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Colliders
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Length Scales

• Colliders allow us to probe the shortest distance scales:
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Fig. 1. Examples of phenomena at various length scales described by a diverse set of simulators, each with an intractable likelihood. Contains image material from Refs. (5–9).

pretable by a domain scientist and ◊ has relatively few
components and a fixed dimensionality. Examples include
coe�cients found in the Hamiltonian of a physical sys-
tem, the virulence and incubation rate of a pathogen, or
fundamental constants of Nature.

• The latent variables z that appear in the data-generating
process may directly or indirectly correspond to a phys-
ically meaningful state of a system, but typically this
state is unobservable in practice. The structure of the
latent space varies substantially between simulators. The
latent variables may be continuous or discrete and the
dimensionality of the latent space may be fixed or may
vary depending on the control flow of the simulator. The
simulation can freely combine deterministic and stochas-
tic steps. The deterministic components of the simulator
may be di�erentiable or may involve discontinuous control
flow elements. In practice, some simulators may provide
convenient access to the latent variables, while others are
e�ectively black boxes. Any given simulator may combine
these di�erent aspects in almost any way.

• Finally, the output data x correspond to the observations.
They can range from a few unstructured numbers to high-
dimensional and highly structured data, such as images
or geospatial information.

Consider for instance the systems shown in Fig. 1. Parti-
cle physics processes often only depend on a small number
of parameters of interest such as particle masses or coupling
strengths. The latent process combines a high-energy inter-
action, rigorously described by a quantum field theory, with
the passage of the resulting particles through an incredibly
complex detector, most accurately modeled with stochastic
simulations with billions of latent variables; this second part
often does not depend on the parameters of interest. The
output data consist, in their raw form, of millions of sen-
sor read-outs, though there is an established pipeline that
compresses this raw data to tens to hundreds of observables.
Epidemiological simulations can be based on a network struc-
ture with geospatial properties, and the latent process consists
of many repeated structurally identical stochastic time steps.
In contrast, cosmological simulations of the evolution of the
Universe may consist of a highly structured stochastic initial
state followed by a smooth, deterministic time evolution.

These di�erences mean that there is no one-size-fits-all
inference method. In this review we aim to clarify the consid-
erations needed to choose the most appropriate approach for
a given problem.

B. Inference. Scientific inference tasks di�er by what is being
inferred: given observed data x, is the goal to infer the input
parameters ◊, or the latent variables z, or both? Sometimes

only a subset of the parameters (or latent variables) are of in-
terest, while the rest are nuisance parameters (i. e. parameters
that we are not directly interested in but must account for
because they influence the distributions of the data). We will
focus on the common problem of inferring ◊ in a parametric
setting, we will comment on methods that allow inference on
z, and we will not focus on non-parametric inverse problems.

Inference may be performed either in a frequentist or a
Bayesian approach and may be limited to point estimates
◊̂(x) or extended to include a probabilistic notion of uncer-
tainty. In the frequentist case, confidence sets are often formed
from inverting hypothesis tests, based on the likelihood ratio
test statistic. In Bayesian inference, the goal is typically to
calculate the posterior

p(◊|x) = p(x|◊) p(◊)s
d◊Õ p(x|◊Õ) p(◊Õ)

[1]

for observed data x and a given prior p(◊). In both cases the
likelihood function p(x|◊) is a key ingredient.

The fundamental challenge for simulation-based inference
problems is that the likelihood function p(x|◊) implicitly de-
fined by the simulator is typically not tractable, as it corre-
sponds to an integral over all possible trajectories through the
latent space, i. e. all possible execution traces of the simulator.
That is,

p(x|◊) =
⁄

dz p(x, z|◊) , [2]

where p(x, z|◊) is the joint probability density of data x
and latent variables z. For a simple sequential data gen-
eration procedure, the joint likelihood can be written as
p(x, z|◊) = p(x|◊, z)

r
i
pi(zi|◊, z<i). For real-life simulators

with large latent spaces, it is clearly impossible to compute
this integral explicitly. Since the likelihood function is the
central ingredient to both frequentist and Bayesian inference,
this is a major challenge for inference in many fields. This
paper reviews simulation-based or likelihood-free inference
techniques that enable frequentist or Bayesian inference de-
spite this intractability. These methods can be seen as a
specialization of inverse Uncertainty Quantification (UQ) on
the model parameters in situations with accurate, stochastic
simulators.

There is a second, more widely appreciated source of in-
tractability. In the case of Bayesian inference, the evidence—
the denominator of Eq. (1)—involves an integral over the
parameters ◊. In problems with high-dimensional parameters
this becomes intractable, independently of the intractability of
the likelihood function. This challenge is commonly addressed
with Markov Chain Monte Carlo (MCMC) methods (10, 11)
or variational inference (VI) (12).

2 Cranmer et al.
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The Standard Model

4 fundamental
forces 

focus
today

• Dominated by the physics of the Strong Nuclear Force:
Quantum Chromodynamics (QCD)
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Emergent Behavior of QCD
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• Microscopic degrees of freedom of QCD are quarks and gluons:

LQCD = −1
4G

a
µνG

µνa +
∑
f

q̄f (i /D −mf )qf

• QCD exhibits a variety of complicated emergent behavior:

Quantum Field Theory

The standard model is a quantum field theory.
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Doubly Emergent Behavior

4. Obtain a description of Nuclei from QCD in a 
     systematically improvable fashion.
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ū

u

ū
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ū

p��
p�

p�
p�

Theseare2jets

Thisarenot2but3jets

JetscanstilltellustheQCDfinalstateofthehardinteractionprocess

�
36yearsago:Discoveryofthegluon

FrankTackmann
(DESY)

UnderstandingJetswithEffectiveFieldTheories.

DESYPhysicsSeminar2015-02-24

3/32

CUNY Colloquium April 3, 2023 4 / 62

Emergent Behavior of QCD

u

u

g

• Microscopic degrees of freedom of QCD are quarks and gluons:

LQCD = �1
4Ga

µ⌫G
µ⌫a +

P
f

q̄f (i /D � mf )qf

• QCD exhibits a variety of complicated emergent behavior:

Quantum Field Theory

The standard model is a quantum field theory.

              Special Relativity (Lorentz Invariance),
               Quantum Mechanics, Unitarity

eg.  Strong Force  =  QCD

Ga
µ� = �µAa

� � ��A
a
µ + gfabcAb

µAc
�

iDµ = i�µ + gT aAa
µ

LQCD = �1

4
Ga

µ�G
µ�a + �̄i(iD/ � mi)�i

quark field gluon field

Introduction More Introduction Fixed Order Resummation Monte Carlo Summary

Particle Physics: Physics at Shortest Distances

u
d

u

m 110510101015 10�5 10�10 10�15

LHC

Frank Tackmann (MIT) Better Theory Predictions for the LHC 2010-11-22 1 / 34

protons jets

emergent
phenomena

color charge

liquid plasma

Intro
ductio

n

Jets of Hadrons.

QCD doesn’t let us observe
quarks

and gluons dire
ctly

, only jets of hadrons

u d

u

u

ū

u

ū
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8.  What are the dynamics of matter in a neutron star?

equation of state impacts:
   neutron star cooling rates, mass vs. radius,
   thickness of crust, tidal deformability     ,…
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FIG. 2: The dimensionless tidal deformabilites ⇤ for stars
of mass M = 1.4M� as functions of the corresponding ra-
dius. The color coding is the same as in Fig. 1, while the
orange line ⇤ = 0.84 ⇥ 10�6(R/km)8 has been included just
to guide the eye. The inset shows the correlation between �1

and ⇤(1.4M�).

a point-like mass, it is natural to expect that for stars
with larger radii, the deformability should also be larger.
In Fig. 2, we indeed see a tight correlation between the
radii R and tidal deformabilities ⇤ for our ensemble of
EoSs, each determined for stars of mass M = 1.4M�.
To a rather good accuracy, all tidal deformabilities are
furthermore observed to follow the empirical function
⇤(R) = 0.84⇥10�6(R/km)8, shown as the orange dashed
line in this figure. Upon closer inspection, we also notice
that the width of the cloud of allowed {⇤, R} values is
mostly determined by the low-density EoSs, i.e., nuclear
physics. Most EoSs with a hard (soft) hadronic com-
ponent fall on an almost degenerate line in the figure,
corresponding to the upper (lower) edge of the cloud of
allowed {⇤, R} values. Note that this implies that the
function ⇤(R) is nearly independent of the polytropic in-
terpolation.

Due to the observed correlation between R and ⇤, the
LIGO/Virgo measurement of tidal deformabilities leads
to a strong constraint on the possible radii of NSs. In
particular, the 90% limit of ⇤(1.4M�) < 800 [10] directly
translates into an upper limit for the radius of a 1.4M�
star: R(1.4M�) < 13.4 km. Should this bound be tight-
ened to ⇤(1.4M�) < 400 in the future (as roughly sug-
gested by the 50% contours of Fig. 5 of [10]), the radius
constraint would further tighten to R(1.4M�) < 12.3 km.
At the same time however, an accurate combined mea-
surement of the tidal deformability and radius of a given
star would at best constrain physics at low densities.

While the LIGO/Virgo limit on tidal deformabilities
favors soft EoSs, the 2M� constraint requires the EoS
to be sti↵, thus setting a very restrictive bound for the
quantity. This can be seen in the mass-radius plot of

100 1000 10 000
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10 000

FIG. 3: Our ensemble of EoSs shown in the form of ✏ vs. p.
The color coding follows that of the previous figures.

