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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.

Hans A. Bethe 1953
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“There are few problems in nuclear theoretical physics
which have attracted more attention than that of trying
to determine the fundamental interaction between two
nucleons. It is also true that scarcely ever has the
world of physics owed so little to so many ...

... Itis hard to believe that many of the authors are
talking about the same problem or, in fact, that they
know what the problem is.”

M. L. Goldberger

Midwestern Conference on Theoretical
Physics, Purdue University, 1960

Intro to EFTs
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Nuclear Physics
The canons of tradition

Nuclei are essentially made out of non-relativistic nucleons
(protons and neutrons), which interact via a potential

The potential is mostly two-nucleon, but there is evidence
for smaller three-nucleon forces

Isospin is a good symmetry, except for a sizable breaking in
two-nucleon scattering lengths and other, smaller effects

External probes (e.g. photons) interact mainly with each nucleon,
IV but there is evidence for smaller two-nucleon currents
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| |
| | ey
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but... WHY?
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Quantum Chromodynamics
On the road to infrared slavery

m Up, down quarks are relativistic, interacting via multi-gluon exchange

The interaction is a multi-quark process e.g. /%—‘5\

: , : m,-m, 1
3 | Isospin symmetry is not obvious: €= ~
m,+m,6 3

4 | External probes can interact with collection of quarks

— quarks and gluons not the most convenient
difficulty

degrees of freedom at low energies
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Nucleus » VA | Friare3
(9.s.) JU| T | E(MeV)|(#?) (fm)
*H(d) | 1| 0 | -2.2246| 2.116(6)
Nuclear
3 171 1 1.755(86
H(r) | 3 : 8.482 (86) Sl
He | + | L | -7.718 | 1.95934)
4 + ~28.296 | 1.676(8
He(ar)| 07 O 0~ M c~100 MeV/e
He > 3 +0.9 [ ]
2
E 1 Mnuc 2
Z“(MeV) —(fm) |£ ~ ¢’ ~10 MeV
~(Mev) o~ (fm) M,
Nuclear .
Matter 0 0 ~16 0.73 p o~ f ~2 fm
M c
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E~L  —Pmc?=13.6eV
2m

b

(from now on, units such that Z=1c=1)
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ho obvious small coupling
in nuclear forces. 23 I
QCD z
“fine-structure” %% [
constant
01 |
O- ] IIIIIII| ] IIIIIII|2
Needed: method that does not 1 1SGeV 10

rely on small couplings

““ EFFECTIVE FIELD THEORY

Intro to EFTs



I do not believe that scientific progress is always
best advanced by keeping an altogether open mind.
It is often necessary to forget one's doubts and
to follow the consequences of one's assumptions
wherever they may lead ---the great thing is not
to be free of theoretical prejudices, but to have
the right theoretical prejudices. And always, the
test of any theoretical preconception is in where
it leads.

S. Weinberg, The First Three Minutes
1972

12
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> Relevant degrees of freedom
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> Relevant degrees of freedom

choose the coordinates that fit the problem

> All possible interactions
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!xample: !ar!!-moon—sa!elllle sys!em

R =1.7 Mm d =384 Mm R, =6.4 Mm
2-body forces >2+3-body forces 3-body force
= = W,
change in resolution

Intro to EFTs
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> Relevant degrees of freedom

choose the coordinates that fit the problem

> All possible interactions

what is not forbidden is compulsory

» Symmeftries

v. Kol Intro to EFTs 17



A farmer is having trouble with a cow whose milk has gone sour. He asks
three scientists—a biologist, a chemist, and a physicist—to help him.
The biologist figures the cow must be sick or have some kind of
infection, but none of the antibiotics he gives the cow work. Then,
the chemist supposes that there must be a chemical imbalance
affecting the production of milk, but none of the solutions he
proposes do any good either. Finally, the physicist comes in and says,
"First, we assume a spherical cow...”

amenable to
perturbation theory

Intro to EFTs 18




> Relevant degrees of freedom

choose the coordinates that fit the problem

> All possible interactions

what is not forbidden is compulsory

» Symmetries
not everything is allowed

> Naturalness

Intro to EFTs 19
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After scales have been identified,

the remaining, dimensionless parameters are

O(1)

unless suppressed by a symmetry cow
non-sphericity...

