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2013: Higgs and Englert

» The 2013 Nobel Prize in Physics was awarded to
Peter Higgs and Francois Englert following
discovery of the Higgs boson at the Large Hadron
Collider.

» With this discovery the Standard Model of Particle
Physics became complete. Where to now?

» Its formulation and verificatior

are a remarkable story. &\
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Science ) Particle physics guar dian

One year on from the Higgs boson find,
has physics hit the buffers?

Despite the success of the Large Hadron Collider, evidence for
the follow-up theory — supersymmetry — has proved elusive

A little over a year ago, physicists put the finishing touches to the most
successful scientific theory of all time: the Standard Model of particle
physics. When the Higgs boson was found at the Large Hadron Collider in
July 2012, it was the final piece in our picture of the universe at the
smallest, subatomic scales.

Champagne corks flew in physics labs around the world at this vindication
of quantum field theory, which had been more than 80 years and dozens
of Nobel prizes in the making.

Inevitably, a hangover followed. The leading idea for how to push physics
beyond the Standard Model — and explain the many remaining mysteries
of the universe — is looking shaky. Thousands of physicists have spent
their career carefully constructing the theory, called supersymmetry. It has
taken almost four decades. But, so far, the most powerful particle
accelerator ever built — the Large Hadron Collider (LHC) at Cern, near
Geneva — has not found any hard evidence to back up the theory.

This conspicuous lack of proof has led a growing number of physicists,
particularly those who are less invested in supersymmetry, to publicly call
time on the idea. Perhaps, despite all the work, the theory is just plain
wrong.
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Problems in Theory
NALUre.......

Horme | Mews & Comment | Research | Careers & Jobs | Current lssue

www.nature.com/news/scientific-metho
d-defend-the-integrity-of-physics-1.

» Faced with difficulties inlgsp%lying fundamental

theories to the observed Universe, some
researchers have called for a change in how
theoretical physics is done.

» They begin to argue — explicitly — that if a
theory is sufficiently elegant and explanatory, it
need not be tested experimentally ...

» Chief among the “elegance will suffice”
advocates are some string theorists and
cosmologists ...

Craig Roberts. Why mp = 2000 me (85p)
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Scandal in Academia

> “l have no data yet.

It is a capital mistake to
theorize before one has
data.

Insensibly one begins to
twist facts to suit theories,
Instead of theories to suit
facts.”

Sherlock Holmes

C MITHE IITE WAS STILL BETWERN HIS LIps."

Craig Roberts. Why mp = 2000 me (85p)
MCTP & UNACH Colloguium 5

v



)cke 17t¢c, Hume 18thc, etc.

EMPIRICISM

ALL ENOWLEDGE OETAINED
THROUGH SEMSES - HOT

INHERITED

Craig Roberts. Why mp = 2000 me (85p)

MCTP & UNACH Colloquium 6

v



v

2013: Higgs and Englert

» The most important chapter of the Standard
Model is the least understood.

» Quantum Chromodynamics (QCD) is that part of
the Standard Model which is supposed to describe
all of nuclear physics
— Matter = quarks
— Gauge bosons = gluons

> Yet, fifty years after the discovery of quarks, we
are only just beginning to understand how QCD
builds the basic bricks for nuclei: pions, neutrons,
protons, etc.

Craig Roberts. Why mp = 2000 me (85p)
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2013: Higgs and Englert

» “The Higgs boson is often said
to give mass to everything.
However, that is wrong. It
only gives mass to some very
simple particles, accounting
for only one or two percent of
the mass of more complex

things like atoms, molecules -
and everyday objects, from d
your mobile phone to your pet

llama.” I'

» “The vast majority of mass
comes from the energy
né@gdjérd thowh?@fob (a)uarks MCTP & UNACH Colloquium 8
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Strong Interactions in the
Standard Model of Particle Physics

> Extract from

Spectrum Of nUC|e0n 2ol 1/2+(P11) | 3/2+(P13) 1 5/2+(F15) | 7/12+(F17) .
states (resonances) sl @ ﬁ E g H
with LE,E H H | E |BEE =]
mass less-than 4l l | |

2GeV > 12 'F'EGAHO a BHG" 1

> Experiment (PDG) % 1/2-(S11) 3/2-(D13) 5/2-(D15)
compared with = 3 E |
theory (AO, J, BG) I sl % |5 E B g

» Theory results are -l EEE HEEEE |
outcome of massive 1'2_

computational

effort, analysin ..
22,348 ,-ndgpengdentNature’s scale for visible, strongly-

dataRQOInts Interacting matter = 1 GeV =

Craig
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Strong Interactions in the
Standard Model of Particle Physics

24+(F17)

Why?
How?

N

Nature’s scale for visible, strongly-
Interacting matter = 1 GeV =
1 783X10_27 kg ZOQQ&XMmgquwum 10



Emergent Phenomena in the Standard Model

Existence of the Universe as we
know it depends critically on the
following empirical facts:

» Proton is massive, i.e. the mass-
scale for strong interactions is
vastly different to that of
electromagnetism

> Proton is absolutely stable,
despite being a composite object
constituted from three valence
quarks

> Pion is unnaturally light (but not Emergence: low-level
massless), despite being a rules producing high-
strongly interacting composite level phenomena, with
object built from a valence-quark enormous apparent

A ancd'gV5TéVﬁyCézaﬁfTﬁfﬁiark CompIeXdT.EyUNACHCO//OOIUium 1
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What is QCD?

» Supposed to describe all known strongly-interacting
matter, viz. the properties of protons, neutrons, pions,
..., huclel

» Quantum Field Theory

— Only known way to unify quantur~ ~~~k~ni~= 3nd
special relativity

> Local
— No action at a distance
... sSimple, pointlike interaction

» Relativistic

» Non-Abelian gauge symmetry

— Invariant under local SU(3) transformations, i.e.
transformations generated by a set of eight non-
commuting matrices, with spacetime-dependent
coefficients

» Renormalisable
craicrobQOA N obed Prize: Politzer, Gross and Wilzcek

S — — . MCTP & UNACH Colloquium 13
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27 UP QUARN s
/ A teeny little poinly
imside the proton . i
andpeutron, it sV &
friends forever with 3
the down quark.
DOWN ISTRﬁNGE
QUARK QUARK
l What's so strange
Inside the proton about this second
and newutran, it is generation quark?
Nierds forever with

Iw quﬂf

A timy little point

iy
TOP QUARK
This heavyweight

=== What is QCD?

9& erathon
anyone,

BOTTOM
QUARK
This third 1
genera L
quark is puttin’
on the pourds.

-- LI ht quarks = constituents of all

» Lagrandgﬁannaﬁ%@C [Daco = i (i4"(Dp)sg —m 8i) 5 — lGﬁuGﬁy
— W —_ quark ﬁeldS — 'I,E' (E,TPS _ m),tjb gGﬂ’I,fi'{:r‘ ,‘)bj . EGEFGEU
— G = gluon fields N

» The key to complexity in QCD ... gluon field
G, = 0uG, —

CHARM
QUARK
A charming
secomd

The “glue” of the
strong nuclear foree,
b, the GLUON is the
¥ boson that

mmunicates th
> Generates gluon self-interactio gt T
whose conseqguences
are extraordinary
Craig Roberts. Why mp = 2000 me (85p)
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cf.Quantum Electrodynamics

> QED is the archetypal gauge field theory
> Perturbatively simple

' ' Why'd you i -
but nonperturbatively undefined Why ﬁﬁﬁguﬁg Ldo pﬁé;%e;ﬂﬁﬂ
wa past?

2 hj‘j\) 3 Y

D(a?) =109

1 7/7(7'—1

» Chracteristic feature:
Light-by-light scattering; i.e.,
photon-photon interaction - leading-order contribution
takes

place.at order.@?. Extremely small probability because a*

A= 1 0-9 ! MCTP & UNACH Colloquium 15




What is QCD?

Relativistic Quantum Gauge Field Theory:
> Interactions mediated by vector boson exchange

green

green-
green antiblue
gluon

lue

Feynman diagram for an interaction
between guarks generated by a
gluon.

» Similar interaction in QED ‘!

4-gluon vertex
» Special feature of QCD - glubn self-interactions

Craig Roberts. Why mp = 2000 me (85p)
MCTP & UNACH Colloguium

16




Strong Interactions in the
Standard Model of Particle Physics

Lacp = ¥ (i(v'Dy)i; — m i) v; — ;IGTL Gh’
» Only apparent scale in chromodynamics is mass of the
quark field

> In connection with everyday matter, that mass is
1/250t of the natural (empirical) scale for strong
interactions,
viz. more-than two orders-of-magnitude smaller

» Quark mass is said to be generated by Higgs boson.

> Plainly, however, that mass is very far removed from
the natural scale for strongly-interacting matter

> Nuclear physics mass-scale - 1 GeV - is an emergent
feature of the Standard Model
— No amount of staring at L, can reveal that scale

» Contrast with guantum electrodynamics, e.g.

Craig Roberts. Why mp = 2000 me (85p)

a —spectrum of hydrogen levels measured mmunits @fsmm, v
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Lacp = ¥ (i(7 Dy);j ) ¥ — ;IIGTl G‘.S""Wh M ,
ence mMdass:

» Classical chromodynamics ... non-Abelian local
gauge theory

» Remove the current mass ... there’s no energy scale
left

» No dynamics in a scale-invariant theory; only
kinematics ... the theory looks the same at all
length-scales ... there can be no clumps of anything
... hence bound-states are impossible.

> Our Universe can’t exist

» Higgs boson doesn’t solve this problem ... normal
matter is constituted from light-quarks & the mass
of protons and neutrons, the kernels of all visible
matter, are 100-times larger than anything the

A nggs can produce MCTP & UNACH Colloquium 19



Whence Mass?

» Lorentz-invariance is not enough ... must add the effect
of space-time translations, invariance under which
guarantees energy and momentum conservation <
Poincaré invariance

» Poincaré invariance entails that the Energy-Momentum

Tensor is dl\a T ’_0, I.e. it defines J comselwad
current: L be made symmetric

> Noether current associated with a global scale
transformation:

X > e9Xx
IS the Ca,uJD,uJ =0= [Qu,pr]xy + T,Lw(s,u,u
> In a sca = Tys 5 ant is
conserved

Craig Roberts. Why mp = 2000 me (85p)
MCTP & UNACH Colloquium 20
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Trace Anomaly

» Classical chromodynamics is meaningless ... must be
quantised

» Regularisation and renormalisation of (ultraviolet)
divergences introduces a mass-scale
... dimensional transmutation: mass-dimensionless
quantities become dependent on a mass-scalex® g function
> a - a(C) in QCD’s (massless) Lagrangian denrsity,
L(m=0) T
race

Under a scale transformation W&M}na/
L- o aB(a) dL/da y

= 9,D, = 6L/60 = aB(a) dL/da = B(a) 7aG,, G, =T,

=: 0,

> Straightforward, nonperturbative derivation, without
need for diagrammatic analysis ...

Craig Roberts. Why mp = 2000 mg (85p)

quantisation of renormalisabterfour<dimrensional =




Tun = 1A(@O)Cu Gl 1race Anomaly

» The trace anomaly is not peculiar to QCD

» Quantum electrodynamics (QED) ... the first real
quantum field theory ... also exhibits a trace
anomaly

— Form is the same

1

» Can we understand Why?
— Is there a theoretical explanation?
croean it he.verified empirically?

a MCTP & UNACH Colloquium 22
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Lyp = 46( C)) G G Trace Anomaly

» Knowing that a trace anomaly exists does not deliver a

great deal ... indicates only that a mass-scale exists
» Can one compute and/or understand the magnitude of
that scale?

» One can certainly measure the magnitude ... consider

pre(p(P) | Ty [P(P)) = —Pu P,
(p(P)|Tuulp(P)) = —P* = m,,
= (p(P)[|Oo|p(P))

> In the chiral limit the entirety of the proton’s mass is
produced by the trace anomaly, O,

In QCD, 6, measures the strength of gluon self-

C gR oberts. Why mp = 2000m e (85p)

7.\ interactions MCTP & UNACH Colloquium 24
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Gell-Mann - Oakes - Renner

Behavior of current divergences .
. under SU(3) x SU(3). Relat]on

urray Gell-Mann, R.J. Oakes , B. Renner
2Phys.Rev. 175 (1968) 2195-2199

» This paper supposes the Standard Model
Hamiltonian possesses an operator that produces
a light-quark mass: u,

» Assumes a set of empirically-validated
symmetries, then provides an algebraic proof that
m? « < mu,|m>
» Corollary:
m?=0 for u,=0
the pion is massless in the chiral limit,

caihrs W, IR, k5, N0 Higgs-generated mass for the
S ||ght qu arkS MCTP & UNACH Colloquium 26



Lyp = iﬁ ()G Gl Trace Anomaly

> In the chiral limit

()| Ty |7(q)) = —quqw (m(q)|©0|7(q)) =0

» Does this mean that the scale anomaly vanishes
trivially in the pion state, i.e. gluons contribute
nothing to the pion mass?

» That is a difficult way to obtain “zero”

> Easier, perhaps, to imagine that “zero” owes to
cancellations between different operator-
component contributions to the expectation value
of O,.

» Of course, such precise cancellation should not be
kA€ A Ao 550
MCTP & UNACH Colloquium 27
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Tuu = 18(a(())GL. Gl

Trace Anomaly

> In the chiral limit

<W(@)ITMU|W(Q)> = —quqv <TT(Q)|@[]ITT(Q)> = ()
» No statement of the question

“Whence the proton's mass?”

