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• let’s separate the theoretical inputs of 
the SM from its derived properties

• this is an ahistorical exercise

• and experts may differ on how to make 
this separation

what is the Standard Model?



•

• All interactions are local

• Quantum mechanics is correct, at least up to energy 
scales > 1 TeV (length scales down to          cm)

• Special relativity (actually 4d Poincare invariance) is 
correct on these same scales

SM theoretical inputs (I)
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these assumptions imply that particle 
physics is completely described by 
(effective) quantum field theory 



• There are gauge forces, mediated (at least at 
large      ) by exchanges of gauge bosons

• The gauge group is 

• Gravity is ignored

SM theoretical inputs (II)

Q2

SU(3)c × SU(2)w × U(1)Y



•

• The fundamental matter constituents are 2-component 
Weyl fermions. They come in 5 varieties:

SM theoretical inputs (III)

There are 3 copies (generations) of this matter content
And a Higgs scalar with the same charges as
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•

•                                                                   via the 
Higgs mechanism

• This same Higgs also has direct Yukawa couplings to 
pairs of fermions. These pairs have the same color 
charges but different hypercharges and weak charges, 
e.g.

SM theoretical inputs (IV)

SU(3)c × SU(2)w × U(1)Y → SU(3)c × U(1)em

λij HLiEj



• Only include operators up to dimension four

SM theoretical inputs (V)

(The historical motivation for this was to make the 
theory renormalizable. This motivation is no longer 
compelling, but this remains an important input)



• Particle masses are derived from dynamics and 
dimensionless couplings

• There is one input mass scale at the classical level: 
the Higgs mass-squared parameter

• Together with the Higgs quartic self-coupling 
parameter     , this determines v=246 GeV and the 
Higgs boson mass

SM derived properties (I)
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• The theory has no explicit cut-off dependence (i.e. it is 
renormalizable)

• At the quantum level the dimensionless couplings run

• This introduces a new low energy mass parameter     

• If the Higgs particle has mass > about 180 GeV, also 
introduces a new mass scale         where the running 
Higgs quartic coupling      hits a Landau pole and the 
SM breaks down:

SM derived properties (II)

ΛQCD

ΛLP
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Hambye and Riesselmann

at the TeV scale, the Higgs boson mass is allowed to be in the range

50 GeV <∼ MH <∼ 800 GeV (1.181)

while, requiring the SM to be valid up to the Grand Unification scale, ΛGUT ∼ 1016 GeV,

the Higgs boson mass should lie in the range

130 GeV <∼ MH <∼ 180 GeV (1.182)

Figure 1.19: The triviality (upper) bound and the vacuum stability (lower) bound on the
Higgs boson mass as a function of the New Physics or cut–off scale Λ for a top quark mass
mt = 175 ± 6 GeV and αs(MZ) = 0.118 ± 0.002; the allowed region lies between the bands
and the colored/shaded bands illustrate the impact of various uncertainties. From Ref. [136].

1.4.3 The fine–tuning constraint

Finally, a last theoretical constraint comes from the fine–tuning problem originating from

the radiative corrections to the Higgs boson mass. The Feynman diagrams contributing to

the one–loop radiative corrections are depicted in Fig. 1.20 and involve Higgs boson, massive

gauge boson and fermion loops.
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• B and L (but B+L broken nonperturbatively)

• chiral symmetries for quarks and leptons (but quark 
chiral symmetry broken by QCD condensate)

• a huge               flavor symmetry broken by the 
(mostly small) Yukawa couplings 

SM derived properties (III)

There are “accidental” global symmetries:

[U(3)]5



• There are FCCC at tree level

• There are no FCNC at tree level, and a GIM 
suppression at loop level

• All quark flavor violation is parametrized by the 
CKM matrix 

• There are two sources of CPV (not including 
neutrinos): one (not small) phase in the CKM 
matrix, and one (very small) angle in QCD

SM derived properties (IV)



• SM avoids 1-loop breaking of                     only because the 
fermions come in 3 copies of the charges of a 16 of SO(10)

• And the gauge couplings almost unify at a superheavy scale

• So why isn’t                      ?  

• Gravity exists, naively becomes strong at                       GeV

• So why isn’t                        ?

