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Lecture 3: Standard Model Opportunities
Themes of Contemporary Particle Physics

Elementarity: structureless quarks and leptons?

Symmetry: EWSB and the 1-TeV scale; new forces
(origin of gauge symmetries; discrete symmetries)

Unity: quarks + leptons; gauge symmetries
(constituents + forces; incorporation of gravity)

Identity: fermion masses, mixings; CP violation
(Majorana ν?)

Topography: fabric of space and time

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 92 / 131



Elementarity
The World’s Most Powerful Microscopes

nanonanophysics

CDF dijet event (
√

s = 1.96 TeV): ET = 1.364 TeV
qq̄ → jet + jet
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Elementarity
DØ Jet Cross Sections
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Elementarity
The CDF Experience

Could pdf effects “fake” new physics at the LHC ?

• One possible signal of 
compositeness is the production 
of high pT jets.

LHC (√s = 14 TeV)

10 events with 
∫Ldt = 20 pb-1

Quickly a new territory
with TeV jets !

• At one point there was a 
disagreement between theory and 

i t t th T t

∫Ldt  20 pb

Quickly in new territory! 
1 TeV jets

j

experiment at the Tevatron.

• Not new physics but too little 
hi h l i th PDF

Tevatron

high-x gluon in the PDFs.

CDF,
1995

19E. Perez TH Institute, Feb 09

ET jet (GeV) ET jet (GeV)
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Charge screening in electrodynamics

Dielectric (polarizable) medium . . .
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Charge screening in electrodynamics

Dielectric (polarizable) medium . . .
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Charge screening in QED (electrons + photons)
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Charge screening in QED (real world)
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Evolution of αs(Q2)
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Evolution of αs(Q2)
Influence of mt
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Coupling Constant Unification
Different running of U(1)Y, SU(2)L, SU(3)c

gives possibility of coupling constant unification
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Can LHC See Change in Evolution?
Sensitive to new colored particles
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Sample event rates in p±p collisions
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Supermodels
New physics possibilities in very early running
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Supermodels for early LHC

Christian W. Bauer,1, 2 Zoltan Ligeti,1, 2 Martin Schmaltz,1, 2, 3 Jesse Thaler,1, 2 and Devin G. E. Walker1, 2, 4
1Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
2Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720

3Physics Department, Boston University, Boston, MA 02215
4Center for the Fundamental Laws of Nature, Jefferson Physical Laboratory, Harvard University, Cambridge, MA 02138

We investigate what new physics signatures the LHC can discover in the 2009–2010 run, beyond
the expected sensitivity of the Tevatron data by 2010. We construct “supermodels”, for which
the LHC sensitivity even with only 10 pb−1 is greater than that of the Tevatron with 10 fb−1.
The simplest supermodels involve s-channel resonances in the quark-antiquark and especially in
the quark-quark channels. We concentrate on easily visible final states with small standard model
backgrounds, and find that there are simple searches, besides those for Z′ states, which could
discover new physics in early LHC data. Many of these are well-suited to test searches for “more
conventional” models, often discussed for multi-fb−1 data sets.

I. INTRODUCTION

In this paper, we explore the new physics discovery
potential of the first LHC run, expected to start later
this year. The latest official schedule calls for 7 TeV
collisions starting in late 2009 with a ramp-up towards
10 TeV sometime during the run, which will last until late
2010 [1]. However, there is still some uncertainty in the
ultimate center of mass energy, and the useful luminosity
for physics analyses may be significantly less than the
200–300 pb−1 delivered luminosity, which is projected
for this run. We therefore find it interesting to study the
sensitivity of the first run as a function of LHC energy
and luminosity.

In particular, it is often stated that a first LHC run
with order 10 pb−1 of good data to be analyzed by
ATLAS and CMS would essentially be an “engineering
run” with only the capability to “rediscover” the stan-
dard model [2, 3]. One expects that order 100 pb−1 of
data will be necessary for the LHC to have sensitivity
to plausible new physics scenarios. Here we take a fresh
look at the new physics capabilities of a 10 pb−1 low-
luminosity data set, and allow ourselves to contemplate
new physics which is not motivated by model building
goals such as unification, weak scale dark matter, or solv-
ing the hierarchy problem.

We find that, setting such model building prejudices
aside, there is a set of interesting new physics scenarios
that could give rise to a clean, observable signal in early
LHC data, while not being detected with 10 fb−1 of Teva-
tron data (roughly the projected integrated luminosity at
the end of 2010). These models are consistent with pre-
vious experiments such as LEP II, precision electroweak
constraints, and flavor physics. Moreover, these scenarios
have similar signatures to “well-motivated” new physics
models that require higher luminosity for discovery.

