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Nuclear Physics from 
Quantum Chromo- 
Dynamics (QCD)

A strange journey from nuclei to quarks and gluons...

then back again through extra dimensions and atomic traps
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H. Bhabha, B. Peters, Paris 1953

B. Peters, V.  Sarabhai, 
Ahmedabad, 1956

H. Bhabha, B. Peters et al.
TIFR 1956
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Outline for this talk:

I. Some highlights in the history of the nuclear structure

II. From nuclei to quarks to QCD, and an unlikely celebrity

III. A map of QCD, and ingenious attempts to find our way 
back (but we wander off into extra dimensions instead)

IV. Life is simpler when you’re very dense

V. Knowing that we don’t know, and effective field 
theory...which leads us to an atomic trap

VI. Escape with the help of a computer to strange places

VII.Other universes
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I. Some early highlights in the history of the nuclear structure

1911: Rutherford discovers the atomic nucleus

1913: Moseley’s study of X-ray spectra shows that the 
periodic table is ordered by the electric charge of the 
nucleus (atomic number, Z)

1919: Rutherford discovers the proton as a constituent of 
nuclei, accounting for Z but not A

1924: Anomalous magnetic moment of proton measured, 
not consistent with being a point particle

1932: Chadwick discovers the neutron...but free neutrons 
decay into proton + electron

1935: Yukawa proposes nucleus is held together by 
mesons (discovered 1947)
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By 1950: heroic effort & a sophisticated theory of the nucleus
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Nice picture, not satisfying

• Pions cannot explain nuclear forces by themselves
• Nucleons, mesons have size & excitations
• Strange particles discovered
• Strong force, weak force, electromagnetism, all look so 
unlike each other!
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PREDICTED

II. From nuclei to quarks to QCD, and an unlikely celebrity

Gell-Mann & Zweig note simple patterns:
propose strongly interacting particles are 
composed of “quarks”, which come in three 
“flavors”: up, down, strange

Bary
ons

Mesons

Baryons = 3 quarks

Mesons = quark + anti-quark

➡

u

➡

d

➡

s
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"for their pioneering investigations concerning deep inelastic

scattering of electrons on protons and bound neutrons, which

have been of essential importance for the development of the

quark model in particle physics"

The Nobel Prize in Physics 1990

  Photo: T. Nakashima

Jerome I. Friedman Henry W. Kendall Richard E. Taylor

 1/3 of the prize  1/3 of the prize  1/3 of the prize

Quarks were “seen” in scattering electrons off nucleons in 1968

Friday, February 12, 2010



David B. Kaplan TIFR Colloquium February 10, 2010 

"In the future, everyone will be 
world-famous for 15 minutes."

Andy Warhol, 1968
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⇑Δ++

➡

u

➡

u

➡

u

J=3/2

L=0

Quark model:
three identical quarks in 
the same quantum state...
Violates Pauli principle!

➡

u

➡

u

➡

u

OK if quarks are not 
identical & carry a

new quantum number: 
color
(1964)

Δ: the unlikely celebrity

Citation: C. Amsler et al. (Particle Data Group), PL B667, 1 (2008) and 2009 partial update for the 2010 edition (URL: http://pdg.lbl.gov)

∆ BARYONS∆ BARYONS∆ BARYONS∆ BARYONS
(S = 0, I = 3/2)(S = 0, I = 3/2)(S = 0, I = 3/2)(S = 0, I = 3/2)

∆++ = uuu, ∆+ = uud, ∆0 = udd, ∆− = ddd

∆(1232) P33∆(1232) P33∆(1232) P33∆(1232) P33 I (JP ) = 3
2 (3

2
+)

Breit-Wigner mass (mixed charges) = 1231 to 1233 (≈ 1232) MeV
Breit-Wigner full width (mixed charges) = 116 to 120 (≈ 118) MeV

pbeam = 0.30 GeV/c 4π¯̄λ2 = 94.8 mb
Re(pole position) = 1209 to 1211 (≈ 1210) MeV
−2Im(pole position) = 98 to 102 (≈ 100) MeV

∆(1232) DECAY MODES∆(1232) DECAY MODES∆(1232) DECAY MODES∆(1232) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