• For most of the possible range of mass of the Higgs particle, 
the SM breaks down at a heavy scale          (or        ) 

• So why isn’t                    ?

disturbing features (I): the hierarchy problem

SU(2)w × U(1)Y

|mH| ∼ MGUT

|mH| ∼ MPlanck

|mH| ∼ MLP

MLP MVI

∼ MPlanck = 10
19



• The top Yukawa, in units of       ,  is 1.0  (!)

• But e.g. the electron Yukawa is 

• The CKM matrix also has a hierarchical structure:

disturbing features (II): flavor

v
√

2

∼ 10
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VCKM =




1 − λ2/2 λ Aλ3(ρ − iη)
−λ2 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1


 + O(λ4)



• Could say: these are just free parameters so who cares?

• Could say: these are set by initial conditions + anthropic 
arguments (Cogito, ergo                          MeV)

• But the most straightforward conclusions are: 

• SM has too few degrees of freedom (Yukawas should 
be promoted to fields)

• or SM has too many degrees of freedom (quarks are 
not fundamental)

me = 0.5109989



• After 25 years, would have expected that at some 
point data would favor adding some higher dimension 
operators to the original SM

• Just some dim=5,6,... operator constructed out of SM 
fields, introducing one more mass scale, and at most 
breaking the “accidental” symmetries

• But this has not happened, with one possible exception

disturbing features (III):
why no higher dimension operators?



• Those which violate B and/or L

• Those which violate the approximate flavor 
symmetries of the SM

• Those which conserve B and L and are MFV 
(Minimal Flavor Violating)

3 classes of (acceptable) higher 
dimension operators:



• Proton decay and LFV data tell us that dim=6 
operators of this type either don’t exist or are 
suppressed by a superheavy mass scale

• So B and L are not so accidental?

• The discovery of neutrino masses, if they turn 
out to be Majorana, favor adding a dim=5 
operator to the SM:

B and/or L violating operators

O5 =
f

Λ
(LT

Ciτ2"τ L)(HT
iτ2"τ H)

mν !
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Λ
v

2

f = 1, mν ! 0.3 eVthus e.g. ⇒ Λ " 3 × 10
14

GeV



• The B factories, Tevatron expts, etc have been 
looking for these for a long time now

• They don’t see any yet

• Some FCNC operators, if they exist, have to be 
suppressed by scales as high as 1000 TeV (!)

• Starting to look like CKM is the only source of 
quark flavor violation? Why?

operators with general 
quark flavor violation
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• These are purely electroweak, flavor diagonal, and 
only affect the W and Z vacuum polarization, e.g.

• If present, they would give the leading 
contributions to the S,T,Y,W parameters

• But, barring conspiracies, electroweak data says 
that they are all suppressed by multi-TeV scales (!)

how about harmless dim=6 “oblique” operators? 

OWB ∝ (H†
τ
a
H)Wa

µνBµν

OH = |H†
DµH|2

OBB ∝ (∂ρBµν)2

OWW ∝ (DρW
a
µν)2

Barbieri, Pomarol, Rattazzi, Strumia



• This is particularly disturbing when we think about 
Higgs naturalness

• The leading corrections to the Higgs mass-squared 
parameter from SM loops are:

• Thus e.g. just from the top loop we have:

the little hierarchy problem

δm2
H =

6GF√
2π2

(m2
t − 1/2m

2
W − 1/4m

2
Z − 1/4m

2
H)

∫ Λ

EdE

δm2

H(top) ∼ (115 GeV)2
(

Λ

400 GeV

)2



• SM tests are boring unless they fail

• SM tests never fail (in a clear-cut way)

• So SM tests are always boring

the wrong way to think about SM tests



• The SM predicts a wealth of new particle physics phenomena

• If you observe any of these phenomena for the first time in 
an experiment, you have made a discovery

• When you observe the phenomena in more detail, you force 
the theorists to develop a more concrete understanding of 
what the SM really is

• Thus e.g. the LEP experiments were both exciting and 
important, even though/if they “only” saw SM physics

the right way to think about SM tests



• Even though we “knew” it had to exist, the Tevatron 
production of top was an important discovery

• The observation of virtual top in EW precision data was also 
an important discovery