Fig. 1, where the cyan cloud corresponds to EoSs that
do not fulfill the 2M� condition. For those EoSs that do
support a 2M� star, the tidal deformabilities are found to
take values in the range ⇤(1.4M�) 2 [224, 1340], imply-
ing that values smaller than 224 can be firmly ruled out.
A further investigation shows that the minimal allowed
values of ⇤ depend strongly on the low-density EoS: those
interpolated EoSs that are built with a soft hadronic com-
ponent correspond to ⇤ 2 [224, 1140], while those with a
hard low-density part to ⇤ 2 [300, 1340]. Similarly, the
2M� constraint is seen to lead to a stringent limit for the
radius of a 1.4M� star, R(1.4M�) > 11.1 km, agreeing
with the findings of [6].

B. Constraints on the Equation of State

In addition to the macroscopic observables discussed
above, we may also study the e↵ects of the astrophysi-
cal constraints on the EoS itself. This is done in Fig. 3,
where we display our family of EoSs in the energy den-
sity vs. pressure plane. Here, we observe a clear pattern
of the tidal-deformability constraint excluding EoSs that
are very sti↵ at low densities. This is of course only natu-
ral, considering that these EoSs are exactly the ones that
produce stars with large radii and thereby also large tidal
deformabilities.

The EoS bounds obtained can be quantified by inspect-
ing the e↵ects of the astrophysical observations on the
EoS parameters, summarized in Tables I and II below.
Restricting ourselves to EoSs with µ1 > 1.125 GeV (cor-
responding to densities larger than 1.5 � 5.3ns), so that
the first polytropic interval is large enough for �1 to carry
a physical meaning, we indeed find that the initial range
of 2.1 < �1 < 9.4 is significantly reduced. Imposing the
2M� condition first leads to the lower limit increasing to
�1 > 2.8. Due to the tight correlation between �1 and

�

QCD Chiral 
  Potentials
  at 

pQCD

T.Annala et al, 1711.02644 N3LO

• All of nuclear physics emerges from this simple Lagrangian.

• An extremely rich theory at the forefront of current research.
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The Complexity of QCD

Therefore, QCD is asymptotically free: the coupling constant decreases with the scale

Higher-order computations (up to four loops) do not change this behavior: QCD becomes a free theory in the 
asymptotic limit

Running of the QCD coupling has been verified in a wide variety of experiments, from low to high energy

Particle Data Group 2013

Juan Rojo                                                                                                           University of Oxford, 05/05/2014

The result that the QCD coupling 
becomes large at low scales hints 
towards confinement, which is 
however a purely perturbative 
phenomenon

The Running Coupling

Therefore, QCD is asymptotically free: the coupling constant decreases with the scale

Higher-order computations (up to four loops) do not change this behavior: QCD becomes a free theory in the 
asymptotic limit

Running of the QCD coupling has been verified in a wide variety of experiments, from low to high energy

Particle Data Group 2013

Juan Rojo                                                                                                           University of Oxford, 05/05/2014

The result that the QCD coupling 
becomes large at low scales hints 
towards confinement, which is 
however a purely perturbative 
phenomenon

• The degrees of freedom of QCD depend on the energy scale.
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Four-Jet Production at the Large Hadron Collider at Next-to-Leading Order in QCD

Z. Berna, G. Dianab, L. J. Dixonc, F. Febres Corderod, S. Höchec,

D. A. Kosowerb, H. Itaa,e, D. Mâıtref,g and K. Ozerena
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eNiels Bohr International Academy and Discovery Center, NBI, DK-2100 Copenhagen, DK
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We present the cross sections for production of up to four jets at the Large Hadron Collider,
at next-to-leading order in the QCD coupling. We use the BlackHat library in conjunction with
SHERPA and a recently developed algorithm for assembling primitive amplitudes into color-dressed
amplitudes. We adopt the cuts used by ATLAS in their study of multi-jet events in pp collisions
at

�
s = 7 TeV. We include estimates of nonperturbative corrections and compare to ATLAS data.

We store intermediate results in a framework that allows the inexpensive computation of additional
results for di�erent choices of scale or parton distributions.

PACS numbers: 12.38.-t, 12.38.Bx, 13.87.-a, 14.70.Hp

Pure-jet events are abundant at the Large Hadron Col-
lider (LHC), providing a window onto new strongly inter-
acting physics [1]. The wealth of data being accumulated
by the LHC experiments motivates comparisons with pre-
cise theoretical predictions from first principles, based on
a perturbative expansion in quantum chromodynamics
(QCD) within the QCD-improved parton model. The
leading order (LO) contribution in the QCD coupling,
↵s, does not su�ce for quantitatively precise predictions,
which require at least next-to-leading-order (NLO) accu-
racy in the QCD coupling.

The ATLAS [2] and CMS [3] collaborations have re-
cently measured multijet cross sections in pp collisions at
7 TeV. In this Letter, we provide NLO QCD predictions
for the production of up to four jets, and compare them to
ATLAS data. Our study agrees with the earlier two- and
three-jet studies performed by ATLAS collaboration [2]
using NLOJET++ [4]; the four-jet computation is new.

NLO QCD predictions of jet production at hadron col-
liders have a 20-year history, going back to the original
computations of single-jet inclusive and two-jet produc-
tion [5, 6]. These were followed by results for three-jet
production [4, 7]. A longstanding bottleneck to obtain-
ing NLO predictions for a larger number of jets at hadron
colliders, the evaluation of the one-loop (virtual) correc-
tions, has been broken by on-shell methods [8–10], whose
e�ciency scales well as the number of external legs in-
creases. Recent years have witnessed calculations with
up to five final-state objects [11], among many other new
processes [12–14].

g

g g

g

g

g

Q̄�
Q�

qq

Q̄ Q̄

FIG. 1: Sample diagrams for the six-parton one-loop ampli-
tudes for gg � gggg and qQ̄ � qQ�Q̄�Q̄.

We illustrate the virtual contributions to four-jet pro-
duction in fig. 1. To evaluate them we have made a num-
ber of significant improvements to the BlackHat pack-
age [15]. In particular, assembly of the color-summed
cross sections for subprocesses from primitive ampli-
tudes [16] has been automated [17], and the recomputa-
tion needed upon detection of numerical instabilities has
been reduced [18]. The pure-glue contributions dominate
the total cross section, yet would be the most complex
to compute in a traditional Feynman–diagram approach
because of their high tensor rank. We include all subpro-
cesses and the full color dependence in QCD in all terms.
We treat the five light-flavor quarks as massless and drop
the small (percent-level) e�ects of top quark loops.

We use AMEGIC++ [19], part of SHERPA [20],
to evaluate the remaining NLO ingredients: the
real-emission amplitudes and the dipole-subtraction
terms used to cancel their infrared divergences [21].
AMEGIC++ was cross-checked with the COMIX pack-
age [22]. The phase-space integrator exploits QCD an-
tenna structures [23, 24].
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• The degrees of freedom of QCD depend on the energy scale:

• To see quarks and gluons, we need a powerful microscope!
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The Evolution of Collider Physics
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Jets for Discovering the Gluon

• Jets used to discover the gluon.
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The Modern Era
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Jets at the LHC

• Obtaining a precise description of jet cross sections has been a
significant driver of theory developments in Quantum Field Theory.

• Enables precision tests of QCD and searches for new physics.

Jet Kinematic Distributions Dijet Mass
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Jet Substructure!
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

t<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>
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10yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>
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5yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>
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�32s?
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Particle Colliders

• Particle colliders provide one of the most spectacular examples of a
simple underlying theory producing remarkably complicated data sets.

LQCD = −1
4G

a
µνG

µνa +
∑
f

q̄f (i /D −mf )qf u

u

g

STAR Detector

9

• STAR Time Projection Chamber (TPC) 
provides excellent charged track 
resolution

• Barrel Electromagnetic Calorimeter 
(BEMC) provides energy measurement 
for neutral components of jets, and 
provides jet trigger

• Must correct for detector effects to 
reconstruct correct jet 𝒑𝑻

• Learn what to correct by simulating 
detector effects with PYTHIA + Geant

Andrew Tamis – Hard Probes 2023 – March 29th• Microscopic dynamics encoded in Macroscopic energy flux.
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The Frontiers of Quantum Chromodynamics:

5 Open Questions
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Dynamics of Hadronization

• What are the dynamics of the hadronization process?
45

0

500

1000

1500

2000

M
[M
eV
]

π

K

ρ
K* N

Λ
Σ

Ξ
Δ

Σ*
Ξ*

Ω

experiment
width
input
prediction

FIG. 22 Prediction of the light hadron spectrum in full
Nf = 2 + 1 QCD according to (Durr et al., 2008). Open
circles are input quantities while filled circles are predictions.
Experimental masses of hadrons that are stable in QCD are
given with a vertical bar while for resonant states the box
indicates the decay width. Experimental numbers are from
(Amsler et al., 2008).

the fit quality. The ground state light hadron spectrum
was reproduced at the percent level (cf. fig. 22).