Is complete without the additional
clause

“Whence the of a pion

mass?”
» Natural nuclear-physics mass-scale must emerge

simultaneously with apparent preservation of scale
invariance in related systems

— Expectation value of ©,in pion is always'Zzerg! ™ =



Whence “1” and yet “0”

(p(P)|©olp(P)) =m2, (m(q)|Oo|m(q)) =0

» Both statements are Poincaré invariz@ 1)
— Proton is massive @

— But the pion is massless (unnaturally light)
~. * Infact, all the pion’s mass is generated by the Higgs
@ ‘@ mechanism
mn2 x mlight-quark
« Empirically, u & d quarks are light (m 4 ~ 10 m, ),

hence pion remains light after Higgs-coupling is
introduced

» Two of the Standard Model’s Emergent features we
started with

» Ar&tHey coriitécted with the stability.of.the proton? .,
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e New Jjoth Elmes Excerpt from the top-10

WORLD | U.5.  N.Y./REGION @ BUSINESS | TECHNOLOGY & SCIENCE | HEALTH | SPORTS | OPINION

10 Physics Questions to Ponder for a Millennium or Two

By George Johnson
Published: August 15, 2000

» Can we quantitatively understand quark and
gluon confinement in quantum chromodynamics
and the existence of a mass gap?

Quantum chromodynamics is the theory describing the
strong nuclear force. Carried by gluons, it binds quarks
into particles like protons and neutrons. Apparently, the
tiny subparticles are permanently confined: one can't
pull a quark or a gluon from a proton because the strong

force gets stronger with distance and snaps them right
back inside.

Craig Roberts. Why mp = 2000 me (85p)
5 MCTP & UNACH Colloguium 31
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142 MILLENNIUM PRIXE PROBLEMS

YANG-MILLS EXISTENCE AND MAsSs GAP. Prove that for any compact
simple gauge group G, a non-trivial gquantum Yang-Mills theory erists on
B4 and has a mass gap A > 0. Eristence includes establishing ariomalic
properties at least as strong as those cited in [45, 35].

5. Comments

An important consequence of the existence of a mass gap is clustering:
Let & € R denote a point in space. We let I and P denote the energy and
momentum, generators of time and space translation. For any positive con-
stant C' < A and for any local quantum field operator (%) = e~/ E@e "
such that (£2, 0%} = 0, one has

(2) (€2, O(F)O()8)| < exp(—C|T - #),

as long as |T — 3] is sufficiently large. Clustering is a locality property
that, roughly speaking, may make it possible to apply mathematical results
established on R* to any 4-manifold, as argued at a heuristic level (for a
supersyminetric extension of four-dimensional gauge theory) in [49]. Thus
the mass gap not only has a phvsical significance {as explained in the intro-
duction), but it may also be important in mathematical applications of four-
dimensional guantum gauge theories to geometry. In addition the existence
of a uniform gap for finite-volume approximations may play a fundamental
role in the proof of existence of the infinite-volume limit.

There are many natural extensions of the Millennium problem. Among

other things, one would like to prove the existence of an isolated one-particle
state (an upper gap, in addition to the mass gap)}, to prove confinement| to

MCTP & UNACH Colloquium 32
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INY RO TR YANG-MILLS EXISTENCE AND MASS GAP. Prove that for any compact

simple gauge group G, a non-trivial gquantum Yang-Mills theory erists on
B4 and has a mass gap A > 0. Eristence includes establishing ariomalic
properties at least as strong as those cited in [45, 35].

5. Comments

An important consequence of the existence of a mass gap is clustering:
Let & € R denote a point in space. We let I and P denote the energy and
momentum, generators of time and space translation. For any positive con-
stant C' < A and for any local quantum field operator (%) = e~/ E@e "
such that (£2, 0%} = 0, one has

(2) (€2, O(F)O()8)| < exp(—C|T - #),

as long as |T — 3] is sufficiently large. Clustering is a locality property
! ) that, roughly speaking, may make it possible to apply mathematical results
i == — established on R* to any 4-manifold, as argued at a heuristic level (for a
supersyminetric extension of four-dimensional gauge theory) in [49]. Thus
the mass gap not only has a phvsical significance {as explained in the intro-
duction), but it may also be important in mathematical applications of four-
dimensional guantum gauge theories to geometry. In addition the existence
of a uniform gap for finite-volume approximations may play a fundamental
role in the proof of existence of the infinite-volume limit.

There are many natural extensions of the Millennium problem. Among
other things, one would like to prove the existence of an isolated one-particle
state (an upper gap, in addition to the mass gap)}, to prove confinement| to

Craig Roberts. Why mp = 2000 me (85p)
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Lqcp = LJ,( (Y Dy)ij ) 5 — :_IGL Ga’
Whence?

» Classical chromodynamics ... non-Abelian local
gauge theory

» Local gauge invariance; but there is no confinement
without a mass-scale
— Three quarks can still be colour-singlet
— Colour rotations will keep them colour singlets
— But they need have no proximity to one another
.. proximity is meaningless in a scale-invariant theory
» Whence mass ... equivalent to whence a mass-scale
. equivalent to whence a confinement scale

» Understanding the origin and absence of mass in
QCD is quite likely inseparable from the task of
understanding confinement. Existence alone of a
sGcale anomalysanswers neither question

a MCTP & UNACH Colloquium 34



» What is origin of mass in our Universe?

» What is the nature of confinement in real
(dynamical-quarks) QCD?

» How are they connected?

» How can any
— answers,
— conjectures

— and/or conclusions Physics is an
be empirically verifie Empirical Science

Craig Roberts. Why mp = 2000 me (85p)
MCTP & UNACH Colloquium 35
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Light quarks & Confinement

» Folklore ... Hall-D Conceptual Design Report(5)
“The color field lines between a quark and an anti-quark

roURitlHMel BRTed
midway between the
quarks and [action density, groundstate
perpendicular to the
line connecting them
Intercepts a constant
number of field lines,
Independent of the
distance between the
quarks.

This leads to a
constant force
between the quarks -

and,a.large. farce.at
S that, equal to about MCTP & UNACH Colloquium 37




Light quarks & Confinement

» Static picture of confinement 8 x 1027
24 x 10?7 g
A L o=x=10E0

Craig Roberts. Why mp = 2000 me (85p)
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Light quarks & Confinement

»>Problem:
16 tonnes of force
makes a lot of pions.

Craig Roberts. Why mp = 2000 me (85p)
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e @ . Light quarks & Confinement
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, N
Bali et al., PoS LAT2005 (2006) 308

Light quarks & Confinement

> In the presence
of light quarks,
pair creation
seems to occur PTG HErE ey ARG
non-localized
and
Instantaneously

> No flux tube in a
theory with light-
quarks.

