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The importance of the 1-TeV scale

EW theory does not predict Higgs-boson mass,

but partial-wave unitarity defines tipping point

Gedanken experiment: high-energy scattering of

W +
L W−

L Z 0
L Z 0

L/
√

2 HH/
√

2 HZ 0
L

L: longitudinal, 1/
√

2 for identical particles
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The importance of the 1-TeV scale . .
In HE limit, s-wave amplitudes ∝ GFM2
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condition for perturbative unitarity
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The importance of the 1-TeV scale . . .

If the bound is respected

weak interactions remain weak at all energies

perturbation theory is everywhere reliable

If the bound is violated

perturbation theory breaks down

weak interactions among W±, Z , H
become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV
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A Decade of Discovery Past

� Electroweak theory validated

[Z , e+e−, p̄p, νN , . . . ]

� Higgs-boson influence observed

[EW experiments]

� Neutrino oscillations: νµ → ντ , νe → νµ/ντ

[ν�, νatm]

� QCD

[heavy flavor, Z 0, p̄p, νN , ep, lattice]

� Discovery of top quark

[p̄p]

� Direct CP violation in K → ππ decay

[fixed-target]

� B-meson decays violate CP

[e+e− → BB̄]

� Flat U, mostly dark matter & energy

[SN Ia, CMB, LSS]

� Detection of ντ interactions

[fixed-target]

� Constituents structureless at TeV scale

[mainly colliders]
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Tevatron: p̄p at
√

s = 1.96 TeV

D0

CDF
CQ
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Tevatron Performance

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 8 / 58



Tevatron Performance
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Tentative Program

1 The Setting
Unanswered Questions in the Electroweak Theory
Why Electroweak Symmetry Breaking Matters

2 Early Running
Exploring the New Landscape
Physics Potential versus Energy

3 Discovery Opportunities within the Standard Model

4 Discovery Opportunities beyond the Standard Model
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Lecture 1: The Setting
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Abstract
This article is devoted to the status of the electroweak theory on the eve
of experimentation at CERN’s Large Hadron Collider (LHC). A compact
summary of the logic and structure of the electroweak theory precedes an ex-
amination of what experimental tests have established so far. The outstanding
unconfirmed prediction is the existence of the Higgs boson, a weakly inter-
acting spin-zero agent of electroweak symmetry breaking and the giver of
mass to the weak gauge bosons, the quarks, and the leptons. General argu-
ments imply that the Higgs boson or other new physics is required on the
1-TeV energy scale.

Even if a “standard” Higgs boson is found, new physics will be implicated
by many questions about the physical world that the Standard Model cannot
answer. Some puzzles and possible resolutions are recalled. The LHC moves
experiments squarely into the 1-TeV scale, where answers to important out-
standing questions will be found.
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Electroweak theory antecedents
Lessons from experiment and theory

Parity-violating V − A structure of charged current

Cabibbo universality of leptonic and semileptonic
processes

Absence of strangeness-changing neutral currents

Negligible neutrino masses; left-handed neutrinos

Unitarity: four-fermion description breaks down at√
s ≈ 620 GeV νµe → µνe

νν̄ → W +W−: divergence problems of ad hoc
intermediate vector boson theory
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Electroweak theory consequences

Weak neutral currents

Need for charmed quark

Existence and properties of W±, Z 0

No flavor-changing neutral currents at tree level

No right-handed charged currents

CKM Universality

KM phase dominant source of CP violation

Existence and properties of Higgs boson

Higgs interactions determine fermion masses, but . . .

(Massless neutrinos: no neutrino mixing)
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Electroweak theory tests: tree level

W±, Z 0 existence and properties verified

Z -boson chiral couplings to quarks and leptons agree
with SU(2)L ⊗ U(1)Y theory

Third generation of quarks and leptons discovered

Constraints on a fourth generation

MZ ′ & 789 GeV (representative cases)

MW ′ & 1000 GeV

MWR
& 715 GeV, gL = gR

Strong suppression of FCNC:
B(K + → π+νν̄) = 1.73+1.15

−1.05 × 10−10;
SM expectation = (0.85± 0.07)× 10−10
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Electroweak theory tests: tree level