Occam's razor:

simplest assumption, to be revised if necessary
~——T e ———

fine-tuning

o energy of probe
==) Expansion in powers of %

energy scale of
underlying theory

Intro to EFTs 20



light object near surface of a large body

d.o.f.: mass m

' E~mgh< E_,=mgR
g und g {sym: I/eff(h,x,y)=Vefj(h)

N i (neglectin
Veff(h)=ng/’l =C0nst+mg{h+nh2 +} qugan’rurlng

A parameters corrections...)
arametrter

. mgi+1hi+1= ) =£ = 0. =O(£)
naturalness: mg Z xO(l) RxO(l) 8i+l I

und

R I1®

i-1

1 GM\ (-1 . ;
Veff(h)=_GMmR 2 =m( )2(—) h = gi+1=(_1) =

itself the first ferm in a low-energy EFT of general relativity...



W

short path to quantum mechanics

a P = @14“412"""4%‘2"' A4‘2
@ sum over

| b all paths

Path Integral Feynman 48

A exp(i{de(C](f))) A =exp (ifdtL(q(t)))

each path contributes a phase
given by the classical action Hqu(t)

A,
a0y

RULE



q (ti+n )

q(tl.)

>
t£i+1 *te ti+n ti+2n !
1/]\4141101’
1/m
f £ Livo

1/A

L (4(2,))— Lw)%

EFFECTIVE THEORY

scale of fine-structure

—

—

of dynamics

scale of variation

of long-range dynamics

coarse-graining scale

—

(cutoff)

(t=1)" +...)

l
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QM + special relativity: quantum field theory

q(t) = @(7,1) = p(x)

dt = dtdr=d' x
d %,

>

dt  ox"

EFFECTIVE FIELD THEORIES
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7 =fDq0 exp (ifd4x {Lfree(qp) t Lmt((p)})

- [Dy {+ j fd“met (@) + [i fd“met (@) ]2 ¥ ..}Xp (z fd4foree((p) )

momentum space ﬂ ] ﬂ
A (skip many steps...) ;
Lint = _§04 >< =iA I ) 2 .
4 V p —-m +ig
19'1\ /p'z
'l " i i i
T I =f 2 4 ! l 2 2 . l P 5 . l
p1+l p, =1 (27) (p1+ ) —m +ie (]92—) —-m +li€
7 X = ... but divergent from high-momentum region...

| I I m needs a cutoff to separate high and low momenta



Euler + Heisenberg '36

. What is Effective? e
6, (0> ) |
M (D¢, [Dg, expifd*+L,, (6,9, )
A
¢, (0<M) foqﬁé((P‘fA(%))
m =fD§0 CXp (ifd4x LEFT(QU))
d _n
EFT 2 ; C(MA)O((GWI)QD)
0 i(d,n) 1 1
Ax~§<ﬁ
renormalization-group 8Z _0 local -
invariance 7N b, Ax~—>—
0 M

details of the

underlying dynamics underlying symmetries



( ! 00 \4

T=T9O-NOD S a Ml A

=Vmin m m
< —
ol 0 normalization non-analytic
- 9A from loops
V= V(d, n,.. ) “power counting”
b e.g. # loops L

For Q ~ m, tfruncate consistently with RG invariance

so as to allow systematic improvement (perturbation theory):

T=T"+0 N(g Q)M o =0(T<”Q)

M’ A dln A A
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Why is this useful?