N π 100 % 229

N γ 0.52–0.60 % 259

N γ , helicity=1/2 0.11–0.13 % 259

N γ , helicity=3/2 0.41–0.47 % 259

∆(1600) P33∆(1600) P33∆(1600) P33∆(1600) P33 I (JP ) = 3
2 (3

2
+)

Breit-Wigner mass = 1550 to 1700 (≈ 1600) MeV
Breit-Wigner full width = 250 to 450 (≈ 350) MeV

pbeam = 0.87 GeV/c 4π¯̄λ2 = 18.6 mb
Re(pole position) = 1500 to 1700 (≈ 1600) MeV
−2Im(pole position) = 200 to 400 (≈ 300) MeV

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2009 14:31

Δ++ Lifetime:  6 x 10-24 sec
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Color as charge: the birth of QCD (1973)

Color screening in QCD:

Color anti-screening in QCD:

Gives rise to asymptotic freedom...
very different than QED

QED:

electron
photon

QCD:

quark
gluon

Gluons (8 of them) 
carry color!
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QCD: 
weak at short distance/high energy;
strong at long distance/low energy 
(long distance = 1 Fermi = 10-15 m)

☚Can test theory!
☚Defines a strong scale            
    O(200) MeV
    Can explain nuclei?

Asymptotic freedom (1973)
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Nope.

20Ne

Can we now 
solve QCD and 

determine 
nuclear 

structure?!!
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III. A map of QCD, and ingenious attempts to find our way back 
(but we wander of into extra dimensions instead)

QUARK

C.
 M

an
ue

l, 
M

. M
an

na
re

lli

Heavy Ion
Collisions

QCD 
phase diagram: 
extrapolation, 
inspired conjecture,
computation,
nibbling around the 
edges with 
asymptotic freedomSTRONG 

COUPLING
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If you can’t solve a hard problem exactly, solve a somewhat easier one.

★QCD has three types of colors...take the limit Nc→∞

★Change the charges of particles (no longer like quarks) so 
theory possesses more symmetry (“supersymmetry”)

★From string theory: can calculate properties of this theory 
by solving classical differential equations in curved, 5-
dimensional spacetime!?

Heavy ion 
collisions
& the quark 
gluon 
plasma
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From string theory: 
AdS/CFT correspondence

Strongly coupled field 
theory lives on 4 dim. 
surface of a curved 5 
dim. space

Properties of the 
boundary field theory 
may be computed by 
solving weakly coupled 
classical field theory in 
the interior. (!)
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Figure 2: The viscosity-entropy ratio for some common substances: helium, nitrogen and

water. The ratio is always substantially larger than its value in theories with gravity duals,

represented by the horizontal line marked “viscosity bound.”

experimentally whether the shear viscosity of these gases satisfies the conjectured bound.

This work was supported by DOE grant DE-FG02-00ER41132, the National Science

Foundation and the Alfred P. Sloan Foundation.
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Conjecture: 
viscosity/entropy ≥ !

4π

Is the quark gluon plasma
at the bound?

P. Kovtun, D.T.Son,  A. Starinets

Insights for plasma physics from five dimensional gravity

L. Yaffe, P. Chesler

Shock wave as a heavy quark 
travels through the quark-

gluon plasma
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QUARK

Heavy Ion
Collisions

5d 

Next...
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higher μ

Occupied
states
(u, d, s)

EF

Occupied
states

(only u & d)

EF

low μ

Expect to see stable strange quark matter at densities 
higher than nuclear density

u d s

E

u d s

IV. Life is simpler when you’re dense

ms ∼ 20 md ∼ 40 mu
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Very dense quark matter: like a Fermi gas of quarks? 
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up down strange

Interactions (gluon exchange) at top of Fermi sea
lead to pairing (color superconductivity)
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e

ee

e

Conventional 
superconductivity:
phonon exchange attractive; 
electron pairs at Fermi 
surface Bose condense

q

qq

q
Color superconductivity:
gluon exchange attractive; 
quark pairs at Fermi 
surface Bose condense

Reliable calculation at very high density: 
interaction weak due to asymptotic freedom
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Lower densities μ∼ (strange quark mass)2/100 MeV: 
...get a very complex assortment of phases of quark 
matter, including crystals.  Less reliable