The QCDSF-UKQCD collaboration has recently pro-
posed a di↵erent approach to the physical point start-
ing from an SU(3) symmetric theory and systematically
expanding in the SU(3) breaking parameter while keep-
ing 2M2

K + M2
⇡ constant (Bietenholz et al., 2010a,b,

2011). Preliminary results at a single lattice spacing a ⇠
0.076 fm and a spatial lattice extent of L ⇠ 1.2 � 2.5 fm
are displayed in fig. 23. They show a linear depen-
dence of the octet and decuplet masses considered and a
good agreement with the experimentally observed hadron
spectrum. An Nf = 2 + 1 nonperturbatively improved
single step stout smeared clover action on a tree level
Symanzik improved gauge action was used for this study.
Finite size corrections are not yet applied.

There is also an ongoing e↵ort to compute ground
state baryons with twisted mass fermions including a
dynamical strange quark. As the twisted mass formal-
ism necessitates an even number of fermion flavors (cf.
sect. II.D.3), these calculations also include a charm
quark (Nf = 2 + 1 + 1). First preliminary results of
this e↵ort are reported in (Drach et al., 2010).

The RBC-UKQCD collaboration has recently per-
formed a pioneering calculation of the ⌘ and ⌘0 masses
using Nf = 2 + 1 flavor domain wall ensembles on an
Iwasaki gauge action (Christ et al., 2010). Three pion
masses in the range 400 � 700 MeV with a single lat-
tice spacing a ⇠ 0.11 fm on latices with a spatial extent
of L ⇠ 1.8 fm were used. A two operator basis with
gauge fixed wall sources was used to extract the corre-
lation functions. A mixing angle of ⇥ = �9.2(4.7)� and
masses M⌘ = 583(15) MeV and M⌘0 = 853(123) MeV
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FIG. 23 Chiral behavior of the ratio of individ-
ual octet masses over the average octet mass XN =
1
3

(MN + M⌃ + M⌅) vs. the ratio of the square of the pion
mass over the square average of pseudoscalar meson masses
X2

⇡ = 1
3

�
2M2

K + M2
⇡

�
as obtained by the QCDSF-UKQCD

collaboration. The plot is reproduced from (Bietenholz et al.,
2010a) with friendly permission of the QCDSF-UKQCD col-
laboration.

were found.

The Hadron Spectrum Collaboration is using
anisotropic lattices in order to obtain a fine time reso-
lution of the propagators. These ensembles are mainly
used to extract the highly excited baryon spectrum.
The lattice spacing in time direction is tuned to be
smaller by a factor of ⇠ ⇠ 3.5 than the lattice spacing
in the spatial directions (Edwards et al., 2008). In
their excited state spectroscopy studies (Bulava et al.,
2010; Dudek et al., 2011; Lin et al., 2009) they employ
Nf = 2 + 1 anisotropic clover fermions on a tree level
tadpole improved Symanzik gauge action. A single
spatial lattice spacing as ⇠ 0.12 fm and three pion
masses in the range 390 � 530 MeV are used. The
scale is set with M⌦. A variational method based on a
large number (6-10) of specifically tailored interpolating
operators are used to extract the tower of excited states
in the di↵erent channels. Results are reported at three
di↵erent pion masses and show a nice overall qualitative
agreement with the experimentally observed excited
hadron spectrum (see fig. 24). The authors emphasize
the need for multi hadron interpolating operators in or-
der to reliably identify scattering states. More recently,
also the spins of nucleon and � excitations up to spin
7/2 have been identified by (Edwards et al., 2011).

Ground and excited state meson spectra are also be-
ing studied with overlap valence on dynamical domain
wall fermions. Some preliminary results can be found in
(Mathur et al., 2010)

Therefore, QCD is asymptotically free: the coupling constant decreases with the scale

Higher-order computations (up to four loops) do not change this behavior: QCD becomes a free theory in the 
asymptotic limit

Running of the QCD coupling has been verified in a wide variety of experiments, from low to high energy

Particle Data Group 2013

Juan Rojo                                                                                                           University of Oxford, 05/05/2014

The result that the QCD coupling 
becomes large at low scales hints 
towards confinement, which is 
however a purely perturbative 
phenomenon

1. Prove that QCD has a mass gap.

“Yang–Mills and Mass Gap”

Millennium Problem 
of the Clay 

Mathematics Institute
$1M

massless 
gluons 

massive 
hadrons 

give a mathematical proof:

QCD can be solved numerically:   Lattice QCD

L
a

q

g

�
[d�][d�̄][dA] O e�

R
d4xE LQCD

• Clay Millenium Prize: Prove Confinement
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How Strong is the Strong Force?

• What is the value of the strong coupling constant?

• The electromagnetic coupling is one of the best known natural
quantities αe = 0.0072973525693(11).

• There are currently large discrepancies in different extractions of the
strong coupling.

10.  What is the best way to precisely measure the 
       strong coupling constant,                     ? 

21
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FIG. 17. Comparison of our determination of ↵s(mZ)
(red) with similar previous analyses at N3LL0 for thrust
(green) [9, 10] and other selected determinations: lattice [24]
and static energy potential [29] (both use lattice input, in
blue), Electroweak precision observables fits [87] (black), Deep
Inelastic Scattering [28] and global PDF fits [30, 31], and
hadron ⌧ decays [27] (Fixed Order Perturbation Theory lower,
and Contour Improved Perturbation Theory, both in gray).
The current world average [23] is shown as a translucent green
band.

resummation have been achieved. Analyses 2 [25] and
10 [85] did not included resummation; 6 [4] and 9 [86]
included NLL resummation; 5 [11] include N2LL resum-
mation; and analyses 3,4,7, and 8 included N3LL resum-
mation. Analyses 2, 9, and 10 simultaneously fit to many
event shapes, whereas the others focused on a single ob-
servable: thrust (1, 4-6 and 8 [5]), Heavy-Jet-Mass (7 [8]),
and C-parameter (3, which is this work). The analyses
1, 3, 4, 7 and 8 used SCET to perform Sudakov log re-
summation. All results that used an analytic treatment
of power corrections have smaller values of ↵s. This is
consistent with a simple dimensional analysis argument
(see Refs. [9, 12]). Higher order resummation results
in a convergent perturbation series and smaller uncer-
tainties, and the Rgap scheme also reduces uncertain-
ties. Accounting for the fact that results relying on MC
for the treatment of power corrections should likely have
larger hadronization uncertainties, all results are com-
patible among one another. The most precise results are
however clearly in disagreement with the world average,
which is dominated by lattice QCD results (see below)
and shown as a translucent green band.

We conclude this work by comparing our result for
↵s(mZ) with the results of a selection of recent analy-
ses using other techniques and observables, as shown in
Fig. 17. We include a N3LO analysis of data from deep
inelastic scattering from the ABM group [28], the global
PDF fits of the MSTW group [31] and the NNPDF col-
laboration [30]; the most recent (and accurate) determi-
nation from the HPQCD lattice collaboration [24], from
the analysis of Wilson loops and pseudoscalar correla-

tors; a determination analyzing the lattice prediction for
the QCD static potential [29]; a reanalysis of electroweak
precision observables by the Gfitter collaboration [87];
the most recent analysis of tau decays in which the re-
cently released ALEPH data was used together with the
OPAL data; the previous determinations from fits to the
thrust distribution [9] and moments of the thrust distri-
bution [10]; and of course the current world average [23]
(shown as the green band). The ABM (DIS) and thrust
results are compatible with our determination, while in
contrast the disagreement with either lattice QCD or the
world average is 4-�. Many other determinations lie be-
tween these two values. The source of this disagreement
is an important open question.
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Appendix A: Profile Formulae

In this appendix, we give the details for the profile
functions that control the renormalization scales as laid
out in Sec. II B. For the soft profile function, we use the
form,

µS =

8
>>>>>>><
>>>>>>>:

µ0 0  C < t0

⇣(µ0, 0, 0, rs µH

6 , t0, t1, C) t0  C < t1

rs µH
C
6 t1  C < t2

⇣(0, rs µH

6 , µH , 0, t2, ts, C) t2  C < ts

µH ts  C < 1

, (A1)

where the physical meaning of the parameters is ex-
plained in Sec. II B. The function ⇣(a1, b1, a2, b2, t1, t2, t)
(with t1 < t2), which smoothly connects two straight
lines of the form l1(t) = a1 + b1 t for t < t1 and
l2(t) = a2 + b2 t for t > t2 is given by

⇣(t) =

(
â1 + b1(t � t1) + e1(t � t1)

2 t1  t  tm

â2 + b2(t � t2) + e2(t � t2)
2 tm  t  t2

,

e+e- to jets,  Lattice QCD,    -decays, 
structure functions, precision electroweak, … 

�

�s(µ = mZ)

u

u

g
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How Heavy are the Quarks?

• What are the masses of the quarks?

• Electron mass well measured, me = 0.51099895000(15) MeV.

• Quarks are never free =⇒ very hard to measure their masses!
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How Heavy are the Quarks?

• The mass of the heaviest quark,
the top quark, provides the
leading uncertainty on the
stability of the universe!

• Can only be produced and studied in colliders.
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18

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

Why should I care about a precision        ?mt

Stability of the Standard Model vacuum! 

mt

mHiggsuncertainty dominated by mt

Andreassen, Frost, Schwartz

Butazzo, Degrassi, Giardino, Giudice, Sala
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Extreme States of QCD Matter

• What are the phases of QCD matter?
Phase diagram of QCD matter

Water: EM force QCD matter: strong force
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Busza, W., Rajagopal, K., van der Schee, W.
Ann. Rev. of Nucl. and Part. Sc. 2018 68:1

Lattice QCD  
Calculations

8.  What are the dynamics of matter in a neutron star?

equation of state impacts:
   neutron star cooling rates, mass vs. radius,
   thickness of crust, tidal deformability     ,…
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FIG. 2: The dimensionless tidal deformabilites ⇤ for stars
of mass M = 1.4M� as functions of the corresponding ra-
dius. The color coding is the same as in Fig. 1, while the
orange line ⇤ = 0.84 ⇥ 10�6(R/km)8 has been included just
to guide the eye. The inset shows the correlation between �1

and ⇤(1.4M�).

a point-like mass, it is natural to expect that for stars
with larger radii, the deformability should also be larger.
In Fig. 2, we indeed see a tight correlation between the
radii R and tidal deformabilities ⇤ for our ensemble of
EoSs, each determined for stars of mass M = 1.4M�.
To a rather good accuracy, all tidal deformabilities are
furthermore observed to follow the empirical function
⇤(R) = 0.84⇥10�6(R/km)8, shown as the orange dashed
line in this figure. Upon closer inspection, we also notice
that the width of the cloud of allowed {⇤, R} values is
mostly determined by the low-density EoSs, i.e., nuclear
physics. Most EoSs with a hard (soft) hadronic com-
ponent fall on an almost degenerate line in the figure,
corresponding to the upper (lower) edge of the cloud of
allowed {⇤, R} values. Note that this implies that the
function ⇤(R) is nearly independent of the polytropic in-
terpolation.

Due to the observed correlation between R and ⇤, the
LIGO/Virgo measurement of tidal deformabilities leads
to a strong constraint on the possible radii of NSs. In
particular, the 90% limit of ⇤(1.4M�) < 800 [10] directly
translates into an upper limit for the radius of a 1.4M�
star: R(1.4M�) < 13.4 km. Should this bound be tight-
ened to ⇤(1.4M�) < 400 in the future (as roughly sug-
gested by the 50% contours of Fig. 5 of [10]), the radius
constraint would further tighten to R(1.4M�) < 12.3 km.
At the same time however, an accurate combined mea-
surement of the tidal deformability and radius of a given
star would at best constrain physics at low densities.

While the LIGO/Virgo limit on tidal deformabilities
favors soft EoSs, the 2M� constraint requires the EoS
to be sti↵, thus setting a very restrictive bound for the
quantity. This can be seen in the mass-radius plot of
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FIG. 3: Our ensemble of EoSs shown in the form of ✏ vs. p.
The color coding follows that of the previous figures.

Fig. 1, where the cyan cloud corresponds to EoSs that
do not fulfill the 2M� condition. For those EoSs that do
support a 2M� star, the tidal deformabilities are found to
take values in the range ⇤(1.4M�) 2 [224, 1340], imply-
ing that values smaller than 224 can be firmly ruled out.
A further investigation shows that the minimal allowed
values of ⇤ depend strongly on the low-density EoS: those
interpolated EoSs that are built with a soft hadronic com-
ponent correspond to ⇤ 2 [224, 1140], while those with a
hard low-density part to ⇤ 2 [300, 1340]. Similarly, the
2M� constraint is seen to lead to a stringent limit for the
radius of a 1.4M� star, R(1.4M�) > 11.1 km, agreeing
with the findings of [6].

B. Constraints on the Equation of State

In addition to the macroscopic observables discussed
above, we may also study the e↵ects of the astrophysi-
cal constraints on the EoS itself. This is done in Fig. 3,
where we display our family of EoSs in the energy den-
sity vs. pressure plane. Here, we observe a clear pattern
of the tidal-deformability constraint excluding EoSs that
are very sti↵ at low densities. This is of course only natu-
ral, considering that these EoSs are exactly the ones that
produce stars with large radii and thereby also large tidal
deformabilities.

The EoS bounds obtained can be quantified by inspect-
ing the e↵ects of the astrophysical observations on the
EoS parameters, summarized in Tables I and II below.
Restricting ourselves to EoSs with µ1 > 1.125 GeV (cor-
responding to densities larger than 1.5 � 5.3ns), so that
the first polytropic interval is large enough for �1 to carry
a physical meaning, we indeed find that the initial range
of 2.1 < �1 < 9.4 is significantly reduced. Imposing the
2M� condition first leads to the lower limit increasing to
�1 > 2.8. Due to the tight correlation between �1 and

�

QCD Chiral 
  Potentials
  at 

pQCD

T.Annala et al, 1711.02644 N3LO

• Required to understand the dynamics of the early universe and the
collisions of neutron stars.
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Beyond the Standard Model

• What is the nature of physics beyond the Standard Model?

�
�̄

Low Mass Searches

q

q̄

�̄
�

Z
Z

BCTP Retreat September 9, 2016 2 / 2
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Extracting the Answers from Colliders

• The answers are all encoded in collider energy flux!
Phase diagram of QCD matter
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Decoding Energy Flux

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Correlation Functions

• In condensed matter physics or cosmology we decode the underlying
dynamics using correlation functions.
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I +

One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r2niT0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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• Can we achieve a similarly coherent picture of collider physics?
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Defining the Problem

• What is a detector?

=
X

i

hiOi (1.1)

=
X

j

cjDj (1.2)

Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

“measure at a point” “measure in cross-sections”
UV divergence IR divergence

need to renormalize need to renormalize
theory-dependent theory-dependent

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

After suitably renormalizing the detector to remove the divergences, we obtain a new “good”

observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = �@µ1 · · · @µJ�. When interactions are turned on, OJ gets an

anomalous dimension, and thus so does EJ , leading to a nontrivial dependence on infrared

scales characterizing the measurement.

– 2 –

• To be able to understand colliders, we must understand what a
detector is in the language of Quantum Field Theory.

[Caron Huot, Kologlu, Kravchuk, Meltzer, Simmons Duffin]
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Calorimeter Cells in Field Theory

[Hofman, Maldacena]
[Korchemsky, Sterman]
[Ore, Sterman]

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0

yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2

s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

1010 yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

105 yr
<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10�32 s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

I +

One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r2niT0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.
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E(~n) = lim
r→∞

r2
∞∫

0

dt niT0i(t, r~n)

〈Ψ|E(n̂1) · · · E(n̂k)|Ψ〉

• Calorimeter cells can be given a field theoretic definition in terms of
light-ray operators.

• From the perspective of QFT, jet substructure is the study of
correlation functions of energy flow operators.
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Towards the Real World

• Can this theoretical idealization possibly work in the messy real world?

STAR Detector

9

• STAR Time Projection Chamber (TPC) 
provides excellent charged track 
resolution

• Barrel Electromagnetic Calorimeter 
(BEMC) provides energy measurement 
for neutral components of jets, and 
provides jet trigger

• Must correct for detector effects to 
reconstruct correct jet 𝒑𝑻

• Learn what to correct by simulating 
detector effects with PYTHIA + Geant

Andrew Tamis – Hard Probes 2023 – March 29th

• Can it provide new ways of understanding complex collisions?
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Scaling Behavior of Quarks and Gluons
Primordial fluctuations

What cosmic history gave
 rise to pri

mordial fluctuations?
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Scaling Behavior in QFT

15

Condensate Laboratory Aboard the ISS (CLASS) Concept Design
At the temperature of BEC, gravity can play a significant role in the cooling, 
trapping and dynamics of the ultra-cold atoms. Recognizing the potential benefits 
that microgravity research in this science area aboard the ISS might yield, the 
concept design of the CLASS was developed. CLASS was intended to provide 
researchers the capability to explore interactions in Bose Einstein Condensates 
of atoms at lower temperatures than achievable on the ground. The principal 
investigator for this experiment was Nobel laureate W. Phillips from the National 
Institute of Standards and Technology (NIST) in Gaithersburg, Maryland.

Matter Near Critical Phase Transitions 
The condensed phase of simple gases 
provides a unique test bed for the predictions 
of fundamental theories. For a certain 
combination of temperature and pressure, 
determined by the molecular properties of 
the gas, the differences between the liquid 
and the vapor phases disappear. This state 
of the system is the critical point, in the 
neighborhood of which the fluid system 
exhibits the unusual properties of universality 
and scaling. Universality implies that 
the same parameters (critical exponents) 
characterize the system under many different 
conditions; scaling implies that the equations 
describing the system’s behavior do not 

change their form when the length scale is altered. Critical points are found in 
many different materials including fluids, solids, alloys, fluid mixtures and magnets.

The physics of matter near critical points have been explored in detail in ground-
based experiments. Fundamental theories have been developed to explain the 
unusual behavior of universality and scaling for matter near critical points. 
The special interest in this phenomenon is because the theoretical explanation, 
renormalization group (RG) theory, has implications for many diverse fundamental 
and applied research areas including weather modeling, metallurgy, oil field 
recovery, elementary particle physics, and cosmology. The region very close to the 
critical transition, where correction terms are small compared to critical anomalies, 

Figure 3.3.1. Heat capacity of superfluid helium in 
microgravity conditions. (Source: J. Nissen)
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• Why is jet substructure theoretically interesting?

• QFTs exhibit universal behavior as operators are brought together.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0

yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2

s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

Brookhaven Physics Colloquium April 11, 2023 27 / 56



The OPE Limit of Lightray Operators

• Energy flow operators admit an OPE!