• Recently Tevatron experiments have discovered that this 
thing we call “top” (a strongly pair-produced heavy state 
that decays promptly to W+b jet) really has charge +2/3

• And they have discovered this thing we call top really has 
spin 1/2

An example: top physics
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W Boson Helicity
• Helicity is the projection of a particle!s spin onto it!s

direction of motion

• In the standard model the top quark decays to a W
boson and b quark via V-A interaction

• There are the three possible W boson helicity states

W

bt W
b

t W
b

t

Negative

Helicity

f-=0.30

Longitudinal

Helicity

f0=0.70

Positive

Helicity

f+=3.6x10
-4

B. Gmyrek, APS April 06

Note if “top” had spin 3/2, we would predict f+ = 1.0



• Plots like this give the impression that we are already 
seeing the Higgs in (logarithmic) radiative corrections, 
just as we see top in (quadratic) radiative corrections

the virtual virtual Higgs
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• Let’s have a closer look at what is actually done in 
these fits

• E.g. the LEPI+SLD+W mass combined analysis from 
hep-ex/0509008

• They use this data to fit the purely electroweak 
quasi-observables                               of Altarelli, 
Barbieri, Caravaglios, Jadach  (these are simply 
related to S,T,U,     )

• From their Table E.1:

ε1 = 0.0054 ± 0.0010

ε2 = −0.0089 ± 0.0012

ε3 = 0.00534 ± 0.00094

εb = −0.0050 ± 0.0016

ε1, ε2, ε3, εb

δb



• To leading order in purely EW radiative corrections, 
we can extract the virtual top from, e.g.,      :

• Obviously we do see virtual top in the EW data

m
2

t = −4π
2
εb

√
2

GF

εb

⇒ mt = 155 GeV ± 25 GeV



• To leading order in purely EW radiative corrections, 
two linear combinations of the fit parameters are 
dominated by the logarithmic Higgs contribution:

• So we do not see a virtual Higgs contribution in the 
EW data (!)

• Since we also do not see any clear non-SM effect, 
one can speculate that mH ! mZ ! mW

3ε3 − ε2 ∝ ln
mH

mZ

= −0.002 ± 0.004

2ε1 + 3εb ∝ ln
mH

mZ

= −0.004 ± 0.005
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Figure 1: Diagrams contributing to the W±Z → W±Z scattering process: (a), (b) and (c) appear both in the SM and in

Higgsless models, (d) only appears in the SM, while (e) and (f) only appear in Higgsless models.

2. UNITARITY SUM RULES

Consider the elastic scattering process W±
L ZL → W±

L ZL. In the absence of the Higgs boson, this process receives

contributions from the three Feynman diagrams shown in Figs. 1(a)–(c). The resulting amplitude contains terms

which grow with the energy E of the incoming particle as E4 and E2 and ultimately cause violation of unitarity at

sufficiently high energies. In the SM, both of these terms are precisely cancelled by the contribution of the Higgs

exchange diagram in Fig. 1(d). In the Higgsless theories, on the other hand, the diagram of Fig. 1(d) is absent, and

the process instead receives additional contributions from the diagrams in Figs. 1(e) and 1(f), where V ±
i denotes

the charged MVB of mass M±
i . The index i corresponds to the KK level of the state in the case of a 5D theory, or

labels the mass eigenstates in the case of a 4D deconstructed theory. Remarkably, the E4 and E2 terms can again

be exactly cancelled by the contribution of the MVBs, provided that the following sum rules are satisfied [13]:

gWWZZ = g2
WWZ

+
∑

i

(g(i)
WZV)2,

2(gWWZZ − g2
WWZ

)(M2
W + M2

Z) + g2
WWZ

M4
Z

M2
W

=
∑

i

(g(i)
WZV)2

[
3(M±

i )2 − (M2
Z − M2

W)2

(M±
i )2

]
. (2)

Here MW (MZ) is the W -boson (Z-boson) mass and the notation for the triple and quartic gauge boson couplings is

self-explanatory. In 5D theories, these equations are satisfied exactly if all the KK states, i = 1 . . .∞, are taken into

account. This is not an accident, but a consequence of the gauge symmetry and locality of the underlying theory.