Very high density:  get a very symmetric system 
(“Color-Flavor-Locked” - CFL - quark matter) with 
many very light excitations (“mesons”)

pF

s

u,d

Fermi surface have mismatch due to 
s quark mass

11

clear matter. Otherwise, there must be a transition
to some other quark matter phase: this is the “non-
CFL” region shown schematically in Fig. 1. When the
stress is small, the CFL pairing can bend rather than
break, developing a condensate of K0 mesons, described
in Sec. II.C below. When the stress is larger, however,
CFL pairing becomes disfavored. A comprehensive sur-
vey of possible BCS pairing patterns shows that all of
them suffer from the stress of Fermi surface splitting
(Rajagopal and Schmitt, 2006), so in the intermediate-
density “non-CFL” region we expect more exotic non-
BCS pairing patterns. In Sec. III we give a survey of
possibilities that have been explored.

C. Kaon condensation: the CFL-K0 phase

Bedaque and Schäfer (Bedaque and Schäfer, 2002)
showed that when the stress is not too large (high den-
sity), it may simply modify the CFL pairing pattern
by inducing a flavor rotation of the condensate. This
modification can be interpreted as a condensate of “K0”
mesons. The K0 meson carries negative strangeness (it
has the same strangeness as a s̄ quark), so forming a K0

condensate relieves the stress on the CFL phase by re-
ducing its strangeness content. At large density kaon
condensation occurs for Ms ! m1/3∆2/3, where m is
mass of the light (u and d) quarks. At moderate density
the critical strange quark mass is increased by instanton
contribution to the kaon mass (Schäfer, 2002a). Kaon
condensation was initially demonstrated using an effec-
tive theory of the Goldstone bosons, but with some effort
can also be seen in an NJL calculation (Buballa, 2005b;
Forbes, 2005). The CFL-K0 phase is a superfluid; it is
a neutral insulator; all its quark modes are gapped (as
long as M2

s /(2µ) < ∆); it breaks chiral symmetry. In all
these respects it is similar to the CFL phase. Once we
turn on small quark masses, different for all flavors, the
SU(3)c+L+R symmetry of the CFL phase is reduced by
explicit symmetry breaking to just U(1)Q̃ ×U(1)Ỹ , with

Ỹ a linear combination of a diagonal color generator and
hypercharge. In the CFL-K0 phase, the kaon condensate
breaks U(1)Ỹ spontaneously. This modifies the spectrum
of both quarks and Goldstone modes, and thus can affect
transport properties.

III. BELOW CFL DENSITIES

As we discussed in the introduction (end of Sec. I.A)
and above (Sec. II.B), at intermediate densities the CFL
phase suffers from stresses induced by the strange quark
mass, combined with beta-equilibration and neutrality
requirements. It can only survive down to the tran-
sition to nuclear matter (occurring at quark chemical
potential µ = µnuc) if the pairing is strong enough:
roughly ∆CFL > Ms(µnuc)2/2µnuc, ignoring strong in-
teraction corrections, which are presumably important
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FIG. 3 (Color online) Free energy of various phases of dense
3-flavor quark matter, assuming ∆CFL = 25 MeV. The ho-
mogeneous phases are CFL and 2SC, their gapless analogs
gCFL and g2SC, and the kaon-condensed phase CFL-K0. The
true ground state must have a free energy below that of the
gCFL phase, which is known to be unstable. The inhomoge-
neous phases are curCFL-K0, which is CFL-K0 with meson
supercurrents, and 2PW, CubeX, and 2Cube45z, which are
crystalline color superconducting phases. The transition from
CFL-K0 to curCFL-K0 is marked with a dot. In 2PW the
condensate is a sum of only two plane waves. CubeX and
2Cube45z involve more plane waves, their condensation en-
ergies are larger but less reliably determined, so their curves
should be assumed to have error bands comparable in size to
the difference between them.

in this regime. It is therefore quite possible that other
pairing patterns occur at intermediate densities, and in
this section we survey some of the possibilities that have
been suggested.

