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s ≈ 4E!Ep; E(f.t.)
! = s/2Mp
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Our Picture of Matter

Pointlike (r ≤ 10−18 m) quarks and leptons

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
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ep → eX and ep → υX: similar strengths
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Gauge symmetry (group-theory structure) tested in

e+e− → W+W−
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Validation of SU(2)L ⊗ U(1)Y gauge symmetry
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Gauge symmetry (group-theory structure) tested in

e+e− → W+W−
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Validation of CKM Quark Mixing Scheme
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Inferring top mass from quantum corrections
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Testing electroweak theory as a quantum field theory
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Where might standard-model Higgs boson be found?
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Charge screening behavior of electrodynamics
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Charge screening behavior of electrodynamics
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Figure 3: Comparison of LEP results on the measurement of the running of
the electromagnetic coupling with QED predictions. The treatment of data
and the meaning of the symbols is discussed in the last section of the text.
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S. Mele, hep-ex/0601045
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Color screening 
from quark pairs, 
camouflage from 

gluon cloud.

Color antiscreening behavior of chromodynamics

S. Bethke, hep-ex/0606035

εQCD < 1

1
αs(Q)

=
1

αs(µ)
+

(33− 2nf )
6π

ln
(

Q

µ

)
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D. Leinweber, Adelaide

QCD Action Density
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Normalised Jet Cross Sections
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Low-energy evolution of weak mixing parameter
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A dimensionful 
parameter is 

associated to the 
value of a 

dimensionless 
coupling constant

Dimensional transmutation

S. Bethke, hep-ex/0606035

1
αs(2mc)

≡ 27
6π

ln

(
2mc

Λ

)
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“Mass without Mass”

Mproton = C· Λ + …

calculable
on lattice

from dimensional
transmutation

quark masses,
EM self-energy

Insight from QCD
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BMW: 2+1 dynamical quark flavors ~ 2008

Science 322: 1224 (2008)

mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672
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Measure change in slope at top threshold?

22



The Unity of Quarks & Leptons

• What do quarks and leptons have in 
common?

• Why are atoms neutral?

• Which quarks with which leptons?

• Extended quark–lepton families: 
proton decay!
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Different running of U(1)Y, SU(2)L, SU(3)c

gives possibility of coupling constant unification

SU(3)c

SU(2)L

U(1)
60

40

20

0 5 10 15

log10(MSUSY) =

log10 (E[GeV])

1/
α

i

α−1 = 5
3α−1

1 + α−1
2
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Goal: Measure change in slope for onset of SUSY?
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The Importance of the 1-TeV Scale

EW theory does not predict Higgs-boson mass
Thought experiment: conditional upper bound

W+
L W−

L , Z0
LZ0

L,HH,HZ0
L satisfy s-wave unitarity,

provided MH ≤
(
8π
√

2/3GF

)1/2
= 1 TeV

•  If bound is respected, perturbation theory is 
everywhere reliable

•  If not, weak interactions among W±, Z, H become 
strong on 1-TeV scale

New phenomena are to be found around 1 TeV
26



Imagine a world without a Higgs mechanism

27



If electroweak symmetry were not hidden …

•Massless quarks and leptons
•QCD confines quarks into color-singlet hadrons
•Nucleon mass little changed
•QCD breaks EW symmetry, gives tiny W, Z masses;
weak-isospin force doesn’t confine

•p might outweigh n: rapid β-decay 
⇒ lightest nucleus is n … no hydrogen atom

•If light elements from BBN, ∞ Bohr radius

•No atoms means no chemistry, no stable composite 
structures like liquids, solids, …

… character of the physical world
would be profoundly changed [arXiv:0901.3958]
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Veltman: Higgs boson knows something we don’t know!
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We have seen influence of Higgs boson in vacuum
Establishes “Higgs” couplings to W,Z

No evidence yet for “Higgs” coupling to fermions

Weakly coupled (light Higgs boson)
or new strong dynamics?
Prepare for both lines …

First evidence from gg→ H→ γγ?

