top measurements have transitioned 

from discovery to precision.

1807.07447
329/11/2022

https://arxiv.org/abs/1807.07447


Current status of top mass measurements

• Current world average (HL-LHC projection ~ 200 MeV)
• 𝑚! = 172.76 ± 0.30 GeV

• An impressive uncertainty ~ 0.2 %!

• Some of the numbers that enter this world average:
• 𝑚! = 172.67 ± 0.48 GeV
• 𝑚! = 172.26 ± 0.61 GeV
• 𝑚! = 174.34 ± 0.64 GeV
• 𝑚! = 170.5 ± 0.8 GeV

429/11/2022

10.1093/ptep/ptaa104

ATLAS, 1810.01772

CMS, 1812.06489

Tevatron, 1407.2682

CMS, 1904.05237

The only quark with three masses in PDG:

https://doi.org/10.1093/ptep/ptaa104


An orthogonal approach?
A completely orthogonal measurement would be useful to help resolve 
discrepancies/debates.
What do we have to work with?
• A (partial*) kinematic breakdown of the particles in each jet.
• A lot of statistics!
• The HL-LHC will be a top factory.
• It is forecast that 3Billion ttbar events and 800Million mono-top events will 

be measured. 1902.04070

What observables do other fields of physics use when trying to extract 
simple properties from complicated environments?

*neutrinos, pile up, fine grained detectors529/11/2022

https://arxiv.org/abs/1902.04070


The current approach

29/11/2022

There has been an exceptionally successful program of precision QCD 
with event shape observables and algorithmic substructure. Current 
direct measurements all use this paradigm.

Panscales arXiv:2002.11114

PDG 2021 global average 
of direct measurements 
𝑚! = 172.76 ± 0.30 GeV

1810.01772
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What else is there?

29/11/2022

However, there is an 
interesting disconnect 
between much of the 
developments in 
precision QCD 
phenomenology and 
formal theory.
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The middle ground

29/11/2022

The energy flow operator is an ANEC operator, it can be computed 
directly in CFTs admitting many new computational techniques.

Its correlation functions are also directly a collider observables – Energy 
Correlators.
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Correlation Functions
125 6. Initial Conditions from Inflation

CMB (Hlozek et al. 2011)

Weak Lensing (Tinker et al. 2011)
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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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Correlation Functions
Recap
• Correlation functions in statistics: 
• Corr" 𝑋, 𝑌 = 𝑋𝑌 − 𝑋 𝑌 (also just the covariance)
• Corr# 𝑋, 𝑌, 𝑍 = 𝑋𝑌𝑍 − 𝑋 𝑌 𝑍 − Corr" 𝑌, 𝑍
• …

• In physics we usually refer to 𝑋!…𝑋" as an 𝑛 point correlator. This 
is just conventional and has origins in that often 𝑋# = 0.
• Time ordered QFT correlators (propogators) relate back to these 

statistical correlators through the path integral and statistical 
mechanics…

1029/11/2022



Energy Correlators

• Generally one can define correlators of any quantum charge or 
conserved quantity.
• For QCD, correlators of energy flux are usually of most interest –

these naturally remove soft physics without grooming.

1129/11/20220803.1467

https://arxiv.org/abs/0803.1467


Energy Correlators
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Energy Correlators
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Energy Correlators
Pros:
• Defined on inclusive cross-sections and can be made insentive to soft 

radiation. Textbook example of where 𝑝𝑝 CSS factorisation can be 
used without any violation.

• Well studied by CFT community. Powerfull techniques exist for 
calculations: light-ray OPE, celestial Blocks, lorentzian inversion.

Cons:
• Reliant on high stats. A precission tool, not a typical discovery tool.
• Not event-by-event so cannot be directly used to tag.

1429/11/2022

2109.03665

2202.04085

https://arxiv.org/abs/2109.03665
https://arxiv.org/abs/2202.04085


Part 3: Energy Correlators for Tops

1529/11/2022



Energy Correlators for Tops
Which correlator will well characterise the top decay?

1629/11/2022



Energy Correlators for Tops
Which correlator will well characterise the top decay?

ℰ(𝑛$)ℰ(𝑛")ℰ(𝑛#)

=?
%&

@
d𝜎%&'

d"𝑛%d"𝑛&d"𝑛'
𝐸%𝐸&𝐸' 𝛿"(𝑛$ − 𝑛%)𝛿"(𝑛" − 𝑛&)𝛿"(𝑛" − 𝑛')

1729/11/2022



Energy Correlators for Tops
The correlator is sensitive to the angles between the decay products. What angles 
do we expect to see at fixed order?