Fig. 3 shows a comparison of the free energies of some
of these phases. We have chosen ∆CFL = 25 MeV, so
there is a window of non-CFL pairing between nuclear
density and the region where the CFL phase becomes
stable. (For stronger pairing, ∆CFL ∼ 100 MeV, there
would be no such window.) The curves for the CFL, 2SC,
gCFL, g2SC, and crystalline phases (2PW, CubeX and
2Cube45z) are obtained from an NJL model as described
in Sec. VI. The curves for the CFL-K0 and meson su-
percurrent (curCFL-K0) phases are calculated using the
CFL effective theory with parameters chosen by match-
ing to weak-coupling QCD, as described in Sec. V, except
that the gap was chosen to match ∆CFL = 25 MeV. The
phases displayed in Fig. 3 are discussed in the following
sections.

A. Two-flavor pairing: the 2SC phase

After CFL, 2SC is the most straightforward less-
symmetrically paired form of quark matter, and was one
of the first patterns to be analyzed (Alford et al., 1998;

Alford et al.
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Figure 10: Left panel: a sketch of the QCD phase diagram as a function of
temperature T and baryon chemical potential µB. The early universe cooled
slowly down the vertical axis — it was filled with quark-gluon plasma for the
first microseconds after the big bang. Heavy ion collisions reproduce matter
last seen in nature at this early cosmological epoch. The transition between
quark-gluon plasma and ordinary hadronic matter is a crossover at small µB,
and is thought to become first order for µB greater than that of a critical
point in the phase diagram. Cold dense quark matter, as may occur within
neutron stars, is in one of several possible color superconducting phases.
Right panel: searching for the QCD critical point [12]. The blue diamonds
mark the location of the critical point found in four pioneering lattice QCD
calculations (done in the years indicated, using the “Lattice Reweighting”
or “Lattice Taylor Expansion” methods). Each was done at a single lattice
spacing; extrapolation to the continuum limit is a current challenge. The
red circles, labeled by

√
s, indicate the location in the phase diagram where

heavy ion collisions with various collision energies freeze out. By scanning
√

s
over a range extending down to 5 GeV, and by virtue of its favorable collider
geometry and detectors, RHIC can look for the entire suite of event-by-event
fluctuations expected to characterize collisions which freezeout after passing
near the critical point if the critical point has µB <∼ 500 MeV.

29

Could superconducting quark matter exist inside 
neutron stars?
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Growing data constraining neutron stars
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For example: flares from field instabilities can trigger 
star quakes; modes constrain crust properties
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A number of other constraints
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QUARK

Heavy Ion
Collisions

5d 

Next
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V. Knowing that we don’t know & effective field theory... 
which leads us into an atomic trap

Effective Field Theory

Separation of scales:

1/k = λ ! R

Limited resolution at low energy:

−→ expand in powers of kR

n

n

n

n

p

pp

R

!>>R

Short-distance physics not resolved

−→ capture in low-energy constants using renormalization
−→ include long-range physics explicitly

Systematic, model independent→ error estimates

Classic example: light-light-scattering (Euler, Heisenberg, 1936)

Simpler theory for ω $ me:

LQED[ψ, ψ̄, Aµ] → Leff [Aµ]
=⇒ + . . .

Universality in QCD and Halo Nuclei – p.5/23

Eg:  Euler-Heisenberg theory of light-by 
light scattering

Effective field theory:
Complicated short distance physics can be parametrized 
by a few coupling constants 

Eg:  Fermi’s theory of weak interactions:

d

u e

ν

W

1983 1934

GF e

ν

p

n
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Weinberg suggested using effective field theory to describe 
low energy interactions between nucleons

•Construct most general low energy theory 
with the symmetries of QCD

•Systematic low energy expansion

•Not like Fermi theory: strong NN interaction 
characterized by a very shallow bound state 
(deuteron) and an almost bound 2‐neutron 
state 

•Only applies to few‐body systems (2‐3‐4?)
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2 4 6 8 10

0.5

1

1.5

2

2.5

E! (MeV)

"!(mb) G. Rupak, 1999

•N4LO analytic calculation
•1-parameter fit
•~1% uncertainty from EFT
•~5% uncertainty from conventional models