To set the stage, recall that the production cross sec-
tions for new hypothetical particles can be quite large.
For example, QCD pair production of 500 GeV colored
particles have cross sections in the pb range, such that
tens of such particles could be produced in early LHC.

Of course, in order for the new particles to be observable,
they must have sufficiently large branching fractions to
final states with distinctive signatures and controllable
standard model backgrounds. Also, the new particles
should not be ruled out by current or future Tevatron
searches, implying that the cross section times integrated
luminosity at the LHC should be larger than the corre-
sponding quantity at the Tevatron.

Thus, the four criteria for a new physics scenario to be
discovered in early LHC with low luminosity are:

1. Large enough LHC cross section to produce at least
10 signal events1 with 10 pb−1 of data;

2. Small enough Tevatron cross section to evade the
projected 2010 Tevatron sensitivity with 10 fb−1;

3. Large enough branching fraction to an “easy” final
state with essentially no backgrounds;

4. Consistency with other existing bounds.

We call a new physics scenario satisfying these conditions
a supermodel .

The classic example that comes to mind as a candidate
supermodel is a TeV-scale Z ′ boson [4]. Assuming the Z ′
mass exceeds the Tevatron reach, but is light enough and
has large enough couplings so that it can be produced co-
piously at the LHC, then it can be discovered through its
decay to electron and muon pairs. Such leptonic finals
states are “easy” to reconstruct with a peak in the in-
variant mass distribution, which reduces the already low
standard model backgrounds.

As we will see, however, a typical leptonically decaying
Z ′ is actually not a supermodel. First, since the Z ′ is pro-
duced via the quark-antiquark initial state, the Tevatron
is quite competitive with the LHC. Second, the leptonic
branching fraction is severely bounded by LEP II data,

1 While fewer events might be sufficient for discovery, we shall
demand 10 events to allow for O(1) uncertainties in our analysis.

Rules of the game:

& 10 signal events in 10 pb−1 at LHC (25 better)

No signal in 10 fb−1 at Tevatron

Easily detected, low-background decay channel

Consistent with existing constraints
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Supermodels
Need 103 advantage in parton luminosities
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FIG. 1: LHC parton luminosities as defined in Eq. (1), as
functions of the partonic invariant mass. The solid (dashed)
curves are for the 7 TeV (10 TeV) LHC. The up quark has
been chosen as a representative quark, and each curve includes
the contribution from the CP conjugate initial partons.

which restricts the couplings of the Z ′ to leptons. It is
therefore nontrivial to find supermodels that are as dis-
coverable as a standard Z ′ but consistent with known
bounds on new physics.

The remainder of the paper is organized as follows. In
Sec. II, we identify new particle production channels with
sufficiently large LHC cross sections and for which the
LHC has an advantage over the Tevatron. Assuming per-
turbative couplings, we find that s-channel production of
quark-quark (qq) or quark-antiquark (qq̄) resonances are
the best starting points for early LHC supermodels. In
Sec. III, we construct explicit models where these reso-
nances can decay to interesting and easily reconstructable
final states. While a standard Z ′ does not work, gener-
alized Z ′ scenarios can be supermodels, as are scenarios
involving diquarks. We conclude in Sec. IV.

II. PRODUCTION MODES

In this section, we discuss which production modes
have the potential to be supermodels, deferring detailed
model building to Sec. III. Since the expected integrated
luminosity at the Tevatron (∼ 10 fb−1) is orders of mag-
nitude larger than our 10 pb−1 benchmark luminosity
for early LHC analysis, and since pp̄ parton luminosi-
ties are not so different from pp parton luminosities, one
must consider sufficiently heavy new particles to evade
the Tevatron reach. We will find that the most promising
perturbative scenarios accessible with 10 pb−1 of LHC
data are qq and qq̄ resonances.