» Flux-tube is
not the correct .
pamdwymofosp

MCTP & UNACH Colloquium 41
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, N
Bali et al., PoS LAT2005 (2006) 308

Light quarks & Confinement

> In the presence gondﬁnkementcontains condensates
rodsky, Roberts, Shrock,Tandy
Of | |g ht q ua rkS, arXiv:1202.2376 [nucl-th], Phys. Rev. C85 (2012) 065202
pair creation &
0.00 &
Seems tO OCCUF l [action density, gr‘oundstateeog(\o
. Z
non-localized S
; o P
instantaneously — -& O
. L (O (O W
> No flux tube in a Ve
theory with light- || J <
quarks.
» Flux-tube is

not the correct
pa,"aed,yvmomfog’ﬂ MCTP & UNACH Colloquium 4?2
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conjecture: IQCD predicts A ~ 1.5
GeV

> But A?/m 2 > 100,

So, can mass-gap in pure Yang-
Mills play any role in
understanding confinement when
dynamical chiral symmetry
breaking (DCSB) ensures
existence of an almost-massless
strongly-interacting excitation in
our Universe?

» Conjecture: If answer is not simply
no, then it is probable that one
cannot claim to provide an
understanding of confinement
without simultaneously explaining
its connection with DCSB.

» Conjecture: Pion must play critical
role in any explanation of real-
world confinement. Any discussion
that omits reference to the pion's
role is possibly irrelevant.

Craig Roberts. Why mp = 2000 me (85p)

142 MILLENNIUM PRIXE PROBLEMS

YANG-MILLS EXISTENCE AND MAsSs GAP. Prove that for any compact
simple gauge group G, a non-trivial gquantum Yang-Mills theory erists on
B4 and has a mass gap A > 0. Eristence includes establishing ariomalic

properties at least as strong as those cited in |45, 35).

5. Comments

An important consequence of the existence of a mass gap is clustering:
Let & € R denote a point in space. We let I and P denote the energy and
momentum, generators of time and space translation. For any positive con-
stant C' < A and for any local quantum field operator (%) = e~/ E@e "
such that (£2, 0%} = 0, one has

(2) (€2, O(F)O()8)| < exp(—C|T - #),

as long as |T — 3] is sufficiently large. Clustering is a locality property
that, roughly speaking, may make it possible to apply mathematical results
established on R* to any 4-manifold, as argued at a heuristic level (for a
supersyminetric extension of four-dimensional gauge theory) in [49]. Thus
the mass gap not only has a phvsical significance {as explained in the intro-
duction), but it may also be important in mathematical applications of four-
dimensional guantum gauge theories to geometry. In addition the existence
of a uniform gap for finite-volume approximations may play a fundamental
role in the proof of existence of the infinite-volume limit.

There are many natural extensions of the Millennium problem. Among
other things, one would like to prove the existence of an isolated one-particle
state (an upper gap, in addition to the mass gap), to prove confinement, to

MCTP & UNACH Colloquium 43
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Textbook definition: Gauge Boson

» A gauge boson is a force carrier, mediating one of
Nature's fundamental interactions

» All known gauge bosons have spin "1", i.e. all are
vector bosons.

» Owing to gauge invariance, no term of the form
m? B, B,
can appear in the gauge theory Lagrangian.

» Thus, all gauge bosons are massless in the absence of
a Higgs mechanism:
— Photon ... known to be massless

— W and Z bosons ... begin life massless, but known to
become massive, owing to Higgs mechanism, which is
abundantly clear in the Lagrangian

— Gluon ... there is no Higgs coupling and textbooks
CralgRobdteﬁ/gnkb%Ogh% as maSSIeSS
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> Free-particle propagator
— Convex function

» Spectral function is

POA(k?) = /0 " ds Spfig

— p(s)>0

» Corresponds to a state
with positive norm

,— Will appear in the space

2
MAKY) of physical/detectable
1.6 states
0.8:
j N
06 \(\Zonvex
04"
- K m:
0 1 2 3 4

Craig Roberts. Why mp = 2000 me (85p)

Normal Particle

> Exhibits a simple pole on
the timelike axis

MCTP & UNACH Colloquium 46



Plane wave propagation

» Feynman
propagator for a
free particle
describes a Plane
Wave

» A particle begins to
propagate

» |t can proceed a
long way before
undergoing any
qualitative changes

4

Craig Roberts. Why mp = 2000 me (85p)
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Pinch Technique: Theory and Applications \_________________________________________

Daniele Binosi & Joannis Papavassiliou
Phys. Rept. 479 (2009) 1-152

AL (@) = v 4 W{:}WW&M wd o %
(b) R
(a)

(c) (d) (e) }

Y I, (q) = Pu(q)I(q)
IT,..(q)

P,u,u((I) = Guv — qMQV/q2

Craig Roberts. Why mp = 2000 me (85p)
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Bridging a gap between continuum-QCD and ab
initio predictions of hadron observables, D.

et 8745 (2008) e amg e P In QCD: Gluons

ive!

> Running gluon become mas451ve.
rd(kz) _ H(() 5 u

2 _ g
2+ m2 (k% 0) m, (k) = —
a5(0) = 2.77 ~ 0.9, m2(0) = (0.46 GeV)’ He

10l EXpression of trace ;
- [\ anomaly:
> — [
Gluon_s are "z 015[\Massless glue becomes) :
cannibals -a o  ‘massive
particle species *x 010} gluon mass:sauaredssedin
whose members = : funct’on ultraviolet, so invisible in;
. 0.0ar . perturbation theor -
become massive e 59%
each 0,00 b R
Intera nmoglfo he gap equation, 2 3 4
I CIassA Comb/nlng
ls.ghgétRe\;eg rXiv:1108.0603 [nucl-th DSE, 0CD and pQCD [GEHFQ}
(2011)%2@@24%*1{51 apesihe (¢50) analyses of QCD’s MCTP & UNACH Colloquium 49
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http://inspirebeta.net/record/921792?ln=en
http://inspirebeta.net/record/921792?ln=en
http://inspirebeta.net/record/921792?ln=en
http://link.aps.org/doi/10.1103/PhysRevC.84.042202
http://link.aps.org/doi/10.1103/PhysRevC.84.042202
http://link.aps.org/doi/10.1103/PhysRevC.84.042202
http://inspirehep.net/record/1334528?ln=en
http://inspirehep.net/record/1334528?ln=en
http://inspirehep.net/record/1334528?ln=en

> All QCD solutions
for Landau-gauge
gluon & quark

propagators exhibit

an inflection point
In k2 ...
consequence of
the running-mass
function

= Spectral function is
NOT positive

= Such states have
negative norm
(negative
probability)

= Negative norm
states-are N 0too me ssp

S observable

Confined particle

Inflexion point

mgﬂ{kE} Corresponds to r. = 0.5
1 TD [ : fm:
; E Parton-like behaviour

at shorter distances;
but propagation

; characteristics
; changed dramatically
0.4} larger distances.
0.2} m, =
T e I k2fm§
0 1 2 3 -
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Confinement
» Meaning ...