While this is not sufficient to ensure unitarity at all energies (the increasing number of inelastic channels ultimately

results in unitarity violation), the strong coupling scale can be significantly higher than the naive estimate (1). For

example, in the warped-space Higgsless models [4, 7] unitarity is violated at the scale [14]

ΛNDA ∼ 3π4

g2

M2
W

M±
1

, (3)

which is typically of order 5–10 TeV. In 4D models, the number of MVBs is finite and the second of the sum rules (2)

is only satisfied approximately; however, our numerical study of sample models indicates that the violation of the

sum rule has to be very small (at the level of 1%) to achieve an adequate improvement in Λ.

Considering the W+
L W−

L → W+
L W−

L scattering process yields sum rules constraining the couplings of the neutral

MVBs V 0
i (with masses denoted by M0

i ) [3]:

gWWWW = g2
WWZ

+ g2
WWγ

+
∑

i

(g(i)
WWV)2,

4gWWWW M2
W = 3

[
g2

WWZ
M2

Z +
∑

i

(g(i)
WWV)2 (M0

i )2
]

. (4)

Considering other channels such as W+
L W−

L → ZZ (see Fig. 2) and ZZ → ZZ does not yield any new sum rules.

The presence of multiple MVBs, whose couplings obey Eqs. (2), (4), is a generic prediction of the Higgsless models.

Our study of the collider phenomenology in the Higgsless models will focus on the vector boson fusion processes.

These processes are attractive for two reasons. Firstly, the production of MVBs via vector boson fusion is relatively

PSN 0108, PSN 0314
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these diagrams give amplitudes that grow like      and      ,
violating unitarity a little above a TeV

adding this Higgs diagram magically cancels 
the      and      behavior

Higgs particle, TeV cutoff, or ? 
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Figure 1: Diagrams contributing to the W±Z → W±Z scattering process: (a), (b) and (c) appear both in the SM and in

Higgsless models, (d) only appears in the SM, while (e) and (f) only appear in Higgsless models.

2. UNITARITY SUM RULES

Consider the elastic scattering process W±
L ZL → W±

L ZL. In the absence of the Higgs boson, this process receives

contributions from the three Feynman diagrams shown in Figs. 1(a)–(c). The resulting amplitude contains terms

which grow with the energy E of the incoming particle as E4 and E2 and ultimately cause violation of unitarity at

sufficiently high energies. In the SM, both of these terms are precisely cancelled by the contribution of the Higgs

exchange diagram in Fig. 1(d). In the Higgsless theories, on the other hand, the diagram of Fig. 1(d) is absent, and

the process instead receives additional contributions from the diagrams in Figs. 1(e) and 1(f), where V ±
i denotes

the charged MVB of mass M±
i . The index i corresponds to the KK level of the state in the case of a 5D theory, or

labels the mass eigenstates in the case of a 4D deconstructed theory. Remarkably, the E4 and E2 terms can again

be exactly cancelled by the contribution of the MVBs, provided that the following sum rules are satisfied [13]:

gWWZZ = g2
WWZ

+
∑
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=
∑
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]
. (2)

Here MW (MZ) is the W -boson (Z-boson) mass and the notation for the triple and quartic gauge boson couplings is

self-explanatory. In 5D theories, these equations are satisfied exactly if all the KK states, i = 1 . . .∞, are taken into

account. This is not an accident, but a consequence of the gauge symmetry and locality of the underlying theory.

While this is not sufficient to ensure unitarity at all energies (the increasing number of inelastic channels ultimately

results in unitarity violation), the strong coupling scale can be significantly higher than the naive estimate (1). For

example, in the warped-space Higgsless models [4, 7] unitarity is violated at the scale [14]

ΛNDA ∼ 3π4

g2

M2
W

M±
1

, (3)

which is typically of order 5–10 TeV. In 4D models, the number of MVBs is finite and the second of the sum rules (2)

is only satisfied approximately; however, our numerical study of sample models indicates that the violation of the

sum rule has to be very small (at the level of 1%) to achieve an adequate improvement in Λ.

Considering the W+
L W−

L → W+
L W−

L scattering process yields sum rules constraining the couplings of the neutral

MVBs V 0
i (with masses denoted by M0

i ) [3]:

gWWWW = g2
WWZ

+ g2
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∑
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Considering other channels such as W+
L W−

L → ZZ (see Fig. 2) and ZZ → ZZ does not yield any new sum rules.