(! Ht̄t)

LHeC: W+W− → H→ bb̄
[arXiv:0905.3187]
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Natural to neglect gravity in particle physics

Mass of the vacuum

But gravity is not always negligible …

Higgs field contributes uniform vacuum energy density

!H ≡ M2
Hv2

8
≥ 108 GeV4 ≈ 1024 g cm−3

Critical density !c ≡
3H2

0

8πGNewton
! 10−29 g cm−3

Gravitational ep interaction ≈ 10–41 EM

33



How to separate EW, higher scales?

Does MH < 1 TeV make sense?
The peril of quantum corrections – hierarchy problem

Str
ings?

1018

Planck s
cale

Quantum gravity
?

[A PUZZLE RAISED BY THE HIGGS]
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How to separate EW, higher scales?

Traditional: change electroweak theory to understand
why MH, electroweak scale ≪ MPlanck

To resolve hierarchy problem: extend standard model
on the 1-TeV scale …

SU(3)c ⊗ SU(2)L ⊗ U(1)Y 

composite Higgs boson

technicolor / topcolor

supersymmetry

…

Ask instead why gravity is so weak,
why MPlanck ≫ electroweak scale

35



A new conception of spacetime?

Could there be more spatial dimensions than we 
have perceived?

What is their size? their shape?

How do they influence the world?

How can we map them?

String theory needs 9 (10)

36
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V (r) = −
∫

dr1

∫
dr2

GNewtonρ(r1)ρ(r2)
r12

[1 + εG exp(−r12/λG)]

Gravity follows Newtonian force law down to ≲ 1 mm

εG

1 0.110

E (meV)

εG

Can we find evidence for graviton exchange, resonances?
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momentum transfer × momentum fraction

What is a proton?

39
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Is LHC vulnerable to illusory discoveries?

Oft-cited example: CDF high-ET apparent excess

Reliable baseline (+uncertainties) obviously preferable …
… but can change running conditions to test hypotheses
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momentum transfer × momentum fraction

What is a proton?

high
parton

densities
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QCD influence on UHE ν detection: νN → μ+X
Importance of wee-x, high-Q2 parton distributions

CTEQ6

EHLQ

EHLQ, unevolved

HERAHERA

Berger, Block, Tan unitarized

70 GeV ⊗ 7 TeV
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Where UHE σ(νN) arises

Eν=
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MW2
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We think the electroweak theory is incomplete

also hierarchy problem, fermion masses, etc.
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QCD could be complete, up to MPlanck

… but that doesn’t prove it must be
Prepare for surprises!
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Might we see
unexpected event structure

in early LHC running?

Importance of canonical expectations
for multiplicities, correlations, topologies

Even without surprises, study of 
soft collisions, underlying events

will pay great dividends
in understanding multiple production

and the search for new physics!
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Soft Physics: the Pomeron
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αP ≈ 1.08

“φ”p

How realized in QCD (Pomeron ↭ gluons)?
How is Froissart bound realized? 

σtot ≤ C · ln2s
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AdS/CFT Connection, holography, etc.

Powerful methods to solve strong-coupling
problems that may give insight into real problems

Issue: theories we can solve are not exactly QCD,
so what should we expect from these exercises?

Insights into strongly coupled theories?
Hints about universal behavior?
Reliable analogues for QCD?

(Direct tests of string theory?)

Not merely la physique rétro !
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LHeC studies span an impressive range
Proton structure & QCD for LHC

QCD beyond parton-model comfort zone: small & large x
Novel lepton-quark interactions: 

leptoquarks, R-parity–violating SUSY, …
Search for new interactions:

RH charged currents, eeqq contact terms,
graviton exchange, spin-2 resonances

Superpartners
New strong dynamics

Higgs-boson properties
Diffraction & soft physics

Nuclear effects
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Connections …
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Work hard!

Good luck!
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