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1. Looking to the Future of QCD Studies 

• This talk isn’t meant to be an exercise in prediction, and 2030 
     is still a long way off.  The study of quantum chromodynamics,  
     however, is largely driven by evolving experimental capabilities, 
     so we have some sense of what may happen in the meantime. 

• Ten years ago, the last of the great Standard Model discovery machines,  
    the Tevatron, closed up shop, following LEP and HERA, while 
    RHIC entered its second fruitful decade.  The decade just past 
    saw the historic LHC Runs I and II, as CEBAF transitioned  
    from 6 to 12 GeV at Jefferson Lab. 

• Starting with RHIC, many accelerator capabilities 
    have been designed with QCD in mind, at JLab of course, and in 
    the decade unfolding, the EIC.   The LHC wasn’t built 
    for QCD, but the insightful designs of its detectors make it 
    (of necessity) a powerful QCD machine.



• Over the past twenty years, QCD has brought nuclear and 
    particle physics (back) together.  Roads from Newport News 
    and Upton lead to Geneva (and back). 

• The specifically QCD experimental capabilities that will link 
    the 2020s and the 2030s, including fixed target experiments at 
    Fermilab, JLab, CERN and Brookhaven, have already 
    paved the way for the Electron Ion Collider project, based 
    on the demonstrated need for high statistics to reveal 
    the structure of the nucleon, and high energy to unlock 
    the dense gluonic matter from which the mass of the visible 
    universe is generated. 

• That same energy is needed to provide a window into 
    the emergence of hadronic from partonic matter.   

• The story that follows is one sketch of some lessons we have learned 
    about QCD’s role in nature, and some we may hope to learn in the 
    coming years. 



Very early on, quarks and gluons secluded 
themselves to a nearly vanishingly small, and 
ever-decreasing, proportion of space, 
occupying something like 

one 10-45 th  

of the volume of the observable universe.   

2. QCD In the Grand Scheme of Things



The reason, so far as we understand it,  
lies in the nonabelian phase invariance of the 

quarks:  three utterly indistinguishable 
colors, connected by gluonic excitations. 

This, of course, is QCD. 

From inside nuclei, the quarks 
speak to the outside world 

through the rest of the Standard 
Model.  Nucleons and nuclei 

give electrons a reason  
to stick around and form the 

world we can see.
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But the QCD degrees of freedom are always 
available, lurking in the vacuum, ready to lend 
a hand and work alongside the rest of the 
Standard Model, whenever enough energy 
arrives in the neighborhood.
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Non-QCD final states
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I New physics searches
I Understand photon flux, polarisation, kT -depedence

Talk Harland-Lang: Physics from Photons at the LHC
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The very same theory possesses asymptotic  
freedom, which has opened windows to its 
fundamental degrees of freedom. 

36 9. Quantum Chromodynamics

world average, we first combine six pre-averages, excluding the lattice result, using a ‰
2 averaging

method. This gives
–s(M2

Z) = 0.1176 ± 0.0011 , (without lattice) . (9.24)

This result is fully compatible with the lattice pre-average Eq. (9.23) and has a comparable error.
In order to be conservative, we combine these two numbers using an unweighted average and take
as an uncertainty the average between these two uncertainties. This gives our final world average
value

–s(M2
Z) = 0.1179 ± 0.0010 . (9.25)

αs(MZ
2) = 0.1179 ± 0.0010
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Figure 9.5: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

This world average value is in very good agreement with the last version of this Review, which
was –s(M2

Z
) = 0.1181 ± 0.0011, with only a slightly lower central value and decreased overall

6th December, 2019 11:50am
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Just knowing that QCD is asymptotically free  
is enough to get a good estimate of an important 
physical process as if the theory were free:

• To explore further, SLAC used the quantum mechanical credo:
anything that can happen, will happen.

