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For now we see through a glass, darkly; but then face to 
face: now I know in part; but then sha! I know ...

1 Corinthians 13
King James Bible



The Standard Model and 
beyond

• What do we mean by the Standard Model?

• I take the Standard Model to be a renormalizable 
quantum field theory, viewed as a low energy 
effective field theory with a high cutoff energy scale.



• Why the Standard Model is wrong:

- The Higgs mass should be very large.

- We know that there is dark matter, not accounted 
for in the model.

- There are some anomalies. For instance

See talk of G. Altarelli



• Nevertheless, the Standard Model is an established 
standard that passes almost every test.

• Perhaps it is analogous to the Roman Empire from 
the point of view of someone in La Thuile in 112 AD.



What if the Standard Model 
is wrong?

• We think it must be wrong.

• But there are lots of possibilities for the new regime.



Emergent phenomena within 
the Standard Model



Exploring hot quark matter
• We heard several reports on the transverse 

flow of hot quark matter in heavy ion 
collisions.

• This checks the the bulk behavior of this 
matter.

• First, determine transverse separation 
vector for each collision:

• Then measure angular correlation of 
produced particles with direction of this 
vector (binned by length of the vector).



• Picture of a hot fluid makes a simple prediction.

high pressure in 
the middle
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• One can do detailed simulations. See talk of R. Snellings.

Choose a 
model for hot 

spots

With zero 
viscosity, 

fluctuations 
remain

With bigger 
viscosity, 

fluctuations 
washed out
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• Predictions with zero viscosity match Alice data.



Jet quenching

• Both CMS (Y. Yilmaz) and Atlas (I. Gabrowska-
Bold) see loss of transverse momentum in one of the 
jets in dijet events. (Jets defined with anti-kT.)

• This tests how high momentum partons get through 
the medium.



• There should be detailed theory on this.

• Theory so far does not seem to work so well. (See talk 
of I. Gabrowska-Bold.)



Physics of the saturation scale





Use of gauge gravity duality

• M. Djuric reported on studies of the pomeron using 
the conectured connection between field theory at 
large coupling and higher dimensional gravity at 
weak coupling.

• Specifically, he analyzed deeply virtual Compton 
scattering from this point of view.

• R. Brower reported on studies of diffractive Higgs 
production using this same picture.



Verifying Standard Model 
Physics

• We can look at jet and vector boson cross sections to 
see if the standard model is working or if something 
new appears.

• We also test our ability to calculate correctly and to 
measure correctly. 



Calculation of multiple 
electroweak boson production

•  Francisco Campanario presented this.

• It is an example of next-to-leading order calculations 
and illustrates some important points.

Born virtual correction real correction

•  Real correction introduces a new process.

• Expect big correction. (K = 3.3)



• Now add a final state jet. 

Born virtual correction real correction
•  Real correction introduces a new process.

• Expect big correction. (K = 1.4)

• This is part way to NNLO for            .

• One can have a partial NNLO treatment.



Calculation of two photon 
production

• L. Cieri presented NNLO calculations for (non-
Higgs) two photon production in hadron collisions.

• This is evidently of interest with respect to the 
Higgs searches.



Higgs at NNLO
• A. Lazopoulos showed 

results from a inclusive 
calculation of Higgs 
production at NNLO in 
QCD (in high top mass 
approximation).

• Improvements have been 
added to previous results.

• There are also (more 
difficult) calculations of 
differential distributions.

Scale uncertainty



ATLAS: W ! "

 

Higher order calculations 
have progressed

• Here is an example from the talk 
of A. Paramonov.

• NLO from Blackhat-Sherpa is 
accurate and data matches it well.

• There is also MCFM, nlojet++, ... .

• This represents a lot of technical 
progress in the past few years.



Summing large logartithms



• M. Deak discussed matching the transverse 
momentum dependent parton distributions used for 
summing small x logs to a parton shower.





Jet cross sections
• Dijet cross section vs. 

mass agrees well with 
NLO except at 
largest rapidities. 
(From G. Jones.)

• Data extend to large 
dijet mass.

• New physics might 
produce a bump in 
low rapidity bin, but 
doesn’t.



Top mass



W mass
• R. Lopes de Sa reported precise measurements of 

the mass of the W boson at the Tevatron.