• Jet Substructure is the study of the OPE limit of lightray operators.
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One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r2niT0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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• Allows a new approach to jet substructure as the study of the
symmetry and OPE structure of these operators.

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]
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Theory-Experiment Gap

• OPE scaling is the most basic prediction of QFT for jet substructure.
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• Shockingly, still true as of 2022...
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Open Data as the Bridge

Between

Theory and Experiment

[Komiske, Moult, Thaler, Zhu]

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Open Data

• A primary driver of recent progress in jet substructure has been the
availability of Open Data.

• Short-circuits the traditional path from formal theory development to
collider physics applications:
• Enables rapid transport of ideas from “theory world” to ”real world”.
• Can illustrate that new approaches are phenomenologically viable.
• Provides tests on real data for observables where standard simulations

can’t be trusted =⇒ learn new features of QCD.
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Scaling Behavior in Jets

Primordial fluctuations

What cosmic history gave
 rise to pri

mordial fluctuations?
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• The E(n̂1)E(n̂2) OPE inside high-energy jets!

• Beautiful scaling behavior in energy flux, provides a common language
from superfluid helium to jet substructure!

[Lee, Mecaj, Moult]
[Dixon, Moult, Zhu]
[Komiske, Moult, Thaler, Zhu]
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Condensate Laboratory Aboard the ISS (CLASS) Concept Design
At the temperature of BEC, gravity can play a significant role in the cooling, 
trapping and dynamics of the ultra-cold atoms. Recognizing the potential benefits 
that microgravity research in this science area aboard the ISS might yield, the 
concept design of the CLASS was developed. CLASS was intended to provide 
researchers the capability to explore interactions in Bose Einstein Condensates 
of atoms at lower temperatures than achievable on the ground. The principal 
investigator for this experiment was Nobel laureate W. Phillips from the National 
Institute of Standards and Technology (NIST) in Gaithersburg, Maryland.

Matter Near Critical Phase Transitions 
The condensed phase of simple gases 
provides a unique test bed for the predictions 
of fundamental theories. For a certain 
combination of temperature and pressure, 
determined by the molecular properties of 
the gas, the differences between the liquid 
and the vapor phases disappear. This state 
of the system is the critical point, in the 
neighborhood of which the fluid system 
exhibits the unusual properties of universality 
and scaling. Universality implies that 
the same parameters (critical exponents) 
characterize the system under many different 
conditions; scaling implies that the equations 
describing the system’s behavior do not 

change their form when the length scale is altered. Critical points are found in 
many different materials including fluids, solids, alloys, fluid mixtures and magnets.

The physics of matter near critical points have been explored in detail in ground-
based experiments. Fundamental theories have been developed to explain the 
unusual behavior of universality and scaling for matter near critical points. 
The special interest in this phenomenon is because the theoretical explanation, 
renormalization group (RG) theory, has implications for many diverse fundamental 
and applied research areas including weather modeling, metallurgy, oil field 
recovery, elementary particle physics, and cosmology. The region very close to the 
critical transition, where correction terms are small compared to critical anomalies, 

Figure 3.3.1. Heat capacity of superfluid helium in 
microgravity conditions. (Source: J. Nissen)
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The Spectrum of a Jet
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• Different correlation functions should have different quantum
mechanical scalings:

〈E1E2···EJ−1〉
〈E1E2〉 ∼ 〈O[J]〉

〈O[3]〉

• Beautiful simplicity from complex collisions!

[Lee, Mecaj, Moult]
[Dixon, Moult, Zhu]
[Komiske, Moult, Thaler, Zhu]
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Experimental Verification

Theoretical Comparison (R = 0.6)

21
Andrew Tamis – Hard Probes 2023 – March 29th
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• Theoretical comparison calculated in the Perturbative Region ( 3GeV
pTJetLow

< ∆𝑅 < Jet R) 

received directly from Kyle Lee, MIT.
• Behavior agrees well with directly calculable theoretical expectations!

15 < 𝐉𝐞𝐭 𝐩𝐓 < 20 GeV/c 30 < 𝐉𝐞𝐭 𝐩𝐓 < 50 GeV/c
• Recent measurement by the STAR collaboration:

• Beautiful validation of universal scaling across energies!
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The Confinement Transition
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The Confinement Transition

Therefore, QCD is asymptotically free: the coupling constant decreases with the scale

Higher-order computations (up to four loops) do not change this behavior: QCD becomes a free theory in the 
asymptotic limit

Running of the QCD coupling has been verified in a wide variety of experiments, from low to high energy

Particle Data Group 2013

Juan Rojo                                                                                                           University of Oxford, 05/05/2014

The result that the QCD coupling 
becomes large at low scales hints 
towards confinement, which is 
however a purely perturbative 
phenomenon

• Jets exhibit a transition from weakly coupled quarks and gluons to
freely propagating hadrons: Occurs on a timescale of 10−23s.

• Can it be directly imaged in asymptotic energy flux?
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The Confinement Transition
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• Energy correlators allow the hadronization process to be directly
imaged inside high energy jets: transition from interacting quarks and
gluons and free hadrons clearly visible!
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The Confinement Transition

R. Cruz-Torres - HP23 32

Comparison to pQCD

NLL calculations correspond to full (charged+neutral) jets and are normalized to data in perturbative region

Perturbative 
region

Free hadron 
scaling

Higher  pch jet
T

Lee et al., arXiv:2205.03414

ALI-PREL-540185

• Beautiful measurement by ALICE confirms this picture:

• Illustrates universality of the hadronization transition.
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Imaging the Intrinsic and Emergent Scales of

QCD with Jet Substructure

MIT–CTP 5513

Imaging Cold Nuclear Matter with Energy Correlators

Kyle Devereaux,1, ⇤ Wenqing Fan,1, † Weiyao Ke,2, ‡ Kyle Lee,3, § and Ian Moult4, ¶

1Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
2Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545

3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139
4Department of Physics, Yale University, New Haven, CT 06511

The future electron-ion collider (EIC) will produce the first-ever high energy collisions between
electrons and a wide range of nuclei, opening a new era in the study of cold nuclear matter. Quarks
and gluons produced in these collisions will propagate through the dense nuclear matter of nuclei,
and imprint its structure into subtle correlations in the energy flux of final state hadrons. In this
Letter, we apply recent developments from the field of jet substructure, namely the energy correlator
observables, to decode these correlations and provide a new window into nuclear structure. The
energy correlators provide a calibrated probe of the scale dependence of vacuum QCD dynamics,
enabling medium modifications to be cleanly imaged and interpreted as a function of scale. Using
the eHIJING parton shower to simulate electron-nucleus collisions, we demonstrate that the size
of the nucleus is cleanly imprinted as an angular scale in the correlators, with a magnitude that is
visible for realistic EIC kinematics. Remarkably, we can even observe the size di↵erence between the
proposed EIC nuclear targets 3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U, showing that the energy
correlators can image femtometer length scales using asymptotic energy flux. Our approach o↵ers a
unified view of jet substructure across collider experiments, and provides numerous new theoretical
tools to unravel the complex dynamics of QCD in extreme environments, both hot and cold.

Introduction.—The future electron-ion collider (EIC)
will provide the first electron-nucleus collisions at

p
s

up to 90 GeV, for a wide variety of nuclei [1–3].
This presents a unique opportunity to study a broad
range of phenomena in cold nuclear matter, ranging
from parton energy loss and transport phenomena,
to in-medium transverse-momentum broadening, and
medium-modified hadronization. Additionally, the clean
nature of the electron probe makes electron-ion collisions
a simple system with a static nuclear medium that can
serve as a foundation for understanding the more com-
plex case of heavy-ion collisions [4–7].

As with any collider experiment, the key to success is
extracting the details of the interactions of quarks and
gluons with the nuclear matter from asymptotic observ-
ables measured on hadrons. This is complicated by the
complexity of the perturbative interactions of quarks and
gluons, and the hadronization process in Quantum Chro-
modynamics (QCD). However, this complexity also rep-
resents an opportunity: energetic sprays of final state
hadrons take the form of emergent multi-scale objects
called jets, allowing intrinsic scales of the nuclear medium
to be imprinted into scales of the jet. The study of the de-
tailed internal structure of jets as a means to understand
the underlying microscopic collision is referred to as jet
substructure [8, 9], and its importance for the success of
the EIC program has been emphasized in a number of
recent studies [10–26].

Numerous spectacular recent advances in the under-
standing and analysis of jets, ranging from new ma-
chine learning (ML) approaches to unfold hyperdimen-
sional data [27], to techniques enabling calculations on
tracks [28–31], to new approaches for performing pertur-
bative calculations [32–35], allow one to re-imagine the
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FIG. 1. A parton knocked out of a nucleon propagates a
distance ⌧ ⇠ 1/pT ✓

2, thereby directly imprinting nuclear time
scales into angular scales of the two-point correlator in jet
substructure.

future of jet substructure at the EIC. Central to recent
developments in jet substructure has been the use of en-
ergy correlators [36–40], which measure statistical cor-
relations in the energy flux within a jet, see Fig. 1. In
addition to their theoretical properties, these observables
allow the formation of jets to be imaged as a function of
scale, making them ideal for nuclear physics applications.
This feature of the energy correlators has been illustrated
for imaging the hadronization transition [41], measuring
the top quark mass [42], observing intrinsic mass scales
of heavy quarks before hadronization [43], resolving the
scales of the quark-gluon plasma [44], and identifying the
saturation scale in the color glass condensate [45–47].