• Quarks have electric charge, so if they are there to be produced, they will be. This
can happen when colliding electron-positron pairs annihilate to a virtual photon, which
ungratefully decays to just anything with charge

3.0 STUDY OF QCD IN HADRON PRODUCTION 

3.1 Testing the QCD Differential Cross Section 

3.2 The Strong Interaction Coupling Constant 

3.3 Quark and Gluon Fragmentation 

3.4 Characteristics of the Final State Hadrons 

4.0 ELECTROWEAK INTERACTIONS 

4.1 Bhabha Scattering 

4.2 Muon and Tau Pair Production 

4.3 Charge Asymmetry 

4.4 Interpretation of Leptonic Data 

4.5 Electroweak Reactions of Quarks 

4.6 B Meson Lifetime Limit 

4.7 Production of Leptons in Hadronic Events 

4.8 Search for Structure in the Fermions 

4.9 Search for Symmetry Breaking Scalars. 

1.0 SIMPLE ELECTRON POSITRON INTERACTION 

At high energies, the dominant processes electron positron 

collisions are particularly simple. Most of the interactions which 

we measure are fermion pair production, calculable using the 

Feynman diagram below. 

f 
The electron and positron annihilate forming a virtual photon which 

has a mass equal to the center of mass energy. This photon may 

then decay into any pair of charged fermions that is energetically 

allowed. The processes of this sort which have been observed at 

PETRA are 

370 

j
EM

• But of course, because of confinement, it’s not really that. But more generally, we believe
that a virtual photon decays through a local operator: jem(x) .

• This enables translating measurements into correlation functions . . . In fact, the cross
section for electron-positron annihilation probes the vacuum with an electromagnetic
current.

10

• This works for �tot to quite a good approximation (with calculable
corrections)

51. Plots of cross sections and related quantities 5

� and R in e+e� Collisions
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Figure 51.5: World data on the total cross section of e+e�
! hadrons and the ratio R(s) = �(e+e�

! hadrons, s)/�(e+e�
! µ+µ�, s).

�(e+e�
! hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, �(e+e�

!

µ+µ�, s) = 4��2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/�, �(2S), and �(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2015. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

Green line is 
parton model

• So the “free” theory describes the inclusive sum over confined (nonper-
turbative) bound states – a bit of a “paradox”.

The OPE and beyond

• Because this is the vacuum expectation value, the identity contributes
as an operator,
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While at long distances forming only bound states, 
the meson, baryons and exotics

4 N. Brambilla, S. Eidelman, C. Hanhart et al. / Physics Reports 873 (2020) 1–154

Fig. 1. The spectrum of states in the c̄c sector as of July 2019. Thin solid lines represent the states established experimentally and dashed lines are
for those that are claimed but not (yet) established (following the approach used by PDG, we regard a state as established if it is seen in different
modes). States whose quantum numbers are undetermined are not shown. States in the plot are labeled according to the PDG primary naming
scheme — see Section 1.2 for further details and for the correspondence with the XYZ naming scheme. Dashed lines show some relevant thresholds
that open in the considered mass range; here D1 stands for D1(2420) and D⇤

2 for D⇤

2(2460). Thresholds with hidden strangeness or involving broad
states are not shown. The states shown in the two columns to the right are isovectors containing a c̄c pair; they are necessarily exotic.

signals may correspond to new states in the QCD spectrum. Nevertheless, as we will argue in this review, most of them
certainly do correspond to new states. From a comparison of Figs. 1 and 2 one can see that the distribution of states and
thresholds in the charmonium sector and in the bottomonium sector is, at present, rather different. If this hints to some
physical differences in the two heavy-quark sectors or just reflects our limited knowledge of the bottomonium spectrum
is one of the challenges that future theoretical and experimental studies will have to face.

Exotic states may originate dynamically from different possible structures. These can be grouped into two classes:
(i) structures with active gluons and (ii) multiquark states. The former class contains hybrids and glueballs. The latter class
contains exotics made of a heavy quark and its antiquark together with at least one light quark–antiquark pair. A priori
the simplest system consisting of only two quarks and two antiquarks (generically called tetraquarks) is already a very
complicated object and it is unclear whether or not any kind of clustering occurs in it. However, to simplify the problem it
is common nowadays to focus on certain substructures and investigate their implications: (i) In hadroquarkonia the heavy
quark and antiquark form a compact core surrounded by a light-quark cloud. (ii) In compact tetraquarks the relevant
degrees of freedom are compact diquarks and antidiquarks. In this review we restrict ourselves to this definition of a
compact tetraquark which is quite common in the contemporary literature. It should be mentioned, however, that in the
older literature sometimes the phrase ‘‘diquonium’’ was used to refer directly to the assumed diquark clustering [8,9]. For
a comprehensive review of diquarks we refer to Ref. [10] while for a critical discussion of the diquark clustering in heavy
exotics we refer to Ref. [11]. (iii) In hadronic molecules the building blocks are color-neutral hadrons. Obviously a complete
picture may include some of or even all these configurations in the final description of the exotic state; nevertheless, the
question remains of what is the dominant configuration. Finally, even an ordinary hadron, which has a dominant q̄q or qqq
configuration, will have subleading configurations with additional quark–antiquark pairs and active gluons. Depending on
the state, they may turn out to be more or less relevant to describe its properties.

This report is devoted to exotic states in the charmonium and bottomonium spectrum, i.e. the XYZ states, and also
discusses related states in this energy region, such as double-charm/bottom systems, and pentaquarks containing heavy
quarks. Its aim is to review the experimental information we have gained on these states over the last fifteen years, and
to summarize our theoretical understanding of them.
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Fig. 2. The same as in Fig. 1 but for the states in the b̄b spectrum. Dashed lines show the open-bottom thresholds (from the lowest upwards) B̄B,
B̄B⇤ , B̄⇤B⇤ , B̄B1(5721), B̄B⇤

2(5747), B̄
⇤B1(5721), and B̄⇤B(5747). Given its large statistical significance (6.7 standard deviations) we have included the

⌥ (10750) signal recently seen by the Belle Collaboration [7], although it is not in the current PDG list (see also Section 4.4.4).

Data have been collected originally mostly at the B factories (Belle, BaBar, CLEO) and also at the Tevatron experiments,
and later at BES and LHCb. They have led to the discovery of several new states (see Figs. 1 and 2) and to the collection
of an impressive amount of measurements in production and decay channels. This clean and clear amount of data has no
match with the few controversial exotic states in the light-hadron sector.

From the theoretical viewpoint, the study of quarkonium in the last few decades has witnessed two major devel-
opments: (i) the establishment of non-relativistic effective field theories and (ii) progress in dynamical lattice QCD
calculations of excited states and resonances, and calculations with light-quark masses at or close to the physical point.
Both allow for precise and systematically improvable computations that are (to a large extent) model-independent.
Although in many cases phenomenological quark models remain a useful resource, it is the advancement in our
understanding of quarkonium and quarkonium-like systems due to non-relativistic effective field theories and lattice
QCD that makes quarkonium exotica particularly valuable. In fact, today we are not only confronted with a huge amount
of high-quality data, which have provided for the first time uncontroversial evidence for the existence of exotic hadrons,
but also have modern theoretical tools that allow us to explore in a controlled way these new forms of matter and get a
unique insight into the low-energy dynamics of QCD.

The new quarkonium revolution that started in 2003 with the discovery of the X(3872), with all its experimental
and theoretical developments and challenges, has been chronicled over the past years in several comprehensive reviews
[12–14]. The present report focuses on the XYZ states and aims at portraiting, as precisely as possible, the status of the
subject in the year 2019. It is organized in the following main sections. In Section 2, we review the main experimental
facilities participating to the XYZ searches. The status of these searches and the relevant data that have been collected are
summarized in Section 3. Theoretical methods, ranging from phenomenological quark models to effective field theories of
QCD and lattice QCD, and theoretical results and predictions are discussed in Section 4. Finally, in Section 5 some future
prospects both for experiments and theory are highlighted. We close with a short summary.

As was explained above, in recent years the field of exotic hadrons in general and especially those containing heavy
quarks has attracted a lot of experimental and theoretical efforts. As an interesting fact it is worth mentioning that,
despite a very rich physics programme at the Belle experiment and many interesting and exciting results obtained by this
collaboration for the entire history of its operation, the paper on the discovery of the exotic X(3872) charmonium-like
state turns out to be its most cited publication. Thus it should not come as a surprise that the number of papers on the
subject, both experimental and theoretical, including various reviews, grows fast. It is therefore important to make it
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Pentaquarks
• First observation for pentaquark states:
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• Search for pentaquark with strangeness: 
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Pc(4457)
+
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Pc(4312)
+2019 (LHCb): 

see also ATLAS ‘19

The contribution of the NR S-wave component to the m⇤K� spectrum is described with a
function that is inversely proportional to m2

⇤K� [35]. Alternative descriptions of the NR
component are considered to estimate systematic uncertainties on the model. The ⇤K�

and J/ ⇤ mass spectra are shown in Fig. 3 with the projections of amplitude fit overlaid.
After the determination of the amplitude model with ⇤K�-only contributions, a

P 0
cs state is added to the amplitude model, with spin hypotheses ranging from 1/2

to 5/2 and parity hypotheses of both �1 and +1. Only the smallest allowed L is
considered due to the suppression of higher values of L. A J/ ⇤ mass resolution of
2.6MeV obtained from simulation is taken into account by smearing the P 0

cs Breit-Wigner
amplitude accordingly. The fits show a significant improvement when adding the P 0

cs

state. The largest improvement on �2 lnL when adding a single P 0
cs contribution is

found to be �2 lnL = 43, for an addition of 6 parameters. This fit, which includes the
⇤K� resonances in Table 1, a NR ⇤K� component and a single P 0

cs state each with
their favoured JP assignment is referred to below as the default fit. The improvement in
�2 lnL corresponds to a statistical significance of 4.3 standard deviations (�). This is
estimated using pseudoexperiments where the look-elsewhere e↵ect is taken into account.
The di↵erence of the �2 lnL obtained using fit models with and without the contribution
of the P 0

cs state is used as the test statistic to evaluate the p-value of the null hypothesis,
where several alternative ⌅⇤� models are used to describe the contributions from the
⇤K� resonances. The p-value is estimated by fitting the distribution of the test statistic
from 10 000 pseudoexperiments for the model based on the results from the fit to data
fit, generated with the null hypothesis. To take into account the look-elsewhere e↵ect
for each pseudoexperiment, the global maximum of 2 lnL is obtained by scanning the
values of the mass and width of P 0

cs state in the kinematically allowed region, instead of
limiting their values to be consistent with that of the data fit. When including systematic
uncertainties discussed below, the p-value is determined to be 0.2% by counting the
fraction of pseudoexperiments with the �2 lnL value exceeding the smallest �2 lnL value
from data. This p-value corresponds to the signal significance of 3.1� with a two-sided
Gaussian test for the P 0

cs state, providing the first evidence for a charmonium pentaquark
candidate with strangeness.

As shown in Fig. 3, the projections of the full amplitude fit onto the ⇤K� and J/ ⇤
invariant mass spectra match the data distributions well. A test of the fit quality is
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Figure 3: The (left) m⇤K� and (right) mJ/ ⇤ distributions of selected candidates compared to
the result of the fit with the P 0

cs state.
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J/ ⇤ LHCb, arXiv:2012.10380

significance: 3.1 !
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Pcs(4459)
0

[van Hulse]



3. Looking Closely and from Afar

Picturing a typical “deep inelastic” ep event, in the usual variables

Proton
momentum p

time

PAST

FUTURE

The “universal” form of hard-scattering observables 
“Factorization” for cross sections and amplitudes.      

S  =  C  x  F 

partonic process 
(perturbative) 

hadronic 
matrix element 

(nonperturbative)



There are many more measurements
for EIC to make on the nucleon state:

polarized PDFs & factorizing
TMDs with spin 

TIME
C. Riedl (UIUC) - Spin-polarized experiments - DIS2021

(longitudinal direction  
= movement of nucleon)

bP
~kT

~ST

quark  
transverse  
momentum

x

quark spin  

nucleon spin  

~sT

Transverse momentum dependent (TMD) PDFs

6

nucleon (N)

unpolarized 
parton (Q)

chiral odd TMDs 
Exist because of chiral 
symmetry breaking of 
the QCD nucleon wave 

function

Naive time-reversal 
odd TMDs describing 
strength of spin-orbit 

correlations.

