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Io stimo più il trovar un vero, 
benchè di cosa leggiera, 

che 'l disputar lungamente 
delle massime questioni

senza conseguir verità nissuna.
– Galileo Galilei

Asking limited questions to find general answers
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Do not be afraid to ask simple questions!
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Our Picture of Matter (the revolution just past)

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries

Pointlike (r ≤ 10−18 m) quarks and leptons
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Our Picture of Matter (the revolution just past)

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
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Pointlike (r ≤ 10−18 m) quarks and leptons
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Electroweak Theory as a Law of Nature

To good approximation …
3-generation V–A

GIM suppresses FCNC
CKM quark-mixing matrix describes CPV

Gauge symmetry validated in e+e- → W+W–

Tested as quantum field theory at per-mille level

QCD looks like a Law of Nature, too!
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arXiv:1009.5069

The World’s Most Powerful Microscopes
nanonanophysics
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FIG. 1. The normalized ! distributions for 340 < mjj <
520 GeV, 520 < mjj < 800 GeV, 800 < mjj < 1200 GeV, and
mjj > 1200 GeV, with plotting o!sets shown in parentheses.
Shown are the QCD predictions with systematic uncertainties
(bands), and data points with statistical uncertainties. The
prediction for QCD with an added quark contact term with "
= 3.0 TeV is shown for the highest mass bin mjj > 1200 GeV.

To evaluate the agreement between data and QCD in
Figs. 1 and 2, chi-square goodness-of-fit tests were per-
formed on each angular distribution under the assump-
tion that the bin-to-bin correlations are negligible. For
the ! distributions shown in Fig. 1, the chi-square per
degree of freedom for each dijet mass bin is (from low-
est to highest) 0.68, 0.83, 0.72, and 0.81, indicating good
agreement with the QCD prediction.
Similarly, in Fig. 2 the dijet RC comparison has a chi-

square per degree of freedom equal to 0.61, also indicating
good agreement with the QCD prediction.
The best fit of the RC distribution in Fig. 2 is obtained

for a compositeness scale of 2.9 TeV. This is not statis-
tically significant, as the QCD prediction lies within the
shortest 68% confidence interval in 1/!4.

10. Determination of Exclusion Limits

Since no signal from new physics processes is appar-
ent in these distributions, limits have been obtained on
the compositeness scale ! of quark contact interactions,
based on analyses of the ! distributions. The contact
term hypothesis is tested in the highest dijet mass bin in
Fig. 1, which begins at mjj = 1200 GeV. For the ! dis-
tribution in this mass bin, the parameter F! is defined as
the ratio of the number of events in the first four ! bins
to the number in all ! bins. The upper boundary of the
fourth bin is at ! = 3.32. This choice of the bin bound-
ary has been determined through a MC study that varies
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FIG. 2. Dijet centrality ratio, RC , as a function of mjj , with
all events above a mass of 1400 GeV plotted in the last bin.
Shown are the QCD prediction with systematic uncertainties
(bands), and data points with statistical uncertainties. The
prediction for QCD with an added quark contact term with
" = 2.0 TeV is also shown.

the number of bins in the numerator, as well as the di-
jet mass bin, and determines the setting that maximizes
the sensitivity to quark contact interactions, given the
current integrated luminosity.
A frequentist analysis is employed as follows. Predic-

tions of F! are obtained for a range of ! by interpolation
between distinct samples generated with di"erent 1/!2

values. The QCD sample provides a bound with ! = !,
and additional samples are generated with ! values of
500, 750, 1000, 1500, and 3000 GeV. A full set of PE’s
is made for each hypothesis to construct one-sided 95%
confidence level (CL) intervals for F!, and the Neyman
construction [22] is then applied to obtain a limit on !.
The result is shown in Fig. 3. The measured value

of F! is shown by the dashed horizontal line. The value
of F! expected from QCD is the solid horizontal line,
and the band around it allows one to obtain the 1 "
variation of the expected limit. The dotted line is the
95% CL contour of the F! prediction for quark contact
interactions plus QCD, as a function of ! and including
all systematic uncertainties. This contour decreases as a
function of ! since, for a small ! scale, there would be
more events at low !.
The observed limit on ! is 3.4 TeV. This limit is found

from the point where the F! 95% CL contour crosses the
measured F! value. All values of ! less than this value
are excluded with 95% confidence. This corresponds to
a distance scale of " 6 · 10!5 fm, from conversion of the
limit using !c. The expected limit, found from the cross-
ing at the QCD prediction, is 3.5 TeV.

(quark radius < 1 am)
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Gauge symmetry (group-theory structure) tested in

e+e− → W+W−
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Challenge:  Electroweak Symmetry Breaking

“Higgs boson” couples as expected to W, Z
No evidence yet for Higgs-fermion couplings

Spontaneous or Dynamical Symmetry Breaking?
Perturbative or Nonperturbative Dynamics?