The presence of multiple MVBs, whose couplings obey Eqs. (2), (4), is a generic prediction of the Higgsless models.

Our study of the collider phenomenology in the Higgsless models will focus on the vector boson fusion processes.

These processes are attractive for two reasons. Firstly, the production of MVBs via vector boson fusion is relatively
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but Higgless models exist in which (weakly coupled) 
Kaluza-Klein gauge bosons do the same job (!)

these models are generically disfavored by EW data, but they
show that the SM picture of weakly coupled EWSB is not unique
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Higgsless models, (d) only appears in the SM, while (e) and (f) only appear in Higgsless models.
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Consider the elastic scattering process W±
L ZL → W±

L ZL. In the absence of the Higgs boson, this process receives

contributions from the three Feynman diagrams shown in Figs. 1(a)–(c). The resulting amplitude contains terms

which grow with the energy E of the incoming particle as E4 and E2 and ultimately cause violation of unitarity at

sufficiently high energies. In the SM, both of these terms are precisely cancelled by the contribution of the Higgs

exchange diagram in Fig. 1(d). In the Higgsless theories, on the other hand, the diagram of Fig. 1(d) is absent, and

the process instead receives additional contributions from the diagrams in Figs. 1(e) and 1(f), where V ±
i denotes

the charged MVB of mass M±
i . The index i corresponds to the KK level of the state in the case of a 5D theory, or

labels the mass eigenstates in the case of a 4D deconstructed theory. Remarkably, the E4 and E2 terms can again

be exactly cancelled by the contribution of the MVBs, provided that the following sum rules are satisfied [13]:
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Here MW (MZ) is the W -boson (Z-boson) mass and the notation for the triple and quartic gauge boson couplings is

self-explanatory. In 5D theories, these equations are satisfied exactly if all the KK states, i = 1 . . .∞, are taken into

account. This is not an accident, but a consequence of the gauge symmetry and locality of the underlying theory.

While this is not sufficient to ensure unitarity at all energies (the increasing number of inelastic channels ultimately

results in unitarity violation), the strong coupling scale can be significantly higher than the naive estimate (1). For

example, in the warped-space Higgsless models [4, 7] unitarity is violated at the scale [14]

ΛNDA ∼ 3π4
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which is typically of order 5–10 TeV. In 4D models, the number of MVBs is finite and the second of the sum rules (2)

is only satisfied approximately; however, our numerical study of sample models indicates that the violation of the

sum rule has to be very small (at the level of 1%) to achieve an adequate improvement in Λ.

Considering the W+
L W−

L → W+
L W−

L scattering process yields sum rules constraining the couplings of the neutral

MVBs V 0
i (with masses denoted by M0
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Considering other channels such as W+
L W−

L → ZZ (see Fig. 2) and ZZ → ZZ does not yield any new sum rules.

The presence of multiple MVBs, whose couplings obey Eqs. (2), (4), is a generic prediction of the Higgsless models.

Our study of the collider phenomenology in the Higgsless models will focus on the vector boson fusion processes.

These processes are attractive for two reasons. Firstly, the production of MVBs via vector boson fusion is relatively
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Birkedal and Matchev



1. Be selective about what ambulances to chase
2. Improve the SM analysis

the right way to think about discrepancies



If this is a real BSM effect, what else should we see?

Figure 5: The number of jets, NJet, pro-

duced in association with diphoton pairs
with Eγ

T > 12 GeV and Eγ
T > 25 GeV. The

solid line is an exponential fit to the data,
the dashed line represents the extrapola-

tion for large values of NJet.
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Figure 6: An event display for the CDF

eeγγ !ET candidate event.

3.2 γγ + Jets

The γγ data has also been searched for additional jet production. Jets which have
ET >10 GeV and have |η| < 2.0 are counted and compared to expectations by using

the low NJet results to estimate the production for large NJet. In the data with two pho-
tons with Eγ

T > 12 GeV, 2 events are observed with ≥ 4 jets with 1.6 ± 0.4 expected.