TMDs surviving 
integration over kT. 
“Collinear analysis”

- 8 TMD (PDFs) needed at leading-twist description.  
- Analog table for fragmentation functions (capital letters except for UU=D1) 
- Flavor indices and kinematic dependences skipped for simplicity

Yet appropriate sums over  
final states provide 
measurements of 

nucleon (spin) structure

F  = < P | Q (X) G Q(0) | P >

Nucleon (N) 
with U,L,T 

spin (U,L,T)

[Riedl]



But S  =  C  x  F is only the first term in a series 
 expansion in momentum transfer.   “Higher twist”  
terms involve more fields, like:  (1/Q) < P | Q (X) G G(y) Q(0) | P > 
For some observables, its the leading effect . . .

[ Riedl]



F = < P+ q | Q (x) G Q(0) | P >

If the quark is almost free 
between points 1 and 2 

we measure

Hermes Coll., JHEP 06 (2008) 066JLab Hall A, Phys. Rev. Lett. 99 (2007) 242501

extractions from HERMES 
data using two different 
models

QCDSF: PoS (Lattice 2007) 158

LHPC: PRD77 (2008) 094502

Lattice results

DFJK, EPJC39 (2005) 1

GPDs extracted from form factors

Orbital Angular momentum of the proton 
 from available GPD measurements 

Improved accuracy with JLab12 and future EIC measurements! 

J
q,g = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))

<latexit sha1_base64="qz/qj1T/1hU0vX4tNrlvg2EytGs="></latexit>

Lq = Jq � 1
2�⌃

<latexit sha1_base64="YAeNo0Ms53xND5tLYuZIMfrnmqA=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q1vBjSUpit0IBV2IuKhoH9CkZTKdtEMnj85MhBKyd+OvuHGhiFt/wJ1/47TNQlsPXDiccy/33uOEjAppGN9aZml5ZXUtu57b2Nza3tF39xoiiDgmdRywgLccJAijPqlLKhlphZwgz2Gk6QwvJn7zgXBBA/9ejkNie6jvU5diJJXU1fPFm87o/LozOrZcjnBsJnE5sS4Jkwhad7TvoWJXLxglYwq4SMyUFECKWlf/snoBjjziS8yQEG3TCKUdIy4pZiTJWZEgIcJD1CdtRX3kEWHH018SeKiUHnQDrsqXcKr+noiRJ8TYc1Snh+RAzHsT8T+vHUm3YsfUDyNJfDxb5EYMygBOgoE9ygmWbKwIwpyqWyEeIJWJVPHlVAjm/MuLpFEumSel09tyoVpJ48iCA5AHR8AEZ6AKrkAN1AEGj+AZvII37Ul70d61j1lrRktn9sEfaJ8/NziZ3w==</latexit>

Exclusive final states 
provide even more 

direct measurements. 

[Pasquini]



These quantities are increasingly accessible to lattice calculations. 
Example, the implementation of  “links” G related to  

definitions of orbital angular momentum . . .

< P+ q | Q (X) G Q(0) | P > < P | Q (z/2) G Q(-z/2) | P >
Experiments bring us to:

⌘ ! 1

Ji OAM Jaffe-Manohar  
OAM

Jaffe-Manohar  
OAM

nucleon rapidity

light-cone limit for 

Continuous interpolation between the Ji limit 
and the Jaffe-Manohar limit  

⌘ = 0

M. Engelhardt, Phys. Rev. D95, 094505 (2017) 
M. Engelhardt et al., PRD102, 074505 (2020)

Staple direction off the light-cone

⇣̂ = v·Pp
|v2|

p
|P 2|

! 1
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Pioneer Lattice calculation of OAM

[Pasquini]

G =



Jets:   Energy and Momentum at Large Times

S j < 0 | Toi( W )  | p j >

W is a region on the 
detector.  The 

smaller the region 
the longer the time 

that’s probed.

We’re just now  
learning how 
far we can push 
this.  How small 
can we make  
the region and  
still compute “C”.

Fa:  parton 
distribution

Fb:  parton 
distribution

Many jet cross sections  for one event: Fa Fa C( E(W) ), 
Fa Fa C( E1 (w1 ) , E2 (w2 ) ) . . . 

w1

w2



Jets in a dense medium. 
times long after the 
partonic collision  
determine energy 

flow into specific regions.   

[Jacak]



3. Putting the Pieces Together 

What’s going on right here?

Translation from the language of  
partons to that of hadrons how  
“current quarks”  generate mass  
from radiative energy, becoming 
“constituents”. 

How to quantify this transition? 

Are there observables sensitive 
to this period?  Extra photons, 
for example.  



• Final states provide a countable amount of information, 

    and we should be ready to count it all them to the extent possible.  

    The detailed census within each jet encodes a set of stories. 

    Jet substructure analyses are beginning the process of breaking this code, 

    but it will surely take many new insights, ideas and computing power. 

• A judicious use of machine learning, new ideas of event display and  

    perhaps quantum information will guide the way toward a detailed  

    demystification of the transformations of partons to hadrons.

18Now is the time to think big !

Measure what is measurable, and make measurable what is not so 
-Galileo
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What if we can use machine learning to make measurements, 
unbinned, in variable-dimensions, using low-level information?

[Nachman]



For inclusive cross sections, 
to what orders can we calculate?

• Analytic fixed-order progress will continue, hand-in-hand with mathematics, while 
numerically, the “next orders” will become more accessible for cross sections, 

    and experimental cuts easier to implement.    

Precision QCD

Indispensable in understanding measurements at the LHC and 
whether they agree with the Standard Model. Poised to 

become more so with higher integrated luminosity.
[Boughezal]



• We’ll hopefully see “algorithmic” evaluations of complex QCD  

    amplitudes and cross sections. 

• Why might this be possible?   It’s the magic of unitarity, the  

    same “conservation of probability” that factorizes parton 

    distributions in DIS and makes jet cross sections calculable. 

•  We can cancel infrared divergences before we integrate  

    over phase space and impose experimental cuts. 

• We will learn to calculate in four dimensions and, limit  

    perturbation theory to finite times.   This may make room 

    for a new theory of hadronization. 



• QCD will be more and more embedded in the Standard Model, 
    with flavor issues coming in the fore at all scales.  (From g-2  
    all the way to an FCC.) 

• Lattice QFT will make even more correlation functions accessible. 

• Also with the help of the lattice, we will learn more of the 
    correlations within hadrons and in exotic states of matter 
    in the lab and in the universe. 

• “Higher twist” will be subsumed into a theory of quark-hadron duality 
    building on the kind of analysis that led to QCD sum rules, relating 
    hadronic properties to the operator product expansion. 

• A solution to “strong CP” may arise in the coming decade, perhaps 
    in connection with an observation of dark matter.  

• Perhaps what we learn about QCD will suggest other scenarios for  
    early stages of the universe; matter under extraordinary conditions. 

This will bring us back to the beginning.

 As we continue to learn about QCD . . .   
some tentative prognostication if time allows . . .



QCD is the “exemplary” quantum field theory: 

• Phase structure, now in ions, and perhaps in its collective 
    flow, the in smaller systems too. 

• Classical solutions:  opened new perspectives in geometry. 

• Perturbative amplitudes:  modern complex analysis 
    and both classical and quantum general relativity. 

• Benchmark concepts for more manageable theories: 
    conformal QFT  and “bootstrap” programs. 

4.   Concluding thoughts



Even more generally, any answer to the question 
“what is quantum field theory?” must encompass QCD. 

Our QFT is a bit like Newton’s and Leibnitz calculus,  
not yet fully defined yet extraordinarily effective . . . 

This is why QCD continues to be guided by experiment. 
(Did we really know that those jets  

would be there at high energy?) 



QCD is approaching its 50th year.  For a  
fundamental theory, it’s still young 

(Newtonian gravity is still going strong at 330.) 

It is itself an astounding discovery, 
with its mysterious unbroken color symmetry. 

More than that — QCD makes it possible 
for us to face the challenge of bridging  

 “fundamental” and the “emergent” in the natural world. 

This is a hallmark of 21st Century science, 
and indeed of human thought. 



Congratulations to the organizers of 

DIS XXVIII: 2020 / 2021 

For making it happen, and to all who took part, 

with the hope and expectation that  

 DIS XXIX will reflect a regained, 

and perhaps reimagined, freedom. 