Direct searches for new 
physics

• Talks here showed substantial progress in looking for 
new physics.

• There is lots more to do, looking for new physics 
signals that are harder to see.

• Especially important are third generation sparticles 
(e.g. talk of  G. Altarelli). Start with stop.

• Dark matter produced by producing its siblings, 
presumably heavy but easy to produce with enough 
energy, or by direct production through EFT 
coupling. (See talk of  T. Tait.)



Using jet substructure
• M. Spannowsky summarized tools for using jet 

substructure to find new particles.

• A very heavy new particle can decay to lighter 
particles that have lots of transverse momentum.

• The resulting jets have lots of internal structure 
characteristic of particle decays instead of normal 
QCD.

• One can use this internal structure to discover the 
new physics. (Eg, talk of S. Lee on one method.)

• See also talk by C. Williams on an interesting new 
theory tool.



Flavor physics

• With the Standard Model as viewed as a low energy 
effective field theory with a high cutoff energy scale, 
we may ask about the theory beyond the high cutoff 
energy scale.

• Andreas Schopper discussed some of the main ideas.

• The parameters of the SM come from the high 
energy theory. 

• So fermion mass heirarchy, CKM matrix, ... are 
providing us clues to the high energy theory.



More clues

• With this view, there can be more clues.

• Besides the SM lagrangian, we should have 

• Extra terms suppressed by powers of the cutoff scale.

• The extra terms are the clues.

• We can look for them in rare processes.



Dual approaches



Effective field theory for 
flavor physics

• The general approach was nicely outlined by N. Mahmoudi.



• This program is nicely illustrated in the talk of C.D. Lu.
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• Example result from LHCb (Parkinson)



Matrix elements
• Talk of G. Ricciardi illustrated how uncertainties in 

hadronic matrix elements can be controlled.

• Talk of J. Brod on CP violation in D meson decays 
showed how due care with modeling can allow 
Standard Model to plausibly explain data.

• Sometimes we can measure them. See talk of M. 
Hita-Hochgestand.

• We have some good theoretical tools: lattice gauge 
theory, heavy quark effective theory, soft collinear 
effective theory, ....



A clue?
• R. Hill presented calculations relevant to a possible 

clue to new physics contributions.

• Measure proton charge radius from e-p scattering, or 
from the energy levels of the H atom, or from the 
energy levels of muonic hydrogen.

• Muonic hydrogen gives a very small error.

• The clue is that it does not agree with e-p & H.

• Careful attention to e-p scattering and the H atom 
does not rescue this.

• Does some new physics couple differently to muons 
and electrons?



Looking for the Standard 
Model Higgs boson



The Higgs mass cannot be just 
anything in the Standard Model

See talk of G. Altarelli
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The Standard Model Higgs
• There is a 

lower bound 
on the mass 
from lack of 
direct 
detection.

• There is an 
upper bound, 
say 200 GeV, 
from precision 
electroweak 
measurements.



Tevatron + LHC
• Now the LHC experiments, with Tevatron helping, 

exclude most of the available range for a Standard 
Model Higgs boson. A region around 125 GeV 
remains.



Maybe it is there

AtlasCMS

Both CMS and Atlas see events that could match a SM Higgs 
with mass 125 GeV and that is unlikely to be a background 
fluctuation.



• Tevatron sees something too in                    . h→ b + b̄



This could go away

• What looks like a signal for a 125 GeV Higgs boson 
could be a result of missestimated backgrounds and 
random fluctuations. It is not as convincing as the 
evidence for the top quark at 1995 Moriond.

• Maybe the SM Higgs boson will be ruled out.

• If so, we will need to find a non-Standard-Model 
version.

• Then it will be significant that Atlas and CMS 
already can rule out a SM-like Higgs up to 540 to 
600 GeV.



or the Higgs boson could be 
discovered this year

• It looks like the Standard Model Higgs boson, but is 
it?

• Is there more than one? 

• Are the couplings to W, Z, t, b, tau right?

• Is the spin right?

• Does W-W scattering work as claimed?

- This involves the Higgs self coupling.

- It is experimentally very difficult.



For now we see through a glass, darkly; but then face to 
face: now I know in part; but then sha! I know ...

• For the Higgs boson and possible extensions of the 
Standard Model, the glass may be not so dark at 
Moriond 2013.