Because in general the appropriate degrees of freedom below M @
are not the same as above ¢ =(u-9.)
Examples: 6 & @ @
= M is mass of physical particle -- l—, — ><cl.
virtual exchange in coefficients C, ¢, P o, @ @

(Appelquist-Carazzone decoupling theorem)

= M is scale associated with breaking of continuous symmetry --
appearance of massless Goldstone bosons or gauge-boson mass
(Goldstone's theorem, Higgs mechanism)

= M is scale of confinement -- rearrangement of whole spectrum

= M is radius of Fermi surface -- BCS behavior

v. Kol Intro to EFTs
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How can we do it? Two possibilities:

» know and can solve underlying theory --
get ¢;'s in terms of parametersinL,, (¢,.4,)
» know but cannot solve, or do not know, underlying theory --

invoke Weinberg's "theorem": Weinberg ‘79

“The quantum field theory generated by the most general Lagrangian
with some assumed symmetries will produce the most general S matrix
incorporating quantum mechanics, Lorentz invariance, unitarity, cluster

decomposition and those symmeftries, with no further physical content."

Note: proven only for scalar field with Z, symmetry in E,,
but no known counterexamples

Ball + Thorne '94

Intro to EFTs



.
Bira's EFT Recipe

1. identify degrees of freedom and symmetries

. what is not forbidden
2. construct most general Lagrangian is mandatory!

3. run the methods of field theory

compute Feynman diagrams with all momenta O <A
("regularization”)
relate ¢, (A ), A to observables, which should be independent of A

(“renormalization”) not a model form factor

im=) controlled expansion in ng(l) ) )
M A naturalness”: what else?

unless suppressed by symmetry...

contrast to models, which have fewer, but ad hoc, interactions; =

useful in the identification of relevant degrees of freedom and symmetries,
lagued with|uncontrolled errors

Intro to EFTs



A significant change in physicists’ attitude towards
what should be taken as a guiding principle in

theory construction is taking place in recent years
in the context of the development of EFT. For

many years (...) renormalizability has been taken as
a necessary requirement. Now, considering the
fact that experiments can probe only a limited

range of energies, it seems natural to take EFT as
a general framework for analyzing experimental

results.
T.Y. Cao, in
Renormalization, From Lorentz to Landau (and Beyond), L.M. Brown (ed)

1993
‘ v.holi'llitroto EFTs ;I 31 |



Time for a
paradigm
change,

perhaps?

“Say . .. What's a mountain goat doing way 32
up here In a cloud bank?”
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atomic physics
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! quantum example: non-rela‘nvus’nc !!! !!!!!!l

)
single fermion Y of mass M , massless spin-1boson 4,

Lorentz, parity, time-reversal, and U(1) gauge invariance
[ D, =9, -ied,

F,=0,4,-0.A4,
wa = (1D - M)m/)——F F*

V .
P = : p _ ay
P —M+ie P +ie
u

u
1 5

YV =iey, ==> interactions *e=+4m0 ~— perturbation
3 theory

How do E&M bound states arise?

Intro to EFTs



i ilplyl—p'ﬂ;ﬁM;

N = - o

N W, Prg-M+ie (' 4q") —(p+G) - M +ie

p+q

2 ERIGETEIRAY),
— 2p°q" +q" -2p-G-q" +ie

JZ| q ( 0)
i U+r
7 ~|a|-0(0) T 4ie 2
" =1g|=0(0) 0
p =5 e =m0 =l RP=P, PP =0

projector onto * energy states

Georgi '90
VU ="Pyeo y=(P+P =™ (V,+¥)

particles: annihilates creates

antiparticles: creates annihilates
Intro to EFIs 35

“heavy-fermion
formalism”




— - . = - . = e 1 v
L, =V,iDW, -V i7-D¥, +W iy -D¥_ -W_(iD,+2M )W¥_ —ZFWF“

+ other, heavy d.o.f's

Z=[DA[DW, [D¥_exp (0 [d'xL,, (W, W, 4) )2 [Dwo(w-w,)
=fDAfD\P exp (ifd4x L,..(¥, A)) «’ complete square,

do Gaussian integral

S A
LEFT=1PZDOW+WWD ‘P+WWG}P8U-](F'J +"°_ZF,LWFM +...

hon-relativistic expansion Pauli term

éx

+—WoWe, F'"+...

2M ! ,
anomalous magnetic moment most general Lag with Y, A
=0(1) invariant under U(1) gauge, parity, time-reversal,

and Lorentz transformations
Intro to EFTs




Eign 4FWF“V+—(F ) +—(F F’“‘)

v . P v Euler + Heisenberg ‘36
—1 nyv p3 \ /p l.
p =0 2 _ . .
; P’ +ie pv:@l = Mo D1 P3P Pa - +b[...]
3 u

(o)

— 1 — 2 e ST va,
+‘PzV~D‘P+E‘P((V-D) —Dz)y+ﬁ(1+z<)lp|/asﬁmg“ e

. V= 1,6)
pP| = : M_° ~
V’p+1(p2—(V'p)2)+...+i8 M eV SE(O %)
“BAR ), e %fj S (r-uw)

),<0> y
LACRSRV7A\ GRVT)) GREUETESR V74 CRRVTAN /I
M M

}@é - (" +r1's, 5. ) etc.




light-by-light scattering

no explicit
fermion-antifermion pair creation!
= +g\ + + + ... Compton scattering
__J

Thompson no change in
limit heavy-fermion number!




TH M

(poaﬁ) CoM (poa_ﬁ)

frame l
5~ |p]=0(0) ’ %% ) ;;{

P~ p® =O(Q—2) higher powers of %

'

9_]_5

M
_ ie’ _ —ie’ _ ie’ ~4J770!
(p—p')2+i£ (po-p'o)z—(ﬁ—ﬁ')2+i£ (]3—]3')2—1'8 0

(04
— V(r)= —
r
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4Q 1111 [a\dna
(4Jt)QQQQ 4r) O’

just as expected...
<1
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0 0 +.. @@ o1

O M1 1 oédna 4no ]
"‘"(4.77/'&) 4 Q2 Q2+4-7T Q2 ~a Q2 +4.7T

infrared enhancement!




0
ji N . “time-ordered
perturbation theory”




% bound state at

~i{1+0(a% + }~62 : Q~2O!M
0 ol Q21-0( M) _E~%~azM

Lippmann-Schwinger eq.

m _ M -O( e’ ) Coulomb 2 = Schroedinger eq.
= = — . i
Q poTen’rlal (P_+I/Ilj($))‘w(0)>=E(0)‘w(0)>

2M

Intro to EFTs 43

known results...






(Ty)

2 _ g
iy £ =F 0’ £O

=0l

piece i fi, [dF " (7)o (F Yo (F) = fi iy jy (OXZ

magnetic interaction
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Yy
so that loops bring positive powers of A, which need to be

compensated by 7’ (A) and higher-order “counterterms”

A~ o O 4na
B (4.71 M> O ) v
052 . az
ot Ve InA < yé’) o W(_IHA + constant)
renormalization J
Etc. to be determined by “matching” to QED

(and/or from data)



electron
Larmor frequency KNoWn ion mass

measured
measured = § ‘@

g=2(1+x)

= +
2 m
. . electron
trapped-ion ion charge ass w
cyclotron frequency
TABLE IL Individual contributions to the 1s bound-electron g factor, 1/« from [12] is 137.035999 11(46).
12C5+ 1607+

Dirac value (point) 1.998 721 354 39(1) 1.997726 00306(2)
Finite nuclear size 0.000000 000 41 0.000000001 55
Free QED, ~(a/7) 0.00232281947(1) 0.00232281947(1)
Binding SE, ~(a/m) 0.000000 85297 0.000001 62267(1)
Binding VP, —(a/7) —0.000000 00851 —0.000000 02637(1)
Free QED, ~(a/7)? - (a/m)* —0.000003 51510 —0.000003 515 10
Binding QED, ~(a /7)Y (Za) —0.000000001 13 —0.000000 002 01
Binding QED, ~(a/7 ) (Za)* 0.00000000041(11) 0.000000 001 06(35)
Recoil 0.000000 087 63 0.000000 116 97
Total 2.00104159052(11) 2.000047 02128(35)

Pachucki, Jentschura + Yerokhin '04

f
_ Moy m(2C3F) = 0.000 548 579909 41(29)(3) u,

12
-

v kolg{: ihtro to EF m('°07*) = 0.000 548 579909 87(41)(10) v,

Most precise determination of electron mass (expt)(th)