H1 e+p 1994–2007 (preliminary)

H1 e–p 1994 –2007 (preliminary)

ZEUS e+p 2006 – 07 (preliminary)NC
ZEUS e–p 2005– 06

SM e–p (HERAPDF 0.1)

SM e+p (HERAPDF 0.1)

Pe = 0
y < 0.9

HERA I and II

H1 e+p 2003–04 (preliminary)

H1 e–p 2005 (preliminary)

ZEUS e+p 2006 – 07 (preliminary)
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Electroweak theory tests: tree level
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Electroweak theory tests: CKM paradigm
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Electroweak theory tests: loop level
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Electroweak theory tests: loop level
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Electroweak theory tests: Higgs influence
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Electroweak theory tests: Higgs consistency?
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Electroweak theory tests: low scales [Z ′]
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Fermion Mass Generation
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Electroweak theory successes

; search for agent of EWSB
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What the LHC is not really for . . .

Find the Higgs boson,
the Holy Grail of particle physics,
the source of all mass in the Universe.

Celebrate.

Then particle physics will be over.

We are not ticking off items on a shopping list . . .

We are exploring a vast new terrain
. . . and reaching the Fermi scale
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SM shortcomings

No explanation of Higgs potential

No prediction for MH

Doesn’t predict fermion masses & mixings

MH unstable to quantum corrections

No explanation of charge quantization

Doesn’t account for three generations

Vacuum energy problem

Beyond scope: dark matter, matter asymmetry, etc.

; imagine more complete, predictive extensions
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Lecture 1: The Setting
Why EWSB Matters

Gedanken worlds without Higgs fields: QCD-induced electroweak symmetry breaking

Chris Quigg1,2 and Robert Shrock3

1Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
2Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

3C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
(Received 29 January 2009; published 4 May 2009)

To illuminate how electroweak symmetry breaking shapes the physical world, we investigate toy

models in which no Higgs fields or other constructs are introduced to induce spontaneous symmetry

breaking. Two models incorporate the standard SUð3Þc � SUð2ÞL � Uð1ÞY gauge symmetry and fermion

content similar to that of the standard model. The first class—like the standard electroweak theory—

contains no bare mass terms, so the spontaneous breaking of chiral symmetry within quantum chromo-

dynamics is the only source of electroweak symmetry breaking. The second class adds bare fermion

masses sufficiently small that QCD remains the dominant source of electroweak symmetry breaking and

the model can serve as a well-behaved low-energy effective field theory to energies somewhat above the

hadronic scale. A third class of models is based on the left-right-symmetric SUð3Þc � SUð2ÞL � SUð2ÞR �
Uð1Þ gauge group. In a fourth class of models, built on SUð4ÞPS � SUð2ÞL � SUð2ÞR gauge symmetry, the

lepton number is treated as a fourth color and the color gauge group is enlarged to the SUð4ÞPS of Pati and
Salam (PS). Many interesting characteristics of the models stem from the fact that the effective strength of

the weak interactions is much closer to that of the residual strong interactions than in the real world. The

Higgs-free models not only provide informative contrasts to the real world, but also lead us to consider

intriguing issues in the application of field theory to the real world.

DOI: 10.1103/PhysRevD.79.096002 PACS numbers: 11.15.�q, 12.10.�g, 12.60.�i

I. INTRODUCTION

Over the past 15 years, the electroweak theory [1] has
been elevated from a promising description to a provisional
law of nature, tested as a quantum field theory at the level
of one part in a thousand by many measurements [2].
Joined with quantum chromodynamics, the theory of the
strong interactions, to form the standard model (SM) based
on the gauge group SUð3Þc � SUð2ÞL � Uð1ÞY , and aug-
mented to incorporate neutrino masses and lepton mixing,
it describes a vast array of experimental information.

In this picture, the electroweak symmetry is spontane-
ously broken, SUð2ÞL � Uð1ÞY ! Uð1Þem, when an ele-
mentary complex scalar field � that transforms as a
(color-singlet) weak-isospin doublet with weak hyper-
charge Y� ¼ 1 acquires a nonzero vacuum expectation

value, by virtue of its self-interactions [3]. The scalar field
is introduced as the agent of electroweak symmetry break-
ing and its self-interactions, given by the potential
Vð�y�Þ ¼ �2ð�y�Þ þ j�jð�y�Þ2, are arranged so that
the vacuum state corresponds to a broken-symmetry solu-
tion. The electroweak symmetry is spontaneously broken if
the parameter �2 is taken to be negative. In that event,
gauge invariance gives us the freedom to choose the state
of minimum energy—the vacuum state—to correspond to
the vacuum expectation value

h�i0 ¼
�

�þ
�0

� ��
0
¼ 0

v=
ffiffiffi
2

p
� �

; (1.1)

where v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��2=j�jp
. Three of the 4 degrees of freedom

of � and �y become the longitudinal components of the
gauge bosons Wþ, W�, Z0. The fourth emerges as a
massive scalar particle H, called the Higgs boson, with

its mass given symbolically by M2
H ¼ �2�2 ¼ ffiffiffiffiffiffiffiffiffi

2j�jp
v.

Fits to a universe of electroweak precision measure-
ments [2] are in excellent agreement with the standard
model. However, the Higgs boson has not been observed
directly, and we do not know whether such a fundamental
field exists or whether some different mechanism breaks
electroweak symmetry. One of the great campaigns now
under way in both experimental and theoretical particle
physics is to advance our understanding of electroweak
symmetry breaking by finding H or its stand-in.
For all its successes, the electroweak theory leaves many

questions unanswered. It does not explain the choice �2 <
0 required to hide the electroweak symmetry, and it merely
accommodates, but does not predict, fermion masses and
mixings. Moreover, the Higgs sector is unstable against
large radiative corrections. A second great campaign has
been to imagine more complete and predictive extensions
to the electroweak theory, and to test for experimental
signatures of those extensions, which include supersym-
metry, dynamical symmetry breaking, and the influence of
extra spacetime dimensions. These more ambitious theo-
ries also put forward tentative answers to questions that lie
beyond the scope of the standard model: the nature of dark
matter, the matter asymmetry of the Universe, etc. Theories
that incorporate quarks and leptons into extended families
point toward unification of the separate SUð3Þc � SUð2ÞL �
Uð1ÞY gauge couplings. They may also provide a rationale

PHYSICAL REVIEW D 79, 096002 (2009)

1550-7998=2009=79(9)=096002(20) 096002-1 � 2009 The American Physical Society
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Challenge: Understanding the Everyday World

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons? Consider the
effects of all the SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge
symmetries.

(No EWSB agent at v ≈ 246 GeV)

Consider effects of all SM interactions!
SU(3)c ⊗ SU(2)L ⊗ U(1)Y
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Modified Standard Model: No Higgs Sector: SM1

SU(3)c ⊗ SU(2)L ⊗ U(1)Y with massless u, d , e, ν

(treat SU(2)L ⊗ U(1)Y as perturbation)

Nucleon mass little changed:

Mp = C · ΛQCD + . . .

3
mu + md

2
= (7.5 to 15) MeV

Small contribution from virtual strange quarks

MN decreases by < 10% in chiral limit: 939 ; 870 MeV
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Hadron Masses from Lattice QCD: M = E0/c2

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

21 NOVEMBER 2008 VOL 322 SCIENCE www.sciencemag.org1226
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QCD accounts for (most) visible mass in Universe

(not the Higgs boson)
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Modified Standard Model: No Higgs Sector: SM1

QCD has exact SU(2)L ⊗ SU(2)R chiral symmetry.

At an energy scale ∼ ΛQCD, strong interactions become
strong, fermion condensates 〈q̄q〉 appear, and

SU(2)L ⊗ SU(2)R → SU(2)V

; 3 Goldstone bosons, one for each broken generator:
3 massless pions (Nambu)
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Chiral Symmetry Breaking on the Lattice

QCD thermodynamics II Frithjof Karsch
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Figure 4: The difference of light and strange quark chiral condensates normalized to its zero temperature

value as defined in Eq. 3.5 (left) and the renormalized Polyakov loop expectation value (right). Shown are

results from simulations on Nτ 4 and 6 lattice obtained with the p4fat3 [21] action as well as preliminary

results for Nτ 8 obtained by the hotQCD Collaboration [8]. The upper axis shows the temperature in units

of the distance r0 extracted from the heavy quark potential. The lower temperature scale in units of MeV

has been obtained from this using r0 0 469 fm [20]. The vertical lines indicate a band of temperatures,

185MeV T 195MeV, which characterizes the transition region in the Nτ 8 calculations.

compared to results obtained with the 1-link, stout smeared staggered fermion action [6] as shown

in Fig. 3(right). The differences between the asqtad and p4fat3 calculations on the one hand and the

1-link, stout smeared calculations on the other hand arise from two sources. For small values of Nτ ,

the quark number susceptibilities calculated with 1-link staggered fermion actions overshoot the

continuum Stefan-Boltzmann result at high temperatures and reflect the strong cut-off dependence

of thermodynamic observables calculated with this action. This is well-known to happen in the

infinite temperature, ideal gas limit and influences the behavior of thermodynamic observables in

the high temperature phase of QCD (see footnote 3 and also Fig. 2 in [9]). On the other hand

the differences also arise from the different choice for the zero temperature observable used to set

the temperature scale. While the temperature scale in the asqtad and p4fat3 calculations has been

obtained from the static quark potential (the distance r0), the kaon decay constant has been used in

calculations with the 1-link, stout smeared action. Of course, this should not make a difference after

proper continuum extrapolations have been carried out. At finite values of the cut-off, however, one

should make an effort to disentangle cut-off effects in thermodynamic observables from cut-off

effects that only arise from a strong lattice spacing dependence in a zero temperature observable

that is used to define a temperature scale. In this respect, the scale parameter r0 extracted from the

heavy quark potential is a safe quantity which is easy to determine; it has been studied in detail and

its weak cut-off dependence is well controlled [21, 24].

Let us now turn our attention to observables sensitive to chiral symmetry restoration which,

of course, is signaled by changes in the chiral condensate (Eq. 3.1). This also is reflected in pro-

nounced peaks in the light quark chiral susceptibility as shown in Fig. 2. As the chiral condensate

receives additive as well as multiplicative renormalization, one should look at appropriate combi-

nations that eliminate the renormalization effects. An appropriate choice is to subtract a fraction of

the strange quark condensate from the light quark condensate and normalize the finite temperature
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value as defined in Eq. 3.5 (left) and the renormalized Polyakov loop expectation value (right). Shown are

results from simulations on Nτ 4 and 6 lattice obtained with the p4fat3 [21] action as well as preliminary

results for Nτ 8 obtained by the hotQCD Collaboration [8]. The upper axis shows the temperature in units

of the distance r0 extracted from the heavy quark potential. The lower temperature scale in units of MeV

has been obtained from this using r0 0 469 fm [20]. The vertical lines indicate a band of temperatures,

185MeV T 195MeV, which characterizes the transition region in the Nτ 8 calculations.
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Deconfinement on the Lattice
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value as defined in Eq. 3.5 (left) and the renormalized Polyakov loop expectation value (right). Shown are

results from simulations on Nτ 4 and 6 lattice obtained with the p4fat3 [21] action as well as preliminary

results for Nτ 8 obtained by the hotQCD Collaboration [8]. The upper axis shows the temperature in units

of the distance r0 extracted from the heavy quark potential. The lower temperature scale in units of MeV

has been obtained from this using r0 0 469 fm [20]. The vertical lines indicate a band of temperatures,

185MeV T 195MeV, which characterizes the transition region in the Nτ 8 calculations.
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in Fig. 3(right). The differences between the asqtad and p4fat3 calculations on the one hand and the

1-link, stout smeared calculations on the other hand arise from two sources. For small values of Nτ ,

the quark number susceptibilities calculated with 1-link staggered fermion actions overshoot the
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heavy quark potential is a safe quantity which is easy to determine; it has been studied in detail and

its weak cut-off dependence is well controlled [21, 24].
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of course, is signaled by changes in the chiral condensate (Eq. 3.1). This also is reflected in pro-
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Fermion condensate . . .

links left-handed, right-handed fermions

〈q̄q〉 = 〈q̄RqL + q̄LqR〉
1 = 1

2(1 + γ5) + 1
2(1− γ5)

Qa
L =

(
ua

da

)
L

ua
R da

R

(SU(3)c, SU(2)L)Y : (3, 2)1/3 (3, 1)4/3 (3, 1)−2/3

transforms as SU(2)L doublet with |Y | = 1
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Induced breaking of SU(2)L ⊗ U(1)Y → U(1)em

Broken generators: 3 axial currents; couplings to π: f̄π

Turn on SU(2)L ⊗ U(1)Y :
Weak bosons couple to axial currents, acquire mass ∼ g f̄π

g ≈ 0.65, g ′ ≈ 0.34, fπ = 92.4 MeV ; f̄π ≈ 87 MeV

M2 =


g 2 0 0 0
0 g 2 0 0
0 0 g 2 gg ′

0 0 gg ′ g ′2

 f̄ 2
π

4
(w1,w2,w3,A)

same structure as standard EW theory
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Induced breaking of SU(2)L ⊗ U(1)Y → U(1)em

Diagonalize:

M
2
W = g 2f̄ 2

π /4

M
2
Z = (g 2 + g ′2)f̄ 2

π /4

M
2
A = 0

M
2
Z/M

2
W = (g 2 + g ′2)/g 2 = 1/cos2 θW

NGBs become longitudinal components of weak bosons.

MW ≈ 28 MeV MZ ≈ 32 MeV

(MW ≈ 80 GeV MZ ≈ 91 GeV)
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No fermion masses . . .

(Possible division of labor)

Inspiration for Technicolor ; Extended Technicolor . . .

Higher scales? uu → X 4/3 → e+d c mixes p, e+

ε ≡M(p ↔ e+) ≈ 4παU

M2
X

Λ3
QCD ≈ 10−36 GeV

(e+, p) mass matrix

M =

(
0 ε
ε∗ Mp

)
; me = |ε|2 /Mp ≈ 10−72 GeV
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Electroweak scale

EW theory: choose v = (GF

√
2)−1/2 ≈ 246 GeV

SM: predict

G F = 1/(f̄ 2
π

√
2) ≈ 93.25 GeV−2 ≈ 8× 106 GF

Cross sections, decay rates ×(G F/GF)2 ≈ 6.4× 1013

Real world: σ(νen→ e−p) ≈ 10−38 cm−2

; SM: σ̄(νen→ e−p) ≈ few mb

Weak interaction strength ∼ residual strong interactions
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SM1: Hadron Spectrum

Pions absent (became longitudinal W±, Z 0)

ρ, ω, a1 “as usual,” but

ρ0 → W +W−

ρ+ → W +Z
ω → W +W−Z

M∆ > MN ; ∆→ N(W±,Z , γ)

Nucleon mass little changed: look in detail
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Nucleon masses . . .

“Obvious” that proton should outweigh neutron

. . . but false in real world: Mn −Mp ≈ 1.293 MeV

Real-world contributions,

Mn −Mp = (md −mu)− 1
3 (δmq + δMC + δMM)

. . . but weak contributions enter.
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Nucleon masses . . .

“Obvious” that proton should outweigh neutron

. . . but false in real world: Mn −Mp ≈ 1.293 MeV

Real-world contributions,

Mn −Mp = �������
(md −mu)− 1

3 (δmq + δMC + δMM)

; −1.7 MeV

. . . but weak contributions enter.

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 41 / 58



Weak contributions are not negligible

Mn −Mp

∣∣
weak
∝ dd − uu

u,d

u,d

u,d

u,d

Z

Mn −Mp

∣∣
weak

=
G FΛ3

h

√
2

3
xW(1− 2xW) ≈ G FΛ3

h

√
2

24

=
Λ3

h

3f̄ 2
π

xW(1− 2xW) ≈ Λ3
h

24f̄ 2
π

> 0

xW = sin2θW ≈ 1
4 perhaps a few MeV?
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Consequences for β decay

Scale decay rate Γ ∼ G
2
F|∆M |5/192π3 (rapid!)

τ̄µ → 10−19 s

n→ pe−ν̄e or p → ne+νe

Example:
∣∣Mn −Mp

∣∣ = Mn −Mp ; τ̄N ≈ 14 ps

No Hydrogen Atom?

Neutron could be lightest nucleus
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Strong coupling in SM
In SM, Higgs boson regulates high-energy behavior

Gedanken experiment: scattering of

W +
L W−

L

Z 0
L Z 0

L√
2

HH√
2

HZ 0
L

In high-energy limit, s-wave amplitudes

lim
s�M2

H

(a0)→ −GFM2
H

4π
√

2
·


1 1/

√
8 1/

√
8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0
0 0 0 1/2

 .

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 44 / 58



Strong coupling in SM

In standard model, |a0| ≤ 1 yields

MH ≤
(

8π
√

2

3GF

)1/2

= 4v
√
π/3 = 1 TeV

In SM1 Gedanken world,

MH ≤
(

8π
√

2

3G F

)1/2

= 4f̄π
√
π/3 ≈ 350 MeV

violated because no Higgs boson ; strong scattering
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Strong coupling in SM
SM with (very) heavy Higgs boson:

s-wave W +W−, Z 0Z 0 scattering as s � M2
W ,M

2
Z :

a0 =
s

32πv 2

[
1
√

2√
2 0

]
Largest eigenvalue: amax

0 = s/16πv 2

|a0| ≤ 1⇒ √s? = 4
√
πv ≈ 1.74 TeV

SM:
√

s? = 4
√
πf̄π ≈ 620 MeV

SM becomes strongly coupled on the hadronic scale
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Strong coupling in SM

As in standard model . . .

I = 0, J = 0 and I = 1, J = 1: attractive
I = 2, J = 0: repulsive

As partial-wave amplitudes approach bounds,
WW , WZ , ZZ resonances form,
multiple production of W and Z

in emulation of ππ scattering approaching 1 GeV

Detailed projections depend on unitarization protocol
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What about atoms?

Suppose some light elements produced in BBN survive

Massless e =⇒∞ Bohr radius

No meaningful atoms

No valence bonding

No integrity of matter, no stable structures
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Massless fermion pathologies . . .

Vacuum readily breaks down to e+e− plasma
. . . persists with GUT-induced tiny masses

“hard” fermion masses: explicit SU(2)L ⊗ U(1)Y breaking
NGBs −→ pNGBs

SMm: aJ(f f̄ → W +
L W−

L ) ∝ GFmf Ecm

saturate p.w. unitarity at

√
sf ' 4π

√
2√

3ηf GFmf
=

8πv 2

√
3ηf mf

ηf = 1(Nc) for leptons (quarks)
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Hard electron mass:
√

se ≈ 1.7× 109 GeV . . .

Gauge cancellation need not imply renormalizable theory

0

10

20

30

160 180 200

√s (GeV)

σ
W

W
 (

pb
)

no ZWW vertex
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Add explicit fermion masses to SM: ; SMm

aJ(f f̄ → W +
L W−

L ) unitarity respected up to√
s? = 4

√
πng f̄π ≈ 620

√
ng MeV

(condition from WW scattering)

; mf .
2
√
πng f̄π√
3ηf

≈


126
√

ng MeV (leptons)

73
√

ng MeV (quarks)

would accommodate real-world e, u, d masses
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In summary . . .

SM: QCD-induced SU(2)L ⊗ U(1)Y → U(1)em

No fermion masses; division of labor?

No physical pions in SM1

No quark masses: might proton outweigh neutron?

Infinitesimal me : integrity of matter compromised

SM exhibits strong W ,Z dynamics below 1 GeV

MW ≈ 30 MeV in Gedanken world

G F ∼ 107 GF: accelerates β decay

Weak, hadronic int. comparable; nuclear forces

Infinitesimal m`: vacuum breakdown, e+e− plasma

SMm: effective theory through hadronic scale
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Outlook

How different a world, without a Higgs mechanism:
preparation for interpreting experimental insights

SM, SMm: explicit theoretical laboratories
complement to studies that retain Higgs, vary v

(very intricate alternative realities)

Fresh look at the way we have understood the real world
(possibly > 1 source of SSB, “hard” fermion masses)

How might EWSB deviate from the Higgs mechanism?
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