Similarly, when both photons are required to have Eγ
T > 25 GeV, a total of 1.7 ± 1.5 are

expected with ≥ 3 jets with 0 events observed. These results are shown in Figure 5 and

are consistent with background expectations.

3.3 Other γγ + X Results

The γγ data is also searched for the presence of associated lepton, b-quark and/or ad-
ditional photon production. The results are presented in Table 1. A total of 2 events
with b-tags are found, consistent with background expectations. No events with a third

3. Answer the most important question:



• Where it comes from

• For the electroweak theory, we still need a better 
understanding of the electroweak phase transition, 
which is important for understanding baryogenesis

• For QCD, there are many, many things that we still 
do not understand....

what we don’t understand about the SM
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Figure 3: Proposed phase diagram for QCD. SPS, RHIC and ALICE are the names
of relativistic heavy-ion collision experiments described in section 4. 2SC and CFL
refer to the diquark condensates defined in eqns. (5.3,5.4).

by shaded regions. The control parameters are temperature T and baryon chemical

potential µ, with which it is probably appropriate to (re-)familiarise ourselves. In

particle physics reactions a qqq baryon is always created or destroyed pairwise with

a q̄q̄q̄ anti-baryon. There is no process within QCD which can change the number of

baryons NB minus the number of anti-baryons NB̄; in other words we can identify

a conserved quantum number B = NB − NB̄ called baryon number. Quarks and

anti-quarks carry B = ±1

3
respectively. Now, for systems in which baryon number is

allowed to vary, the most convenient themodynamic potential to consider is the grand

potential Ω(T, V, µ) = E − TS − µB. Thermodynamic equilibrium is reached when

Ω is minimised, and for a system in equilibrium we recognise µ as the increase in E

whenever B increases by one. When systems are analysed using the grand canonical

ensemble µ is kept as a control parameter, and the baryon density nB = B/V is a

derived quantity whose value depends on the details of the equation of state nB =

nB(T, µ).

It is worth making two further observations. Firstly, baryons are fermions and

5

small x, gluon saturation, Color Glass Condensate,
breakdown of factorization, ...

quark deconfinement, 
sQGP=perfect fluid, critical 
line, high density phases, ...

decomposing spin of the proton
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I. INTRODUCTION

QCD-mediated exclusive interactions have tremendous potential as a method of observing new physics at the LHC.
However, before detailed conclusions can be drawn, theoretical predictions must be compared against experimental
observation. There has been no observation of a QCD-mediated exclusive interaction in hadron-hadron collisions
since the observation of exclusive π+π− at the ISR [1]. There are many pitfalls in the extrapolation from the ISR to
the Tevatron and LHC, so an observation at the Tevatron is critical to the progress of research projects investigating
exclusive interactions at the LHC (the FP420 project [2]). Figure 1 shows the leading order diagram for QCD-mediated
exclusive γγ interactions.

p

p

p

p

!

!

FIG. 1: Leading order diagram for QCD-mediated γγ interactions

In March 2001 a Letter of Intent [3] was submitted to the Fermilab Director to add new very forward proton
detectors to CDF to search for exclusive production of the Higgs boson, i.e the process pp̄ → pHp and nothing
else. The observation of the exclusive Higgs process can produce many measurements not available in the inclusive
Higgs production processes [4]. The Letter of Intent suggests that exclusive γγ production might be possible and, if
measurable in CDF could “calibrate” the diverse theoretical predictions.

A. From the Letter of Intent

“Fortunately there is a process that is very closely related to exclusive Higgs production, namely the exclusive
production of two photons by gg-fusion through a quark loop. While in the Higgs case only the top quark loop is
significant, in this case all quarks contribute. The crucial similarity is that in both cases the final state, H or γγ, is
not strongly interacting. Therefore the non-perturbative parts of the process should be identical in exclusive γγ and
H production. The ratio

dσ

dMγγ
(Mγγ) : σH(MH)

should be theoretically well predicted (although we cannot measure both at the same Q2), and related to the inclusive
ratio (selecting the gg part of the γγ production). A calculation including helicity effects has not yet been done. We
can measure pp̄ → pγγp̄ as a function of M(γγ) and that should give us a reliable estimate of pp̄ → pHp̄. [...] This
study will be done without attempting to detect the p and p̄, so all t and φ values are accepted. We are not likely to
find any exclusive γγ events with the p and p̄ detected.”