Summary

¢ Nuclear systems involve multiple scales but no obvious small
coupling constant

¢ EFTis ageneral framework to deal with a multi-scale problem
using the small ratio of scales as an expansion parameter

¢ Applied to low-energy QED, EFT reproduces well-known facts
and also provides a systematic expansion for the potential,
and thus for the scattering amplitude --
NRQED is in fact the framework used in state-of-the-art
QED bound-state calculations

Stay tuned:
next, how we can make nuclear physics as systematic as QED

Intro to EFTs
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- Game Plan

lattice \L
large 7
- hecessary to extrapolate to J
small m,

NCSM,
lattice, ... /
[wan‘r model independence]

systems Infinite-nucleon
system
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[ U
dofs leptons: lf=( ) quarks: q=( ) photon: 4, gluons: G,
1% ! d u

symmetries: SO(3,1) global, U, (1) gauge, SU,(3) gauge

ST (0 -m Y, b o)
i % 0 1+3r,
+q_(iﬂ+qu/f+gS,G)q—%Tr[GwG“V] > QED Qq=(0 '%)= 6
1 1 Qb
- (m,em)ag == (m, —m, )qwg
; mm:nm G v+ ()" supmessedty lorgen masses G, x 1Mz,
unnaturally small T violation 0 <107

(strong CP problem)
Intro to EFTs




TR . “chiral limit"

single, dimensionless parameter

[dixLoe, = [d'x {q_(ia/ )q —%Tr G‘”GW} SRR

: : . L g— )\t
invariant under scale transformations | ¢ A
but in GG
Z=[DG[Dg[Dgexp(ifd'xLyey ) |
scale invariance Fox
“anomalously broken” ol
by dimensionful regulator z° 1
0.

=» coupling runs
a, (0 ~1GeV)~1

("dimensional transmutation”)

0.1

0- | IIIIIII| | IIIIIII|

1 10 10
u GeV |




Non-perturbative physics at 0 ~1GeV

Assumption 1. confinement

only colorless states (“hadrons") are asymptotic

Observation: (almost) all hadron masses > 1 GeV

Assumption 2: naturalness
masses are determined by characteristic scale

— MQCD ~1 GeV

Observation: pion mass m, =140 MeV < M,

breakdown of naturalness? NO!

“spontaneous breaking” of chiral symmetry

Intro to EFTs



W!y IS ’r!e pion special?

1

Locr =7, (i +g,G)q, +q, (i 9 €,G)q, ETr GG,
— -
u 1- l+y
q=(d) 7 = —
invariant under chiral symmetry

Ary) XU T )un) SU2), xSU2), ~ SO(4)

broken by vacuum down to isospin
m_ > m v :

my > my g — exp(ia-T)q SU2),.. ~SOQ3)

v. Kol Intro to EFTs 57



!Imli l

chiral circle
O
two
ISospin axis ~ qq 9/
not shown T
giystq . fo o
pion decay constant (in chiral limit)

L., = piece invariant under @ — mw+¢ [functionof d 7 on chiral circle]

—

2
(1—47;2 + ...)aun




u d9 9

_. 1 v
Locn =4 (i +g,4 )q —ETr GG,

v.K. 93
| |

+_(mu+md)qq +_(mu_md)qr3q +...
2 2

4th component of SO(4) vector 3rd component of SO(4) vector

S = (giys1q,9q) P =(gtq, giysq)
break
SO4) —=S50Q) — U(1)
(explicit chiral-symmetry breaking) (isospin violation)

“ V. holi"lﬁtro to EFTs :l 59 |



L_

Imit
slightly-tilted
chiral circle
o
two
isospin axis > qq W%
hot shown \ T
=92 MeV
qrystiq pion decay constant
L. = piece invariant under @ — 7 + & [function of Jd,m] x ()
+ piece in gq direction [function of 7 explicitly] o (m, +m,;)
+ isospin breaking x (m, —m,)