Example of an effective field theory calculation: critical 
process for nucleosynthesis during the Big Bang
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Phillips line: 3H binding energy - Nd scattering length correlation

dots=potential
model predictions

3-body physics from effective field theory

Phillips line: 3-body interaction 

Bedaque et al., nucl-th/0207034
Efimov & Tkachenko, 1988 

LO EFT

NLO EFT

fix 3-body interaction

X=real world value
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Other successful applications of effective field theory:

Neutrino-deuteron interactions (critical for SNO neutrino 
experiment)

p-p fusion (power plant of the sun) to <1% accuracy
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3S1
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=

1
45 MeV

Not like νν scattering in Fermi theory!
Rapid change at low energy (large “scattering lengths”)

Can experimentally explore such systems using trapped 
atoms
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a1S0 = − 1
8 MeV

Nucleon-nucleon scattering
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Trapped atom systems 
very interesting testing 
ground for nuclear many-
body theory.

Strong connection between effective field theory for 
nucleon interactions, and for cold trapped atoms tuned to 
a Feshbach resonance:

Cold Atoms/BEC

Velocity distribution (T = 400 nK, 200 nK, 50 nK)

(Source: http://jilawww.colorado.edu/bec/)

Variable scattering length via Feshbach resonances

Universality in QCD and Halo Nuclei – p.13/23
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QUARK

Heavy Ion
Collisions

EFT

⇒
⇒

C
O
M
P
U
T
A
T
I

O
N

VI. Escape with the help of a computer to strange places

5d 
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Consequences of QCD can be computed

Spacetime approximated by a finite size 
lattice on which quarks and gluons can 
hop around: “Lattice QCD” (1974)

• Generate stochastic 
gluon fields with 
appropriate weight

• Average correlation 
functions

• Extract observable 
quantities

Computationally very expensive
Works well for 
• low lying spectrum of 
strongly interacting states

• thermodynamic properties at 
zero chemical potential

Ken Wilson
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MILC collaboration

Spectra:
Easier...
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Spectra:
harder...
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Figure 1. A comparison between the
calculated values of the low-lying hadron
masses and their physical values, obtained in
a calculation with two flavors of light (u/d)
quarks and a strange quark[1]. The black and
colored bands indicate the experimental and
lattice values, respectively; the width of the
band indicates the uncertainty.
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Figure 2. The figure shows the experimen-
tally determined nucleon spectrum classified
according to the transformation properties un-
der the cubic group of the lattice; the lowest-
lying state in the G1g channel is the proton[2].

describe recent progress at understanding the resonance spectrum, focusing first on nucleon
resonances and then on the meson sector. We conclude with prospects for future calculations.

2. Lattice QCD
The interactions of the quarks and gluons at very short distances, such as those probed at the
LHC, are weak, a property known as asymptotic freedom, for which Gross, Politzer, and Wilczek
won the 2004 Nobel Prize. This enables the interactions to be expanded in terms of a small
coupling constant. At longer distances, typical of the binding of the quarks and gluons into
hadrons, the coupling becomes strong, and the theory highly non-linear. Here, the only means
of solving, as opposed to modelling, QCD is through numerical calculations on the lattice.

Lattice gauge calculations solve QCD on a four-dimensional lattice, or grid, of points in
Euclidean space. The quarks reside on the points of the grid, whilst the gluons are associated
with the links joining those points. Lattice calculations proceed through a Monte Carlo
method, in which ensembles of gauge configurations are generated with a probability distribution
prescribed by the Euclidean QCD action. Lattice QCD calculations have always been at the
leading edge of exploiting the most powerful supercomputing resources available, helped by the
highly regular nature of the problem.

The calculation of the ground-state spectrum has been a benchmark calculation of lattice
QCD since its inception. Figure 1 shows a summary of the low-lying light-hadron masses
compared with their experimental values, measured on anisotropic clover lattices designed for
the study of resonance spectroscopy[1]; details of the computational methodology are given in
the poster of Balint Joo.

A comprehensive picture of resonances requires that we go beyond a knowledge of the ground
state mass in each channel, and obtain the masses of the lowest few states of a given quantum

H.-W. Lin et al. (& N. Mathur, TIFR), 2008

(black = experiment, color = lattice)
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FIG. 2: Effective energy shift of He nucleus in a convention of
−∆E

eff
L with S1 (circle) and S2 (square) sources at L = 48 in

lattice units. Square symbols are slightly shifted to positive
direction in horizontal axis for clarity. Fit results with one
standard deviation error band are expressed by solid lines.

ponential fit results in the plateau region as presented in
the figure.