B. Theoretical Developments

The first published theoretical work, by the Durham group [4], is mainly concerned with exclusive Higgs, dijet, tt̄
and SUSY particles. About exclusive γγ production (in section 3.3) they say:

“At first sight, the subprocess ggPP → γγ appears attractive to serve as an alternative ggPP luminosity monitor
for the exclusive double diffractive processes. However it turns out that the event rate is too small.” They find
σ(30◦ < θ∗γ < 150◦) " 0.3(0.04) pb for Mγγ ∼ 50(120) GeV. They did not give estimates for the lower masses of
relevance here.

Later the Durham group made a refined calculation of fully exclusive γγ production [5]. They calculated a cross
section, dominated by the gg → γγ process, of σγγ(ET (γ) > 5 GeV, |η(γ)| < 1.0) = 0.04 pb. The probability

Diffractive QCDDiffraction in hadron-hadron scattering

Models have not yet been informed by the wealth of data available in DIS.

Encouraging to see agreement of model with preliminary (unbackgound
subtracted) CDF data Terashi

Issues of Higgs cross section and hard scattering corrections need to be resolved
Khoze,Motyka.

FP 420 R&D study, specifically for Higgs, new physics, QCD.

! exclusive Higgs production cross section, pp → pHp, 3-10 fb,

! inclusive Higgs production cross section, pp → pXHY p, 50-200fb

! 11(10) signal(background) events for Higgs production in 30 fb−1 de Roeck

QCD Moriond Theoretical summary – p.8/31

seen at Tevatron can we see this at LHC?



• QCD has hidden symmetries which lead to drastic 
simplifications of perturbative amplitudes

• The first hidden symmetry is essentially 
supersymmetry (!) and is well understood

• The second is connected to twistor space, and is 
not well understood

• These simplifications of pQCD may be of great 
practical importance for LHC

hidden symmetries of QCD



Tree level

At tree level, N = 4 SYM equivalent to QCD, since n-gluon

amplitude has no fermions or scalars

N = 4 SYM properties:

supersymmetry Ward identities

Grisaru, Pendleton, van Nieuwenhuizen; Grisaru, Pendleton (1977)

twistor-space localization Witten (2003); Cachazo, Svrček, Witten (2004)

automatically hold for QCD tree amplitudes

Twistor space and multi-leg loop amplitudes inN = 4 super-Yang-Mills theory – p.6/37
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Twistor space and multi-leg loop amplitudes inN = 4 super-Yang-Mills theory – p.6/37

 QCD knows about SUSY

• tree level gluon diagrams don’t 
care (naively) about 
conserving gluon helicity

• but diagrams with external 
gluinos conserve gluino helicity

• SUSY relates these amplitudes

• Leads to “accidental” 
simplifications of gluon 
amplitudes (Parke-Taylor)
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Proof of on-shell recursion relations
Britto, Cachazo, Feng, Witten, hep-th/0501052

Simple, general: Residue theorem + factorization

how amplitudes “fall apart” in degenerate kinematic limits

Inject complex momentum at leg 1, remove it at leg n.

degenerate limits           poles in z

Cauchy:

residue at z
k 

= [kth term in relation]



• Most of what we see at LHC will be SM physics, but in regimes 
which are very different from what we have seen before

discovering the SM at LHC

Top +jet production at LHC

tt̄+jet cross section same as tt̄ cross section; Radiation probability is one.

Note that a pT = 20 GeV jet can be adequately described using the soft
approximation.

The W+W− cross section is also shown, (subject to gauge cancellation)

Collider PhysicsLecture V: Heavy quark production and decay – p.47/49

Keith Ellis, Moriond QCD 06



• Theorists are working hard to calculate key processes at NLO 
and NNLO, and interface these results with showering MCs

discovering the SM at LHC
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The dialogue continues

Experimenters to theorists:

“OK, we’d really like these at NLO, by the time LHC starts”

Theorists to 

experimenters:

“OK, we’ll get 

 to work”

Les Houches 2005

Les Houches 2005 wishlist (short version)



10 years from now we will look back on 
our current understanding of the SM

and laugh at how little we knew

prediction:


