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NNPSS 2008, GW 16.-27.6.2008 H.W. GrIEBHAMMER: EFTS IN FEW-NUCLEON SYSTEMS

Some References to H. W. GrieBhammer:
Effective Field Theories in Few-Nucleon Systems

This is an incomplete, biased list of references I found useful when preparing the lectures, mostly of lecture
notes and review articles. Please consult them as exhaustive bibliographic and historic resources for the
original publications. I do usually not mention original articles. Ordering by date of publication only. No
guarantees as to completeness, usefulness or relevance. Your mileage may vary.

Introductions to EFT and Its Applications to Nuclear Physics

1]

D. B. Kaplan, Five lectures on effective field theory, arXiv:nucl-th/0510023. Very pedagogic, updated
version of [10] which has more emphasis on Chiral Perturbation Theory, EFT(%) and yEFT, including
exercises — a template for my presentation.

D. R. Phillips, Building light nuclei from neutrons, protons, and pions, Czech. J. Phys. 52, B49 (2002)
larXiv:nucl-th /0203040]. A very nice and pedagogic review which grew out of the 2001 Praha Summer
School, with very instructive exercises which focus on EFT ()~ a template for my presentation.

P. F. Bedaque and U. van Kolck, Effective field theory for few-nucleon systems, Ann. Rev. Nucl. Part.
Sci. 52, 339 (2002) [arXiv:nucl-th/0203055]. Focus on Nuclear EFT(#) and xEFT- a template for my
presentation.

U. van Kolck, L. J. Abu-Raddad and D. M. Cardamone, Introduction to effective field theories in QCD,
arXiv:nucl-th/0205058. Written in close collaboration between students and lecturer; focuses on yEFT
and does not use many formulae.

B. R. Holstein, Effective interactions are effective interactions, arXiv:hep-ph/0010033. Pedagogic in-
troduction to EFTs from its beginnings to yEFT.

S. R. Beane, P. F. Bedaque, W. C. Haxton, D. R. Phillips and M. J. Savage, From hadrons to nuclei:
Crrossing the border, arXiv:nucl-th/0008064. Exhaustive review of the status of the field in 2000.

U. van Kolck, Effective field theory of nuclear forces, Prog. Part. Nucl. Phys. 43, 337 (1999) [arXiv:nucl-
th/9902015].

G. P. Lepage, How to renormalize the Schroedinger equation, arXiv:nucl-th/9706029. Very influential
and pedagogic account of the key ideas of Renormalisation and EFTs, building on the uses of the
Schrodinger equation in QED, QCD and yEFT.

A. V. Manohar, Effective field theories, arXiv:hep-ph/9606222. Pedagogic account for high-energy physi-
cists, focusing on EFTs in QCD.

D. B. Kaplan, Effective field theories, arXiv:nucl-th /9506035. Renormalisation-group aspects of EFTs,
including exercises.

H. Georgi, Effective field theory, Ann. Rev. Nucl. Part. Sci. 43, 209 (1993). A top-cited classic which
puts concepts before formulae.

G. P. Lepage, What is Renormalization?, arXiv:hep-ph/0506330. Originally published in 1989, this talk
on the EFT philosophy proved so influential that the author set it on the arXiv in 2005.

A. Manohar and H. Georgi, Chiral Quarks And The Nonrelativistic Quark Model, Nucl. Phys. B 234,
189 (1984). First mention of “Naive Dimensional Analysis”.
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[14] S. Weinberg, Phenomenological Lagrangians, Physica A 96, 327 (1979). The paper which started it
all. ..

Some Trends in Nuclear Physics: Renormalisation Group Perspectives of EFT (1)

[15] H. W. Hammer, D. R. Phillips and L. Platter, Pion-mass dependence of three-nucleon observables, Eur.
Phys. J. A 32, 335 (2007) [arXiv:0704.3726 [nucl-th]]. Strikingly simple account why it’s very useful.

[16] H. W. Griesshammer, Naive Dimensional Analysis for Three-Body Forces Without Pions, Nucl. Phys. A
760, 110 (2005) [arXiv:nucl-th/0502039]. Not so interesting by itself, but exhaustively cites the relevant
literature.

Some Trends in Nuclear Physics: Renormalisation Group Perspectives of yEFT
[17] M. C. Birse, Deconstructing triplet nucleon-nucleon scattering, arXiv:0706.0984 [nucl-th].

[18] M. C. Birse, Power counting with one-pion exchange, Phys. Rev. C 74, 014003 (2006) [arXiv:nucl-
£h/0507077].

[19] A. Nogga, R. G. E. Timmermans and U. van Kolck, Renormalization of One-Pion Exchange and Power
Counting, Phys. Rev. C 72, 054006 (2005) [arXiv:nucl-th/0506005].

[20] S. R. Beane, P. F. Bedaque, M. J. Savage and U. van Kolck, Towards a perturbative theory of nuclear
forces, Nucl. Phys. A 700, 377 (2002) [arXiv:nucl-th/0104030].

Some Further, Phenomenologically Oriented Recent Developments in Nuclear Physics

[21] V. Bernard, Chiral Perturbation Theory and Baryon Properties, arXiv:0706.0312 [hep-ph]. The most
up-to-date introduction into Chiral Perturbation Theory and its extension to the one-baryon sector.

[22] R. Machleidt, Nuclear forces from chiral effective field theory, arXiv:0704.0807 [nucl-th]. A sometimes
provocative, hands-on account of yEFT.

[23] M. J. Ramsey-Musolf and S. A. Page, Hadronic parity violation: A new view through the looking glass,
Ann. Rev. Nucl. Part. Sci. 56 (2006) 1 [arXiv:hep-ph/0601127]. Review on YEFT in hadronic, parity-
violating processes.

[24] E. Epelbaum, Few-nucleon forces and systems in chiral effective field theory, Prog. Part. Nucl. Phys.
57, 654 (2006) [arXiv:nucl-th/0509032]. Another hands-on interpretation and summary of yEFT.

[25] S. Scherer and M. R. Schindler, A chiral perturbation theory primer, arXiv:hep-ph/0505265. Exhaustive
and pedagogic lectures on Chiral Perturbation Theory.

Some Recent Developments in Atomic Physics

[26] E. Braaten and H. W. Hammer, Universality in Few-body Systems with Large Scattering Length, Phys.
Rept. 428, 259 (2006) [arXiv:cond-mat/0410417]. Much on more conventional models, but EFT is fully
embedded.
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Exercises to Lecture I: Concept of EFT and First Examples

Number of stars indicates level of difficulty, but also of reward.

1. RAYLEIGH-SCATTERING AND DIMENSIONAL ANALYSIS: [*] Convince yourself that writing the simplest
interaction responsible for scattering a photon from a very small, neutral object as in the notes via

Hyy = R [cE B 4oy Bﬂ

leads in the natural system of units & = ¢ = 1 indeed to dimension-less interaction strengthes cg, car.
Repeat the exercise when the particle is represented by a very massive, neutral scalar field ® which
couples to the photon via

Lint = R% [CE E2 +cpm EQ] P2 .
Hint: The action S = f d% £ has mass-dimension zero.

2. THRESHOLD EXPANSION AND DIMENSIONAL REGULARISATION: [**] Let’s have some fun with the
fact that integrals without internal scales disappear in dimensional regularisation, i.e. [ d% ¢® = 0 for
all dimensions d and exponents . The integral corresponding to a one-dimensional loop

1 T
Ia.b) /dq aQ—i—leq —b24ie  ab(a+b)

is usually solved by contour integration. Assume now v? := ‘g—; < 1. By saddle-point approximation,

the dominating contributions come from the regions where |q| is close to a or b:

ton~| [+ [ o mm

lgl~a  |q|~b

In the first integral, ¢ ~ a is small against b, so that we can perform a Taylor expansion to all orders
ini{~wv<l If ¢®> > b2, the expansion breaks down, so that the approximated integrals can not
be solved by contour integration. In general, the (arbitrary) borders of the integration régimes (the
“cutoffs”) lead to power-divergences. If one treats however

q2n
Z / YU e a2+16 b2” Z/ a2+1e b2

“Ygi~a

as a d-dimensional integral over all ¢ with d — 1 only at the end of the calculation, the contribution
one obtains in the contour integration from the pole at |g| = a emerges as a power series in v = 7.

Convince yourself of this: First, extend the integration régime of the approximation around q ~ a

to the whole d-dimensional space. Then, calculate the integral order by order in the expansion, still
2

treating Z—Q ~ v? as formally small. Make extensive use of the identities

n 2 2
n 2my, 2 2\n—m q a
> (m>a (q° —a%) and a2 +q2—a2

m=0

The same can be done for the integration around b, % ~ % > 1. This is a pedagogical example of a
very useful general formalism developed by Beneke and Smirnov: Nucl. Phys. B522, (1998) 321-344,
taken from GrieShammer: Phys. Rev. D58, (1998) 094027 [Sorry about my self-centredness.].
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3. SELF-ENERGY FROM “FULL THEORY” OR EFT: [***] We discussed in the lecture one diagram of a
simple, relativistic two-scale theory with Lagrangean

L =Y[id —m]y + g Yy® + % [(0'®)* — Mg @*] . p —@—

Consider now the lowest-order fermionic self-energy diagram at low energies p < Mg both in the “full
theory” and in the low-energy EFT (see above). Compare as in the lecture the “full answer” with the
one you obtain with a “saddle-point approximation” of the integrand. Is the fermion still massless in
the EFT? Like in the lecture, you can limit your efforts to a qualitative discussion and do not have
to do all the integrals — although they are not hard. If you do them, you should use dimensional
regularisation and your experience from problem 2.

Exercises to Lecture II: EFT(#)

Lagrangean and some Feynman rules of EFT () for the 3S; (deuteron) channel of NN scattering to LO:
(E: N kinetic energy, k: N momentum)

—

D? , ,
L£=N[idy + W]N — C(NTPN)I(NTPIN) (1)
. . 2 .
prop. + , ]><Z —iCy P Pt \: f . & Qe b . Q (kin+kout) €
E— ;W + ie M 2M
with N = (ﬁ) the nucleon doublet , P! = % T3 020" the projector onto the 3S; channel, 7/0 the Pauli

0 0
charge matrix, 2 tr[P' PJ] = §U, 4 tr[PTQP’] = §". Photons have energy w and polarisations ¢ é. If you
are deterred by spin and iso-spin, eliminate P! from the Lagrangean and treat N as a complex scalar field,
representing a particle with charge @ = e. You will arrive at the same formulae.

matrices for iso-spin/spin, D=3+ ieQ/f the minimally substituted derivative, ¢} = ( 10 ) the nucleon

1. NN SCATTERING FOR THE ?S; (DEUTERON) CHANNEL AT LO IN EFT(¢):

a) [**] Verify the result in the lecture for the tree and bubble graphs in the centre-of-mass frame:
> il =i G iy =i G R Gy, ()

where after performing the energy integration one is left with an integration in D space-dimensions,

p\3P [ A% M "
In(k) = <§> / o) E—F 1k D = 3 the “real” world. (3)
b) Calculate the divergent integral Iy(k) using a cut-off [*], or using dimensional regularisation [***].
In the latter case, subtract a divergence in D = 2 [sic!] dimensions to get Io(k) = —M/(4r) (u + ik).
Why is it prudent to keep the u dependent term, which is absent in the usually employed M S scheme?

c¢) [*] Construct now the LO scattering amplitude by summing all bubbles. Determine (in PDS) the

parameter Cjy = %ﬁ by demanding that the amplitude has a pole at the deuteron binding energy.

d) [*] Convince yourself that the NN scattering amplitude at LO is (in PDS) given in terms of
observables only, and all cut-off dependence drops out.

e) [*] Calculate the LO phase shift in PDS and cutoff-regularisation. How accurate do you estimate
your result to be, and at which momenta do you expect it to fail? Plot it as function of the cutoff at
k = 0; 50; 100 MeV. Compare to “real life”.
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2. ESTIMATING THEORY-UNCERTAINTIES BY VARYING INPUT PARAMETERS: As discussed in the lecture,
one way to check the accuracy of an EFT prediction is to determine the parameters from different
data sets. These data must of course be taken in the régime of validity of the EFT. We exemplify this
method by N N-scattering in the 3S;-wave at NLO.

a) [***] At NLO, a new interaction appears, as discussed in the lecture:

C : R —
2 [WTPN) (NTP(9 - 3)*N) + He
Show that the amplitude is to NLO in terms of the LO-parameter Cy and the NLO-interaction Co:
Cy Cy k?
W= rgme e | T e

b) We now discuss 3 scenarios to determine the parameters:

(i) [*] Fit to the scattering length and effective range, i.e. the coefficient of the k?-term of kcot §(k),
expanded around k = 0: a = 5.4 fm, 7y = 1.7 fm. (H.A. Bethe, Phys. Rev. 76 (1949), 38)

(ii) [*] Fit to position of the pole of A (i.e. the deuteron binding energy B, = 2.225MeV ) and its effective
range, i.e. now the coefficient of the k?-term of kcot§(k), expanded around k = iy: v = /MDBy,
po = 1.7 fm. (H.A. Bethe, Phys. Rev. 76 (1949), 38)

(iii) [**] Fit to position and residue of the pole of A, i.e. to a Laurent expansion about the pole:

4 Z
= —MF Sk + terms which are finite for k£ — iy
One (you?) can show by explicit Fourier transformation that the residue Z = 1.6 is related to the
asymptotic normalisation of the S-wave component of the (radial) deuteron wave-function:

u(r — 00) = /277 exp —r
Obviously, one can only fit v at LO. Show that the residue is then Z = 1. This is called “Z-

parameterisation”. (D.R. Phillips, G. Rupak and M.J. Savage, Phys. Lett. B 473 (2000), 209 [arXiv:
nucl-th /9908054])

c¢) [**] Compare now the N N-scattering phase shifts in the three schemes at LO, and to the Nijmegen
phase-shift analysis. Then the same for NLO. Note that the three results are now closer to each other.
Compare in each case also to your estimate of higher-order corrections from power-counting. Which
scenario would you pick for scattering processes? Is your choice a matter of taste?

d) [*] Compare pole position and residue of each scheme, at LO and NLO. Compare in each case also
to your estimate of higher-order corrections from power-counting. Which scenario is a prudent choice
for high-accuracy calculations of deuteron properties?