In order to determine the energy shift ∆EL precisely,
we define the ratio of the He nucleus correlation function
divided by the fourth power of the nucleon correlation
function, R(t) = GHe(t)/(GN (t))4, where GHe(t) and
GN (t) are obtained with the same source. The effective
energy shift is extracted as ln(R(t)/R(t + 1)) = −∆Eeff

L ,
once the ground states dominate in both correlators. In
Fig. 2 we present time dependence of −∆Eeff

L for the S1,2

sources, both of which show negative values beyond the
error bars in the plateau region of 8 ≤ t ≤ 11. Note that
this plateau region is reasonably consistent with that for
the effective mass of the He nucleus correlators in Fig. 1.
The signals of −∆Eeff

L are lost beyond t ≈ 12 because
of the large fluctuations in the He nucleus correlators.
We determine ∆EL by exponential fits of the ratios in
the plateau region, t = 8 − 12 for S1 and t = 7 − 12 for
S2, respectively. We estimate a systematic error of ∆EL

from the difference of the central values of the fit results
with the minimum or maximum time slice changed by
±1.

The volume dependence of the energy shift ∆EL is
plotted as a function of 1/L3 in the upper panel of Fig. 3.
Table II summarizes the numerical values of ∆EL at
three spatial volumes, where the statistical and system-
atic errors are presented in the first and second parenthe-
ses, respectively. The results for the S1,2 sources are con-
sistent within the error bars. We observe little volume de-
pendence for ∆EL indicating a bound state, rather than
the 1/L3 dependence expected for a scattering state, for
the ground state in the He channel.

The physical binding energy ∆E defined in the infi-
nite spatial volume limit is extracted by a simultaneous
fit of the data for the S1,2 sources employing a fit func-
tion of ∆E+C/L3 with ∆E and C free parameters. The
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FIG. 3: Spatial volume dependence of −∆EL = M −NN mN

in GeV units for He (upper) and 3He (lower) nuclei with S1

(open circle) and S2 (open square) sources. Statistical and
systematic errors are added in quadrature. Square symbols
are slightly shifted to positive direction in horizontal axis for
clarity. Extrapolated results to the infinite spatial volume
limit (filled circle) and experimental values (star) are also pre-
sented.

1/L3 term is added to allow for contamination of scat-
tering states. A systematic error is estimated from the
difference of the central values of the fit results using the
data with the different fit ranges in the determination of
∆EL. The result for ∆E is 0.0180(62) in lattice units,
which is 2.9 σ away from zero as shown in Fig. 3. The
error is evaluated from the statistical and systematic er-
rors added in quadrature. In the following discussions
we use the combined error. We also try a pure bound
state fit allowing for an exponentially small finite size
correction: ∆E and ∆E + C1e−C2L with ∆E and C1,2

free parameters. We find all the results are in agreement
with reasonable values of χ2.

Based on these analyses we conclude that the ground
state of the measured four-nucleon system is bounded.
An encouraging finding is that ∆E = 27.7(9.6) MeV
with a−1 = 1.54 GeV agrees with the experimental value
of 28.3 MeV. However, we do not intend to stress the
consistency because our calculation is performed at the
unphysically heavy pion mass, mπ = 0.8 GeV, and the
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UTCCS-P-57, UTHEP-601

Helium Nuclei in Quenched Lattice QCD

T. Yamazaki,1 Y. Kuramashi,1, 2 and A. Ukawa1

(PACS-CS Collaboration)
1Center for Computational Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8577, Japan

2Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan
(Dated: December 8, 2009)

We present results for the binding energies for He and 3He nuclei calculated in quenched lattice
QCD at the lattice spacing of a = 0.128 fm with a heavy quark mass corresponding to mπ = 0.8
GeV. Enormous computational cost for the nucleus correlation functions is reduced by avoiding
redundancy of equivalent contractions stemming from permutation symmetry of protons or neutrons
in the nucleus and various other symmetries. To distinguish a bound state from an attractive
scattering state, we investigate the volume dependence of the energy difference between the nucleus
and the free multi-nucleon states by changing the spatial extent of the lattice from 3.1 fm to 12.3
fm. A finite energy difference left in the infinite spatial volume limit leads to the conclusion that
the measured ground states are bounded. It is also encouraging that the measured binding energies
and the experimental ones show the same order of magnitude.

PACS numbers: 11.15.Ha, 12.38.Aw, 12.38.-t 12.38.Gc

The atomic nuclei have been historically treated as col-
lections of protons and neutrons. The great success of
the nuclear shell model since 1949 [1, 2], explaining the
nuclear magic numbers and detailed spectroscopy, has
established that protons and neutrons are very good ef-
fective degrees of freedom at the nuclear energy scale of
a few MeV. Nonetheless, 60 years later, we know for cer-
tain that protons and neutrons are made of quarks and
gluons whose laws are governed by QCD. It is a great
challenge to quantitatively understand the structure and
property of known nuclei based on the first principle of
QCD. This direct approach will be more important and
indispensable if we are to extract reliable predictions for
experimentally unknown nuclei in the neutron rich re-
gions of the nuclear chart. In this article we address the
fundamental question in the research in this direction,
namely the binding energies of nuclei.

Interacting multi-baryon systems have been investi-
gated by several studies in lattice QCD. Nucleon-nucleon
scattering was first studied in quenched QCD [3, 4]. This
work was followed by a partially-quenched mixed action
simulation in Ref. [5]. Extraction of nuclear force be-
tween two nucleons has been investigated in quenched
and 2+1 flavor QCD [6, 7, 8]. All these studies assumed
that the deuteron channel is not bound for the heavy pion
mass, mπ∼>0.3 GeV, employed in the calculations. Very
recently, NPLQCD Collaboration has tried a feasibility
study of the three-baryon system focusing on the quan-
tum number of Ξ0Ξ0n. They found the interaction to be
repulsive [9]. So far no evidence supporting bound state
formation in multi-baryon systems has been observed in
lattice QCD. In this letter we examine the helium nu-
clei, He and 3He, in quenched lattice QCD using a heavy
quark mass at a single lattice spacing.

The binding energy ∆E of the nucleus consisting of
NN nucleons with the mass mN is very tiny compared

with the mass M of the nucleus: ∆E/M ∼ O(10−3) with
∆E = NNmN −M . This causes a complicated situation
that it is difficult to distinguish the physical binding en-
ergy from the energy shift due to the finite volume effect
in the attractive scattering system [10]. One way to solve
the problem is to investigate the volume dependence of
the measured energy shift: In the attractive scattering
system the energy shift is proportional to 1/L3 at the
leading order in the 1/L expansion [10, 11], while the
physical binding energy remains at a finite value at the
infinite spatial volume limit. In our simulation we choose
three spatial extents corresponding to 3.1, 6.1 and 12.3
fm, which are much larger than those employed in current
numerical simulations so as to provide sufficient room for
the interacting multi-nucleon system.

A major computational problem with multi-nucleon
systems in lattice QCD is a factorially large number of
Wick contractions of quark-antiquark fields required for
evaluations of the nucleus correlation functions. A naive
counting would give (2Np + Nn)!(2Nn + Np)! for a nu-
cleus composed of Np protons and Nn neutrons, which
quickly becomes prohibitively large beyond three-nucleon
system, e.g., 2880 for 3He and 518400 for He.

This number, however, contains equivalent contrac-
tions under the permutation symmetry in terms of the
protons or the neutrons in the interpolating operator.
We can reduce the computational cost by avoiding the
redundancy. In case of the He nucleus which consists of
the same number of the protons and the neutrons, the
isospin symmetry also helps us reduce the necessary con-
tractions. After a scrutiny of the remaining equivalent
contractions by a computer we find that only 1107 (93)
contractions are required for the He (3He) nucleus corre-
lation function. We have made a numerical test that the
result with the reduced contractions reproduces the one
with the full contractions on a configuration.

 2009

Spectra:
hardest...

very heavy
quark masses,
small coarse 
lattice.
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Compute properties of light nuclei from lattice QCD
using ExaFlops computers?

