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Figure 29: The summary of our knowledge of high energy QCD interact ions plot ted again in the plane
of rapidity Y = ln 1/ xB j and ln Q2.

such that the border of extended geometric scaling region is deÞned by the scale

kgeom ! Qs0 e3.28 ! s Y (188)

which, using Eq. (164) can be rewrit ten as [73, 62]

kgeom = Qs(Y)

!
Qs(Y)

Qs0

" 0.34

. (189)

Therefore, extended geometric scaling is valid up to

Q " kgeom, (190)

which is a more restrict ive condit ion than Eq. (186). The exact value of kgeom may st ill be slight ly
di! erent from the one given by Eq. (189) [73, 74, 75]: what is important is that at large Y this scale
is much larger than the saturat ion scale, Qs(Y) # kgeom, allowing for a parametrically wide region of
extended geometric scaling.

The summary of our current knowledge of high energy interact ions is shown in Fig. 29. One can see
there that , on top of the saturat ion region Q " Qs(Y) of Fig. 27, one now has the extended geometric
scaling region Qs(Y) < Q " kgeom, where the linear BFKL evolut ion st ill applies with its solut ion
having the property of geometric scaling due to the presence of saturat ion region.

Indeed the property of extended geometric scaling was derived here for the case of DIS where a
small project ile (qøq dipole) scat ters on a nucleus. Saturat ion e! ects were only present in the nuclear
wave funct ion. At extremely high energies gluon saturat ion may take place even in the project ileÕs
wave funct ion: to take this into account pomeron loop resummat ion needs to be performed [124]-[128].
While such resummat ion is st ill an open problem, it has been argued in [163, 164] that such pomeron
loop e! ects along with energy conservat ion constraints may potent ially lead to a violat ion of geometric
scaling at very high energies.
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Color Glass Condensate (McLerran, Venugopalan)
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Figure 28: HERA data on the total DIS ! ! p cross sect ion plot ted in [71] as a funct ion of the scaling
variable " = Q2/ Q2

s(xB j ).

of the scaling variable " = Q2/ Q2
s(xB j ). One can see that , amazingly enough, all the data falls on the

same curve, indicat ing that #! ! p
tot is a funct ion of a single variable Q2/ Q2

s(xB j )! This gives us the best
to date experimental proof of geometric scaling. (For a similar analysis of DIS data on nuclear targets
see [162] and the Þrst reference of [81].)

The fact that geometric scaling is a property of the solut ion of the BK equat ion has been later
demonstrated in [72, 73]. In the next Sect ion we will also show that such scaling is also valid outside of
the Q < Qs(Y) saturat ion region.

2.4.3 Ext ended Geomet r ic Scaling

In [73] Iancu, Itakura and McLerran not iced that the geometric scaling of [72], which was originally
derived as a solut ion of the BK equat ion inside the saturat ion region, also applies in an area outside
of that region. To see this let us Þrst remember that outside of saturat ion region (xT < 1/ Qs(Y)) the
nonlinear BK equat ion (135) reduces to the linear BFKL evolut ion (140). Therefore, the dipole-nucleus
amplitude N is st ill given by Eq. (158), which we rewrite here as

N (xT , Y) =
! "

# "
d$ eP (" ) C" (176)

with
P($) = 2%s &(0, $) Y + (2i $ + 1) ln(xT Qs0). (177)
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 Detailed phenomenological tests?
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gluons & quarks out of eq. kinetic theory

gluons & quarks in eq.
hydrodynamics

hadrons in eq.

freeze out

from: F. Gelis, R. Venugopalan, hep-ph/0611157

On to heavy ion collisions

Working toward a comprehensive theory: a huge 
challenge with some progress made
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Fig. 4. The pressure in a SU(3) gauge theory and QCD with 2 and 3 light ßavor
degrees of freedom (left ). The right hand part of the Þgure shows a comparison of
a HTL-resummed perturbat ive calculat ion with lat t ice calculat ions of the pressure
in a SU(3) gauge theory performed with di! erent gauge act ions.

ready the early calculat ions in quenched QCD have shown that up to a few
t imes Tc ! and p show large deviat ions from ideal gas behavior. E.g. one has
for the pressure in QCD with massless quarks

p
T4

=

!

" 8" 2

45
+

#

f = u,d,..

$
7" 2

60
+

1
2

%µf

T

&2

+
1

4" 2

%µf

T

&4
' (

) f p(g2(T), T, µf ) , (5)

with f p ! 1 and ! = 3p in the inÞnite temperature limit . Deviat ions from
ideal gas behavior are parametrized here by the funct ion f p. Its structure is
apparent ly dominated by non-perturbat ive contribut ions arising already in
the gluonic sector of QCD. This is apparent from Fig. 4(left ), which shows
the pressure in quenched as well as 2 and 3 ßavor QCD with (moderately)
light quarks at vanishing quark chemical potent ial [16] and normalized to the
corresponding ideal gasvaluegiven by theprefactor in Eq. 5. The temperature
dependence of this rat io shows only lit t le ßavor dependence. Recent studies of
! / T4 and p/ T4 with smaller quark masses and closer to the cont inuum limit
[17] as well as the (isentropic) equat ion of state for non-zero quark chemical
potent ial [18] (Fig. 5(left )) show that this pat tern is a generic feature of QCD
thermodynamics. In the temperature interval Tc " T<# 3Tc thermodynamics
thus is characterized by large deviat ions from the conformal ideal gas limit ,
which also results in large deviat ions of the velocity of sound, v2

s = dp/ d! ,
from the asymptot ic inÞnite temperature value, v2

s $ 1/ 3 (Fig. 5(right)).