In this Letter, we initiate a study of energy correla-
tors in jet substructure at the EIC. Using state-of-the-art
simulations, we demonstrate that the energy correlators
cleanly image QCD dynamics as a function of scale, al-
lowing us to isolate medium modifications from initial-
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Unravelling the Initial Conditions

• Use jets as a calibrated probe of the initial condition.
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Three Examples
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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The future electron-ion collider (EIC) will produce the first-ever high energy collisions between
electrons and a wide range of nuclei, opening a new era in the study of cold nuclear matter. Quarks
and gluons produced in these collisions will propagate through the dense nuclear matter of nuclei,
and imprint its structure into subtle correlations in the energy flux of final state hadrons. In this
Letter, we apply recent developments from the field of jet substructure, namely the energy correlator
observables, to decode these correlations and provide a new window into nuclear structure. The
energy correlators provide a calibrated probe of the scale dependence of vacuum QCD dynamics,
enabling medium modifications to be cleanly imaged and interpreted as a function of scale. Using
the eHIJING parton shower to simulate electron-nucleus collisions, we demonstrate that the size
of the nucleus is cleanly imprinted as an angular scale in the correlators, with a magnitude that is
visible for realistic EIC kinematics. Remarkably, we can even observe the size di↵erence between the
proposed EIC nuclear targets 3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U, showing that the energy
correlators can image femtometer length scales using asymptotic energy flux. Our approach o↵ers a
unified view of jet substructure across collider experiments, and provides numerous new theoretical
tools to unravel the complex dynamics of QCD in extreme environments, both hot and cold.

Introduction.—The future electron-ion collider (EIC)
will provide the first electron-nucleus collisions at

p
s

up to 90 GeV, for a wide variety of nuclei [1–3].
This presents a unique opportunity to study a broad
range of phenomena in cold nuclear matter, ranging
from parton energy loss and transport phenomena,
to in-medium transverse-momentum broadening, and
medium-modified hadronization. Additionally, the clean
nature of the electron probe makes electron-ion collisions
a simple system with a static nuclear medium that can
serve as a foundation for understanding the more com-
plex case of heavy-ion collisions [4–7].

As with any collider experiment, the key to success is
extracting the details of the interactions of quarks and
gluons with the nuclear matter from asymptotic observ-
ables measured on hadrons. This is complicated by the
complexity of the perturbative interactions of quarks and
gluons, and the hadronization process in Quantum Chro-
modynamics (QCD). However, this complexity also rep-
resents an opportunity: energetic sprays of final state
hadrons take the form of emergent multi-scale objects
called jets, allowing intrinsic scales of the nuclear medium
to be imprinted into scales of the jet. The study of the de-
tailed internal structure of jets as a means to understand
the underlying microscopic collision is referred to as jet
substructure [8, 9], and its importance for the success of
the EIC program has been emphasized in a number of
recent studies [10–26].

Numerous spectacular recent advances in the under-
standing and analysis of jets, ranging from new ma-
chine learning (ML) approaches to unfold hyperdimen-
sional data [27], to techniques enabling calculations on
tracks [28–31], to new approaches for performing pertur-
bative calculations [32–35], allow one to re-imagine the
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FIG. 1. A parton knocked out of a nucleon propagates a
distance ⌧ ⇠ 1/pT ✓

2, thereby directly imprinting nuclear time
scales into angular scales of the two-point correlator in jet
substructure.

future of jet substructure at the EIC. Central to recent
developments in jet substructure has been the use of en-
ergy correlators [36–40], which measure statistical cor-
relations in the energy flux within a jet, see Fig. 1. In
addition to their theoretical properties, these observables
allow the formation of jets to be imaged as a function of
scale, making them ideal for nuclear physics applications.
This feature of the energy correlators has been illustrated
for imaging the hadronization transition [41], measuring
the top quark mass [42], observing intrinsic mass scales
of heavy quarks before hadronization [43], resolving the
scales of the quark-gluon plasma [44], and identifying the
saturation scale in the color glass condensate [45–47].

In this Letter, we initiate a study of energy correla-
tors in jet substructure at the EIC. Using state-of-the-art
simulations, we demonstrate that the energy correlators
cleanly image QCD dynamics as a function of scale, al-
lowing us to isolate medium modifications from initial-

• Weighing the Heaviest Quark

• Resolving the Scales of
the Most Perfect Fluid

• Imaging Cold Nuclear Matter
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Weighing the Heaviest Quark

[Holguin, Moult, Pathak, Procura]
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Top Quark Mass

• The top quark mass determines the
stability of the universe.

• Due to its large mass it can only be
produced in collider experiments, and lives
for ∼ 10−25s, making it hard to measure.

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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Top Quark Mass Measurement

• Massive particles imprint their existence at a characteristic angular
scale ζ ∼ m2/Q2.

• Optimistic for a precision top mass extraction at the LHC!
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Imaging the Most Perfect Fluid

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
t
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[Andres, Dominguez, Holguin, Kunnawalkam Elayavalli, Marquet, Moult]
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The Quark Gluon Plasma

• Resolving the mystery of how asymptotically free quarks and gluons
conspire to form a strongly coupled fluid is a primary goal of the
nuclear physics program.Phase diagram of QCD matter

Water: EM force QCD matter: strong force
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Laura Havener, Yale University

TC~154 MeV~ 4 trillion°C ~ 
250,000 times hotter than the sun 

4Laura Havener, Yale University

TC

STAR Detector

9

• STAR Time Projection Chamber (TPC) 
provides excellent charged track 
resolution

• Barrel Electromagnetic Calorimeter 
(BEMC) provides energy measurement 
for neutral components of jets, and 
provides jet trigger

• Must correct for detector effects to 
reconstruct correct jet 𝒑𝑻

• Learn what to correct by simulating 
detector effects with PYTHIA + Geant

Andrew Tamis – Hard Probes 2023 – March 29th

• This extreme state of matter can be produced in high energy colliders.
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Imaging the Plasma
Quark&gluon+plasma+is+incredibly+strongly+interac6ng+–+It+
can+slow+down+and+even+stop+very+high+energy+quarks+and+
gluons+passing+through+it+

Probe plasma with energetic quarks and gluons 

P+++++P Pb+++++Pb+
PRC+84+(2011)+024906+

7 

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
t
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• Energetic quarks and gluons produced in the collisions shoot through
the plasma, much like the classic Rutherford experiment.

• How can we see there was a 10−14m ball of plasma at the center?
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Resolving the Scales of the QGP

• QGP scales cleanly imprinted in two-point correlation!

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0

yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2

s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

• Resolve Femtometer scales from asymptotic energy flux!
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Resolving the Scales of the QGP

• Detailed shape of the transition probes medium interaction and
transport coefficients:Results with Yukawa interaction

12

θc < θLθc > θL

10�3 10�2 10�1 100

✓

10�1

100
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d
⌃ d
✓

Med, pt = 95 GeV

Full, pt = 95 GeV

pt = 115 GeV

pt = 135 GeV

pt = 155 GeV

pt = 175 GeV

pt = 195 GeV

✓c

12

Results: energy dependence

No energy loss:

Including energy loss:

Shift of distribution peak left

Same shift towards smaller angles

Smearing of transition angle

Shape is conserved 

• Optimistic for significant progress with forthcoming measurements.

[Barata, Mehtar-Tani]
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Heavy Quarks in the Medium

• Heavy quarks provide a theoretically
clean probe of the medium.
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The EEC on a massive quenched jet
Increasing energy

Increasing filling of the deadcone‘Deadcone angle’
Θ! ∼ ,"/-

‘Onset angle’
(# ∼ 1/(/-)

Threshold scales with -// ∼ ,".

preliminary preliminary preliminary

29/03/2023 21• Correlators separately resolve medium and heavy quark mass scales.
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Imaging Cold Nuclear Matter
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Imaging Cold Nuclear Matter with Energy Correlators
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The future electron-ion collider (EIC) will produce the first-ever high energy collisions between
electrons and a wide range of nuclei, opening a new era in the study of cold nuclear matter. Quarks
and gluons produced in these collisions will propagate through the dense nuclear matter of nuclei,
and imprint its structure into subtle correlations in the energy flux of final state hadrons. In this
Letter, we apply recent developments from the field of jet substructure, namely the energy correlator
observables, to decode these correlations and provide a new window into nuclear structure. The
energy correlators provide a calibrated probe of the scale dependence of vacuum QCD dynamics,
enabling medium modifications to be cleanly imaged and interpreted as a function of scale. Using
the eHIJING parton shower to simulate electron-nucleus collisions, we demonstrate that the size
of the nucleus is cleanly imprinted as an angular scale in the correlators, with a magnitude that is
visible for realistic EIC kinematics. Remarkably, we can even observe the size di↵erence between the
proposed EIC nuclear targets 3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U, showing that the energy
correlators can image femtometer length scales using asymptotic energy flux. Our approach o↵ers a
unified view of jet substructure across collider experiments, and provides numerous new theoretical
tools to unravel the complex dynamics of QCD in extreme environments, both hot and cold.