 
(kilo, mega, giga, tera, peta, exa, zetta, yotta...)
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SU(Nc) Plasma Saumen Datta
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Figure 4: Results for energy density and pressure for SU(3-6) gauge theories, normalized to the correspond-

ing Stefan-Boltzmann values. For SU(3), we have used the plaquette data of Ref. [13].

4. Summary and Discussion

In this report we have studied the deconfinement transition in SU(Nc) gauge theories, with

emphasis on the continuum results. We have studied in detail the transition point, using a finite

volume analysis to establish the first order nature of the transition for Nc = 4 and 6. We have also

found that for Nt ≥ 8, the two-loop RGE works quite well at the transition point. We have used

this to set the scale of the theory, by transmuting the coupling at the deconfinement transition, "c,

to get Tc/#MS. We find this quantity to be very weakly dependent onNc.

Next we have studied the thermodynamics of the deconfined plasma. Our results for scaling

imply that for calculating the thermodynamic quantities near Tc, one needs lattices with Nt ≥ 8. It

was found that an aspect ratio of 3 was enough for the finite volume effects to stay under control.

Our estimates for the continuum thermodynamic quantities are shown in Fig. 4. The figure

denotes that the correction to the leadingN2c contribution is rather small in both energy density and

pressure, already forNc = 3. It is also found that the energy density and pressure differ significantly

from their Stefan-Boltzmann values, even deep in the deconfined phase.

The large deviation from the Stefan-Boltzmann value, and the fact that some strongly coupled

conformal field theories show similar deviations from Stefan-Boltzmann limit [4], have sometimes

been used in the literature to speculate about a strongly coupled, conformal regime in pure SU(Nc)

gauge theories. The thermodynamics results can be used to investigate the feasibility of such a

phase. Following Ref. [15], in Fig. 5 we plot the energy density vs. pressure, normalized by the

corresponding Stefan-Boltzmann values. By construction the point at (1,1) is the Stefan-Boltzmann

limit, while the diagonal line denotes conformality. Also shown are the weak coupling lines for the

theories with the different number of colors [16]. We find that the weak coupling line is reached

before the conformal line, indicating the absence of a strongly coupled, conformal phase in the

SU(Nc) gluon plasma.

We thank Mikko Laine for providing us with the weak coupling results of Fig. 5. The com-

putations were carried out on the workstation farm of the department of theoretical physics, TIFR.

6

  Equation of state for hot QCD, μ=0 

S. Datta, S Gupta, TIFR, 2009

Thermodynamics
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Thermodynamics with μ≠0?

A brute force attempt with lattice QCD appears to be an 
exponentially hard computational problem.

Much work is being done to make progress on this problem 
(eg: R Gavai, S. Gupta & students at TIFR)
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There remains unknown territory to explore...
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Best chance for nuclear structure from QCD:

1. Map out A= 2,3,4,5? with PetaFlops-ExaFlops computing

2. Match onto effective theory for nucleons

3. Develop numerical methods for solving the effective theory

4. Can also start seriously discussing the possibility of strange 
nuclear matter and kaon condensation in neutron stars

Kaon condensation, hyperon-nucleon interactions...interactions that 
cannot be measured experimentally now measured on lattice
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VII.Other universes

Why do physical constants have the values they do?

Could they be different elsewhere in the universe?

Why are there so many strange coincidences in nuclear 
physics necessary to make life possible?

• quark masses: We are lucky the neutron is slightly 
heavier than the proton (hydrogen would decay!)

• Existence of the Hoyle resonance, which is the 
gateway to making Carbon in stars...
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Anthropic arguments have become 
fashionable: our world is as odd and 
unlikely as is necessary for our 
existence!

String theory: coupling “constants”
can be fixed by local dynamics

Cosmology theory: “inflation” in early 
universe allows large
regions with all possible different 
physical constants

With lattice QCD/EFT we will be
able to explore alternate possibilities
and see how unlikely our existence 
might be!
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About 50 years of studying strongly interacting particles 
led to these interactions...

...Probably decades more to fully understand their 
implications for nuclear physics and matter in general...
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...with occasional challenges expected along the way.
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