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DIS and Beyond Chris Quigg

1. Opening Remarks

We have enjoyed a rich program of new results on deep-inelastic scattering and related subjects
spanning a great range of active topics in particle physics. Viewed from a perspective of a decade
or two, the progress is most remarkable. In general terms, in the preceding decades we have
formulated, elaborated, and validated two new laws of nature—quantum chromodynamics and the
electroweak theory—and established the utility of quarks and leptons as “elementary” particles,
pointlike at a resolution of 10−18 m. Many specific results that once seemed the stuff of fanciful
dreams are now in hand, and the work in progress—in theory, experiment, and instrumentation—is
impressive in its ambition.

Instead of attempting to distill the excellent Working Group Summaries that we have just
heard, I will offer some comments and context on just a few of the central themes of DIS2013. First,
I will take a look at the foundational concern of the DIS conference series, nucleon structure, and
the window it provides on the strong interaction. Second, I will describe our current understanding
of electroweak symmetry breaking after the first wave of experimentation at the Large Hadron
Collider.

2. What Is a Proton?

2.1 The Parton Model and Beyond

At high energy, it is fruitful to view a hadron as an unseparated, broadband beam of quarks,
antiquarks, and gauge bosons (primarily gluons), and perhaps other constituents, yet unknown.
We can look back on forty years of an amazingly robust paradigm, the renormalization-group–
improved parton model. Many important processes can be described with high fidelity, starting
from three idealizations: the notion that hadron structure and hard-scattering amplitudes factorize,
the approximation that parton distributions at a given scale depend only upon the longitudinal
momentum fraction, and the simplification that partons are uncorrelated.

Within this framework, confronting measurements with higher-order calculations has led to
the development of highly refined parton distributions that describe a plethora of phenomena over
a vast kinematic range and begin to exhibit reliable uncertainty estimates. This is a remarkable
achievement, the work of many hands, a testament to creativity and perseverance.

I hope that we shall soon be able to better integrate long-distance (low-Q2) and short-distance
(large-Q2) views of the nucleon. In particular, studies of elastic and total cross sections at the Large
Hadron Collider should lead to improved impact-parameter descriptions of the stuff in a proton. A
lively conversation with deeply inelastic scattering should ensue!

The one-dimensional idealization is overcome by the development of generalized parton distri-
butions [1], transverse-momentum distributions [2], and probes of the three-dimensional structure
of the proton [3]. We need also to relax approximations made long ago, for lack of data, such as
the universality of sea-quark distributions,

us(x) = ūs(x) = ds(x) = d̄s(x) = κs(x) = κ s̄(x) . (2.1)

It is true that gluon splitting enforcesqs(x) = q̄s(x) perturbatively, but low-scale, nonperturbative
processes need not. [We have long known that the ratioFn

2 /F p
2 is far from the expectation of23 that
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follows from the simple Ansatzuvalence(x) = 2dvalence(x) [4].] The chiral quark model, which iden-
tifies constituent quarks plus Goldstone bosons as the relevant low-Q2 degrees of freedom, shows
how differences between up-quark and down-quark “sea” distributions might be established [5]. A
constituent quark in the nucleon can fluctuate into a quark plus a pion (or other Goldstone boson).
Such reasoning suggests that the observed defect in the Gottfried Sum rule,

IG(Q
2) =

∫ 1

0
dx

F p
2 (x,Q

2)−Fn
2 (x,Q

2)

x
, (2.2)

arises not from antiquarks, but from from the quarks left behind after the emission of a Goldstone
boson by a constituent quark. Clinging to “first approximations” also misleads when we try to un-
ravel the puzzle of where the nucleon spin resides [6]. Chiral-quark-model reasoning suggests that
the left-behind quark will have opposite polarization to the constituent quark from which it came,
because the Goldstone boson is emitted by aγ5-coupling. The quark and antiquark in the Goldstone
boson have no net polarization, because the Goldstone boson is spinless. The dissociation entailed
in the chiral quark model thus implies that in a proton with positive polarization the quark spin
asymetries will be∆d,∆s< 0; ∆d̄,∆s̄= 0. An ideal experimental program will measure quark and
antiquark polarizations separately.

2.2 Nucleon Structure and Dark Matter

The search for dark matter is a key common interest of particle physics, astronomy, and cos-
mology [7]. Searches for weakly-interacting-massive-particle (WIMP) dark matter report limits
of observations in terms of the WIMP–nucleon cross section and the WIMP mass. For an im-
portant class of supersymmetric dark-matter candidates, the scale of expectations is set by the
spin-independent cross section mediated by Higgs-boson exchange [8]. If the Higgs boson inter-
acts with the nucleon principally through its coupling to heavy quark flavors, then pinning down
heavy-flavor components of the nucleon is of prime importance [9]. Lattice-QCD calculations are
becoming an important complement of the experimental program [10]. The direct searches for
WIMPs have attained sensitivities that require calculations of the WIMP–nucleon cross section
better than the current uncertainty of a factory of 2 - 3.

How might we enrich the experimental program already in progress in electron–nucleon scat-
tering? An attractive possibility is a muon-storage-ring Neutrino Factory that could deliver 1020

ν per year for on-campus experiments. Such a prodigious flux makes it possible to contemplate
neutrino scattering on a polarized target, a hydrogen or deuterium target, or an active target, instead
of the massive targets required today. For a sketch of what might be done, see [11]. My challenge
to the DIS community is to investigate what would constitute the idea suite of neutrino-factory
experiments on nucleon structure.

2.3 Correlations among the Partons?

The goodness of the impulse approximation notwithstanding, a parton “knows” that it is part of
a hadron, particularly at large momentum fractions. In the limit asx→ 1, spin asymmetriesreveal
that the SU(6) wave functions—so useful for anticipating static properties of hadrons—do not
reflect the spin structure of the nucleon [12]. Evidence for the importance of diquark configurations
within hadrons has been in our hands for a long time [13]. A quark–diquark body plan is apt

3



DIS and Beyond Chris Quigg

for doubly-heavy baryons and for high-spin nucleon resonances, to say the least. Bjorken [14]
has suggested that by studying event structure in high-energy hadron–hadron or lepton–hadron
collisions we might be able to see signs of correlations among the partons. Inpp collisions at the
LHC, diquark–diquark collisions might result in identifiable hot spots.

2.4 New phenomena within QCD?

The fact that we have not established a solution to the strong CP problem [15] serves as a
reminder that our understanding of QCD is not complete. But unlike the electroweak theory, QCD
gives no hint that it could not be self-consistent up to the Planck scale. QCD might nevertheless
crack, and we should be attentive to that possibility. At a mild level, we may encounter situations
in which factorization breaks down, compromising our ability to make reliable perturbative cal-
culations. At an intermediate level of surprise, we could see evidence for quark compositeness
or discover a larger symmetry that contains SU(3)c. More dramatically, we might observe free
quarks—unconfined color.

I think it is highly likely that we may find new phenomenawithin QCD. Under special circum-
stances—perhaps in high-multiplicity events—there may be other mechanisms for particle produc-
tion, beyond the traditional pair of diffraction plus short-range order. The very high density of
few-GeV partons in collisions at LHC energies might lead to thermalization. Long-range corre-
lations in rapidity, such as the “ridge” observed inpp collisions by the CMS Collaboration [16],
may signal new production mechanisms that point to a richer picture of hadron structure than we
have commonly assumed for “soft” collisions. For example, the collision of aligned flux tubes
connecting valence quarks might be manifest as a line source of particles [17].

With or without specific motivational conjectures, unusual event structures (observed in infor-
mative coordinates) can lead us to uncover new mechanisms and enrich our response to the “What
is a proton?” question [18]

3. Asymptotic Freedom

3.1 The Origin of Hadron Masses

In leading logarithmic approximation, the strong couplingαs famously evolves [19] as

1
αs(Q)

=
1

αs(µ)
+

(33−2nf )

6π
ln

(

Q
µ

)

, (3.1)

wherenf is the number of active quark flavors This makes it telling to plot 1/αs as a function of
lnQ [20]. The scale dependence ofαs has been computed through four loops [21], but the deviation
from a straight line on the semi-logarithmic plot is mild, so the leading-order expression will suffice
for the arguments to follow.

The smallness ofαs at large scales (in practice, already at a few GeV) enables perturba-
tive analysis of the kind familiar in the study of deep-inelastic scattering. In the other limit of
small scales, the largeness ofαs foretells the nonperturbative phenomenon of color confinement.
“Dimensional transmutation” introduces a dimensionful parameter that sets the scale of hadron
masses. Lattice techniques master the nonperturbative problem and allow very impressive—and
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essentiallya priori—calculations of the hadron spectrum [22]. We have learned from these studies
that the nucleon mass is an exemplar of Einstein’s insight that mass is related to rest energy through
m= E0/c2. The masses of the up and down quarks directly contribute only a few percent of the
nucleon mass:.

3
mu+md

2
= 10±2 MeV. (3.2)

The full story is a little more subtle. If we let the quark masses go to zero, holdingαs fixed,
then chiral perturbation theory leads to the conclusion thatMN → 870 MeV [23]. It is a supreme
accomplishment of lattice QCD is to show that the quark-confinement origin of nucleon mass
explains nearly all visible mass in the Universe.

3.2 The Influence of Quark Masses

Even if the up- and down-quark masses are far too small for the nucleon to follow the Newto-
nian dictum that the mass of an object is the sum of the masses of the constituents, they shape our
world in important ways. The amount by whichmd > mu is responsible for the inequalityMp < Mn

that ensures the stability of the proton againstβ -decay. If the value of the strong couplingαs(Q)

is fixed at some high scale, as would be the case in a unified theory of the strong, weak, and
electromagnetic interactions, then the value at the low energies appropriate for the computation of
hadron masses is determined by the evolution equation (3.1), and is thus sensitive to the spectrum
of colored particles.

If we define the QCD scale parameter that arises through dimensional transmutation as

1/αs(2mc)≡ (27/6π) ln(2mc/Λ) (3.3)

and consider variations in the top-quark mass, then it is easy to show [24] that

Λ
1 GeV

= const.
( mt

1 GeV

)2/27
. (3.4)

Now, the lattice QCD calculations have taught us thatMp ≈CΛ+ . . ., whereC is computable on
the lattice and the neglected terms include quark masses, electromagnetic self-energies, etc. In this
picture, we discover thatMp ∝ m2/27

t : despite the negligible population of virtual top-antitop pairs
in the nucleon, the top-quark mass influences the proton mass. As a small homework assignment, I
suggest that you consider howαs, Λ, andMp would change if all the quark masses were set to zero
(or very tiny values). If spontaneous breaking of the electroweak symmetry is the origin of quark
masses, the Higgs field does not endow the nucleon with mass, but it does influence the value of
the mass that results from color confinement—at least in this unified-theory framework.

3.3 A Unified Theory?

We do not have direct experimental evidence that the SU(3)c⊗SU(2)L ⊗U(1)Y interactions
are unified into SU(5) or some larger gauge symmetry, but the idea of unification is a natural
response to the question, “Why are atoms so remarkably neutral?” The different running of the
SU(3)c, SU(2)L , U(1)Y couplings points to the possibility of coupling-constant unification at a
high scale. Joining quarks and leptons in extended families can explain the equality of the proton
and positron charges, and also leads to the possibility of proton decay.
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According to our current low-energy knowledge of the SU(3)c⊗SU(2)L ⊗U(1)Y couplings
and the spectrum of particles that carry standard-model charges, The three couplings tend to ap-
proach each other at high energies, but the three do not coincide at one point. Perturbative calcu-
lations show that coupling-constant unification is more promising in supersymmetric SU(5) than
in the simple SU(5) theory, provided that the change in evolution due to a full spectrum of su-
perpartners occurs near 1 TeV. Figure 1 of Ref. [25] compares the evolution of 1/αs, in leading
logarithmic approximation, with and without a superpartner threshold atQ = 1 TeV. The slope
changes significantly, from 7/2π to 3/2π. (Corresponding changes in the slopes of 1/α2 and 1/α1

caused by the richer particle spectrum contribute to the improved coupling-constant unification in
this theory.)

This observation suggests another homework problem—not just a thought experiment, and not
easily done. Can we, in LHC experiments, measure the change in slope of 1/αs that accompanies
the onset of supersymmetry? Seeing or not seeing such a change would constitute powerful evi-
dence for or against a new set of colored particles; it is a global search that complements ongoing
searches for specific new-particle signatures. ATLAS and CMS [26] have begun to probeαs at
scales approaching 1 TeV by comparing 3-jet and 2-jet rates. I suspect thatZ+ jets might provide
better control in the long term. It will not be easy to determineαs up to say, 3 TeV, and under-
standing what is measured will demand a continuing dialogue between theory and experiment. But
the rewards will be great!

4. Electroweak Symmetry Breaking and the Higgs Boson

4.1 The Avatar of Electroweak Symmetry Breaking

Much evidence indicates that the standard-model gauge symmetry is broken—either sponta-
neously or dynamically—to QCD plus electromagnetism: SU(3)c⊗SU(2)L ⊗U(1)Y → SU(3)c⊗
U(1)EM. The LEP experiments gave a lovely demonstration of the secret SU(2)L ⊗U(1)Y symme-
try by validating the gauge cancellation among neutrino-, electron-, andZ0-exchange contributions
to the reactione+e− → W+W− [27]. Many possibilities have been investigated for the hitherto
unknown agent that hides electroweak symmetry, including a force of a new character, based on in-
teractions of an elementary scalar; a new gauge force, perhaps acting on undiscovered constituents;
a residual force that emerges from strong dynamics among electroweak gauge bosons; and an echo
of extra spacetime dimensions.

The discovery of the 126-GeV boson by the ATLAS and CMS collaborations [28] indicates
that the dominant mechanism for electroweak symmetry breaking is a degenerate vacuum set up
by the self-interactions of a multiplet of scalar fields [29]. The new particle gives every indication
of being what has come to be called the standard-model Higgs boson,H. Production rates and
branching fractions determined by ATLAS [30] and CMS [31] are in good general agreement with
standard-model expectations [32]. The LHC gives us multiple looks at the new particle. The mass
of H means that several decay modes are detectable:γγ ,WW∗,ZZ∗,τ+τ−,bb̄, . . . . Four produc-
tion mechanisms—gluon-gluon fusion through the top-quark loop,H(W,Z) associated production,
vector-boson fusion,tt̄H production—can be observed.
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4.2 Questions about the LHC Higgs Boson

Is the field made manifest by the Higgs bosonH discovered at the Large Hadron Collider the
sole source of electroweak symmetry breaking? In other words, doesH couple toW+W− andZZ
with the expected strength? Does it have companions? A very important branch point is whether
the new boson couples also to fermions, because it is a logical possibility that the mechanism of
electroweak symmetry breaking is not responsible for fermion mass. We have evidence thatH
couples tott̄, bb̄, andτ+τ−, but still need to verify that the coupling strengths fully account for
the fermion masses. We haven’t yet shown thatH couples to fermions beyond the third generation,
although the dimuon decay is a target for the High-Luminosity LHC and lepton-collider Higgs
factories would be able to detect charm pairs. Can we ever prove the origin of the electron mass?
DoesH decay into new particles, or through the action of new forces? Are all production modes
present at the expected rates? IsH a pureJP = 0+ state? Will we find any sign of new strong
dynamics? What are the implications ofMH ≈ 126 GeV?

4.3 Why does discovering the agent matter?

One way to assess the importance of the new discovery is to imagine a world without a
symmetry-breaking (Higgs) mechanism at the electroweak scale. Analyzing the consequences of
thatGedankenexperimentis rather involved [33], but we can summarize the main results in a few
lines, especially if we consider the restricted case of one generation of quarks and leptons. The
electron and the up and down quarks would have no mass. QCD would nevertheless confine quarks
into protons, etc. As we have seen in §3.1, nucleon mass would be little changed. There is a small
surprise: on roughly the energy scale at which confinement occurs, the global SU(2)L ⊗SU(2)R

chiral symmetry of the massless up and down quarks is spontaneously broken, giving rise to a
q̄q= q̄LqR+ q̄RqL condensate. By coupling left-handed and right-handed quarks, which transform
differently under SU(2)L ⊗U(1)Y, the chiral-symmetry-breaking condensate hides the electroweak
symmetry, giving tiny masses toW, Z (about 2500× less than in our world). If stable species—α-
particles, for example—were formed in the early universe and survived until late times, they might
be candidate nuclei of atoms. But if the electron mass is zero, the Bohr radius of the electron is
infinite, so the electron cannot be identified with a particular nucleon. Atoms lose their integrity.
No atoms means no chemistry, no stable composite structures like liquids, solids, . . . no template
for life. It is a very different world from ours!

4.4 Do We Need a Higgs Factory?

There is no question that, if a Higgs factory that complemented the Large Hadron Collider
were in operation today, it would be an important addition to our experimental portfolio. That is
not the case: a new Higgs factory would require effort and expense comparable to the LHC, and
would not be in operation for more than a decade. Pinning down the mechanism of electroweak
symmetry breaking, for which a prime ingredient is forensic Higgs science, is of such importance
that the investment and the wait might be worthwhile. I cannot examine the issues thoroughly in a
few paragraphs, but I can try to indicate what I see as some of the important considerations.

The Higgs-boson studies that seem most telling at any moment depend on what is already
known: whether the particle discovered at the LHC turns out to be very standard-model–like (as
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the data so far suggest) or deviates significantly from standard-model expectations. The discovery
of another “Higgs-like object” could change the requirements for what a new Higgs factory must
do. Direct evidence for or against new degrees of freedom could similarly influence our assessment
of the energy and luminosity needed.

There are many postulants, at different levels of maturity. The best developed is the Inter-
national Linear Collider, perhaps begun in a Higgs-factory phase at 0.7× the 500-GeV ILC. A
number of circulare+e− colliders, limited in energy but possibly with superior luminosity, are dis-
cussed. A modest-energy muon collider could in principle be a very refined tool for determining
Higgs-boson properties through the formation reaction,µ+µ− → H. A multi-TeV lepton collider
would permit the study of vector-boson fusion and might allow meaningful measurements of the
HHH coupling. As we have heard extensively at DIS2013, an electron–proton collider such as the
LHeC has its own set of potential strengths [34]. We cannot afford all of these machines; even one
will require extraordinary effort.

Due diligence demands that we prepare a reliable shopper’s guide. This requires clearly stated
assumptions, documented uncertainty estimates, a rich list of observables, includingΓ(µµ), MH ,
∆MH , ∆ΓH , . . . , and a rich list of possible machines—including the projected runs of the LHC.
I also insist that a time dimension be included. It is easy to be swept away by enthusiasm if we
imagine that we could have all the answers next week. The test is, how long will it takeafter the
machine operatesfor us to gather the answers we seek. For theℓ+ℓ− colliders, we need to assess
(under different scenarios, and in view of what the LHC will yield) the importance of collateral
measurements ofMW and ofmt , αs, and the top Yukawa coupling [35], and to weigh the importance
of giga-Z, or even tera-Z studies. Time spent running atW+W− threshold or on theZ0 pole is time
not devoted toHZ production.

5. The Unreasonable Effectiveness of the Standard Model

The successes of the SU(2)L ⊗U(1)Y electroweak theory at tree level—for both charged-
current and neutral-current interactions—and as a quantum field theory at one-loop level has el-
evated it to a law of nature. [36, 37] The quest for new physics should be particularly promising
where the standard model predicts very small effects. A leading example is the search for new
physics in the flavor sector through the observation of flavor-changing neutral currents [38] at lev-
els very different from the Glashow–Iliopoulos–Maiani-suppressed expectations of the electroweak
theory [39]. It is a generic consequence of extensions to the standard model that flavor-changing
neutral currents should occur at levels in excess of the standard-model rates, at least in some chan-
nels. The search for amplified (or suppressed) decay rates complements direct searches for new
phenomena that rely on the production of new, perhaps exotic, particles.

No such evidence has turned up. Extremely telling recent observations concern the rare de-
cay Bs → µ+µ−, which has been observed by the LHCb and CMS experiments at a branching
fraction ofB(B0

s → µ+µ−) = (2.9±0.7)×10−9 [40], well compatible with the standard-model
expectation,B(B0

s → µ+µ−) = (3.56±0.30)×10−9 [41]. This is a case in which some classes of
supersymmetric models, and other new-physics scenarios, anticipated an important enhancement
over the standard-model rate [42], and so it places important new constraints on those examples.
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I regard the persistent absence of flavor-changing neutral currents as a strong hint that a new
symmetry or new dynamical principle may be implicated, or that new physics is more distant than
hierarchy-problem considerations had indicated.
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