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The top quark mass and fate of the universe

Right now: An exciting era of precision collider physics!

The top and the higgs masses determine the nature of the
stability of the electroweak vacuum
[Buttazzo, et al., 2013][Andreassen, et al. 2014] [See Andrea Knue’s talk]

→ Direct top mass the most precise:
mMC
t = 173.34± 0.76GeV [World combination 1403.4427],

but . . .
• MC top mass parameter : No field theoretic mass scheme,
O(1) GeV theory uncertainty argued
[Hoang 2004.12915]

• Sensitive to the parton shower, hadronization model
[Hoang et al. 1807.06617]

→ Indirect cross section measurements not precise enough
mpole
t = 172.9+2.5

−2.6 GeV [ATLAS, 1406.5375]

mpole
t = 172.7+2.4

−2.7 GeV [CMS, 1701.06228]

4

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)
�
V 1-loop, trad.

max

�1/4 ⇡ (2.50 ⇥ 109 GeV)e�0.02⇠t+0.0003⇠2
t

⇣
�V 1-loop, trad.

min

⌘1/4

⇡ (3.08 ⇥ 1029 GeV)e0.001⇠t�0.0001⇠2
t

The consistent gauge-invariant values at NLO are

�
V NLO

max

�1/4
= 2.88 ⇥ 109 GeV (13)

�
�V NLO

min

�1/4
= 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

h6 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
µmin

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 mpole

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[R GeV] 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
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Kinematic top mass measurements

Knowing kinematics of the top decay improves precision
on mt
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Kinematic top mass measurements

Consider the jet mass:

M2
J =

(∑
i∈J

pµi

)2

' m2
t + Γtmt + . . .

[Fleming et al. hep-ph/0703207, 0711.2079]

[Bachu, Hoang, AP, Mateu, Stewart 2012.12304]
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Kinematic top mass measurements

Consider the jet mass:

M2
J =

(∑
i∈J

pµi

)2

' m2
t + Γtmt + . . .

[Fleming et al. hep-ph/0703207, 0711.2079]

[Bachu, Hoang, AP, Mateu, Stewart 2012.12304]

Challenging to calculate:
→ Strongly correlated with the outside radiation
→ Precision spoiled by uncorrelated contamination (UE)
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Kinematic top mass measurements

Consider Soft drop jet mass

M2
J,sd =

( ∑
i∈Jgroomed

pµi

)2

' m2
t + Γtmt + . . .

→ Removes wide-angle soft radiation
→ Improves robustness significantly for the LHC

[Hoang, Mantry, AP, Stewart 1708.02586] [Hoang, Mantry, Michel, AP, Stewart]

[ATL-PHYS-PUB-2021-034]
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Kinematic top mass measurements

Consider Soft drop jet mass

M2
J,sd =

( ∑
i∈Jgroomed

pµi

)2

' m2
t + Γtmt + . . .

→ Removes wide-angle soft radiation
→ Improves robustness significantly for the LHC

[Hoang, Mantry, AP, Stewart 1708.02586] [Hoang, Mantry, Michel, AP, Stewart]

[ATL-PHYS-PUB-2021-034]
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Still quite a challenging task to quantify the remaining corrections in ‘. . .’!
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Lessons from other sciences

Correlation functions are
extremely powerful!

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.

2 5 10 20 500 1000 1500 2000 2500

500
250

-250
-500

0

200
100

-100
-200

0

5000

4000

2000

1000

3000

6000

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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[Arkani-Hamed, Maldacena 1503.08043]

[Arkani-Hamed, Baumann, Lee,

Pimentel;1811.00024]
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On solving quantum many-body problems by experiment

Thomas Schweigler,1 Valentin Kasper,2 Sebastian Erne,1, 2 Igor Mazets,1, 3 Bernhard Rauer,1

Federica Cataldini,1 Tim Langen,1, ⇤ Thomas Gasenzer,4 Jürgen Berges,2 and Jörg Schmiedmayer1, †

1Vienna Center for Quantum Science and Technology, Atominstitut, TU Wien, Stadionallee 2, 1020 Vienna, Austria
2Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

3Wolfgang Pauli Institute, 1090 Vienna, Austria
4Kirchho↵-Institut für Physik, Universität Heidelberg, Im Neuenheimer Feld 227, 69120 Heidelberg, Germany

(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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GN (z, z0) = h
⇥
'(z1) � '(z01)

⇤
. . .

⇥
'(zN ) � '(z0N )

⇤
i

[Schweigler et al. 1505.03126]
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Correlators for collider physics

For a precise theoretical formulation:
→ Consider correlation functions of energy flow operators: 〈E(~n1)E(~n2) . . . E(~nN )〉 [Hofman, Maldacena; 0803.1467]

→ Cannot work with local operators: need light ray operators
[Hofman, Maldacena; 0803.1467][Sveshnikov, Tkachov hep-ph/9512370][Kravchuk, Simmons-Duffin 1805.00098]

→ Borrow a wealth of insights from CFT and string theory
[Hofman, Maldacena; 0803.1467][Belitsky et al. 1311.6800][Korchemsky, Sokatchev 1504.07904][Kologlu et al. 1904.05905, 1905.01311]
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Why have we not already been using correlators?

Cosmic variance is not an excuse for collider physics!
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[KITP Seminar, Feb 2009; 47 min into the talk]
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Why have we not already been using correlators?

Since the beginning of the LHC we have exclusively focused on jet-based observables (mJ , τa, e(α)
n , . . .)
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Why have we not already been using correlators?

Energy-correlators only require angles to be measured precisely!
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[KITP Seminar, Feb 2009; 49 min into the talk]

→ Can be computed on tracks! [Chang, Procura, Thaler, Waalewijn, 1303.6637][Moult, van Velzen, Waalewijn, Zhu 2108.01674]
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Progress in recent years

→ Resummation in the small
angle limit in SCET

→ EEC: mapping transition
from perturbative to free
hadron phase

→ EEEC: Interference in the
squeezed limit [Dixon, Moult, Zhu, 1904.01310]
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Figure 12: All-order comparison of the toy shower and the analytic resummation performed
in Ref. [38], for a quark-initiated (left) and a gluon-initiated jet (right). The resummation is
performed using ↵s = 0.0868 and restricting the opening angles as in Eq. (16). The result from a
fixed-order expansion, normalised so that its mean coincides with the mean value of the analytic
curve, is also shown for comparison.

with the exception of the all-quark final state g1 ! qq̄, g10 ! q0q̄0. Because the largest cross
section comes from the all-gluon final state, where the correlations |a2/a0| . 1% are extremely
small, and because of partial cancellations between di↵erent channels, the correlations in the
sum of all channels are almost vanishing. Since the e↵ect is so small, there is a large statistical
uncertainty on the value of the coe�cient a2 fitted from the Monte-Carlo runs of the toy shower.
It still gives results consistent with the observations made above. Additionally, we note that
the inter-jet spin correlations are also somewhat more sensitive to resummation than for the
intra-jet correlations in � 12 studied above.

3.4.2 Validation and results for energy correlators

As part of the validation of the MicroJets code, we also compare it to the analytic resummation
of the EEEC presented in Ref. [38]. While in the latter reference, the spin correlations in the
EEEC were shown di↵erentially as a function of the opening angle ✓S of the secondary (small)
splitting and fixed opening angle ✓L of the primary (large) splitting, here we show the results
integrated over angles to enhance the statistics. Inspired by Ref. [38] we choose the following
integration bounds on the opening angles of the primary and secondary branchings:15

p
0.1 < ✓L < 1 ,

0.01 < ✓S < 0.1 , (16)

and take ↵s = 0.0868 corresponding to a hard scale of roughly 1 TeV. The toy shower and
analytic resummation results [38] are shown in Fig. 12, summed over all final branching flavour

15Cf. figure 3 in Ref. [38]

18

[Karlberg, Salam, Scyboz, Verheyen 2103.16526]
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Probing the top with the three-point correlator

〈E(~n1)E(~n2)E(~n3)〉t ≡
〈ψt|E(~n1)E(~n2)E(~n3)|ψt〉

〈ψt|ψt〉
14 / 31



EEEC on top: A kinematic top mass sensitive observable

Three-point correlator:

G(n)(ζ12, ζ23, ζ31) =
∫

dσ M̂(n)(ζ12, ζ23, ζ31)

M̂(n)(ζ12, ζ23, ζ31) =
∑
i,j,k

Eni E
n
j E

n
k

Q3n δ
(
ζ12 − ζ̂ij

)
δ
(
ζ23 − ζ̂ik

)
δ
(
ζ31 − ζ̂jk

)
In the CFT limit EEEC exhibits a featureless power law
[Dixon, Moult, Zhu, 1904.01310][Korchemsky 1905.01444][Kologlu et al. 1905.01311]

G(1)(ζ12, ζ23, ζ31) CFT−−−→ ζ
−1+γ(4)
31 G(z, z̄) ,

zz̄ = ζ12/ζ31 , (1− z)(1− z̄) = ζ23/ζ31
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EEEC on top: A kinematic top mass sensitive observable

The top quark decay imprints mt as a characteristic scale in the
3-point correlator:

�����
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EEEC on top: Excellent mass sensitivity

Study the simplest configuration of an
equilateral triangle ζ̂ij = ζ:

→ Hadronization effects: small effect on the peak ∆mHad.
t ∼ 230 MeV.

→ Peaked at ζpeak ≈ 3m2
t/Q

2: peak dominated by hard decay of the top.
→ Resilient to collinear radiation αslnζpeak < 1: fixed order perturbation theory sufficient.
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EEEC on top: measurement at the LHC

At the LHC we can measure EEEC on jets
containing top decay products:

Unlike EEEC, pT,jet is susceptible to
hadronization and underlying event:
→ Consider multiple pT,jet bins
Assuming that pT,jet can be unfolded to 1 GeV accuracy, then
→ Differences between parton, hadron and with MPI: well less than 1 GeV (likely less than 500 MeV)
→ Impact of the UE: less than 300 MeV (in the Pythia MPI model)

The EEEC observable is fully robust against the UE: Obtain corrections to pT,jet independently
18 / 31



Conclusions

1. Correlation functions are powerful tools for precision collider physics.
2. The 3-point correlation function is very sensitive to the top mass.
3. Very small hadronization corrections to the normalized 3-point correlator.
4. The only sizable corrections from hadronization and the UE enter solely into pT jet.
5. Corrections to the jet pT are observable-independent and can be independently studied and quantified.
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Thank you

CMS-PHO-EVENTS-2021-005
© CERN
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Supplementary slides
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More on correlation functions of energy flow operators
Energy flow operators are natural objects in QFT:

E(~n) =
∫ ∞

0
dt lim

r→∞
r2niT0i(t, r~n)

that can be used to define energy weighted cross sections:

σw =
∫

d4xeiq·x〈0|O(x) E(~n1)E(~n2) . . . E(~nN )O†(0)|0〉

such as the 2-point correlator (EEC):
dΣ

d cosχ
=
∑
ij

∫
EiEj

Q2 δ(~ni · ~nj − cosχ)dσ

Each event contributes
to multiple bins, with
the final distribution
being an ensemble
average over all events:
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EEEC on tops: Compare different energy weights

Study the simplest configuration of an equilateral triangle ζ̂ij = ζ:

dΣ(δζ)
dQdζ =

∫
dζ12dζ23dζ31

∫
dσM̂(n)a (ζ12, ζ23, ζ31, ζ, δζ)

→ n = 2 is not IRC safe, but can be computed using the track-functions formalism
23 / 31



EEEC on tops: nitty-gritty of measurements in hadron collisions

At the LHC we can measure EEEC on jets containing top decay products:

Measurement operator for pp collisions:

M̂(n)
(pp)(ζ12, ζ23, ζ31) =

∑
i,j,k∈ jet

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

(pT,jet)3n δ
(
ζ12 − ζ̂(pp)

ij

)
δ
(
ζ23 − ζ̂(pp)

ik

)
δ
(
ζ31 − ζ̂(pp)

jk

)
ζ̂

(pp)
ij = ∆Rij =

√
∆η2

ij + ∆φ2
ij
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EEEC on tops: nitty-gritty of measurements in hadron collisions

At the LHC we can measure EEEC on jets containing top decay products:

The peak the distribution is determined by pT,t and not pT,jet. But the parton level top pT,t is not directly
accessible, so consider

dΣ(δζ)
dpT,jetdζ

= dΣ(δζ)
dpT,tdζ

dpT,t
dpT,jet

Because of energy weighting and small angle limit, the basic properties of dΣ(δζ)/dpT,tdζ are completely
insensitive to the underlying event.
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Impact of asymmetry cut δζ

Asymmetry cut δζ only constrains
triangles with ζ > 2δζ

dΣ
dζ ≈ 4(δζ)2 G(n)(ζ, ζ, ζ;mt) , δζ � ζ
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Effects of hadronization and underlying event in pp collisions

Hadronization and MPI will impact the jet pT :

pHad.
T,jet = ppart.

T,jet + δpHad.
T , pUE

T,jet = pHad.
T,jet + δpUE

T

[Dasgupta, Magnea, Salam; 0712.3014]

pT,jet appears in two places:
1. pT,jet appears in the measurement operator

M̂(n)
(pp)(ζ12, ζ23, ζ31) =

∑
i,j,k ∈ jet

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

(pT,jet)3n
δ
(
ζ12 − ζ̂(pp)

ij

)
δ
(
ζ23 − ζ̂(pp)

ik

)
δ
(
ζ31 − ζ̂(pp)

jk

)
2. The state |ψt〉 in hadron colliders in 〈ψt|E(~n1)E(~n2)E(~n3)|ψt〉 cannot be described by a local operator

and needs to be constrained via pT,jet.
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Effects of hadronization and underlying event in pp collisions

If the state |ψt〉 is fully specified (through unphysical phard
T,t )

one achieves complete insensitivity to the UE
(despite pT,jet inM(n)

(pp))

Dependence on pT,jet inM(n)
(pp) drops out when normalized 28 / 31



Hadronization and UE effects directly related to the pT,jet

The state |ψt〉 must be specified through pT,jet, but the corrections to the pT,jet can be independently
specified (something like PDFs)
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Obtaining the top mass from multiple pT,jet bins

1. Parameterize the all orders peak position:

ζ
(pp)
peak = 3(1 +O(αs))

m2
t

f(pT,jet,mt,ΛQCD)2 ≡ 3(1 +O(αs))
m2
t

(pT,jet + ∆(pT,jet,mt, αs,ΛQCD))2

2. Work with

y(ζ(pp)v
peak , p

v
T,jet) =

(
ζ

(pp)ref
peak − ζ(pp)v

peak

)(3(1 +O(αs))
pv
T,jet

− 3(1 +O(αs))
pref
T,jet

)−1

,

3. Define

∆(pref
T,jet,mt, αs,ΛQCD) = ∆ref, ∆(pv

T,jet,mt,ΛQCD) = ∆ref + ∆v(pv
T,jet − pref

T,jet,mt, αs,ΛQCD)

4. Solve for y:

y(pvT,jet,∆
ref
,∆v) =

mt

pref
T,jet

prefT,jet

pref
T,jet + ∆ref

(
1−

2prefT,jet∆ref + (∆ref)2

2(pv
T,jet)2 +

(
prefT,jet + ∆ref

)2 (
∆ref + ∆v

)
8(pv

T,jet)3 +O

(
1

(pv
T,jet)4

))
5. The asymptotic value for pv

T,jet depends only on mt and ∆ref.
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Obtaining the top mass from multiple pT,jet bins

Hadron

Hadron+MPI

Parton

800 1000 1200 1400 1600 1800 2000
pT ,jet

164

166
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172

y

mt fit: (172.4 ±0.6)(1+O(αs )) GeV

Parton data

600 800 1000 1200 1400 1600 1800 2000
pT ,jet

0.2

0.4
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1.0

ξpeak

mt fit: (173.2 ±0.5 ±0.3)(1+O(αs )) GeV

Hadron data
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mt fit: (173.2 ±0.3 ±0.3)(1+O(αs )) GeV
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