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OCD Theory:

Challengegypportunities,& comnunity needs

Some of the exciting theetical advances irecent \ears:

¥ Patons

¥ Hot and Dense QCD
¥ Efective FieldTheory
¥ Ads/QCD

¥ Lattice QCD
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Paitons ! ! ! !

Saturation region

Color Glass Condensate

' Extended Geometric

‘Scaling region
Y=In1/x A
Violates
Froissad bound
I ~1

BFKLparton density inceases withy

N | e#!SY, | " e#!SYll S#
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Paitons ! ! ! !

Saturation region
Color Glass Condensate

Extended Geometric
‘Scaling region

Y=In1/x A

BK/JIMWLK p—
equations Paiton szaturatlon.
) ' 11
take into account ) 21 S X G (X Qz)
. S - ) S
gluon fusion S N¢
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Partons'! ! ! | Lattice

Saturation region
Color Glass Condensate

Extended Geometric
‘Scaling region

Y=In1/x A

In saturation egion

1
A,! — ===  Strongsemi-classical beld

Os

INT
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Color Glass Condensate (McLan Venugopalan)

/lil\ Heavy ion

@

Saturated lav-x partons =
classical pPeld generateg b
random color souces In plane
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Geometric scaling

1
At trans\erse length scales— | g, !

S

Scattering is ogla function of Q.x; or, Q/ Qs
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Partons ! ! ! !

HERA dataevidence ér geometric scalingaturation”

Extracted Q yields
large ! «

102

Would like to see
In eA scattering

(@Qs! AV

10 |

ZEUS BPT 97
ZEUS BPC 95
H1 low Q° 95
ZEUS+H1 high @7 94-95
E665

x<0.01
all Q2
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Paitons ! ! ! !

Saturation region
Color Glass Condensate

Extended Geometric
,Scaling region

Y=In1x A

mn
S OCD S l

Outstanding Issues:
¢ Theoretical connection beteen CGC & DGLAP?
¢ Detailed phenomenological tests?

INT 7
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Paitons ! ! ! !

On to heavy iort'l collisions

freeze out

hadrons in eq.
li hydrodynamics
gluons & quarks in eq.

~

gluons & quarks out of eg—s kinetic theory

strong fields— classical EOMz¢

Z (beam axis)
from:F Gelis,R Venugopalanhep-ph/0611157

Working toward a compehensie theory:a huge
challenge with some pgress made

INT 7
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I Hot/dense QCD! | |

Pressue of hot SU(3) gauge thewpr

Theory
calculation

ldeal gas

from EKarsch

Lattice esultsyarious actions

INT 7
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I Hot/dense QCD!

The QCD phase diagram:

d
A -
.
(%66%012)
>
S 4), "
A — e
:%&'!O* ] '678)'9:,9)* vl
M.Alford, hep-ph/0610046
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| EFT!

Efective Field theoy:implementing the symmetries
of QCD In phenomenological Lagrangians
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| EFT!

Efective Field theoy:implementing the symmetries
of QCD In phenomenological Lagrangians

¥ Chiral petturbation theory
¥ SCET (Soft Collinear Efftive Theory)

¥ Nuclear Efctive Theory (Extending chiral Lagrangians to
Include nulti-nucleon interactions)

¥ EFT 6r the lattice
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I EFT!

Chiral petturbation theory
A remarkable n& & rigorous result flom an oldtheory:

The pole of the eluse/: - meson determined with
great accuracy m dispersion elations & chiral

perturbation theoty:
|
Myt oty = 441 501 12723, MeV

Caprini,ColangelgLeutwyler (2006)
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I EFT!

Bauer

SCET Soft Collinear Effctive Theory  Fleming

_ . Luke
¥ Allows one to separate pénrbative from nonpeturbative Pirjols

QCD In processes with energetic haalrs with neary Stavart
collinear constituents (g., B decgs,hard scattering)

¥ all-orders factorization argumentsorrections to
factorization

¥ RG resummation of large logs (€8 jdakv factors)
¥ High precision extractions ofub, heary-light brm factors

¥ Ewent generationdr LHC (SCET interpolates bewen
PQCD for hard events and paion shawer for soft events

¥ Rts,event shpesetc.
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I EFT!

Nuclear eféctive theory

Extension ohaal peturbation thegrto nulti-
nudeon (@w-body) systems at lenergy

¥ Weinberg (1990)nary subsequent authors

¥ High pecisionmodel independent description
of low energ/ few-body piocesses

¥ A key component ér extracting ew-nucleon
physics fom lattice QCD sinulations

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




I EFT!

Deuteron breakup @ NLO (1% accuracf free
phenomenological constants)

2.5

2

G.RupakNucl.Phys A (2000)
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| I EFT!

nd elastic scatterin@, MeV

| d! /d"

:d! /d" | — NNLO, ful

120
0 [ded]
Epelbaum et aRlys.Rev. C (2004)

riton binding enery:
BEunio =8.54 MeV BExp= 8.48 MeV

(3-body input = nd scattering length)
Platter Phys.Rev. C (2006)
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| I EFT! !

Ongoing EFT deelopments ag critical br lattice
QCD:

INT 7
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I EFT!

Ongoing EFT deelopments ag critical br lattice
QCD:

¥ Extrgpolation to inPnite slume
¥ Extrgpolation to zep lattice spacing
¥ Extrgpolation to plysical quark mass

¥ Exploitation of mird fermion actions to extend
computational pawer

¥ Extraction of S-matrix elementsdm Euclidean coelation
functions

¥ Treatment of nulti-baryon systems
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| | I AdS/QCD!

AdS/CFTa statling deelopment fom string theoy

N=4 supesymmetcYang-Mills thegt in the limit of InPnite
colos Is equivalent to Esgsical supeayrty thegrin 5-
dimensional anti-deSitter sgawkcan be exactly solved.

* Gluons,octet fermions,octet scalars @r N=3)

Can this theoy be used to learn about thesal world?

¥ Patons and BFKL
¥ Enery loss in a plasma

¥ Uniwersal viscosity bound
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I AdS/QCD!

rolchinski  Shaved haw glueball-glueball scattering
Strassler exhibits had scattering behaor
2001 (power lav momentum scaling)

Brower Derived Interpolation betveen soft

Folchinski
S pomermn (glueball) exchangand had

Tan pomermn exchange (BFKL behar)
2006

Huaalaopal - pt quenchinggnerg loss of heay
Herzog etal, dUark in hot nonabelian plasma

2006
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| AdS/QCD!

s' @

Conjectured viscosity bound:

— Helium 0.1MPa
—— Nitrogen 10MP4g

Water 100MPa

Viscosity bound

|L|;||||L

100

T, K

Kovtun,SonStarinets (2004)
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| AdS/QCD!

Conjectured viscosity bound:

200

| 1

!
s' @

T 77 [ DoesQeP

L — Helium 0.1MPa

. \I>I\/itartoegrelnocl)(|3/||\|/l|:1E g) \ OWe rr)T h e
closer to

saturat'\onxh_e

more likely a simple

gra/itationa\ dual to
QCDeﬂﬁs

Viscosity bound

10 100
T, K

Kovtun,SonStarinets (2004)
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! | ! | Lattice

Improved technolog + intense theoetical efbrt
= a hev era In lattice QCD

INT 7

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

23




| Lattice
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| Lattice

Improved technolog + intense theoetical efbrt
= a hev era In lattice QCD

¥ High precision calculations of hamlic properties (1% dr
some quantities)

¥ Exploration of the QCD phase diagram
¥ Advancing fntier:

¥ nucleon poperties

¥ structure functions

¥ resonance and glueball spectra

¥ two - baryon systems
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| Lattice

1% pecision fom the lattice in the meson sector

f/fx = 1.210(4)(13) M

1.223(12) Ex
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| Lattice

One nucleon poperties:ga

14F ' I ' I ' I ' I il
o A
5—4\% S
1_ —_
g 0.8 -
A L -
0.6 = LHPC/MILC =
i + LHPC/SESAM -
0.4 v RBCK N
! 4 QCDSF/UKQCD .
021 ® Experiment N
0- 1 I 1 I 1 I 1 I I_

0 0.2 051 20.6 0.8

m_ (GeV')