Introduction.—The future electron-ion collider (EIC)
will provide the first electron-nucleus collisions at

p
s

up to 90 GeV, for a wide variety of nuclei [1–3].
This presents a unique opportunity to study a broad
range of phenomena in cold nuclear matter, ranging
from parton energy loss and transport phenomena,
to in-medium transverse-momentum broadening, and
medium-modified hadronization. Additionally, the clean
nature of the electron probe makes electron-ion collisions
a simple system with a static nuclear medium that can
serve as a foundation for understanding the more com-
plex case of heavy-ion collisions [4–7].

As with any collider experiment, the key to success is
extracting the details of the interactions of quarks and
gluons with the nuclear matter from asymptotic observ-
ables measured on hadrons. This is complicated by the
complexity of the perturbative interactions of quarks and
gluons, and the hadronization process in Quantum Chro-
modynamics (QCD). However, this complexity also rep-
resents an opportunity: energetic sprays of final state
hadrons take the form of emergent multi-scale objects
called jets, allowing intrinsic scales of the nuclear medium
to be imprinted into scales of the jet. The study of the de-
tailed internal structure of jets as a means to understand
the underlying microscopic collision is referred to as jet
substructure [8, 9], and its importance for the success of
the EIC program has been emphasized in a number of
recent studies [10–26].

Numerous spectacular recent advances in the under-
standing and analysis of jets, ranging from new ma-
chine learning (ML) approaches to unfold hyperdimen-
sional data [27], to techniques enabling calculations on
tracks [28–31], to new approaches for performing pertur-
bative calculations [32–35], allow one to re-imagine the
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FIG. 1. A parton knocked out of a nucleon propagates a
distance ⌧ ⇠ 1/pT ✓

2, thereby directly imprinting nuclear time
scales into angular scales of the two-point correlator in jet
substructure.

future of jet substructure at the EIC. Central to recent
developments in jet substructure has been the use of en-
ergy correlators [36–40], which measure statistical cor-
relations in the energy flux within a jet, see Fig. 1. In
addition to their theoretical properties, these observables
allow the formation of jets to be imaged as a function of
scale, making them ideal for nuclear physics applications.
This feature of the energy correlators has been illustrated
for imaging the hadronization transition [41], measuring
the top quark mass [42], observing intrinsic mass scales
of heavy quarks before hadronization [43], resolving the
scales of the quark-gluon plasma [44], and identifying the
saturation scale in the color glass condensate [45–47].

In this Letter, we initiate a study of energy correla-
tors in jet substructure at the EIC. Using state-of-the-art
simulations, we demonstrate that the energy correlators
cleanly image QCD dynamics as a function of scale, al-
lowing us to isolate medium modifications from initial-
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The Future Electron Ion Collider

• The EIC will provide the first high energy collisions on large nuclei.

• Jets will play a key role in unravelling nuclear dynamics from
asymptotic energy flux.

• A beautifully clean environment to apply all the developments of the
past decade!
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Introduction.—The future electron-ion collider (EIC)
will provide the first electron-nucleus collisions at

p
s

up to 90 GeV, for a wide variety of nuclei [1–3].
This presents a unique opportunity to study a broad
range of phenomena in cold nuclear matter, ranging
from parton energy loss and transport phenomena,
to in-medium transverse-momentum broadening, and
medium-modified hadronization. Additionally, the clean
nature of the electron probe makes electron-ion collisions
a simple system with a static nuclear medium that can
serve as a foundation for understanding the more com-
plex case of heavy-ion collisions [4–7].

As with any collider experiment, the key to success is
extracting the details of the interactions of quarks and
gluons with the nuclear matter from asymptotic observ-
ables measured on hadrons. This is complicated by the
complexity of the perturbative interactions of quarks and
gluons, and the hadronization process in Quantum Chro-
modynamics (QCD). However, this complexity also rep-
resents an opportunity: energetic sprays of final state
hadrons take the form of emergent multi-scale objects
called jets, allowing intrinsic scales of the nuclear medium
to be imprinted into scales of the jet. The study of the de-
tailed internal structure of jets as a means to understand
the underlying microscopic collision is referred to as jet
substructure [8, 9], and its importance for the success of
the EIC program has been emphasized in a number of
recent studies [10–26].

Numerous spectacular recent advances in the under-
standing and analysis of jets, ranging from new ma-
chine learning (ML) approaches to unfold hyperdimen-
sional data [27], to techniques enabling calculations on
tracks [28–31], to new approaches for performing pertur-
bative calculations [32–35], allow one to re-imagine the
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FIG. 1. A parton knocked out of a nucleon propagates a
distance ⌧ ⇠ 1/pT ✓

2, thereby directly imprinting nuclear time
scales into angular scales of the two-point correlator in jet
substructure.

future of jet substructure at the EIC. Central to recent
developments in jet substructure has been the use of en-
ergy correlators [36–40], which measure statistical cor-
relations in the energy flux within a jet, see Fig. 1. In
addition to their theoretical properties, these observables
allow the formation of jets to be imaged as a function of
scale, making them ideal for nuclear physics applications.
This feature of the energy correlators has been illustrated
for imaging the hadronization transition [41], measuring
the top quark mass [42], observing intrinsic mass scales
of heavy quarks before hadronization [43], resolving the
scales of the quark-gluon plasma [44], and identifying the
saturation scale in the color glass condensate [45–47].

In this Letter, we initiate a study of energy correla-
tors in jet substructure at the EIC. Using state-of-the-art
simulations, we demonstrate that the energy correlators
cleanly image QCD dynamics as a function of scale, al-
lowing us to isolate medium modifications from initial-
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Imaging Cold Nuclear Matter

• EIC will provide high energy collisions on a variety of nuclei.

• Allows for the study of medium modification in a simplified setting.

• The size of the nucleus represents a clear physical scale that will be
imprinted in the angular structure of the correlator.
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FIG. 2. The EEC, hEnEni, for n = 0.5, and di↵erent values
of the jet transport parameter, parameterized by the variable
K described in the text. The curves are normalized in the
region ✓ ⌧ ✓L, where no medium modification is expected. A
clear modification is seen at large angles.

state e↵ects. We then show that the energy correlators
are able to achieve femtometer resolution, allowing us
to resolve size di↵erences between 3He, 4He, 12C, 40Ca,
64Cu, 197Au, and 238U nuclei with EIC kinematics.

EIC Simulation and Analysis— To illustrate the key
features of the energy correlators in electron-nucleus col-
lisions, we employ the eHIJING framework [48], which is
specifically designed to study nuclear-modified jet evolu-
tion in DIS. eHIJING combines Pythia 8 [49, 50] for de-
scribing the hard process and the vacuum parton shower,
with a description of the nuclear modification by multi-
ple collisions between shower partons and small-x gluons
of the nucleus. In eHIJING the transverse momentum
dependent gluon density �g(x, k2

?) of the nucleus is pa-
rameterized by a saturation-inspired formula [51],

�g(x, k2
?) ⌘ K

↵s,e↵
· x�(1 � x)n 1

k2
? + q̂gL

, (1)

q̂g = ⇢0L
CA

dA

Z Q2/xB

0

↵s,e↵ �g(x, k2
?)d2k?, (2)

where ↵s,e↵ is an e↵ective jet-medium coupling constant,
⇢0 = 0.17 fm�3 is a reference nucleon density, and L is the
path length of the jet’s propagation within the nucleus.
The gluon jet transport parameter, q̂g, is defined as the
average collisional momentum broadening per unit path
length of propagation in nuclear matter. The value of q̂g

is self-consistently determined from the gluon density �g,
and the average broadening q̂gL screens the infrared di-
vergence in Eq. 1. The same nuclear gluon density is then
applied to compute the medium-induced QCD splitting
function [52, 53], which further modifies the evolution of
the parton shower and induces radiative transverse mo-
mentum broadening.

Most importantly for our study, the parameter K ap-
pearing in Eq. 1 is an overall normalization factor for

�g encoding the magnitude of the medium modification.
The choice K = 4, n = 4,� = �0.25 is found to provide
a good description of nuclear modification e↵ects in in-
clusive pion production in HERMES data [48]. In this
Letter, we will parameterize the magnitude of medium
modification directly in terms of the parameter K, using
a range of values between 2 to 10. For reference, this cor-
responds to a q̂g in the range of (0.063, 0.172) GeV2/fm
at xB = 0.1, Q2 = 1.0 GeV2 for the average path length
of a Au nucleus. The complete dependence of q̂g on xB

and Q2 for K between 2 and 10 can be found in the
Supplemental Material.

For our phenomenological study we first generate data
for each collision system by producing 4 ⇥ 108 events in
eHIJING, equivalent to approximately 10 fb�1 of inte-
grated luminosity at the EIC, which should be achievable
given the designed luminosity1 [1]. Jet reconstruction is
performed using the anti-kT [54] algorithm with a jet ra-
dius of R = 1.0, as implemented in FastJet [55]. All final
state particles within |⌘| < 3.5, are used in the recon-
struction, and jets clustered from these particles are re-
tained for further analysis. Throughout this Letter we
use the convention that forward rapidity is along the
hadron beam direction, which agrees with the conven-
tion used at HERA [56]. This rapidity cut roughly cor-
responds to the acceptance of the EIC central detector
[57–59]. The energy correlator jet substructure observ-
ables are constructed using charged jet constituents with
pT > 0.5 GeV.