3. DEUTERON COMPTON SCATTERING IN THE CM FRAME:

a) [*] Power-count the LO (“seagull”) diagram and the “ants”, and estimate their relative strengths
2
at w=1MeV ~ 7 and w = 30 MeV ~ «. It is prudent to explicitly keep w in the propagators.

(w,k) (w,k")
52 e K2 e
(5 -B,—F) (5 -B-F)

b) [**] With 6 the angle between incoming and outgoing photon, show that the seagull amplitude is

2v2 2y o wv1 — cosf

v — € arctan —— —— . (4)

M w1 —cosf 2v/2y
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Don’t forget to multiply by the wave function renormalisation at LO, Z = —%}.

¢) [*] Confirm from the result of b) your power counting for the seagull in a).
4. THREE NUCLEONS IN EFT(#): (or, if you fear spin-iso-spin, three bosons)

a) [**] Show that the nd-scattering amplitude (i.e. all the “pinball diagrams”) in an S-wave is of order
Q2 in the power-counting.

b) [*] The dependence of the three-body force Hy on the cut-off A at LO is derived in P.F. Bedaque,
H.-W. Hammer and U. van Kolck, Nucl. Phys. A 646 (1999), 444 [arXiv: nucl-th/9811046]:

: 1
sinfsp In A /A, — arctan ;-]

Ho(A) = with sg = 1.0062. ..

- .
sin[sp In A /Ay + arctan ;-]

This particular running is called a renormalisation group limit cycle because the strength of the three-
body force parameter is periodic in In A. Determine the period.
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How to root Nuclear Physics in QCD?
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Effective Field Theories in Few-Nucleon Systems
Lecture I: Effective Field Theories: Concept and First Examples

THE GEORGE H. W. GrieBhammer

AL i CNS
UNIVERSITY Center for Nuclear Studies Center for Nuclear Studies
YTTEY T LT oY: The George Washington University, DC, USA S S

0 Teaser: What's the Big Deal About Effective Field Theories Anyway?

a Example: Two Scales, Quantum Effects and Renormalisability
© The EFT Philosophy

The EFT Philosophy: Separation of scales, symmetries & effective degrees of freedom.
Power-Counting for error-estimates: Naive dimensional analysis for interactions and loops.
Construction principle: Matching, integrating out, or fitting.



1. Teaser: What'’s the Big Deal About Effective Field Theories Anyway?

(a) Wanted: Error-Bars for Nuclear Physics!

100 E

E Mean Field Models
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1. Teaser: What'’s the Big Deal About Effective Field Theories Anyway?

(a) Wanted: Error-Bars for Nuclear Physics!

Goal: Model-independent, reliable, unified, systematic low-energy description of few-body systems.

Example Nucleo-synthesis 3 minutes after Big Bang: Eiy, = 0.02 — 0.2 MeV — difficult experiments.

Problems:

Bridge from Nuclear Physics to QCD?

System much larger than constituents,
e.g. deuteron 5.5 fm >> 1 fm nucleon

Rewards:

Reliable high-accuracy predictions & extractions
of properties of system and its constituents.

New phenomena & concepts, better understanding.

Universal formalism —> Atomic Physics, BEC,...

Effective Field Theories

adapted from G. Henning
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(b) What You See Is What You Get folk lore

L)
To probes with wavelength A, point-like for blurry for composed for
object of size R appears A >R, A Z R, A <R

Refined by Wilson, Weinberg 1967:

Effective Field Theories: method for multiple, separate scales:

Identify those degrees of freedom and symmetries which are
appropriate to resolve the relevant Physics at the scale of interest.

Turn into systematic approximation of real world,

allowing for estimate of theoretical uncertainties involved.

u
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(b) An EFT Cookbook Wilson, Weinberg 1967, 1979; Georgi, Manohar, . .. 1982-

Ingredients:

Recipe:

Result:

Serve With
Caution:

“EFT = Symmetries + Parameterisation of Ignorance”

Separation of scales by breakdown-scale ./_\EFT:
high momenta g =, /_\EFT — simplify complicated/unknown UV into local LECs.
low momenta gow < AgrFT

Effective (relevant) degrees of freedom — correct IR-Physics
Symmetries at low scales constrain interactions. Lorentz, gauge,. ..

Write down most general Lagrangean permitted by ingredients. — infinitely many terms
typ. low momenta q|ow

Order in small expansion parameter Q = =
breakdown scale AgrT

Power-counting for loops & LECs (loops: usually simple; LECs: some fun!)
from underlying theory or order-by-order renormalisability + minimum of phenomenology.
— Estimate importance of LECs & graphs without explicit calculation by
Naive Dimensional Analysis & Naturalness Assumption.
Determine LECs at desired accuracy from underlying theory or (simple) low-mom. observables.

Model-independent, universal, systematic, unique: Predictions with estimate of uncertainties.

Finite accuracy with minimal number of parameters at each order. “Space from Improvement”

Check assumptions: Q < 172, jungle of scales: no separation?, wrong constituents?

Check consistency: results must match predicted convergence patter. — later
Consider only observables. Scattering matrix between on-shell particles.
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Effective Field Theories in Few-Nucleon Systems

Lecture II: QCD at Very Low Energies: EFT(%)

| THE GEORGE H. W. GrieBhammer

WASHINGTON CNS
UNIVERSITY

WASHINGTON DC

Center for Nuclear Studies

. . p Center for Nuclear Studies
The George Washington University, DC, USA S S/

° Recap: Effective Field Theories
e Fine-Tuning in EFT: Two Particles in EFT(#)
e The Problem with Three-Nucleon Forces

e Today’s Summary: “Pion-less Theory”

It's natural to have unnaturally large scattering lengthes.
Power Counting for non-perturbative EFTs: Don’t be too naive!

Beyond the Effective-Range Expansion: Model-independence for data analysis & predictions.

(a) An EFT Cookbook Wilson, Weinberg 1967, 1979; Georgi, Manohar, . .. 1982-

Ingredients:

Recipe:

Result:

Serve With
Caution:

“EFT = Symmetries + Parameterisation of Ignorance”
Separation of scales by breakdown-scale AgT:

high momenta g =, /_\EFT —— simplify complicated/unknown UV into local LECs.
low momenta gjoyy K /_\EFT
Effective (relevant) degrees of freedom — correct IR-Physics
Symmetries at low scales constrain interactions. Lorentz, gauge,. ..

Write down most general Lagrangean permitted by ingredients. — infinitely many terms

typ. low momenta gjow

Order in small expansion parameter Q = =
breakdown scale AgrT

Power-counting for loops & LECs (loops: usually simple; LECs: some fun!)
from underlying theory or order-by-order renormalisability + minimum of phenomenology.
= Estimate importance of LECs & graphs without explicit calculation by
Naive Dimensional Analysis & Naturalness Assumption.
Determine LECs at desired accuracy from underlying theory or (simple) low-mom. observables.

Model-independent, universal, systematic, unique: Predictions with estimate of uncertainties.

Finite accuracy with minimal number of parameters at each order. “Space from Improvement”

Check assumptions: Q < 1?, jungle of scales: no separation?, wrong constituents?

Check consistency: results must match predicted convergence patter. — later
Consider only observables. Scattering matrix between on-shell particles.
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(b) Recap: Low-Energy Scattering Theory Schwinger 1947, Bethe,. . .: any QM textbook, e.g. Sakurai

Non-relativistic, S-wave, cm-frame: total kinetic energy E, relative momentum E

(E = E —k) Scattering amplitude A(k) = Ar !
2" M o ampTHCe A =M keotS (k) — ik

1
kcotd (k) = - % k* + ... analytic function in k2.

a: scattering length; ro: effective range

Example: Scattering between identical particles of size Ry at zero energy:

o(k=0)=4rnd’

hard-sphere collisions: a = 2Ry

geometrical meaning of scattering length a: “target size”

—> expect a ~ Ry ~ rg: “a, ro have natural size”,

set by interaction range/mass of exchange-particle.

4
Expand for ak, rok < 1: Apagral(k — 0) = _ﬁn a [1 —i(ak)— (ak)2 (1 — 5_0) + .. ]
a

(c) It’'s Natural to Have Unnatural Scales Bethe 1949, Kaplan/Savage/Wise & van Kolck 1997

shallow bound-—state long—range:
a~55fn no interaction
|

-]

Il

1
N
o

YR NN-scattering:

% | mid—range: strong attraction
= a(!So) = —24 fm
2 0 1
a(®s$;)=54fm <= range~— =1.5fm
e-pion exchange deuteron By = 2.225 MeV
1.0 : T : : T : : T ) 1
— Nijmegen 1993 hard-core +- one-pion exchange o< ————=
0.8 ——— N2LO EFT w/o pions = asymptotic - 4
---- OPEP unregulated
06 —-— OPEP + short-distance regulator 4 P " ey
e P ——— N2LO EFT with pions Hey-molecule: a ~ 104 A>ro~7TA
= 04 = .
= | - (o i —_——
hard-core + van-der-Waals ARG
0.2 3 r
1 1 1 1 1 1 1 1

00 10 20 30 40 50 60 70 80 90 100
hard core r [fm]

typ. momentum/resolution pryp ~ 1/a
breakdown-scale/constituent size Apreak ~ 1/r0
—> Effective Field Theory of Point-Like Interactions, EFT(¢)

Fine-tuning, Separation of Scales: Q =

<1

-

2 — —
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(c) NN Phase Shifts in EFT(jt): Example 3S; figure: Phillips et al, 1999

180
80
Cross-checks:
135
. — Convergence to Nature. o.k.
____________ LO
I — Order by order smaller ti-dependence. Exact.
— Order by order smaller corrections
45 " Nijmegen PWA to confirm error-estimate:
NLO '~
0~ typ. momentum Yy N 1 ik
‘ ~ ‘ breakdown scale Ag ~mz 3
100 200 300

p (MeV)
EFT(st) exactly reproduces Effective-Range Expansion.
Matches data even for p — 300 MeV > Ay.
— Use Advantages of Field Theories: unambiguous inclusion of

— gauge-currents, relativistic corrections, finite-temperature,. ..

— more nucleons

(d) Why Bother?: Big-Bang Nucleo-Synthesis and np — dy  chensavage 1999, Rupak 2000

>

s

Big quark-gluon proton & necutron  formation of formation of star dispersion of today
Bang plasma formation low-mass nuclei neutral atoms formation massive clements
F i 10" K 10" K 10" K §,000 K S0K-3K <SOK-3K JK
tume 10%s 10 s 3 min 400,000 yr 310 yr >3 % 10 yr 14 10 yr

Eyp ~0.02-0.2 MeV, light-element abundances sensitive to baryon density.

Accurate theoretical determination necessary: error-estimate! 0.005 0.01 0.02 0.03
np — dy biggest uncertainty, but “impossible” to measure. 025 [—] E
024 | "He J 3
= 0.23 F : 2 E
EFT(s) to N*LO in closed form: accuracy < 1%. Rupak 1999 Sozf’ ;
2
B
0.1 =
@ 107tL D 4
Q
Q
0.001 g
o (mb) '§ ot 3He ]
0.00001 2
g 107° J
o
Q
1.- 1077 z
Q
w0
£
1.-107° 10710 1
10710 2x10710 5x10710 10”

baryon density 7 at freeze-out



= i . “Nici H 7 S-DALINAC 2002;
(e) Problem-Spotting: Deuteron Electro-Disintegration d(e,n)pe T
E; <16 MeV

— low-energy: Ax 2 4 fm
E,=E, =[8...16] MeV

d’c )
—s p 20"P
. w5~ = (OL+ Or) + 01 cos@,F + Orr cos2¢,
dEE 40P 0,
t )
~ 0.05pF -
g Ey =7 MeV s Experiment vs. Bonn-potential Arenhovel et al. 1995
5 0 ] 1
e 1 2 3 — same total cross-section; 30% discrepancy in oy 7.
o -005f e
g
= 1 —stammac] ] EFT(H) at LO+NLO (= 10%): minimal coupling only
=, 0 I = Arenhovel T
& I — EFT (N2LO) 1 p
S sk I -- EFT(LO) J :X : : ;C>=<
IE 8 (ad) T T n
2l E, =11 MeV e — automatically gauge-invariant etc.;
g o + i 4 i + t Q}t Pyp il
e 3] — error-estimate: parameter =" —
g P At 3.5
qd) 0 l - -
= 1 { ) . . — ;
g * i}?ﬁ%‘ﬁﬁc EFT is universal: Within uncertainty, same
& i ., EFT(N2LO) ] result for an del with B Z.
S | I --- EFT (LO) ] y model with same deuts Zdeut-
0.3F { -
8, (rad) Found data normalisation problem.

3. The Problem with Three-Nucleon Forces

(a) EFT(¢): QCD at Very Low Energies  schwinger 1947, Bethe 1949, Kaplan/Savage/Wise & van Kolck 1997

2-Body Sector: Extension of Effective Range Expansion to include external currents, well-understood.

Co
1
LO (O, < 30%) : _—:><+><><+>OO<+... X 7 T scattering lengthes a
~+1i
a

0 = 0 kiC/?z I Kpo 1
NLO(Q y NlOAa) VA l+1k 2 l+1k
a a

effective ranges po

3-Body Sector: All interactions permitted by symmetries = 3-body forces

Ho szZ
HO(NTN)3;>< R H, (NTN)3;>< et

How important? — Which observables most sensitive?
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(c) Cut-off Dependence: nd scattering length, Quartet-S Wave

LO: = + A(S) @A

6.75 \
\
nd scattering length, 6.5\ NLO
Quartet-S wave 6.5 top N2LO
Observable cut-off independent, E 6
good convergence. a
N 575
parameter-free =1
55
525
I — © |
5
100 500 1000 5000 10000 50000
A [MeV]
(LO: Skorniakov/Ter-Martirosian 1957, NLO: Efimov 1991, N2LO: Bedaque/van Kolck 1998, hg 2005)

(d) The Problem: nd-Scattering, 28% Wave (“triton channel™)

2§ -wave = coupled-channel:
2

| AN G

30 —
',‘ no 3-body forces

20 ¢t

e

Slight cut-off variation has dramatic

a3 [fm]
[}

w LO :
] : :
10 t : : ; 2
i , effect on scattering length a(*S1 ).
I . 2
' - Danilov, Minlos/Faddeev 1961
az.exp
-10 ¢ f : — No self-consistent Effective Range

L] ]

= | . E ion in 3-body system!
_20l . 5 i xpansion in 3-body system

N u

=30

100 500 1000 5000 10000 50000
A [MeV]
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ﬁvv {750‘1‘1/7(’(/&1 beYoreon WV pcd A it & Fe Lo
R=20 Crey ot cicFrce 2 vunplyercal) t2e form

1 > ‘
[— = SR 2 +M§?ez me) =M1E F(R)

Ric bl foHe a otk fczyavo.-f 7ua/?’-r'm &
aq %ﬁy’w éa’m"v/ I'F S_le ((+4) ‘
(2ot (LD fecnene a} 4//%«// doical Corpliatec)

—B.A o;qz/&,h{; (- p. (oee N %)
sCS) = 1.0062-.;  => qgtbactie %- potentrol

= yrtfmction FIR) wanh o collaps to R>0 as A—eo,

= /VMKMFDQ'Z-%/erq_/afZ&,.
A FR)
N

>R
=> needd wputiive 3BLatlo

. +o“q,4"/v¢.4¢w;,
:éfm S Kok = ol rmce ’

—Comvercc s baatrom: Se > C4-7 ﬁrf {?, L{Sz-wa»{
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= F(R) Less seratPve ko shak-cliptonce pé«rfﬁ';

= qo(ﬁmﬁe/ "4 /1/;7/)-/ ordecs .



(e) Alternative Picture: Co-ordinate Space

Hyper-spherical co-ordinates, n—d-distance R — 0:
o 57
; Hat . L F(R) = ME F(R)

R8R dR R?

Danilov, Minlos/Faddeev 1961
30

§ i L]
" no3-bodyforces @ . Naive: centrifugal barrier Sl (l+ 1)2
200 g LO '. -
- L : -y si(A) = 1.0062 i imaginary, |s;(1)| > 1: attractive
E 0 —>collapsto R — 0
o a3,exp i .
N ~10 3 5 = infinitely many deeply bound states:
N . Thomas & Efimov Effects (1935, 1971)
-20 [ :
" .. — dramatic low-energy effect varying high scale A.
-30 _— .
100 500 1000 5000 10000 50000 B
A [MeV] Promote Hy(A) | to stabilise/absorb A-dep.

Converse situation: 5;(4) > [+ 1 (e.g. so(4S%) =2.16--->1)

= more repulsive than estimated, less sensitivity to short-distance —>

3body forces demoted.

(f) The Solution: EFT wison 1971493, Efimov 1971-95, Bedaque/Hammer/van Kolck 1998, Bedaque/hg/Hammer/Rupak 2004

Tenet: Include specific 3BF if and only if needed to cancel off-shell dependence of observables.

A) ~Q 2: Momentum- independent 3BF absorbs cut-off dependence at LO.

| AN

A analytical in UV = UV A-independent for

sinfsolnA/A. —arctan |
Hy(A) =— -

sin[soInA /A, + arctan %]

New RG phenomenon: Limit Cycle

Not 3NF “large”, but effect on observables!
. . L Naive dimensional analysis too naive!

7 = 3
10 10 , , A
A [1/02] Low-energy datum determines physical scale A...
LO and NLO (< 10% accuracy): One free parameter Hy: triton binding energy.

N2LO and N3LO (< 1% accuracy): One more free parameter Hy:  scattering length.
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(g) Doublet-S Wave nd Phase Shift

X AV184-U IX (Kievsky 2002) e: PWA 1967 (Seagrave/van Oers)

breaku
0 —— P
“'6:._
20 \’-‘\
% ~ YR
e -40 k\:‘&,\ .'
5 . A NE‘Q
& NS *
SR
-60 \\ . LO
NzLo‘\:;\ -
%
L L L f L A -
0 20 40 60 80 100 120
k [MeV]

Convergence Criteria: EFT Self-Consistent on Quantitative Level.

— From outside EFT: Convergence to Nature

— Order by order smaller corrections (also with selected higher-order terms).

— Order by order less dependence on particular low-E data taken for LECs.

Bedaque/hg/Hammer/Rupak 2002, hg 2004

:N2LO, A € [200;00] MeV

No data here.
Ok.
O.k.

— Order by order less cut-off/RG-scheme dependence: Wilson’s Renormalisability —quantify in “Lepage plot”.

(g) Doublet-S Wave nd Phase Shift

X: AV184-U IX (Kievsky 2002) eo: PWA 1967 (Seagrave/van Oers)

breakup
0 e, "
"6.7.\..
20 A
’&,’.‘\ ..
B 40| o | =N
) ‘ xN\Q'
& ’~x\\ : .
NN Se.
-60 ¢ o\ ... LO
) .
N2LO N o
Ve
L L L ' L A b
0 20 40 60 80 100 120
k [MeV]

Wilson’s Renormalisability Criterion quantified by “Lepage plot”

200MeV) |
600 MeV)

kcots (A
kcotd (A

Abs[1-

Bedaque/hg/Hammer/Rupak 2002, hg 2004

:N2LO, A € [200;00] MeV

kcot§(A =200 MeV "
_kootel ) o | £ LO NLO N’LO N2LO without H>
kcot§ (A = o0) Ay
nfitted |~1.9 2.9 438 3.1
Q}’l
n expected 2 3 4 411

— Fitto k € [70;100...130] MeV
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(h) EFT Uncovers Correlations Efimov 1988, Bedaque et al 1999-, Platter/Hammer/MeiBner 2005.....

EFT: Interactions from Consistency instead of Phenomenology.

. A € [140;00] MeV
\‘\\\ N
2 B Y e Hy(Ay) explains Phillips line (1969):
O \;F\]Eaerligsc\\n‘\ 0( *) p p ( )
T “\':"4._._. “Bonn CD 2N-data insulfficient to predict 3N observables, but
h2p S
B N . _‘: -y correlation in 2S%: scatt. length <> binding energy
NLO yDyniw/o 3BE °. - g ;
0 N .. Traditional potentials: ad-hoc 3BF for correct value.
“\\ N
-1 _ © .- | Sets number of new parameters at given accuracy.
L L h
5 6 7 8 9 10 11
B3 [MCV]
35 T T
I “He at LO cutoff-independent without 4BF Platter et al. 2004
> N
% L — no 4NF at LO, correlations 3H <= *He
ey - explains e.g. Tjon line (1975) of binding energies
[ Separate between “trivial” and “interesting” observables.
20 AT WA N TR AN S N TR SR NN SR S S
7.5 8 8.5 9

B, [MeV]

(i) EFT of Point-Like Interactions: The Lessons of Universality

Universal aspects of systems with anomalously large 2-body scattering length constrain models & data.

Hypertriton Anp: By = [0.13+£0.05] MeV (exp.) == aas = 16.875% fm, rag = [2.3 +0.3] fm Hammer 2001

Halo Nuclei: Borromean, Samba, Tango,... Bertulani/..., Friderico/..., Jansen/..., Bedaque/...,...2002-
10 [MNe 4
Proton Halo g . One-Neutron Halo Molecular Dimer “He, Bedaque/Hammer/van Kolck 1999
s A scatt. lengtha = 104 A >> eff.range ro =7 A
' AN | -
4 Y Correlations sort experiments and models.
[ / B¢
s SB ITB 3 T T T T
4 1Be [, “Be
3 1y;
2 6He sHe T
1 o
QoL
:m"’
o+ 4n” Two-Neutron Halo
R problematic potential
[ °
1 [ il 1

200 300

100 g oyg!



(j) The Problem With Triton Radiative Capture Sadeghi/hg/Bayegan: Phys. Lett. B643 (2006), 263

A Problem Solved: nd — ty at thermal energies: E,, = 0.0253 ¢V

AV14 + UVIII X X X Kievsky/Schiavilla/
no A(1232) pert. A full A €)  Viviani 1996

AV18 + UIX + + + ¢ I Marucci/

% AV18 + UIX gauge-inv0) O +3N-currents Rosati 2005
exp —
0.0253 ¢V 8.3MeV EFT(x) H
LA LI L B B L L L L B L R B B B
0.5 0.55 0.6 0.65 o Imbl
experiment Jurney 1982 [0.508 +-0.015] mb '\ﬁimg; ?ggsm{;égi%%%gmlb

2 =
N-LO EFT(s) [0.503£0.003] mb = [0.485+0.011+0.007] mb

LO NLO N2LO
Prediction: No new 3BFs up to N3LO. Hy, H fixed by B3, as.

Manifestly gauge-invariant. G-B
— M -transition dominates, S-wave only.
Cut-off independence: 107 for A € [150;500] MeV. —
G-B

Short-distance term L; d-B s3 from thermal np — dy.

— 7 polarisation R, = —[0.412+0.003] Sadeghi 2007 G-B L
exp: —[0.42 £0.03 | Konijnenberg/. . . 1998 otc.
New problem: Models with same input should give same result.

4. Today’s Summary: “Pion-less Theory”

EFT-Cookbook applied to few-body systems with large scattering lengths/shallow bound-states.

EFT(ﬁ) is the EFT of QCD at very low energies: local interactions between nucleons only.

Principle: effective degrees of freedom - symmetries + power-counting.

Power-counting in non-perturbative EFT at LO is more than counting derivatives:

Constructed from one, qualitative input: shallow bound-state. Could not (yet) derive from QCD.
Criterion: LECs/3BFs only as counter-term for cutoff-independence of observables. Renormalisability.
Model-independence for data analysis, predictions & model-constraining.
Convergence-checks for error-estimates: Order by order smaller cut-off dep., corrections, “Lepage plots”,. ..
Simplicity: Few parameters, determined by simple observables, often analytical results.
Correlations in observables signal few-N forces; EFT(¢) to separate between “trivial” and “interesting” Physics.
Limit Cycle is new RG phenomenon beyond relevant/marginal/irrelevant operators.

Universal to systems with large scattering lengths:
Exotic and hyper-nuclei/radioactive beams, molecular systems, Bose-Einstein Condensates,. . .
Plethora of pivotal physical processes for prediction & extraction of fundamental nucleon properties, e.g.:
d-Compton, v/V-d scattering, pp — de™V,, ed — ed&enp, nd — 1y, big-bang nucleo-synthesis,
properties of *H and 3He; neutrinos and light nuclei (calibrating SNO), Ay-problem,. ..

— Next lecture: Pions and Nucleons.




Effective Field Theories in Few-Nucleon Systems

Lecture lll: A Dash into yEFT: Pions and A Few Nucleons

THE GEORGE H. W. GrieBhammer

WASHINGTON , CNS

UNIVERSITY Center for Nuclear Studies Center for Nuclear Studies
The George Washington University, DC, USA St Nl

WASHINGTON DC

© Pion-ful Physics: Chiral EFT
e The ¥EFT Concept
@ X EFT: “Selected” (Biased) Applications

@ The Big Picture: Error-Bars for Nuclear Physics!

Learning from other people’s mistakes: Non-perturbative power-counting with pions.
Biased review & what’s cooking right now.
Alternative worlds: Controlling the pion-mass in Y EFT and on the lattice.

What holds the nucleus together?

In the past quarter century physicists have devoted a huge amount of experimentation
and mental labor to this problem — probably more man-hours than have been given to
any other scientific question in the history of mankind. [...]

The glue that holds the nucleus together must be a kind of force utterly different from
any we yet know.

HANS A. BETHE: “What holds the nucleus together?”, Scientific American 189 (1953}, no. 2, p. 58



1. Pion-ful Physics: Chiral EFT

(a) Effective Field Theory from QCD

— Theory of strong interactions: Quantum Chromo Dynamics QCD
_— 1
Loco =Y,[id +gd—m,) ¥, - 3 Guv G*Y

— Effective low-energy degrees of freedom: Nucleons, Pions, A(1232)

typ. momentum my 1
breakdown scale 1 GeV ~ 5...7

Systematic ordering in O =

Lyerr = (Dun®)(D* %) —mz 2°m + ..

. D?  ga =
ol Il - - W, R
+ [1 O+2M+2fn6 T+ ]

1 (NTN)2+-~-+HO (NTN)3+...

Symmetries constrain:
—gauge, Lorentz, iso-spin, ...
— chiral: pions light & weakly coupled: Goldstone bosons of Chiral SSB

— Chiral Effective Field Theory Y EFT = low-energy QCD

Parameterisation of ignorance: determine short-distance coefficients.

o = =

it

(b) The Nuclear Chart from QCD

Wilson, Weinberg, ...
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(a) Messages for the Chiral Power-Cou nting Weinberg 1991, van Kolck 1992-; cf. hg forthcoming

Only phenomenological input: | Non-relativistic system with shallow (real/virtual) bound-state.

= Vv s @I V| ~o7!

2 12 -
TNN(EN’%)NQ !

!
Power-Counting: Q" gt QZm+3=2_om — = |

Examples: NRQCD/NRQED EFT(ﬂ.') XEFT

Agp-A

_ 5 Lo
g —1 —1 84 = = 01-402-¢q =)
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2
Ty non-perturbative only in bound-state dynamics: E ~ %
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(b) Even Weinberg Can Be Wrong

Beane/. .. 2002, Nogga/Timmermans/van Kolck 2005, Birse 2005-07

Check consistency of Weinberg’s proposal: Observables cut-off dependent?

38,-*D-channel: Potential ox —

phase-shift
O (cut-off A) at

Elab =10MeV
50 MeV

100 MeV

190 MeV

(b) Even Weinberg Can Be Wrong

[fm’]

200
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o~ -50
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-150
-200

Alfm"]

) 1

g =gl =0 Weinberg predicts one LEC
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1
Similar for all repulsive waves & attractive singlets (=—).
r

Beane/. .. 2002, Nogga/Timmermans/van Kolck 2005, Birse 2005-07

Check consistency of Weinberg’s proposal: Observables cut-off dependent?

Low attractive triplets: Weinberg predicts zero LEC at LO (momentum-independence)

phase-shift
O (cut-off A) at

Elab =10MeV
50 MeV

100 MeV

190 MeV

i(+1)
2
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Cutoff-dependent —> Short-distance missing!




(b) Even Weinberg Can Be Wrong Beane/. . . 2002, Nogga/Timmermans/van Kolck 2005, Birse 2005-07

Check consistency of Weinberg’s proposal: Observables cut-off dependent?

Need 4 new, momentum-dependent LECs for low attractive triplets: 3Po72, 3D273

200 e —
A L L L L B L N
150 10 IR TE TR E phase-shift
_ 100 SE 3 O (cut-off A) at
< 50 oo F c
& 0F 3 . F D 3
= =0 . = Eigp = 10MeV
550 E {1 =°F 7 b ]
-100 F - sE/ 0o 3 = = 50 MeV
-150 F 3 K/ = 100 MeV
2200 = P I T T R T A R 10 oI e PR T T T
2 4 6 8 1012 14 16 18 20 2 4 6 8101214161820  =-=-- 190 MeV
A [fm™] Alfm’]

Extension to higher orders in progress.

Triton binding-energy cutoff-independent.

— Pointlike 3NF in EFT(;t) resolved
at LO as one-pion exchange in Y EFT.

E, [MeV]

2 4 6 8§ 10 12 14 16 18 20
Alfm™]

= o Weinberg, Ordéfiez/Ray/van Kolck, Friar/Coon,

(C) Few-Nucleon Interactions in XEFT Kaiser/Brockmann/Weise, Epelbaum/Gléckle/MeiBner,
Entem/Machleidt, Kaiser, Higa/Robilotta, Epelbaum, ...

typ. momentum Long-Range: correct symmetries and IR degrees of freedom: Chiral Dynamics

breakdown scale Short-Range: symmetries constrain contact-ints to simplify UV: Minimal parameter-set

Hierarchy: 2NF-effects > 3NF-effects > 4NF-effects

| NLO | N’LO N3LO
E i “\I” I‘| r" ,’/ “\ “l E :', i
: : :’A\\ "ll" “ ll' \lv;l" /’:\\
2N ints — 7 — —— —
\ S i i £ Vi ete
VoA \ W
X Xt
2 parameter > +7 parameter +0 parameter +15 = 24 param.
D —_—
3N ints —_— S —— >’:< —— + ; etc.
] ] g I’ ] AY)
2 parameter parameter-free, in progress
' \
4N ints —_— —_— —_— 2y R etc.
ll ‘\
parameter-free




(d) A Question of Resolution

Importance of C;’s changes with resolution <> active degrees of freedom.

. - -1 D -
hlgher >< \\
res. etc. + —@— ! — etc.
— E AN
“pion-less version” 2-N reducible
higher res.  the above (new numbers!) v >D<
— + + I=|I N\ etc.
more 2-N reducible graphs i \
“A(1232)-ful version”
higher res. . .3
QCD: 9 valence quarks in volume < resolution
==
3. xEFT: “Selected” (Biased) Applications
(a) Two Nucleons in yEFT Entem/Machleidt 2003, Epelbaum/Gléckle/MeiBner 2005
Neutron-proton phase shifts up to N3LO np scattering at 50 MeV
oy m;‘“ R BUS RS A e SN i ’I N 20 T T T T T
e 1 -0} By | do/dQ [mb/sr]

N§ 16 |-

Phase Shift [deg]
1

% 0F 10 02
b ‘ 0.1
B3 sl "D S /
3 Od 60 120 180
Z o - , 0] &
g “ezzy sk
o’ ; e E .. v . 0 [deg]

Lab. Energy [MeV] Lab. Energy [MeV] Lab. Energy [MeV] Bands estlmate h|gher-order effec‘s

H LO ‘ NLO | N’LO ‘ N’LO ” AV 18 Future: High-accuracy deuteron physics,
#ofparameters || 2 | +7 | +0 | +15=24 [ ~40 Dynamical A(1232), P, weak,
: ; ; _ 3

xz/d.o.f in np 36.2 | 10.1 ) 1.04 iso-spin breaking, 7' = 5 3NFs,...




(b) Few-Nucleon yEFT: A Merger of Opportunities

A > 4: Merge YEFT with well-developed but sophisticated numerical techniques.

Explored by several new collaborations, for example:

Total Photo-Absorption on *He

L B B AGS-equations Platter/Hammer 2005- 4He: universal correlations,. ..
wn NV ¢‘§--“~~ He TR
3'0--N\'+\NN 4 ’e\ 7% 4 NCSM Navratil, Quaglioni, Nogga, Stetcu, Barrett, Vary, van Kolck, ... 2005-
/) S . , .
T N Spectra, radii, halo-nuclei,.. . also in EFT(s)
2r EIHH-Lorentz-Integral-Transform Leidemann/Oriandini..., +hg/...
¢ Nison (17 Coupled-Cluster Method D. Dean... 2006-
10k 0 Shima (03] - .
o Resonating Group Model Hofmann/hgr. ..
m Wells (92)
| | | XEFT on the Lattice D. Lee/Th. Schifer/Borasoy/Epelbaum/Krebs/MeiBner 2006-
O.G TR T . 1 I T 1 I T .1
bl I 0 kN
Quaglioni/. .. 2007 & [MeV] wm—  Bc
:1 16 32,32
s _ S 5 . 1 ~.__ "3
—_ ’ - E . B2 E7 A —
— OF — E e :}ﬁ
% i 72 ] Bom .. n—
= 4 o3 < A = 3
= i 2 3
mK % & % A 2 [a432—. /2
E E B i s
28 NesM-TLi T=l2 E B [ -
Idaho N3L.O 1123 — B et KU R S 57, S 1, X
0 e —— e ne — NN+NNN  Exp NN NN+NNN  Exp NN [ NN+NNN Exp NN NN+NNN  Exp NN
Nogga/.. . 2006 37 Navratil/. .. 2007

. u a u Kaplan/S 1993; Zhu/Maekawa/Holstein/
(c) Bottom-Up: Flavour-Conserving Parity-Violations Ramsey-Musofivan Koick 2005: . &
Review Ramsey-Musolf/Page 2006; Giusti 2008

EFT(¢): lowest partial waves, simplest interactions

of: 38,(1=0)-*P,(I=0)
~1077 A% 38,(I=0)-"P,(I=0)
AFOT2 1501 =1)=Py (I = 1) with AT = 0, 1,2

— Fix by > 5 experiments sensitive to different combinations, e.g.:

Grf?
2V/2

S Pxp  5parameters ~

coefficient in front of

experiment hg ) P A ls(o) /ls“ ) Xsm
wl ® ® 4k/M Ak/M  4k/M
pHe | —1.1 —-05 —-07 —-05

To dis-entangle & check data consistency,
need accurate description of strong force:
EFT(st), XEFT

O
np<—d?Y X 06 —02 (%] 0.3
iip—dy | —0.1 ® ® ® ® Starting-point for theory of many-body P-violation.
A*Hespinrot. | —2.7 12 18 12 ®
id —3Hy | -3.6 —14 —1 -0.2 2




: o 0 o Kaplan/S 1993; Zhu/Maek /Holstein/
(c) Bottom-Up: Flavour-Conserving Parity-Violations Rameey-Musofivan koick 200; .+
Review Ramsey-Musolf/Page 2006; Giusti 2008

XEFT: more resolution for more insight

G 2
S Pxp 275 ~ 1077
AFOLD 19 (1 = 1)3P (I = 1) with AT =0,1,2
i : ) 8 [Tix%H\ (61+62)-g o
= LO(O(Q7 ")) ; —ihy NeT: 5 i long-range: P-violating 17T exchange
T T

—ihgrl)[ﬁn'*n +H.c]

T
\ 7
1
l
A

A medium-range: P-violating 27T exchange (Chiral symmetry)

_‘_ parameter-free
I % 37 4012 » : short-range: same structure as EFT(j), different values!

N2LO (O(Q"), < 10%)

resonance saturation (Desplanques/...“DDH")?

><

—> 1 parameter h;l) to < 10% accuracy, +7 to < 1% ; no P-violating 3NI.

(d) xEFT, Few-N Interactions and QCD Lattice Simulations: Alternative Worlds

XEFT: long-range correlations well understood, short-distance QCD encoded in minimal parameter-set.

== XEFT: Chiral symmetry dictates extrapolation in 1, x m,zr,. .., volume, lattice-spacing.

. mz-dependence of
_ _ = NPLQCD
& £ «W - NLO NN-scatt. lengths
. o > Aapeiment from MILC-lattices
. = NPLQCD L _
S *W-NLO S L] " (ungquenched)
«KSW -NLO 1
¢ Experiment NPLQCD 2006
0 w0 a0 60 300 600
m_ [MeV] m,  [McV]
Future: Fully dynamical simulations utilising Y EFT for long-range part.
— Explain fine-tuning of NN-scattering lengths, origin of few-N int’s
— Verify NN-potential from first principles cf. Ishii/Aoki/Hatsuda 2006 (quenched)

Fix parameters hard to determine experimentally: weak int’s test SM; TNN- & YN-couplings. ..

— Implications of QCD-parameter changes on Nuclear Physics, BBN etc. e.g. Kneller/McLaughlin 2003



(e) Hypernuclei: “Third Axis” of the Nuclear Chart

Strangeness & Baryon Octet: Chiral Dynamics of SUy(3)-Breaking

Only 35 YN data (often pre-1971) 4+ Hypernuclei
YNN, YYN enhanced over 3NF?

= Composition of neutron star, K-condensation,.. .

HYPO06 conference poste

u
I

EFT lectures, NNPSS 2007@GW, 16.—27 A

6.2008 o =2 GrieBhammer, CNS@GWU 47-1

(e) Hypernuclei: “Third Axis” of the Nuclear Chart

ATX AT
LO XEFT for YN:  imKn 5 parameter Phase-Shifts from lattice using EFT NPLQCD 2006
R S nA (1sy)
" . . N N 40 T T T i T
Polinder/Haidenbauer/MeiBner 2006 30k [] ]
500 T T % a0l ]
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400 ~ 0
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> ook 1
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Determine unknowns from lattice, feed into ¥ EFT, predict.
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4. The Big Picture: Error-Bars for Nuclear Physics!

XEFT and EFT() as low-energy QCD
Unified, systematic description, rooted in QCD.

Universally parameterise short-range int’s.

Bridge from (lattice) QCD to Nuclear Structure.

Quantitative studies of few-/V systems
Reliable predictions & extractions for light nuclei:
neutron properties, iso-spin & P-violation, ...
Unique signals of chirality, SNF, 4NF,. .. <= QCD
FAIR@GSI, RIA,...
Halo-nuclei >!°He,. . . Hyper-nuclei 3’;4\H, f'\He,. .
XEFT vs. EFT(;t): Chiral Dynamics or Universality?

Frontiers of Stability: Fine-Tuning?

Need for accurate low-energy data:
Determine parameters, test theory!
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chart adapted from G. Henning

Reliable predictions for processes hard-to-access:

Astrophysics: Uncertainties Big-Bang Nucleosynthesis:
d(p, 7)*He, *He(d,p)*He, *He(*He, 7) Be, ...

Protostar-collapse, supernovae, neutron stars,. ..

Neutrinos: e.g. hep-process 3He SSp— He+et +v,
Physics beyond the Standard Model

Alternative Worlds: spectra, rates, BBN,. . . sensitive to
(time-variation of) QCD-parameters m1y, O, Ne, ...

4. The Big Picture: Error-Bars for Nuclear Physics!

XEFT and EFT(st) as low-energy QCD
Unified, systematic description, rooted in QCD.
Universally parameterise short-range int’s.

Bridge from (lattice) QCD to Nuclear Structure.

Microscopic
Ab Initio
XEFT, EFT (%)

3He ‘He

—_
o

Shell Model(s)

lllllll T lllllll

Mean Field Models
Density Functional

Effective
Interactions

= 25551

X

L

Proton Number

—

L] llll

Many

chart adapted from G. Henning

conceptual advances

fundamental questions

——— concrete examples

cliffs still to take, but the view is already wonderful!