CHIRAL SYMMETRY = WEAK PION INTERACTIONS

v. Kol Intro to EFTs 60




Two types of interactions:
D, =09, -ieQ A,

F,=0d,4,-9,4,

> “soft" photons - explicit d.o.f. in the EFT

> “hard"” photons - "integrated out” of EFT

v.K. '93
Lund = e equqyyq D‘uv (62) qu)/vq +...
N\N\/ NV . .
34 comp of F oo €49t VsUiqd 4y, T 4
antisymmetric tensor 3 -qiy ,T.q 0

breaks SO(4) (and SO(3) in particular) — U(1)

=)  Lggr = soft photons *e
+ further isospin breaking . %:r

“ v.holi'llﬁtroto EFTs ;l 61 |



L =...+— 0 qiy.q+...

m,+m, ——

4th component of SO(4) vector P = (ﬁ‘rq . qiYsq )

T violation linked to isospin violation: in EFT, combination is

——(m ~m, )P, + P 6 P,
m, +m,

Hockings, Mereghetti + v.K., '10

5) continue with higher-order operators, De Vries, Mereghetti,
e.g. T-violating quark EDM and color-EDM Timmermans + v.K., '10

violati )
P-violating four-quark operators Kaplan + Savage '96

Zhu, Maekawa, Holstein, Musolf + v.K. '02

Intro to EFTs



muc ear physics scale

"His scales are His pride”, Book of Job

nQ 1%
@Turbaﬁve QCD

brute force
~1 GeV MQCD ~ mN’mp’4‘7Tfn"“ D (lattice), ..?
hadronic t TN\
@\ chiral SYD this lecture
~100 MeV M ~f Ur,,m,... ) Q/MQCD
~30 MeV X~ l/aNN

“\ next lecture

no small coupling

expansion in
63
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Q~m, <M, pionful EFT

d.o.f.s: nucleons, pions, deltas (7, —m, ~2m_)

L (AT

Ty ey [
o) e o
T3 J'L'O \A_/

symmetries: Lorentz, }/ )Y& c%al

Weinberg '68
Non-linear realization of chiral symmetry  Callan, Coleman, Wess + Zumino '69

chiral invariants , };'s, E,'s
o 8 Jtz
(chiral) pion D, ( i )( i ) m? =0 ((m, +m, )My, )

covariant 2
. . m:
derivatives \fer'mlons (8 __1. E ) =) m, +m, =O(M )

0CD

:FTs 64




!c!ema‘rlca”y,

" PRV + Z
L — C D’ D’ my —my m, T 7/} l/} f2M2
EFT — {np, [} 2 2 2 w7 OCD
{n,p,f} & M OCD M OCD fn -fn M OCD

=0() isospin conserving  (NDA: ndive
calculated from QCD: lattice, .. _ O S,ﬁ isospin breaking dimensior.\al
fitted to data 4 analysis)

=y LW A = n+p+i—25d+i—2®0
= 2 2
“chiral index" chiral symmetry
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2

2
Lo =L (1= L L i- L .
2 21 2 4f

2
+N° 1- n2+...)
41

7
N

7

T

T (T X Gon)+...]N+2ngN+‘r(?N--(§n)

JU

—e— —% =
I

+A+[i80—(rﬂ.&m]\()+)..i|A+...+th "TEA + )--6 (+...) )
-c,(N'N) -C, (N'6N) X
2
LY =N : % 12 : V) + ... +l(m)—m”) 7:3—L T T +.
2m, 471 2 217
+%N+ [b,(0,)" = by(VRY = 2B, + by 1,07 (0,7,)(0 7
84

— [iN*t5-VN + H.c.] *(0,m) (1+...)
4m, [, L -

_4meﬂ !
+fiN+N N*tGN -(Vn) (1+...)

7 ; Form of pion interactions
-k (N N ) determined by

Ty

-+

A__[iN*TS-VN +H.c.]-(9,m) (1+...) <P
' X-

chiral symmetry




!- !, l3 CI!IPGI per\ur!a\lon “!COI"Y !l!!!| ‘ l!l”ul!‘ ll

Gasser, Sainio + Svarc '87
Jenkins + Manohar '91

nucleon

dense but

| short-ranged

v=2-A+2L+ Y VA 2V, =2-4 | e A I
1 71 / ool !
# loops # vertices of type i I/MQ,(';D ~ 03 fm
expansion in long-ranged |
[ Q/mN non-relativistic but sp’ar'se ‘
2 1.4 fm

l

v, Q/mp ,... multipole

to EFT
eep Q/47Tfﬂ pion loop i




Gasser + Leutwyler '84

]
’/
,\
~
+
+
7
\/
o
1o\
1
v
v
7\
7 \
+
e
S
AN
N
+
-
O
+

7\ v - V2R I\
/ \ ’ A v b 4 \ ’ \
4 \ /7 \ / \
’ \ ’ \
- J
current Weinberg '66 B o 87
inio +
al g ebra asser': Sainio .Svar'c |
Bernard, Kaiser + Meissner '90
, [ \ Jenkins + Manohar '91
/ - -
7/ / -
= + x + + x + +
\ \ ~ o
\‘ ~ - - \ ~ - - \

N.B. For ‘E — (mA — mN)1 <0 MQ2 a resummation is necessary

oCD Phillips + Pascalutsa ‘02
Long + v.K.,'08

68

Etc.
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A-nucleon irreducible

m, infrared 0
_my N
AE O enhancement!
A-nucleon reducible @\x\>
@
1 @ 1 z Vv
e +k*fmy, -1 [m, —ie -1 +Kk*/m, —1*/m, —ie
mN : V ¥ . O mNQ V2
l —k 4
\ Q2
" instead of

v. Kolckj Intro to EFTs (437;)2 69



Ij L0100 1 0

fi(4ny 000" 0 f (4.7rf)

o
MQCD

A

-- 1Q3 1 10°0° 1 @ 0
- (475) mA_mNQQ 0 f (4J'L’f)mA mN

o)

ti 1O0m 00 1 m,
- fn44777 2Q2Q2 f7,24775nf fw
=/M =0 (1) for O~ M



4
~L2{1+0( Q )+}~ 12 1 Mnuc=MNN~ fn]pﬂ'zf;l'

fn My f;r 0 My
1-0 Nuclear scale
M
N arises naturally
@ from
chiral symmetry

+

L@ ()

Is 1PE all there is in leading order?
That is, are observables cutoff

independent with 1PE alone?
Intro to EFTs




2 A T—
e —j| 84 q’ (S12(Q)+(71'02)T T~ 4
2F )\ G*+m’ 3 Y my M,
(CNEA (7 S =0
Viry=|22| ,'t,| -0V (F)+—Ze "™ =
") (%) 1 ( G ) —

4 :

_[ &4 L S PN A Ny 1 1Y A
V(V)—(zj;[)‘rl 72{3(5 (r) 4Jtre ) ( +3)e <S12(7')>}

\.

much more singular --and complicated!-- than

1
o2 doror o J 2+ 2+ 1
%V(r)=—

(p-p') -ie O » j 0 > 0

Intro to EFTs



short-range physics, and scale with/,.,,
according to ndive dimensional analysis

(W power counting)

(

C (0,°0,+]) O (0,°0,-3) V(r)=
0 4 0 4 <
— —
4 4 Vr)=
= = _
m, M(O) m, M(l)
MU~My = 7 inLO
47t :
% - Qz = in NNLO
my My Mpep

Ordonez, Ray + v.K. '96

Entem + Machleidt '03...
Epelbaum, Gloeckle + Meissner ‘04

4 _
M(0)5(3)(’”) S=0
N
45T (3) ;=
Wé (r) S=1

N

(NLO terms, linear in
O/M e, , break P, T)
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many-body forces

Voy >V, >V, >... A canon emerges! Weinberg '90, '91

isospin-breaking forces

o . Vie>V,, >V o v.K. '93
Similar explanation for
Sy >, >J, > Rho '92

external currents

Intro to EFTs



similar to phenomenological
potential models,
e.g. AV18 - (OPE)"2 + non-local terms
AN

Stoks, Wiringa + Pieper '94
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“Oh, Professor DeWitt! Have you seen Professor
Weinberg’s time machine? ___ It’s digital!™
e / ~g
RN ALY —_

“Oh, Professor DeWitt! Have you seen Professor
Weinberg’s time machine? ... It’s digital!”