1829/11/2022



3-body kinematics
The correlator is sensitive to the angles between the decay products. What angles 
do we expect to see at fixed order?

1929/11/2022



3-body kinematics
The correlator is sensitive to the angles between the decay products. What angles 
do we expect to see at fixed order?
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3-body kinematics
The correlator is sensitive to the angles between the decay products. What angles 
do we expect to see at fixed order?

2129/11/2022



Building the observable
The correlator is sensitive to the angles between the decay products. What do we 
expect to see at fixed order?

2229/11/2022



Building the observable
What about higher order perturbative corrections?

2329/11/2022



Building the observable
What about higher order perturbative corrections?

2429/11/2022



Building the observable
In all, we have…

2529/11/2022



Understanding the distribution

26

What will the distribution look like with N.P. corrections?

29/11/2022

arXiv:hep-ph/9902341
arXiv:hep-ph/9411211
arXiv:hep-ph/9708346



Understanding the distribution

27

What is the effect of the asymmetry in the triangle?

29/11/2022



Simulation in Pythia8

2829/11/2022

We did a complete simulated pp analysis, 
however for this talk consider 𝑒!𝑒" where 
the hard scale 𝑄 is just half the CoM Energy.
• Key features exactly as expected.

• Peak is sentive to Top mass.
• Very low sentivity to hadronisation. The 

shift is equivelant to Δ𝑚# = 150 ±
50MeV.



Simulation in Pythia8

29

Now consider hadron colliders. Must 
now use boost invariant quantities.
• 𝑄 is now (initially) the partonic Top 𝑝(. 

This is not a measurable quantity. 
Instead we have the 𝑝( of the Top jet. 
This adds a little complexity.

• Now must consider underlying event.
• Can we measure on tracks? (Yes)

29/11/2022



Further improved?

3029/11/2022

Using the equalatorial configuration we projected onto the top peak. However the 
W also imprints on the correlator in a diferent part of the parameter space.

The distrobution )*(,-))-!)-
is independent of the pt distrobution, gives 𝑚!(𝑚/).



More than just mass?

3129/11/2022

• 3-point correlator is sensitive to spin.

Chen et al. arXiv:2011.02492



Conclusions
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2004.12915 and S. Plätzer

https://arxiv.org/abs/2004.12915


Outlook

3329/11/2022

• The three-point energy correlator shows promise as a top mass sentive 
observable with theoretical control comparable to the current precision of 
direct measurements.

• So far studies have been proof-of-concept. Experimental feasibility study is 
underway, as are precision calculations.
• Much of the ingredients needed for a precission calculation already exist. Missing pieces 

are the EEEC jet function and a broader study of factorisation.

• Other studies possible: spin correlations, new physics?



Supplementary material
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Let us study the hadron collider 
environment in two parts. 
1. First study the observable whilst 

unphysically fixing the partonic Top 
𝑝(. This is to answer:

• Now must consider underlying event.
• Can we measure on tracks? (Yes)
2. Then study the physical observable 

and in conjunction with the 𝑝(
spectrum.

Stage 2

29/11/2022



Supplementary material
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Let us study the hadron collider 
environment in two parts. 
1. First study the observable whilst 

unphysically fixing the partonic Top 
𝑝(. This is to answer:

• Now must consider underlying event.
• Can we measure on tracks? (Yes)
2. Then study the physical observable 

and in conjunction with the 𝑝(
spectrum.

Stage 1

29/11/2022



Supplementary material
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How to handle these 𝑝( shifts? One 
method:
• Fixed order gives

• From Factorisation properties of the 
observable,

Stage 2

29/11/2022



Supplementary material
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Stage 2

29/11/2022

How to handle these 𝑝( shifts? One 
method:
• Fixed order gives

• From Factorisation properties of the 
observable,



Supplementary material
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Supplementary material
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Supplementary material
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Supplementary material
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Supplementary material
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Correlation Functions

• Case study from study of the QGP in Pb-Pb:

1106.6057

𝑁(𝜂!, 𝜙!)𝑁(𝜂", 𝜙") = 𝑁!𝑁"𝑃(𝜂!, 𝜙!, 𝜂", 𝜙")

∼7
#

𝑁# 𝜂!, 𝜙! 𝑁#(𝜂", 𝜙") Pb − Pb ⟩𝑋 ⟨𝑋 Pb − Pb

=7
#

Pb − Pb >𝑁 (𝜂!, 𝜙!) >𝑁(𝜂", 𝜙") ⟩|𝑋 ⟨𝑋 Pb − Pb

= Pb − Pb >𝑁 (𝜂!, 𝜙!) >𝑁(𝜂", 𝜙") Pb − Pb

1211.1928 4329/11/2022

https://arxiv.org/abs/1106.6057
https://arxiv.org/abs/1211.1928


Correlation Functions

• Case study from study of the QGP in Pb-Pb:

44
1106.6057

QGP
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Correlation Functions

• Case study from study of the QGP in Pb-Pb:

QGP
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Correlation Functions

• Case study from study of the QGP in Pb-Pb:

QGP
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Correlation Functions

• Case study from study of the QGP in Pb-Pb:

QGP
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1106.6057
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https://arxiv.org/abs/1106.6057


Correlation Functions

ℰ(𝑛$)ℰ(𝑛")

4829/11/2022



How to measure the Top mass*

• What we have access to at a collider is a set of events and a (partial) 
kinematic breakdown of each event into particles with 4-momenta.

• Methods we might use:
• Simplest: count the number of tagged top events to find 𝜎(𝑚!).

• Slightly more sophisticated: measure a distribution differential in the event 
kinematics.

• Best precision: direct measurement using Monte Carlo to simulate the top 
events and compare for a mass extraction.

*please allow me to oversimplify for a little bit
4929/11/2022



…but what is the Top mass we measure?

• The top quark mass is not a physical observable but a Lagrangian
parameter,

• We gain access to this parameter through a sensitive physical 
observable:

5029/11/2022

and must be renormalized in a definite mass scheme.

2004.12915

We will come back to this as it leads to 
complications!

https://arxiv.org/abs/2004.12915


How to measure the Top mass

• Can measure many different differential distributions.

• These can be computed from theory
• Arguably best efforts for rigorous control over 𝑚! use groomed jet masses: i.e.

𝑚!
" = ∑# 𝑝# " 0711.2079 and references therein 𝑚! = 172.6 ± 2.5 GeV A recent measurement in CMS 1911.03800

• Or can be computed from Monte Carlo Event generators…
• This is where best experimental precission has been achieved

5129/11/2022
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Why is measuring 𝑚! hard theoretically?

5229/11/2022

A generic top mass 
sensitive jet shape

2004.12915 and S. Plätzer

Threshold structure sensitive to 𝑚$
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Mazzitelli et al. 2012.14267; Cormier et al. 
1810.06493; Frederix et al. 1603.01178; Jezo et 
al. 1607.04538; Hoeche et al. 1402.6293

Top Production and decay at NLO, NNLO

https://arxiv.org/abs/2004.12915


Why is measuring 𝑚! hard theoretically?

5329/11/2022

A generic top mass 
sensitive jet shape

Observations:
• Threshold structure typically appears in the 

region where shape is dominated by soft-
collinear radiation.
• Almost entirely dependent on parton

shower or complicated resummation.

• NLO corrections make an impact only in the 
tail.
• High accuracy fixed order computations 

are only weakly 𝑚! dependent.

2004.12915 and S. Plätzer

Threshold structure sensitive to 𝑚$

https://arxiv.org/abs/2004.12915


Monte Carlo Top mass

• Event generator reconstruction of 𝑚2 has yielded the most precise 
measurements:

10.1093/ptep/ptaa104

PDG 2021 global average of direct 
measurements 
𝑚! = 172.76 ± 0.30 GeV

Order of magnitude better experimental 
precision than analytically calculable 
observables.

1810.01772

5429/11/2022

https://doi.org/10.1093/ptep/ptaa104
https://arxiv.org/abs/1810.01772


The heavy dependence on Parton Shower Monte Carlo 
reduces theoretical control on this measurement.

Argued to induce a further Ο 1 GeV error on the 
extracted Top mass in a given theory mass scheme.

Monte Carlo Top mass

• Event generator reconstruction of 𝑚2 has yielded the most precise 
measurements:

1810.01772

5529/11/2022

2004.12915 and references therein

https://arxiv.org/abs/1810.01772
https://arxiv.org/abs/2004.12915


Summary: measuring 𝑚! is challenging

5629/11/20222004.12915 and S. Plätzer

Focus here for good theoretical control, here PS is not 
dominant but a well controlled small perturbation.

155 160 165 170 175 180 185 190
 [GeV]topm

ATLAS+CMS Preliminary  from cross-section measurementstopm
WGtopLHC Sep 2019

 from top quark decaytopm

ATLAS, 7+8 TeV comb. [11]
CMS, 7+8 TeV comb. [10]

total   stat
 theo)± syst ± tot (stat ± topm Ref.

) n-differential, NLOt(tσ
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Unfortunately, poor sensitivity when not 
leveraging the threshold
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