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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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Lecture ll: QCD at Very Low Energies: EFT(zt)
Lecture Il

A Dash into Y EFT: Pions and A Few Nucleons

How to root Nuclear Physics in QCD?
How to get reliable predictions & extractions of nucleonic & nuclear properties?

How does that serve our understanding?

Goals: Explain foundations, spell out “trade secrets”. -
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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!
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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