To begin, we plot in Fig. 1 the LHC parton luminosi-
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FIG. 2: Ratios of the parton luminosities for 7 TeV (solid) and
10 TeV (dashed) LHC compared to the 1.96 TeV Tevatron, as
functions of the partonic invariant mass. When this ratio is
above the 103 horizontal dashed line, the LHC with 10 pb−1

will have greater sensitivity than the Tevatron with 10 fb−1.

ties, defined as

Fij(ŝ, s) =
∫ 1

ŝ/s

dxi
ŝ

xis
fi(xi) fj [ŝ/(xis)] , (1)

and in Fig. 2 the ratios of each parton luminosity at the
LHC and the Tevatron. In Eq. (1),

√
s is the center of

mass energy of the collider,
√
ŝ is the invariant mass of

the two interacting partons, and fi(xi) are the parton
distribution functions evaluated at a momentum fraction
xi and scale

√
ŝ. We use the CTEQ-5L parton distri-

bution functions [5]. (For similar plots using CTEQ-6L1
[6], see Ref. [7].)

It is often stated that the LHC is essentially a gluon
collider, so one might think that processes initiated by
gluons would be the best starting points for constructing
supermodels. However, Fig. 1 shows that the gg par-
ton luminosity only dominates for small invariant mass,
where the initial LHC data set cannot compete with
the Tevatron. As seen in Fig. 2, only at large invari-
ant masses do the LHC parton luminosities become suf-
ficiently enhanced compared to the Tevatron. (The en-
hancement of the qq̄ channel is the smallest, so it is harder
for the LHC to compete in cases where the initial qq̄
state contributes.) To build supermodels, we must ex-
plore the possible LHC cross sections in the region with
large enough enhancements compared to the Tevatron.
We will emphasize this point in the next subsection by
showing why QCD pair production is not a supermodel,
and then go on to consider supermodels constructed from
s-channel resonances.

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 105 / 131



Supermodels
Example: strongly coupled qq resonance 5
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FIG. 4: LHC reach for single resonance production as a function of energy and luminosity. As in Fig. 3, the contours show
the production of 10 events for a given resonance mass, the red regions show the Tevatron sensitivity with 10 fb−1, and the
intersection of the dashed lines shows the maximum resonance mass which can be probed by the 7 TeV LHC with 10 pb−1

data. The expected couplings for perturbative new physics in Eq. (5) are included. One sees that the early LHC can exceed
the Tevatron sensitivity for qq̄ and especially for qq resonances.

events at the LHC is greater than that at the Tevatron.
These regions are shaded in Fig. 5. (To include model
specific effects, replace the “100 pb” solid curve by the
100pb/(g2

eff BEffLHC) one.)
At the intersection of a solid and a dashed curve, the

ratio of their labels gives the Tevatron cross section, and
can be used to estimate the Tevatron discovery reach.
The intersection of any “10n+a pb” solid curve with a
“10a” dashed curve corresponds to the same fixed Teva-

tron cross section of 10n pb for arbitrary a. Since the
Tevatron cross section does not depend on the LHC en-
ergy, these intersections lie on a horizontal line. The
corresponding value of the resonance mass is the one for
which the Tevatron with 10 fb−1 data produces 104+n

events. For example, for masses below the straight line
across the intersection of the “100 pb” and the “103”
curves (i.e. n = −3), the Tevatron will also produce at
least 10 events with 10 fb−1 data. While everywhere in
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Supermodels
To observe diquark, require decays beyond qq

An example: color-6 diquark D + leptodiquark L (!)

uu → D
|→ `−L

|→ `+jj

Doesn’t respond to any needs, but . . .
final state familiar from WR searches

Don’t assume there is nothing to find at low
∫ Ldt
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Electroweak Questions for the LHC. I

What hides electroweak symmetry: a Higgs boson, or
new strong dynamics?

If a Higgs boson: one or several?

Elementary or composite?

Is the Higgs boson indeed light, as anticipated by the
global fits to EW precision measurements?

Does H only give masses to W± and Z 0, or also to
fermions? (Infer tt̄H from production)

Are the branching fractions for f f̄ decays in accord
with the standard model?

If all this: what sets the fermion masses and mixings?
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Search for the Standard-Model Higgs Boson

Γ(H → f f̄ ) =
GF m2

f MH

4π
√

2
· Nc ·

(
1− 4m2

f

M2
H

)3/2

∝ MH in the limit of large Higgs mass; ∝ β3 for scalar

Γ(H → W +W−) =
GF M3

H

32π
√

2
(1− x)1/2(4− 4x + 3x2) x ≡ 4M2

W /M2
H

Γ(H → Z 0Z 0) =
GF M3

H

64π
√

2
(1− x ′)1/2(4− 4x ′ + 3x ′2) x ′ ≡ 4M2

Z/M2
H

asymptotically ∝ M3
H and 1

2
M3

H , respectively

2x2 and 2x ′2 terms ⇔ decays into transverse gauge bosons
Dominant decays for large MH : pairs of longitudinal weak bosons
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SM Higgs Boson Branching Fractions
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Djouadi, hep-ph/0503172
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ILC would measure Hf f̄ couplings precisely

Points: 500 fb−1 @ 350 GeV Bands: theory uncertainty (mb)
Battaglia
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Dominant decays at high mass
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For MH → 1 TeV, Higgs boson is ephemeral: ΓH → MH .
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Total width of the standard-model Higgs boson
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Below W +W− threshold, ΓH ∼< 1 GeV

Far above W +W− threshold, ΓH ∝ M3
H
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A few words on Higgs production . . .

e+e− → H : hopelessly small
µ+µ− → H : scaled by (mµ/me)2 ≈ 40 000
e+e− → HZ : prime channel

Hadron colliders:
gg → H → bb̄: background ?!
gg → H → ττ, γγ: rate ?!

gg → H → W +W−: best Tevatron sensitivity now
p̄p → H(W ,Z ): prime Tevatron channel for light Higgs

At the LHC:
Many channels accessible, search sensitive up to 1 TeV

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 114 / 131



Higgs search in e+e− collisions

σ(e+e− → H → all) is minute, ∝ m2
e

Even narrowness of low-mass H is not enough to make it
visible . . . Sets aside a traditional strength of e+e−

machines—pole physics

Most promising:
associated production e+e− → HZ
(has no small couplings)

e– e+

Z

Z H

σ =
πα2

24
√

s

K (K 2 + 3M2
Z )[1 + (1− 4xW )2]

(s −M2
Z )2 x2

W (1− xW )2

K : c.m. momentum of H xW ≡ sin2 θW
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`+`− → X . . .

σ(e+e− → H) = (me/mµ)2σ(µ+µ− → H) ≈ σ(µ+µ− → H)/40 000

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 116 / 131



LEP Range Excitation Curves (ISR not included)
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H couples to gluons through quark loops

Qi

Qi

Qi

H

g g

Only heavy quarks matter:

0 1 2 3

! = 4mQ
2/MH

2
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0.4
|"

(!
)|

2

heavy 4th generation would have a big effect
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Higgs-boson production at the Tevatron

Djouadi Update 1 Update 2
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http://arxiv.org/abs/hep-ph/0503172
http://arxiv.org/pdf/0811.3458v2
http://arxiv.org/abs/0901.2427


Current Tevatron Sensitivity
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combining experiments, channels: Winter 2009
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Tevatron prospects . . .

Probability of 3-sigma evidence in 2011

Extrapolation assuming analysis improvements underway

> 40% probability to have a 3 sigma evidence

Gregorio Bernardi / LPNHE-Paris 30

> 40% probability to have a 3 sigma evidence 
for  mH =115 GeV Higgs with L=10 fb-1  
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https://indico.desy.de/getFile.py/access?contribId=15&sessionId=11&resId=0&materialId=slides&confId=1761


LHC cross sections . . .

Djouadi
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http://arxiv.org/abs/hep-ph/0503172


A Cautionary Note

Ab
FB , which exerts the greatest “pull” on the global fit,

is most responsible for raising MH above the range
excluded by direct searches.

Leptonic and hadronic observables point to different
best-fit values of MH

Many subtleties in experimental and theoretical
analyses

M. Chanowitz, arXiv:0806.890

Introduction to global analyses: J. L. Rosner, hep-ph/0108195;
hep-ph/0206176
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!2 Distributions: Leptonic Asymmetries
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!2 Distributions: Hadronic Asymmetries
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The EW scale and beyond

EWSB scale, v = (GF

√
2)−

1
2 ≈ 246 GeV, sets

M2
W = g 2v 2/2 M2

Z = M2
W/ cos2 θW

But it is not the only scale of physical interest

quasi-certain: MPlanck = 1.22× 1019 GeV

probable: SU(3)c ⊗ SU(2)L ⊗ U(1)Y unification scale
∼ 1015−16 GeV

somewhere: flavor scale?

Chris Quigg (FNAL) Potential Discoveries at the LHC LAL, Orsay · 7–13.11.2009 126 / 131



The Hierarchy Problem

Str
ings?
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Quantum gravity
?

[A PUZZLE RAISED BY THE HIGGS]
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How to keep the distant scales from mixing in the face of
quantum corrections? OR
How to stabilize the mass of the Higgs boson on the
electroweak scale? OR
Why is the electroweak scale small?
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