LHPC (Edwards et al.),
PRL 96 (2006) 052001

INT 7
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| ! ! I Lattice
Nucleon Mass Spectrum Nucleon Mass Spectrum (Exp)
0.7+ 2.8~
_K1’13(2700) K1’13(2700) K1’13(2700) — — —
(x2) (x2) l,,,(2600) 1, ,,(2600) I, ,(2600)
0.6 - 2.4 -
- H,5(2220)  H,4(2220) (x2) e Glg(io)%i(zzoO)Dw(zzoo
- - P,,(2100) F,(2000) F,,(2000) G EI50) CEI0 G @i
0.5 . - | 2 [ F_(oo0) _Fy(19%0) F_(1990) PulE D080
P,,(1900
s i __1 h ‘ g 13(%_&0) _ 5,,(1650) D,,(1700) _
< P,,(1710) e THEERL.
0.4 _h - ' %) 1.6FH" F,5(1680)  F ,(1680) - D,.(1675) D, (1675)
_ = —_— S,,(1535) DBTSZO)
i - P, (1440)
g WA = u
0.3} 12
" — _Pn(m)
0.2 0.8
- 1=1/2,15=1/2 bayons|| |
0.1 i
m, = 700 MeV -
0 0
Gy Hy Gy Gy H, Gy Gig My Gy Gy Hy Gy
LHPC collaboratiorfrom Lichtl (2006)
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| Lattice

Two baryon properties:

(degrees)

(k| = 261 MeV )

N W
OIO

-70:
- 1 | 1
8900 150 2

n$” (°S)

m EFT 006
¢ Juelich 604
Nijmegen NSCO7f

® This Work

m, (MeV)

00 250 300 350 400 450

| | |
500 550

NPLQCD hep-lat/0612026

INT 7
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| Lattice

Two baryon properties:

(degrees)

(k| = 261 MeV )

w
o

20:
10t

0

-10}
20}
.30}
40}
50}
60}
70}

- | | | | | | | | | | |
8900 150 200 250 300 350 400 450 500 550

% m EFT 006 B
¢ Juelich 004 |
Nijmegen NSCO7f

® This Work

m, (MeV)

NPLQCD hep-lat/0612026
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| Lattice

L ocating the QCD critical point

200 I I I I I I I
130 LTEO4
Lo L HBO2
T <= HEQTE0s
e . TT--glRO1
150 - Rty LR ) .
'SI/O 9
5 o
NJLinsth RM98
100 AR -
C094 Lsmo1 CJT02
*
NJLb89
NJLO1
50 [ fo) J’ O ’ ]
2 *
NJLag89
0

0 200 400 600 800 1000 1200 1400 1600

HB

From M.Stephang, Lattice 2006
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Scientibc Computing

Lattice
Theory

OR:

@& _d ,

INT 7
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Scientibc Computing

Lattice QCD Is ery theory intensie, but also
shaes mag similarities with experimental ghics

| Multi-institution, long-term collaborations

' Infrastructure
¥ Dell cluster10TRops peak/ZRops sustained = $1M
¥ Signibcant peer & cooling equirements

| Operating costs
¥ Above cluster 0.5 MW pawver ~ $200K/yr

¥ Technical stafcientibPc computing softwedevelopers
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Scientibc Computing
More generall advanced scientibc computing
will play an erer-increasing ole in all aspects
of nuclear plysics:

¥ Lattice QCD
¥ Hydro sinulations ér

RHIC plysics
¥ Nuclear astophysics Scientibc
¥ Nuclear structue computing
INT 7 David Kaplan - QCD Town Meeting - January 12-14, 2007 31




Scientibc Computing
More generall advanced scientibc computing
will play an erer-increasing ole in all aspects
of nuclear plysics:

¥ Lattice QCD
¥ Hydro sinulations ér

RHIC plysics
¥ Nuclear astophysics Scientibc
¥ Nuclear structue computing

To keep up with scientiPc computing needs &
opportunities will be a challenge
Specibcalladdressed in LRP at the samedéas
experiment and theoy?

INT 7
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End of theoy survey

INT 7
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End of theoy survey

Topics neglected:
Generalized pdon distributions
Advances in understandingrin factors

Spin plgsics

QGP properties,hydrodynamics...
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End of theoy survey

Topics neglected:
Generalized pdon distributions
Advances in understandingrin factors

Spin plgsics

QGP properties,hydrodynamics...

But hopefully clear: QCD is an
extremely vital and active field
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How do we move nuclear theoy
forward,and kick it up a notch’

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



How do we move nuclear theoy
forward,and kick it up a notch’
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Computatlonal
\ f power)

|deas!
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Data

A vigorous experimental gpgram is vital
for a healtly theory program
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Data

A vigorous experimental gpgram is vital
for a healtly theory program

But how closeY should theoy Initiatives be
tied to particular experimental edirts?
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\

Leon Ledermar®iaev of the
experimentalist and the theorist

INT 7
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...But thee also has to beaom for theorists
to play around with ideas not dectly
applicable to experimental phenomenoiog
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1954
¥First 40 ptotype liquid lydrogen bubble

chamber installed in Batron
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...But thee also has to beaom for theorists
to play around with ideas not dectly
applicable to experimental phenomenoiog

1954:

¥First 40 ptotype liquid lydrogen bubble
chamber installed in Batron

¥Yang & Mills ivent nonabelian gauge
theory
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Data <= Manpaver

(Computational
power)

|deas!