The veil that limits our view of other questions
Many questions seem related,
and perhaps related to EWSB
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The Importance of the 1-TeV Scale

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

•  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

provided  MH ≤ (8π√2/3GF)1/2 ≈ 1 TeV
_

W+W –, ZZ, HH, HZ satisfy s-wave unitarity,
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Why will it matter?

Understanding the everyday …

  Why atoms?
  Why chemistry?
  Why stable structures?
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Imagine a world without a symmetry-breaking
(Higgs) mechanism at the electroweak scale
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Without a Higgs mechanism …

Electron and quarks would have no mass
QCD would confine quarks into protons, etc.
        Nucleon mass little changed
Surprise: QCD would hide EW symmetry, 
        give tiny masses to W, Z
Massless electron: atoms lose integrity 
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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M78· SDSS

Lattice QCD: quark confinement origin of nucleon mass
has explained nearly all visible mass in the Universe

14



Even if H does everything the SM says …

The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass
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We do not know what the
new wave of exploration will find

Look broadly!

Object of initial studies is not merely
to tune PYTHIA parameters

(no physical significance) 

Challenge:  Learning to See at the LHC
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QCD could be complete, up to ultrahigh energies
Doesn't mean it must be!

No structural deficiencies à la electroweak theory
(but strong CP problem remains)

Perhaps . . .
• new kinds of colored matter beyond quarks, gluons 

(and maybe their superpartners)
• quarks might be composite in an unexpected manner
• SU(3)c gauge symmetry might be vestige of a larger, 

spontaneously broken, color symmetry.
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Isn’t “Soft” Particle Production Settled Knowledge?

Diffractive scattering + short-range order

(Not exhaustively studied at Tevatron)

Long-range correlations?

High density of pz = 5 to 10 GeV partons
❀ hot spots, thermalization, . . . ?

Multiple-parton interactions, perhaps correlated
q(qq) in impact-parameter space, . . .

PYTHIA tunes miss 2.36-TeV data (ATLAS & CMS)

Few percent of minimum-bias events (
√

s � 1 TeV)
might display an unusual event structure

We should look! How?

Chris Quigg (FNAL) Learning to See . . . LPC · 6.4.2010 4 / 20
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Speculation …
Event structure not a simple extrapolation of  Tevatron

LHC’s first surprise: not a crack in foundations, 
but something perhaps buried within QCD
that we have not been clever enough to anticipate.
Some unusual structure in a few percent of events?

arXiv:1009.4122
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An Informative Event Display

(Avoid pathological attachment to blind analysis!)

y (or η)

px

py

(yn, 0, 0)

(y1, p1x, p1y)

(y1, 0, 0)

(yn, pnx, pny)

•
•

•
•

•
•

•

(unwrapped LEGO plot for particles)

Bjorken, SLAC-PUB-0974 (1971)
Chris Quigg (FNAL) Learning to See . . . LPC · 6.4.2010 5 / 20
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CDF Run II Preliminary   
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CDF Run II Preliminary   

p⊥ imbalance

22



ypy

px

CDF Run II Preliminary   

Hot spot?

charge 
separation
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ypy

px

CDF Run II Preliminary   

Hot spot?

Rapidity gap
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Beyond Your Grandfather’s Parton Model

fi(x) ⇒ fi(x,Q2)

partons independent, no transverse d.o.f.

Correlations?

SU(6) flavor-spin Mercedes Triquark

q
q q

q

q q

q
q q

Bjorken (2010)
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I would like to see in 2011

Modest dedicated runs at steps in energy
to survey the nature of particle production:

0.9, 2, 3.5, 5, 7 TeV

Lightly triggered

Engineering value, but also
a chance to discover candidate new physics

that might become the object of
dedicated study in the future.
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Pursuing Loose Threads in Spectroscopy

States above flavor 
threshold in charmonium

Are there analogues in 
Upsilon system?

Existence, scaling behavior 
distinguish contending 

interpretations in 
charmonium

New diagnostics come into play with high statistics

Eichten

What about X±(4430) and such?
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What makes a top quark a top quark,
an electron an electron, a neutrino a neutrino?

Challenge:  The Meaning of Identity

‣ What sets masses and mixings of quarks and leptons?

‣ What is CP violation trying to tell us?

‣ ν oscillations give a complementary view.

‣ Might new kinds of matter help us to see the pattern?
          Mendele’ev didn’t know about noble gases
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Flavor physics may be 
where we see, or diagnose, 

the break in the SM.

Parameters of the Standard Model

3 coupling parameters αs,αem, sin2 θW

2 parameters of the Higgs potential

1 vacuum phase (QCD)

6 quark masses

3 quark mixing angles

1 CP-violating phase

3 charged-lepton masses

3 neutrino masses

3 leptonic mixing angles

1 leptonic CP-violating phase (+ Majorana . . . )

26
+

arbitrary parameters

29



Why does the muon weigh?

What does the muon weigh?

ζe

�
(eLΦ)eR + eR(Φ†eL)

�
� me = ζev/

√
2

gauge symmetry allows

after SSB

ςe : picked to give right mass, not predicted

fermion mass implies physics beyond the standard model
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Fermion Masses Run

Running mass m(m) … m(U)
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The origin of
fermion masses
might lie outside

the electroweak theory
(Higgs boson or no)
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Will the fermion masses and mixings reveal
symmetries or dynamics or principles?

Some questions now seem to us the wrong questions:
Kepler’s obsession – Why six planets in those orbits?

Landscape interpretation as environmental parameters

Might still hope to find equivalent of Kepler’s Laws!
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What are the dark matters?
If dark matter interacts weakly …

… its likely mass is 0.1 to 1 TeV: Fermi scale

COSMOS
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Worth your attention …

Recent theoretical studies suggest that 
monojet searches may be more 

sensitive to low-mass dark-matter 
particles than direct (passive) searches

Technical assumptions on force 
particles that couple SM & DM:

a contradiction could be informative

Bai, et al., arXiv:1005.3797
Goodman, et al., arXiv:1005.1286
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Challenge:  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! leptoquark bosons!
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Running strong coupling
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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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Can LHC see change in evolution?

2.5 3.0 3.5 4.0
log(Q [GeV])

10

11

12

13

14

1/
s

SM: 7/2

MSSM: 3/2
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Natural to neglect gravity in particle physics

Why is empty space so nearly massless?

Gravitational ep interaction ≈ 10–41 EM

Critical density �c ≡
3H

2
0

8πGNewton
� 10−26 g/liter

But gravity is not always negligible …

Higgs field contributes uniform vacuum energy density

�H ≡ M2
H

v2

8
≥ 108 GeV4 ≈ 1028 g/liter
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Str
ings?

1018

Planck s
cale

Quantum gravity
?

[A PUZZLE RAISED BY THE HIGGS]

 

Unexplained gap

Limit of LHC

Stro
ng-electro

weak 

uni!catio
n sc

ale?

Electroweak scale
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Muon
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Charm
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Neutron
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Up Down

Strange Z
W

H

Energy Scale (GeV)

Another “small” challenge:
Does MH < 1 TeV make sense?
The peril of quantum corrections

Scientific American

➲
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How to separate electroweak, higher scales?

Extend electroweak theory on the 1-TeV scale …

composite Higgs boson

technicolor / topcolor

supersymmetry

…

Ask instead why gravity is so weak
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Issues for the Future (Now!)

1. What is the agent of EWSB? Is there a Higgs boson?
Might there be several? 
2. Is the Higgs boson elementary or composite? How 
does it interact with itself? What triggers EWSB?
3. Does the Higgs boson give mass to fermions, or 
only to the weak bosons? What sets the masses and 
mixings of the quarks and leptons? (How) is fermion 
mass related to the electroweak scale?
4. Are there new flavor symmetries that give insights 
into fermion masses and mixings?
5. What stabilizes the Higgs-boson mass below 1 TeV?
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Issues for the Future (Now!)

6. Do the different CC behaviors of LH, RH fermions 
reflect a fundamental asymmetry in nature’s laws?
7. What will be the next symmetry we recognize? Are 
there additional heavy gauge bosons? Is nature 
supersymmetric? Is EW theory contained in a GUT?
8. Are all flavor-changing interactions governed by the 
standard-model Yukawa couplings? Does “minimal 
flavor violation” hold? If so, why?
9. Are there additional sequential quark & lepton 
generations? Or new exotic (vector-like) fermions?
10. What resolves the strong CP problem?
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Issues for the Future (Now!)

11. What are the dark matters? Any flavor structure?
12. Is EWSB an emergent phenomenon connected 
with strong dynamics? How would that alter our 
conception of unified theories of the strong, weak, 
and electromagnetic interactions?
13. Is EWSB related to gravity through extra 
spacetime dimensions?
14. What resolves the vacuum energy problem?
15. (When we understand the origin of EWSB), what 
lessons does EWSB hold for unified theories? … for 
inflation? … for dark energy?
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Issues for the Future (Now!)

16. What explains the baryon asymmetry of the 
universe? Are there new (CC) CP-violating phases?
17. Are there new flavor-preserving phases? What 
would observation, or more stringent limits, on 
electric-dipole moments imply for BSM theories?
18. (How) are quark-flavor dynamics and lepton-flavor 
dynamics related (beyond the gauge interactions)? 
19. At what scale are the neutrino masses set? Do 
they speak to the TeV scale, unification scale, Planck 
scale, …?

20. How are we prisoners of conventional thinking?
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Connections …

arXiv:0905.3187 Scientific American, 2.2008
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