Real-particle mass-pole splits, moving into pair(s) of
complex conjugate singularities, (or qualitatively analogous

structures chracterised by a dynamip%ga%@gﬁ%ggpﬁ,%?d by

scale) rapidly damped wave &
hence state cannot exist in
Craig Roberts. Why mp = 2000 me (85p) Observab/e S ectrum
MCQP & UNACH Colloquium 51
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Quark Fragmentation

» A quark begins to meso
propagate

» But after each
“step” of length o,
on average, an
Interaction occurs,
so that the quark
loses its identity,
sharing it with other
partons

» Finally, a cloud of

partons is -
produced, .Wh'Ch P M onfinement is a
coalesces into dynamical

, cotoursinglet final PhenomenOvum =

ckFatac




Spontaneous(Dynamical)
Chiral Symmetry Breaking
= Mass Generation

The 2008 Nobel Prize In
Physics was divided, one
half awarded to Yoichiro
Nambu

"for the discovery of the
mechanism of spontane« 4
broken symmetry in
subatomic physics"

Craig Roberts. Why mp = 2000 me (85p) :
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Nambu - Jona-Lasinio

Dynamical Model of Elementary Particles
. Based on an Analogy with Superconductivity. | MOdel
. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345-358
Dynamical Model Of Elementary Particles

. Based On An Analogy With Superconductivity. Il

. Nambu, G. Jona-Lasinio, Phys.Rev. 124 (1961) 246-254

> Treats a massless (chirally-invariant) four-fermion
Lagrangian & solves the gap equation in Hartree-Fock
approximation (analogous to rainbow truncation)

The following Lagrangian density will be assumed
(h=c=1): '

L= _h#an‘p'l_gﬂ[('h&)ﬂ_ (‘I/'Yﬁ‘li“)ﬂ:l* (2-6)

The coupling parameter g, is positive, and has dimen-
sions [mass [2. The ;5 invariance property of the
interaction is evident from Eq. (2.5). According to the

Craig Roberts. Why mp = 2000 me (85p)
ﬁ MCTP & UNACH Colloguium
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Z(p”)

iy -p+ M(p?)
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5

.

» Nonperturbative analyses
of the propagation
characteristics of quarks in
QCD vyield a dressed-quark
mass function, M(p)

» Textbook behaviour on

p>1GeV

— can be computed using
perturbation theory

» Momentum-dependence on
p<1GeV is essentially
nonpeturbative

> Red curve
— Quark begins massless

— Owing to interaction with
TREGWA(ThESSIvE)Y gluon

feld the Aailiark hecomec

;‘

0.4

0.1

%

Quark running mass

I

_—’
-
-

Rapid acquisition of mass is
Jeffect of gluon cloud

—— m = 0 (Chiral limit)

- m =30 MeV
- m=70 MeV

Dynamical chiral symmetry
breaking

“Mass from nothing”

MCTP & UNACH Colloquium




» Dynamical chiral symmetry breaking DCSBthB
a critical emergent phenomenon in QCD

» Expressed in hadron wave functions not in vacuum
condensates

» Dynamical generation/enhancement of the quark
mass can be understood as the origin of more than
98% of the visible mass in the Universe

— Namely, given that classical massless-QCD is a
conformally invariant theory, ther DCSB s ghe oridin of
mass from nothlng N ,eﬁectofgluoncloud

» Dynamical, not spontaneoua_s:
— Add nothing to QCD ,

No Higgs field, nothing!

Effect achieved purely

through quark+gluon

dynamics. o} e |
“V'Trdee dnoimaly: massless quark,gTP&UNgg‘,g e

Annmn mﬂﬂﬂllln

—— m = 0 (Chiral limit)

— m =30 MeV
— m=70 MeV




Calories for quarks
»> One of the

m OSt v | T [ T I
= Rapid acquisition of mass is

Im pO rtant o __ geftect of gluon cloud

figures In |

-
- ,/,

the 0.3 — m=0(Chiral limit)] |
Standard 3§ — 70 MeV
Model of %0_2

Particle =

Physics

> 98% of the
mass in this
room owes

[GeV]
thai;hrgWhy mp = 2000 me (85p) p

o MCTP & UNACH Colloquium 59
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Ward-Green-Takahashi identities

» Quantum mechanics is typically formulated using a
Hamiltonian

— There are conservation laws, associated with operators
that commute with the Hamiltonian

» But quantum mechanics can only treat a finite number
of bodies

— The particles retain their identity despite interacting with
a “potential”

» Quantum field theory is the only known way to
reconcile quantum mechanigs arglspeciabtelativiy
— Particles are replaced by ﬁeﬂﬁs between correlations that
— Conservation laws are expressed”i%l ve a different number of
b’ ticles
* Noether currents

. Ward-GR&heralsHystiieni¥@lls relate (n+1)-body to n-body prc
» Simplest Ward identity

Cralg Rob 2000 (85p)
@ EW,Z z MCTP & UNACH Colloquium 61
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182 LETTERS TO

studfies and the latter in studying atmospherlc jonkzatlon &t
ground level, Thes incresses in lonkeation sre comsldered o be
diae to radioactive matter brought down with the rain. Between
0935 and 19N ke, GMT on November 20 at Oitawn precipitation
was fallisg. The precipitation started as snow and changed to rain
abiour 1400 he. Compared with the results of Doan amd Wait and
%cNish the 35 percent increzse in the soft component registered
&t Ottzwa by coumters seems boo high to be explained in the same
way, unless there was an exceptionally bigh density of Fadietive
matter in the atmosphere at the time. An altersative, but not
wery Ekely explanation, might be that theve was a burst of hard
gamma-rays or same other radistion which would incrense the
number of sult shower particles without &ny apprecisble effect on
the hard compeent.

An Entezesting featare of the November 19 incrense is the dif-
ference between the measurements at the various stations, par-
ticularly between Resolute and Godk gnetic [atibod
E(F). These two stations are about WM miles apart amd the dii-
ferences coafirm previcus indications that sudden increments in
cosmic-ray intensity oocur over & limited are, The lsck of &
sudden decrease after the ncremend b unesual, since a decrense
‘has bevn neported o previoss soceslons.

The coeperation of the Department of Transport of the Governs
ment of Canada is appeeciated for supplying facilites at Resolute
and lor weather infermation.

b A&, Dranivillier, Comples Rerdag 229, 1908 (19490,
I‘;Sil-]‘-'l*b“h. Erigclcomt, and Schein, Bk Am. Phys oo 25 No. 113
I H
"1 L. Chaksabamy and 5 [ Chatterjes, Ind, I, Phye, 35 535 (IR0
:E«Euh. Gllrwd Vilhrﬂ. r;'rl-'l'g‘]ug Phys 21, 44 {1940}
T # Rew.
G, B Walt and A, E\. Iﬂl,".‘-'ll.ﬂ:||I Idr|r||hhl Weather Bee. 62, | {1041

An Identity in Quantum Electrodynamics I
The Clarexdam {;&":l;mwl Englead I
Febrmry 17, 1950

T has been recently proved by Dryson! that all divergencies in I
the S-matrix of electradynamics may be removed by a re-
mallzation of mess aed charge. Dwson defines certain funda- I
tx] divergent operators I'y, Sp', D' and gives o procedure for
calculation of their finite parts Pus, 8¢, B" by 2 process of I

sufcessive approximation. It is then shown that

I Ta=Z Talnl, SF=Lifnln). D¥'=Z0nink I
ey b,
l]:m! &1, o, and &y wre certain infmite coastants asd ¢ s the |
malized electronic charge. Dwvsan conjeciured chat &=2Z,,
i [t I8 proposed here to give a Jormal proofl of this relaison,
In the first place, with any proper electron self-energy part 7, I
v he assncated & set of proper wertex parts F* oblaimed by
irg a photon ling in one of the electron lines of W, Now
ider the operators Au(FS p, ph In which the twe exicrnal
tron momentam variables p kave been set equal, apd 1i-e|
external photon varisble made to vankh, Then AV, g, #) may
obtained froen E(W, p) by replacing Sr by Sepede at ome
Iectron lime of I, Becsus of the identity

I = (1/2w) a8y apu =Sy S, I

summing Ag{¥", £, #) over all vertex parts F¥ associated with
» one finds I

Eva ¥, p, )= — (12 {aZ(H, $1/0g).
lJnl can verily that any closed loop in B gives zero total efect.) I
iiu-llr susmiming ownr all proper elictron sell-emergy parts ¥, one

ey '

IHE_EDITOR

l{w;u:ﬂmu this [dentity [mto Eqgs. (01) asd (95) of reference l.I
ni
Ham Zy I —Zibrathar], 2'-&'“[[3:—I]5r'*+3r"3cﬂ!]-|

lﬁr: have I

= (13w ) Ea {Ee= 2wyt yaSod [yamn =il {05/ apal |
=& = &yt Awclp, # I

Now piut

ITh wupu=ify, (plt=s—KL

e comvergent parts of these equations then vanish and LI:er!I
I.\ left the relation

= (2] B = D2y =2 = Eilva I
Frtich reduces immediately ta Zy=2;. |
I LF. L Dyson, Phys, Bew, 75 §736 CFRE%), I

e e e o - 1

The Partial Molal Entrepy of Superfluid in
Pure He* below the 2-Point

o K Box

fyparimpnt of iy, [aiserdte of SNardh Carsline
O Rmped UL, Merk Garoting

Blarch 3, 1050

N a recent acticle’ {the sotation of whbch is retained bere, exept
that psbsiripee da amd 45 reler 1o neemal flubd and supsrfubd,
respecilvely, In plece of 1 ard 2, T have consldered the thermo-
dynasics af ligezid helium on the ewo-fluid theory, teking secoust
of the fact that if two "phases™ or “compenenis," the normal
fluid and the saperfluid, exist together they must be in equilthriem
with each other. On this basis, using the assamed relation® which
states that the total molal entropy 5 at any temperatare is the
mole fraction Te, of normal fluid times the molal eniropy 5y at

the k-point
LR EE AL {1}
using the empirical relation for 5 os & function of tempersture
ST F.4]

{with #~356}, and assuming ikat the partial molal enthalpy of
superflizid, M., i independent of temperature (at essemtially
constant pressure), and imdependent of xy, (ie., there is no heat
of mixing), I derived the equation for the partial melal entropy of

saperiluid
Bu= Szl ir+1h i3

However, as T remarked in reference 1, there an some approxi-
mations fnvalved In this procedure. Equation (1) i based on tbe
assumption that below Ty the entropy & conaributed saledy by
the normal fluid, whose molal entropy is always set equal 1o the
conslant 5y, thus neglecting any temperatare dependence. Far-
thermore, there is an implied incomsistency, since Eq. {1 assumes
no entropy of mixing while Eq. (3} implies that there is a mixing
entropy. In fact, in the following letter we shall show that we may
derive a somewhat different expression foc ¥ from Eq. (3). We
shall, thervlore, discard Eq. (11 and turs e a cossiderstion of the
enthalples.

If i, is independent of %, then By, must be also, and we have
ﬂh-ﬂq-, where Hi. i3 the enthalpy of pare noemal helivm, We
can write for Lhe totsl melal enthelpy®

= 2 ya ()

We will now proceed to derive an expresséon for 8o, inoa
somewhat more direet way than in reference 1 udnil?q. 4] in
placs of Ex, (1}, Since Faff— TS and pymlfu— THu= — T8
the condition for internal equilthrium, Fe gy, gives

Su=5=HT. 5

MCTP & UNACH Colloquium
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: 6
s, Roberts and Tandy

-th/9707003, Phys.Lett. B420 (1998) 267-273 Pion’s Goldberger

> Pion’s Bethe-Salpeter amplitad&eiman relation
Solution of the Bethe-Salpeter equation

C (ki P) = 7% [’LE (k; P) +~ - PFx(k; P)

+ - kk-PGr(k: P) + 0 kP Hy(k: P)]
1
i - p A(p?) + B(p?

» Axial-vector Ward-Takahashi identity entails
frE:(k;P=0) = B(k

2
Owing to DCSB Miracle: two body piuulem
& Exact in solved, almost completely,
Chiral QCD -
once solution of one body
. Craig Roberts. Why mp =~ 2000 me (85p) problem iS known

> Dressed-quark propagis(p) =


http://inspirebeta.net/record/445150?ln=en
http://inspirebeta.net/record/445150?ln=en

Rudimentary version of this
relation is apparent in Nambu’s

Nobel Prize work

v

Craig Roberts. Why mp = 2000 me (85p)

Model independent
Gauge independent
Scheme independen
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Rudimentary version of this

relation is apparent in Nambu’s Model independent
Nobel Prize work .
Gauge independent
Scheme independen

Pion ex = s if, 3~«d only if,
mass is dynamically
generated

Craig Roberts. Why mp = 2000 me (85p)
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l"' (())) ; Enigma of mass

T IS al ebra#c: entity is why
sﬁalon IS* r%ssless in the _
Ch"""> e quark level Goldberger-T elation sh
quark level Goldberger-Treiman re ation shows
that DCSB has a very deep and far reaching impact on
physics within the strong interaction sector of the
Standard Model; viz.,
Goldstone's theorem is fundamentally an expression of
equivalence between the one-body problem and the
two-body problem in the pseudoscalar channel.
» This emphasises that Goldstone's theorem has a
pointwise expression in QCD
» Hence, pion properties are an almost direct meag&e

of
the dressed-quark mass function.

» Thus, enigmatically, the properties of the massle ‘\
Crapia@ens Why mp = 2000 me (85p) nY 4
&' —arethe cleanest expression of the mechanism that'ls *

INSIGHT




T,u,u, = iﬁ( (C))G& Giy

Massless Pion

» Recall that in the chiral limit
(m()| Ty |7(q)) = —quay (m(q)|©0|7(q)) =0

» We now have enough information in hand to explain
this result

Craig Roberts. Why mp = 2000 me (85p)
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Pion masslessness

» Pion’s Poincaré-invariant mass and Poincaré-covariant
wave function are obtained by solving a Bethe-
Salpeter equation.

> This is a scattering problem
> In chiral limit

— two massless fermions interact via exchange of
massless gluons ... initial system Is massless;
... and it remains massless at every order in

perturbation theory

> But, complete the cal |, o :;\( . . i
Infinity of dressings aL.lL_|_
» Then ... §

Craig Roberts. Why mp = 2000 me (85p)
5 MCTP & UNACH Colloguium 69




N
Munczek, H. J., Phys. Rev. D 52 (1995) pp. 4736-4740

Bender, A., Roberts, C.D. and von Smekal, L., Phys. Lett. B 380

(1996) pp. 7-12 :
Maris, P. , Roberts, C.D. and Tandy, P.C., Phys. Lett. B 420 (1998) Plon maSSlessneSS

pp. 267-273

BinosiXhdbtatnaicoup ledsemofrgap- and Bethe-Salpeter equations

D 93 (2016) 9L E-Salpeter Kernel:

* valence-quarks with a momentum-dependent running mass
produced by self-interacting gluons, which have given themselves a
running mass

* Interactions of arbitrary but enumerable complexity involving these
“basis vectors”

— Chiral limit;
* Algebraic proof

— at any & each finite order in symmetry-preserving construction
of kernels for

» the gap (quark dressing)
» and Bethe-Salpeter (bound-state) equations,

— there is a precise cancellation between
» mass-generating effect of dressing the valence-quarks
» and attraction introduced by the scattering events

* Cancellation guarantees that

— simple system, which began massless,

— becomes a complex system, with
» a nontrivial bound-state wave function

Craig Roberts. Why mp = 2000 me (85p) . . . . .
» attached to a pole in the scattering matrixs wwhde bor@mains 70
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N
Munczek, H. J., Phys. Rev. D 52 (1995) pp. 4736-4740
Bender, A., Roberts, C.D. and von Smekal, L., Phys. Lett. B 380

(1996) pp. 7-12 :
Maris, P. , Roberts, C.D. and Tandy, P.C., Phys. Lett. B 420 (1998) Plon maSSlessneSS

pp. 267-273

gig%sikhe@;bk@iamamc@wmIfederfse%@fR@ta|o- and Bethe-Salpeter equations

Quantum field theory statement:
in the pseudsocalar channel, the
dynamically generated mass of
the two fermions is precisely
cancelled by the attractivc-r*
inte ff -

quarks
ats

=4

— becomes a complex system, with

» a nontrivial bound-state wave function
Craig Roberts. Why mp = 2000 me (85p)
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T,u,u — iﬁ( (C))Ga Giy

Massless Pion

» Recall that in the chiral limit

<W(Q)ITMUIW(Q)> = —quqy <TT(Q)|@[]ITT(Q)> == ]
» We now have enough information in hand to explain
this result

> “Zero” owes to cancellations between different
operator-component contributions to the
expectation value of 9,.

» The cancellations are precise

Arising naturally because chiral symmetry - the
apparent masslessness of the QCD action - is
broken by strong dynamics in a very particular

o NANNEL e e |
&% In the chiral limit, the pion is masslessirréspecctiVe
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N
Observing Mass

> Goldberger-Treiman relations entail that on m=0,
dressed-quark mass function (almost) completely
determines x, (wave function)

> X,.can be projected onto the light-front

— Object thus obtained is strictly a probability amplitude
and moments of a probability measure are truly
observable.

— Consequently, there is a mathematically strict sense in
which moments of the dressed-quark mass function are
observable.

— Additionally, e.g. generalised parton distributions can
rigorously be defined as an overlap of light-front wave
functions

» Practically, the mass function can be “measured” because
it influences and determines a vast array of experimental
observables

> In this sense, M(p?), microscopic expression of
“trace’dnoriialy, is observable at modern facilities, ..

ln RN N\, Ry = llﬂAmAlﬂ"‘ﬁ A'F



Imaging dynamical chiral symmetry breaking: pion
wave function on the light front, Lei Chang, et al.

arXiv: : nucl-th], S. Rev. Lett. Pi ¢ -
e i e enate. Pion’s valence-quark
Distribution Amplitude

» 2012 ... methods were developed that enable direct
computation of the pion’s light-front wave function
> @.(x) = twist-two parton distribution amplitude =

projection of the pion’s Poincaré-covariant wave-
function onto the liaht-front

or(T) = thICD[ (i:; o(n-k—an-P)ysy-nSk),(k; P)S(k — P)

> Results have been obtained with the DCSB-improved
DSE kernel, which unifies matter & gauge sectors

¢ (x) « x%(1-x)*, with a=0.5

Craig Roberts. Why mp = 2000 me (85p)
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http://inspirehep.net/record/1209281?ln=en
http://inspirehep.net/record/1209281?ln=en
http://inspirehep.net/record/1209281?ln=en
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001

Imaging dynamical chiral symmetry breaking: pion

wave function on the light front, Lei Chang, et al.,

arXiv:1301.0324 [nucl-th], Phys. Rev. Lett. 110 Pion,S ValenCE'quark
(2013) 132001 (2013) [5 pages]. R o . o
Distribution Amplitude

» Continuum-QCD prediction:

marked broadening of q)n(x) which owes to
DCSB 1.5} et <

Conform |

o 'l
ex(z) = Z2troD/§Tk)4v5(n-k— tn- P)ysy-nS(k)D.(k; P)S(k— P) B[ DB i * . al QCD

| ! | ! |
Rapid acquisition of mass is 1 D -
_ ,~2ffect of gluon cloud "

- " 7

1
FS

e
w

— m = 0 (Chiral limit)
— m =30 MeV
-~ m =70 MeV gl

_ : 7 > Real-world N\
‘% | PDAs are |
e e ; 0ol . squat.and .

0.0 0.2Fat 0.50 0.75 1.0

X
Craig Roberts. Why mp = 2000 me (85p)
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http://inspirehep.net/record/1209281?ln=en
http://inspirehep.net/record/1209281?ln=en
http://inspirehep.net/record/1209281?ln=en
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001
http://prl.aps.org/abstract/PRL/v110/i13/e132001

Pion electromagnetic form factor at spacelike

momenta

L. Chang et al., arXiv:1307.0026 [nucl-th], Pion’s eleCtrOmagnetiC

Phys. Rev. Lett. 111, 141802 (2013) form factor
A: Internally-

> Broadening has consigtentbf . .

: prediction USSP - R
enormous impact i :
on understanding & 4 =

2 Th i C: Hard-scattering i
FH(Q ) O 0.2 formula with broad !
i PRA..«.. '
1 e e e R R et BT -]
Ot , ; : : : : , o
0 S 10 15 20

Q?%(GeV?)

Figure 2.2: Existing (dark blue) data and ijff‘ffﬂr (red, orange)
uncertainties ﬁrr ﬁ;mw data on the pion ﬁ:r‘m ﬁzrfaﬂ The solid curve (A) is
the QCD‘HE'EH?]J Prﬂﬁrﬁﬂﬁ f:'rf.si:giﬂg .!{ti.?gn‘? and short distance scales. Curve
B is set by the known long-distance scale—the pion radius. Curves C and
D illustrate calculations based on a short-distance gmr#gfuan view.
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Pion electromagnetic form factor at spacelike
momenta

L. Chang et al., arXiv:1307.0026 [nucl-th], Pion’s eleCtrOmagnetiC

Phys. Rev. Lett. 111, 141802 (2013) form factor
A: Internally-

: consistent DSE

> Broadening has T e e
enormous impact | S RS e
on understanding & “ds ey LTS LLT77

2 " ; C: Hard-scattering

F”(Q ) ‘Ig 0.2} formula with broad

> Appears that BRO e = = FRTRNRE
JLab12 is within e
reach of first 0 5 21(}5:' » 15 20
verification of a Sl
Q C D h a r d _ Frgnre 2.2 Exr::nng (dark blue) data and Pm_}ff‘ff’dr (red, ﬂr:mg?)

uncertainties for future data on the pion form factor. The solid curve (A) is

. the QCD-theory prediction brideing laree and short distance scales. Curve
scattering formula 5%, %27 "

B is set fay the known fﬂ?lg‘drﬁfﬂnff scale—ithe pion radius. Curves C and
D illustrate caleulations based on a short-distance gzm‘ri"gfza:an view.

Craig Roberts. Why mp = 2000 me (85p)
S MCTP & UNACH Colloquium 78



Probability densities for
7 7 T quark momentum ...

q(x) = probability that this
valence quark carries a
fraction “x” of the
hadron’s momentum

~ Correspond to |W|?, so
\; directly measureable in

experiment
¥\

lllustrative model x5+xg:[l_34

= == = lUstrative model x5+xg:£]_4[}

# E615 =N Drell-Yan (rescaled)

-—--— Aicher et al.
....... Nguyen et al.

----- Hecht er al.

0.2 04 y 0.6 0.8 1.0
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Parton distribution amplitudes of S-wave heavy-

quarkonia

Il\j/l_inli?ohbueirtDsing' Fei Gao, Lei Chang, Yu-Xin Liu and Craig Emergent Mass
arXiv:1511.04943 [nucl-th], Phys. Lett. B 753 (2016) ° :
» ¥¥Pen does Higgs VsS. H'IggS Mechanism

mechanism begin to
Influence mass

generation? o 1. . — . -
> limit Myuark™ *© Elgﬁtonformal i3 r"t_}C_I'.l'Cbari _

o(x) = 6(x-¥5) 16}s+s, - el
> limit mquar|< -0 % 192 ‘on the borde?

o(x) ~ (8/m) [x(1-x)]” 0.8l g+qbar: t

- . 5 mergen

» Transition boundary lies 0.4l ?

just above m,, .. oll?. £ 3
> Comparison between 0 02 04 06 08 1

distributions of light-
quarks and those involving
strange-quarks is obvious
place to find signals for
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http://inspirehep.net/record/1404882?ln=en
http://inspirehep.net/record/1404882?ln=en
http://inspirehep.net/record/1404882?ln=en

Basic features of the pion valence-quark distribution function, Lei
Chang, Cédric Mezrag, Hervé Moutarde, Craig D. Roberts, Jose

Rodriguez-Quintero and Peter C. Tandy, arXiv:1406:5450 [nucl-th],

Phys. Lett. B 737 (2014)pp. 23-29 TT & K P D FS
Valence-quark distribution functions in the kaon and pion,

Chen Chen, Lei Chang, Craig D. Roberts, Shaolong Wan and Hong-

Shi Zong, arXiv:1602.01502 [nucl-th], Phys. Rev. D93

LoeRe@gatinuum QCD analysis reveals marked
differences between the gluon content of the m & K
— Gyt
* One-third of pion’s light-front momentum carried by glue

* One-twentieth of the kaon’'s light-front momentum lies with
glue

- (,° = 4 GeV?

* Glue carries half of pion’s momentum and two-thirds of
kaon’'s momentum

— Evident in differences between large
of valence-quark distributions in thes
mesons

» Signal of Nambu-Goldstone boson charg
— Nearly complete cancellation betwee
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http://inspirehep.net/record/1301857?ln=en
http://inspirehep.net/record/1301857?ln=en
http://inspirehep.net/record/1301857?ln=en
http://inspirehep.net/record/1301857?ln=en
http://dx.doi.org/10.1016/j.physletb.2014.08.009
http://dx.doi.org/10.1016/j.physletb.2014.08.009
http://dx.doi.org/10.1016/j.physletb.2014.08.009
http://dx.doi.org/10.1016/j.physletb.2014.08.009
http://inspirehep.net/record/1419649?ln=en
http://inspirehep.net/record/1419649?ln=en
http://inspirehep.net/record/1419649?ln=en
http://inspirehep.net/record/1419649?ln=en
http://dx.doi.org/10.1103/PhysRevD.93.074021
http://dx.doi.org/10.1103/PhysRevD.93.074021
http://dx.doi.org/10.1103/PhysRevD.93.074021

nm & K PDFs

» Existing textbook description of Goldstone’s
theorem via pointlike modes is old-fashioned,
outdated and simplistic

» The appearance of Nambu-Goldstone modes in
the Standard Model is far more interesting
— Nambu-Goldstone modes are nonpointlike!
— Intimately connected with origin of mass!

— Quite probably inseparable from expression of
confinement!

» Difference between gluon content is measurable
... using well-designed EIC

> Write a definitive new chiaPYQI LR LR T [
on the Standard Model &y PSINPSe; QCD Frontier
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Experiment: m & K PDFs

» The main goal of this (ECT*) Workshop is to
discuss in depth the physics opportunities and
experimental feasibilities to investigate hadron
structures using the Drell-Yan (D-Y) process with
high-intensity meson and antiproton beams.

— There are new initiatives to perform high-statistics kaon
and antiproton induced D-Y experiments at CERN, using
RF-separated beam with a factor of 20-50 increase in
intensity over previous experiments.

» Many important topics on the structures of

mesons, nucleons, and nuclei can be explored.

» New initiatives to measure exclusive D-Y reactions
for the first time at the J-PARC and FAIR facilities
will also be discussed.
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» LHC has NOT found the “God Particle” because the Higgs
boson is NOT the origin of mass
— Higgs-boson only produces a little bit of mass

— Higgs-generated mass-scales explain neither the proton’s mass
nor the pion’s (near-)masslessness

— Hence LHC has, as yet, taught us very little about the origin,
structure and nature of the nuclei whose eX|stence support the

Cosmos | : !
> Strong interaction sector of the Standar(u e m
I.e. QCD, is the key to understanding t "
origin, existence and properties BEYOND
> Ansflet2 TSR glyikpown matter THE
— Theoretical tools are reaching the point GOD
where sound QCD predictions can be AR IET (N E
made |
— New experimental facilities are in
“Bperation or'beiify planned that can MR Coloquim 85
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