Energy Correlators for Cold Nuclear Matter.—Energy
correlator observables [36–39, 60] are statistical correla-
tion functions, hE(~n1)E(~n2) · · · E(~nN )i, of the asymptotic
energy flux. In this Letter we focus on the ability of
the energy correlators to image nuclear dynamics as a
function of scale. It is also worth noting that formu-
lating jet substructure in terms of correlation functions
is the long term goal of developing new theoretical tech-
niques to understand extreme QCD matter. See e.g. [32–
35, 40, 60–84] for rapid recent theoretical progress in the
understanding of the energy correlators.

The simplest correlation functions are one-point func-
tions hEni, which encode (moments of) the fragmentation
spectrum [85]. However, one-point functions do not have
a scale that can be used to probe the dynamics of jets.
One way to overcome this is to consider massive quarks,
whose mass naturally introduces a scale [13, 15]. In na-
ture the quark masses are fixed, so unfortunately this
scale cannot be adjusted to probe nuclear scales.

The scale dependence of physical systems, for example
in condensed matter physics or cosmology, is traditionally
captured by multi-point correlation functions [86, 87].

1 An integrated luminosity of 10 fb�1 corresponds to 230 days of
running at 1033cm�2s�1, assuming 50% running e�ciency.
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Introduction.—The future electron-ion collider (EIC)
will provide the first electron-nucleus collisions at

p
s

up to 90 GeV, for a wide variety of nuclei [1–3].
This presents a unique opportunity to study a broad
range of phenomena in cold nuclear matter, ranging
from parton energy loss and transport phenomena,
to in-medium transverse-momentum broadening, and
medium-modified hadronization. Additionally, the clean
nature of the electron probe makes electron-ion collisions
a simple system with a static nuclear medium that can
serve as a foundation for understanding the more com-
plex case of heavy-ion collisions [4–7].

As with any collider experiment, the key to success is
extracting the details of the interactions of quarks and
gluons with the nuclear matter from asymptotic observ-
ables measured on hadrons. This is complicated by the
complexity of the perturbative interactions of quarks and
gluons, and the hadronization process in Quantum Chro-
modynamics (QCD). However, this complexity also rep-
resents an opportunity: energetic sprays of final state
hadrons take the form of emergent multi-scale objects
called jets, allowing intrinsic scales of the nuclear medium
to be imprinted into scales of the jet. The study of the de-
tailed internal structure of jets as a means to understand
the underlying microscopic collision is referred to as jet
substructure [8, 9], and its importance for the success of
the EIC program has been emphasized in a number of
recent studies [10–26].

Numerous spectacular recent advances in the under-
standing and analysis of jets, ranging from new ma-
chine learning (ML) approaches to unfold hyperdimen-
sional data [27], to techniques enabling calculations on
tracks [28–31], to new approaches for performing pertur-
bative calculations [32–35], allow one to re-imagine the
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FIG. 1. A parton knocked out of a nucleon propagates a
distance ⌧ ⇠ 1/pT ✓

2, thereby directly imprinting nuclear time
scales into angular scales of the two-point correlator in jet
substructure.

future of jet substructure at the EIC. Central to recent
developments in jet substructure has been the use of en-
ergy correlators [36–40], which measure statistical cor-
relations in the energy flux within a jet, see Fig. 1. In
addition to their theoretical properties, these observables
allow the formation of jets to be imaged as a function of
scale, making them ideal for nuclear physics applications.
This feature of the energy correlators has been illustrated
for imaging the hadronization transition [41], measuring
the top quark mass [42], observing intrinsic mass scales
of heavy quarks before hadronization [43], resolving the
scales of the quark-gluon plasma [44], and identifying the
saturation scale in the color glass condensate [45–47].

In this Letter, we initiate a study of energy correla-
tors in jet substructure at the EIC. Using state-of-the-art
simulations, we demonstrate that the energy correlators
cleanly image QCD dynamics as a function of scale, al-
lowing us to isolate medium modifications from initial-
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Imaging Cold Nuclear Matter

• Nuclear sizes cleanly imprinted into correlators.

• Achieve femtometer resolution from asymptotic energy flux!

• Provides a common language from hot to cold QCD.

5

3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U targets. By
rescaling the x-axis by A1/6, the onset of the modifica-
tion for di↵erent nuclei occurs at similar values, which
strongly supports the expected scaling behavior of the
onset angle ✓L / 1/

p
EL / 1/

p
pT A1/6. The identical

plot, but without the rescaling by A1/6 is provided in
the Supplemental Material. We find it quite remarkable
that we are able to achieve femtometer resolution from
asymptotic energy flux by using the energy correlators!
We emphasize that the angular scaling of the correlator
at which the nuclear modification occurs is set by di-
mensional analysis, and should therefore be a universal
feature of any model of nuclear modification e↵ects. Our
analysis shows that this is indeed true for the eHIJING
implementation of nuclear modification. On the other
hand, the detailed structure of the EEC in the onset re-
gion, and the peak height of the EEC ratio, probe how
the partons interact with the cold nuclear matter, and are
expected to be model dependent. It will be interesting
to study the behavior of the EEC observable in di↵erent
models to provide more insight into the mechanism of
nuclear medium interactions.

One simple observable that we can use as a rough mea-
sure of the size of the nuclear modification is the peak
height of the EEC ratio. In the inset of Fig. 5, we plot
the peak height as a function of log(A) to study its nu-
cleus size dependence. It shows a beautiful monotonic
relation, consistent with a power law scaling. We expect
the details of this relation to be model dependent, and as
with the shape of the EEC distribution, it will be inter-
esting to study it in other models of nuclear modification,
and ultimately with EIC data.

Conclusions.—In this Letter we have demonstrated
that the energy correlators provide a calibrated probe
of the scale dependence of QCD dynamics, and a power-
ful new way of studying cold nuclear matter e↵ects using
jets at the EIC. Using the eHIJING parton shower, we
showed that for EIC kinematics the size of the nucleus
is clearly imprinted into the EEC. We also studied the
dependence on nucleus size, jet kinematics, and energy
weighting of the correlator. Quite remarkably, we were
able to observe di↵erent nucleus sizes imprinted into the
correlator, illustrating a femtometer resolution of the en-
ergy correlators.

Building on the extensive recent theoretical and ex-
perimental developments in the understanding of energy
correlators, there are a number of exciting directions in
which this work can be extended. First, it will be impor-
tant to derive a factorization theorem [111–117] for the
EEC in DIS following [70, 81]. This will allow for the
calculation of higher order corrections using the known
DIS hard functions [118–124], as well as a rigorous under-
standing of the separation of initial and final state e↵ects.
It will also be desirable to compute the energy correla-
tors using theoretical approaches to studying cold nuclear
matter e↵ects [93, 96, 101, 125–129], to improve the un-
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FIG. 5. The EEC, hEnEni, for various nuclei. The size of the
nucleus is directly imprinted into the correlator, as illustrated
by the A1/6 scaling incorporated into the axis definition. The
size of the nucleus can be extracted from the correlator, as
shown in the inset.

derstanding of how nuclear parameters are imprinted into
the correlators. This is of particular interest for compar-
ing calculations of the energy correlators on jets propa-
gating through cold and hot QCD media. The sensitivity
of the energy correlators to the angular spread of the ra-
diation in jets suggests that they might be a good probe
of collisional broadening e↵ects, and could be useful for
extracting q̂g.

Another important avenue for future research will be
to develop a better understanding of non-perturbative
corrections to the energy correlators. While these have
been shown to be small for LHC jets, they will be rela-
tively large at the much lower energy scales of the EIC,
and their understanding will be necessary for a preci-
sion interpretation of measurements. Due to the simple
structure of the energy correlator observables, we are op-
timistic that progress can be made.

Most excitingly, having identified the scale of medium
modification using the two-point correlator, one can
study higher point correlation functions, providing un-
precedented insights into cold nuclear matter. In partic-
ular, higher point correlators could allow for a probe of
the shape of nuclei and the nuclear medium [5, 130–132].

Combining the proposal of this Letter with the recent
proposals to use the energy correlators to probe the color
glass condensate [45, 46], and the quark-gluon plasma
[44], we look forward to an exciting program using the en-
ergy correlators to study QCD in extreme environments
in a wide range of collider experiments.
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FIG. 7. The gluon jet transport parameter in units of GeV2/fm used in eHIJING as a function of Q2 and xB with K = 2, 4, 10
at the averaged thickness of a gold nucleus. The region outside of the kinematic limit (Q2/xB > s) is not plotted.

Note that jet moves behind the nucleus in the collider frame.

In the forward rapidity region, where pT ⌧ pT e⌘ ⌧ mNeyA and y ⌧ 1. The medium-induced radiation generates
a characteristic angle in the EEC distribution,
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where L is the path length of the jet in the rest frame of the nucleus. The root-mean-squared collisional broadening
of the angle for two daugther partons with energy fraction x (quark) and 1 � x (gluon) is,
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Again, q̂g and L are defined in the rest frame of the nucleus. For a nucleon beam energy EN = 100 GeV that
corresponds to yA = 4.6 and a jet with pT = 20 GeV produced with xB = 0.3, which translates into ⌘ ⇡ 1.1,p

h�✓2i ⇡ 0.18 for symmetric splitting (x = 0.5) and ✓L ⇡ 0.27. These values are comparable to the onset of medium
signals in Fig. 2.

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Summary

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
t

<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 10
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
32

s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

• Colliders allow us to access a wealth of
exciting phenomena.

• Significant recent progress in decoding
collider energy flux.

• Understanding the rich dynamics of the
strong force remains a vibrant topic
driving collider physics.
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Thanks!
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