INT 7
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Data <=3 Manpaver

(Computational
power)

|deas!
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DOE suppoted permanent PhD staff

150 |
125 |

100 |

(theory)
+

751
50 |

25 |

| I I
97 98 99 00 01 02 03 04 05 06

2005:160
2006:144 -10%
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DOE suppoted non-permanent PhD staf
(theory)

80

60 -

a0 H

20 =

I I
97 98 99 00 01 02 03 04 05 06

2005: 93
2006: 78 -16%

INT 7
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DOE suppoted graduate students (thegy
\

100 | ‘ |

80 |
60 |
40 |

20 |

OO 01 02 03 04 05 06

2005: 115
2006: 111 -3%

INT 7
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Manpaver

2006, people ¥ # of permanent theoy PhDs: -10%
suppotted by DOE: ¥ # non-permanent theoy PhDs:16%

¥ # theory grad students3%
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Manpaver

2006,people ¥ # of permanent theoy PhDs: -10%
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¥ # theory grad students3%

¥If 2006 is a tend rather than an
aberration,nuclear theoy is in trouble
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Manpaver

2006,people ¥ # of permanent theoy PhDs: -10%
suppoted by DOE: ¥ # non-permanent theoy PhDs:16%

¥ # theory grad students3%

¥If 2006 is a tend rather than an
aberration,nuclear theoy is in trouble

¥The reduction of post-doc positions is
particularly alarmingand should be a
focus br remediation
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Data <= Manpaver

Computatlonal
\ f power)

|deas!

Competitive programs to assist the
collaborations and individuals with
great ideas
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Collaborations
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Collaborations

—+—t—ttt >

100 100 106 106 107
(Collaboration raidity)
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Collaborations

Telephond [ Workshop|

\

100 100 106 106 107
(Collaboration raidity)

INT 7

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

1® Second

44




Collaborations

Telephond | Workshop|[ INT Program

\

100 100 106 106 107
(Collaboration raidity)

INT 7
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Collaborations

New:
Topical Center

'hhphone] Workshop || INT Program

16 100 106 10° 10" 10° Second:s
(Collaboration raidity)
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Collaborations

¥ A virtual center of |
collaborators organized New:

around a plysics poblem TOpical center

Talephonel Workshop|| INT Program

16 100 106 10° 10" 10° Second:s
(Collaboration raidity)
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Collaborations

¥ A virtual center of |
collaborators organized New:

around a plysics poblem TOpical center
¥ Competitive
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Collaborations

¥ A virtual center of |
collaborators organized New:

around a plysics poblem TOpical center
¥ Competitive

¥ ~3+3 years duration?

'Ihlephone] Workshop|| INT Program

103 10 10° 109 10/ 10® Seconds

(Collaboration raidity)
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Individuals
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Individuals
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(as in 2003 Muelleraport)
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Individuals

¥ Graduate student$NluclearTheory Graduate Ellowships
(as in 2003 Muelleraport)

¥ Post-doc level: Post-doctoral prize €llowships (Mueller
report)

¥ Assistant pofessor leel. existing OJI ppgram Is geat

¥ Terured professor leel; one-time ~$30K wards to allav
senior reseachers to buy out of teachingf proposed
project (like a Guggenheimaard)

¥ Analogus oppotunities br those at National Labs
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theorists with
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Competitive
avards Pr the
theorists with ¢
the ideas

Competitive Oduty
reliefO 1-yréllowships
(tenured)
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Main Conclusions:

¥ QCD theory is a vital beld with inn@tion on mag
fronts & man opportunities

¥ | attice QCD plgs an inceasingl important role in
nuclear plysicsand its combination of intengvheory +
extensie Infrastructue = neitherOexperimentO nor
OtheoyO

¥ Manpaver is a serious concern in light of the 2006
budgetespeciayl the 16% cut in theor post-docs

¥ Fund vitual topical centersdr theorists to spend seeral
years attacking pdécular vital poblems

¥Competiti\e fellowships ér the most productive
theorists at all stages of czar
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