The QCD pressure for µq % 0 has been analyzed to all orders that are cal-
culable in perturbat ion theory [19]. Non-perturbat ive contribut ions at O(g6)
have been analyzed [20] and the screening of electric modes has also been im-
plemented in self-consistent calculat ions [21]. We show in Fig. 4(right) results
from an analysis of the pressure that uses HTL-resummed gluon self energies
in the gluon propagator [21]. This suggests that the structure of the pressure,
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Lattice results, various actions
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Pressure of hot SU(3) gauge theory

Theory
 calculation

from F. Karsch
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The QCD phase diagram:
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of QCD in phenomenological Lagrangians
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Chiral perturbation theory

A remarkable new & rigorous result from an old theory:

M ! !
i
2

! ! = 441+ 16
! 8 ! i272+ 9

! 12.5 MeV

The pole of the elusive    - meson determined with 
great accuracy from dispersion relations & chiral 
perturbation theory:     

!

Caprini, Colangelo, Leutwyler (2006)



INT David Kaplan - QCD Town Meeting - January 12-14, 2007

¥ Allows one to separate perturbative from nonperturbative 
QCD in processes with energetic hadrons with nearly 
collinear constituents (e.g.,  B decays, hard scattering) 

¥  all-orders factorization arguments, corrections to 
factorization

¥  RG resummation of large logs (eg, Sudakov factors)

¥  High precision extractions of Vub, heavy-light form factors                  

¥ Event generation for LHC (SCET interpolates between 
PQCD for hard events and parton shower for soft events   

¥ Jets, event shapes, etc.

Partons !  Hot/dense QCD !  EFT !  AdS/QCD !  Lattice
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SCET:  Soft Collinear Effective Theory
Bauer 
Fleming 
Luke
Pirjols
Stewart

Bauer
Schwarz
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Nuclear effective theory

Extension of chiral perturbation theory to multi-
nucleon (few-body) systems at low energy

¥ Weinberg (1990), many subsequent authors

¥ High precision, model independent description 
of low energy few-body processes

¥ A key component for extracting few-nucleon 
physics from lattice QCD simulations
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Deuteron breakup @ N4LO (1% accuracy, 2 free 
phenomenological constants)
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G. Rupak, Nucl. Phys. A (2000)
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Epelbaum et al., Phys. Rev. C (2004)

nd elastic scattering, 3 MeV"

" Triton binding energy:  
BENNLO  = 8.54 MeV   BEEXP = 8.48 MeV

(3-body input = nd scattering length)
Platter, Phys. Rev. C (2006)
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Ongoing EFT developments are critical for lattice 
QCD:
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¥ Extrapolation to zero lattice spacing

¥ Extrapolation to physical quark mass

¥ Exploitation of mixed fermion actions to extend 
computational power

¥ Extraction of S-matrix elements from Euclidean correlation 
functions

¥ Treatment of multi-baryon systems
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Ongoing EFT developments are critical for lattice 
QCD:
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AdS/CFT: a startling development from string theory

N=4 supersymmetric Yang-Mills theory* in the limit of  inÞnite 
colors is equivalent to a classical supergravity theory in 5-
dimensional anti-deSitter space, and can be exactly solved.

* Gluons, octet fermions, octet scalars (for N c=3)

¥ Partons and BFKL

¥ Energy loss in a plasma

¥ Universal viscosity bound

Can this theory be used to learn about the real world?
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Brower
Polchinski
Strassler
Tan

Derived interpolation between soft 
pomeron (glueball) exchange, and hard 
pomeron exchange (BFKL behavior)

Polchinski
Strassler

Showed how glueball-glueball scattering 
exhibits hard scattering behavior 
(power law momentum scaling)

Liu, Rajagopal, 
Wiedemann

Jet quenching, energy loss of heavy 
quark in hot nonabelian plasmaHerzog et al. 

2006

2006

2001
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Figure 2: The viscosity-entropy rat io for some common substances: helium, nit rogen and
water. The rat io is always substant ially larger than its value in theories with gravity duals,
represented by the horizontal line marked Òviscosity bound.Ó

experimentally whether the shear viscosity of these gases sat isÞes the conjectured bound.

This work was supported by DOE grant DE-FG02-00ER41132, the Nat ional Science
Foundat ion and the Alfred P. Sloan Foundat ion.
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¥ Advancing frontier:
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1% precision from the lattice in the meson sector:

f π/ f K 1.210(4)(13) MILC
Exp

=
= 1.223(12)
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LHPC collaboration, from Lichtl (2006)

I=1/2, I3=1/2 baryons



correct ions to the L¬uscher formula can be computed in chiral perturbat ion theory, as shown
in the ! ! case in [41] and for two nucleons in [42]. These e! ects are part icularly small in
the N " system, as the long-range part of the interact ion is dominated by two-pion exchange
and one-kaon exchange, and not one-pion exchange.
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FIG. 5: Comparison of the lowest-pion-mass lattice results in each channel with a recently developed
YN EFT [20] (squares), and several potential models: Nijmegen [11] (triangles) and Jülich [15]

(diamonds). The dark error bars on the lattice data are statistical and the light error bars are
statistical and systematic errors added in quadrature.

D . D iscussion

We have presented results of the Þrst fully-dynamical lat t ice QCD calculat ion of YN inter-
act ions. The scat tering amplitudes for s-wave n" and n#−, in both the 1S0-channel and the
3S1! 3D1 coupled-channels, have been determined at onevalueof momentum for pion masses
of " 350 MeV, " 490 MeV and 590 MeV. Unfortunately, the lightest pion mass at which
we have been able to extract a signal is at the upper limits of the regime of applicability
of the e! ect ive Þeld theories that have been constructed, thus precluding a chiral extrap-
olat ion. However, this work does provide new rigorous theoret ical constraints on e! ect ive
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From M. Stephanov, Lattice 2006
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! Multi-institution, long-term collaborations

! Infrastructure

¥ Dell cluster, 10 Tßops peak/2 Tßops sustained = $1M

¥ SigniÞcant power & cooling requirements

! Operating costs

¥ Above cluster: 0.5 MW power ~ $200K/yr

¥ Technical staff: ScientiÞc computing software developers

30

Lattice QCD is very theory intensive, but also 
shares many similarities with experimental physics

ScientiÞc Computing
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¥ Lattice QCD

¥ Hydro simulations for 
RHIC physics

¥ Nuclear astrophysics

¥ Nuclear structure

31

More generally, advanced scientiÞc computing 
will play an ever-increasing role in all aspects 

of nuclear physics:

To keep up with scientiÞc computing needs & 
opportunities will be a challenge. 
SpeciÞcally addressed in LRP at the same level as 
experiment and theory?

ScientiÞc Computing

ScientiÞc 
computing

TheoryExperiment
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Topics neglected:  

Generalized parton distributions

Advances in understanding form factors

Spin physics 

QGP properties, hydrodynamics...

But hopefully clear:  QCD is an 

extremely vital and active field
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Data

A vigorous experimental program is vital 
for a healthy theory program

But how closely should theory initiatives be 
tied to particular experimental efforts?
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Leon LedermanÕs view of the 
experimentalist and the theorist 
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...But there also has to be room for theorists 
to play around with ideas not directly 
applicable to experimental phenomenology

1954:

¥First 4Ó prototype liquid hydrogen bubble 
chamber installed in Bevatron

¥Yang & Mills invent nonabelian gauge 
theory
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2005: 160
2006: 144 -10%
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2005:  93
2006:  78 -16%



97 98 99 00 01 02 03 04 05 06

25

50

75

100

125

150

Out[90]=  (17:29:45 on 1/12/07)

† Graphics  †

97 98 99 00 01 02 03 04 05 06

20

40

60

80

Out[91]=  (17:29:45 on 1/12/07)

† Graphics  †

97 98 99 00 01 02 03 04 05 06

20

40

60

80

100

Untitled-1 1

INT David Kaplan - QCD Town Meeting - January 12-14, 2007

DOE supported graduate students (theory)
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2005:  115
2006:  111 -3%
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¥# non-permanent theory PhDs: -16%

¥# theory grad students: -3%
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Manpower

¥If 2006 is a trend rather than an 
aberration, nuclear theory is in trouble.

¥The reduction of post-doc positions is 
particularly alarming, and should be a 
focus for remediation

42

2006, people 
supported by DOE:

¥# of permanent theory PhDs:   -10%

¥# non-permanent theory PhDs: -16%

¥# theory grad students: -3%
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Competitive programs to assist the 
collaborations and individuals with 

great ideas
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Telephone Workshop INT Program

¥ A virtual center of 
collaborators organized 
around a physics problem

¥ Competitive

¥ ~3+3 years duration?
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report)

¥ Assistant professor level:  existing OJI program is great

¥ Tenured professor level:  one-time ~$30K awards to allow 
senior researchers to buy out of teaching for proposed 
project (like a Guggenheim award)

¥ Analogous opportunities for those at National Labs
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¥QCD theory is a vital Þeld with innovation on many 
fronts & many opportunities

¥Lattice QCD plays an increasingly important role in 
nuclear physics, and its combination of intensive theory + 
extensive infrastructure = neither ÒexperimentÓ nor 
ÒtheoryÓ

¥Manpower is a serious concern in light of the 2006 
budget, especially the 16% cut in theory post-docs

¥Fund virtual topical centers for theorists to spend several 
years attacking particular vital problems 

¥Competitive fellowships for the most productive 
theorists at all stages of career
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Main Conclusions:


