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A classical example of EFT
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Why EFT ?

“Pion-less” EFT of 3N system (without explicit pions)
Bedaque, Hammer & van Kolck (1999)

Phillips line

Renormalization*group invariance

promotes 3N force

\ Not same as Bloch-Horowitz, etc.
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Nd scattering length (S-wave, j=1/2) v.s. triton binding energy B,

Points are predictions of different models



EFT of nuclear physics

A low-energy EFT of strong interaction (@g_ Moep ~ 1GeV)
N

Generic external momentum

Degrees of freedom: pions, nucleons, delta isobars, etc.

Symmetries: inherit all the symmetries of QCD

Lorentz invariance, P, T, baryon #...

color gauge symmetry : trivially preserved in EFT
all hadrons are color singlets

chiral symmetry: not trivial at all



Chiral EFT in terms of N & 1t
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Operators involving pions are derivative, L] m?_

—> TN interactions U Q, m?_

Nuclear interactions expanded in powers of Q/M,,

How to calculate cross-section, binding energy etc. ?



Weinbergs approach

1. Derive potentials in perturbation theory
2. Iterate potentials to all orders by solving Lippman-Schwinger eqn.
or Schrodinger eqn.

Other approachs: Kaplan, Savage & Wise (KSW scheme, 1998)...
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V. .in coordinate space
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short-distance interactions

Besides pion-exchange forces (long-distance),

there are contact NN interactions (short-distance)

[gnoring spin structure for a moment,
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Naive dimensional analysis
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M2 —> higher wave cont. int. less important
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LO cont.int. Vg = 7 Cshs TGl Weinberg (1990)

P, P.: projectors onto 'S, & °S,



Phase Shift (deg)

Iterating effective potentials cutoff in momentum space
NN scattering amplitude by jterati =V VO

Tro(p',p, E) = Vio(p'.p) +

N L = 1 .
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RG invariance

Choosing C((\), C(A) OO T,,independent of A at A 2> 1

IF we have done it right
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Entem & Machleidt(2003), Epelbaum, Glockle & Meillner(2004)



What could go wrong??

1
Vi = i [C P, +C,P,]

| Promoted by RG analysis
0) —
B VS - HT[(CS +CTP T] KSW; Beane, Bedaque, Savage & van Kolck

- Renormalization not needed for P, D,-waves 7

Yes, Renormalization is needed

in attractive triplet channels ( P,D...waves)



Renormalization of V|,
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Nogga, Timmermans & van Kolck (2005)
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Cutoff dependence of phase shifts

& 1n attractive triplet channels at
T,.,=10 (solid), 50 (dashed) &
100 (dotted) MeV

—> Higher-wave contact interactions promoted

—> Naive dimensional analysis fails in nonperturbative interactions

Disputed by Meillner, Epelbaum = A too high?



Singular potentials

Typical example: —1/r",n22  Case (1950), Frank, Land & Spector

OPE, TPE —1/r’1/7 (1971)

van der Waals forces

Singularity : observables not uniquely determined
—> short-distance physics not accounted for correctly
—> Renormalization needed (Beane et al. 2001, Hammer & Swingle 2005)

Ren. of singular potentials = ren. of nuclear forces = power counting

How to treat NLO 7



A toy theory Anal.yti.cally tract.able
Realistic applications: 3-boson system...

V) =
A>0, g : dimensionless, ~ O(1)

Q <<M Q: generic momentum such as k, (2B,m)"?

Q
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Partial-wave decomposition in momentum space
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Absorbed into short-range interactions



Singularity of 3/ r?
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Singularity of 3/ r?

Interesting property of 1/r*> potential
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Singularity of 3/ r?
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P-wave off-shell k matrix k,(px, p) as function of x for p/m = 0.1 and various

cutoffs. A = 4.25 = P-wave nonperturbative and singular

Singularity in higher waves ( same issue in OPE potential )
Renormalization-group invariance requires short-range interactions Vg in P-

wave



Renormalization of -1z ©"~A/Q
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Renormalization of —1/r?
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How to deal with NLO potential (1/r%)
Two options

(1) Iterate LO and NLO to all orders
TO+TY =V +VO) + VO +V NG (TO +T)

(2) NLO as perturbation (distorted wave expansion)

T(l) — V(l) +V(1)GOT(0) + T(O)Gov(l) + T(O)GOV(I)GOT(O)

#2 chosen
More tractable to analytical calculation @ _ @ . VY
Naive dimensional analysis expected to hold D
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Renormalization of NLO
Cutoff dependence of NLO, without V"
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Renormalization of NLO
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Put in NLO counterterms  V{(p', p) =

RG invariance fulfilled by
RC (N, DM =0 S(C (A, D) =0

But exact forms of R, S unkown

Numerical experiment needs to confirm
RG invariance

NLO is perturbative



“Data,,
k,(0.1m) ==1.05  k,(0.15m) = —0.34

chosen such that NLO corrections at 0.1m and 0.15m are O and 5%.

k" (p, piN)
k" (p, p;\)

NLO X(p,\) =
correction

‘ Note: k,© already renormalized

A=2, g=1, M=0.5m

Cutoff dependence of
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X(p=0.175m, A)
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NLO correction at
p=0175m -\




NLO numerics
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L.O and NLO S-wave k (p,p) as a function of p/m, with A=5.5m, 6.5m,
7.5m & 8.5m



Conclusion

Renormalization of singular potentials

- power counting of EFT of nuclear force
- Model-independent descriptions of some atomic potentials

Toy theory -1/r2 + 1/r4
- Naive dimensional analysis (NDA) fails in power counting of LO
- NLO potential as perturbation, NDA works at NLO

Outlook
OPE + TPE in singular channels ~ -1/r3 + 1/15