78



But: NOT your usual potentiall Ordonez + v.K.'92

(cf. Stony Brook TPE)
+w _- - =
€.q., F—-‘ X + %\\1 + p__r + ..

1

chiral v.d. Waals force ~ = for m> — 0 Rentmeester et al. '01, '03
Kaiser, Brockmann + Weise '97 | Nijmegen PSA of 1951 pp data
_ — . long-range pot | #bc  x2.

= . OPE 31 20262
: e | OPE+TPE(lo) | 28 1984.7
S | OPE + TPE (nlo) | 23 [ 1934.5
Nijm78 19 |1968.7

Isoscalar Central Potential at |€C(S'|'

parameters found

Y S  consistent with 2N datal as good!
2.0 2.5 3.0 3.5 4,
r [fm] . n‘n
Similar results in other channels, , . toEFTs models with s, w, ...

_‘ e.g. spin-orbit forcel h might be misleading...



ujita + Miyazawa

Coon + Han '99
Epelbaum, Gloeckle+ Meissner '02

. — two unknown

parameters

Tucson-Melbourne pot with
~——— —
Coon et al.'78 { a—>da- ijic ™

c—0 potential




Many successes of Weinberg's counting, e.qg.,

v To' NNNLO (w/o deltas), fit to NN
phase shifts comparable to those of
“realistic” phenomenological potentials

Phase Shift (deg)

Phase Shift (deg)

200
150
100

50

0

[ ! [ |
= 18,
o INNNLO
"\}.‘\E, INNL
L e TN
NNLO el N
i 1 | 1 | 1 . l_
0 100 200 300
Lab. Energy (MeV)
_ 3 ]
[ S1 ]
|
o
.tj. ]
Ne
_ “Q@,.‘....‘.N. ]
i T
0 100 200 30

Lab. Energy (MeV)

Phase Shift (deg)

Phase Shift (deg)

Entem + Machleidt '03

20

10

0

0 100

i
[ B

-10

-VP:_‘ anSA 3p0
¢ \Nijmegen |
N, PSA |
\v\

\\.Q. 7
\\4\;
\ W/

N -

T

. 1 1 1 N
200 300
Lab. Energy (MeV)

"W
“we
~~\\
\'.f\."’—
L SR
0 100 200
Lab. Energy (MeV)

300

Ordonez, Ray + v.K. '96

Epelbaum, Gloeckle + Meissner '02
Entem + Machleidt '03

TABLE II. y*/datum for the reproduction of the 1999 np data-
base [40] below 290 MeV by various np potentials.

Bin (MeV) No.ofdata N°LO" NNLO® NLO° AVIS
0-100 1058 1.06 171 520 095
100190 501 108 129 493 1.10
190-290 843 115 192 683 1.11
0-290 2402 110 101 362  1.04

TABLE V. Two- and three-nucleon bound-state properties.
(Deuteron binding energy By; asymptotic S state Ag; asymptotic D/S
state 7, deuteron radius r;; quadrupole moment Q; D-state probabil-
ity Pp; triton binding energy B;.)

N’LO?  CD-Bonn [10] AVI18 [22] Empirical®
Deuteron
B,(MeV)  2.224575 2.224575 2.224575  2.224575(9)
Ag(fm™?)  0.8843 0.8846 0.8850 0.8846(9)
n 0.0256 0.0256 0.0250 0.0256(4)
74(fin) 1.978° 1.970° 1.971¢ 1.97535(85)
O(fm?) 0.285¢ 0.280¢ 0.280¢ 0.2859(3)
Pp(%) 451 4.85 5.76
Triton

7.855 8.00 7.62 8.48

‘ B(MeV)*




good description of
- 3N observables and 4N binding energy
- levels of p-shell nuclei

. . 1
Gueorguiev, Navratil, Nogga, Ormand + Vary ‘07
L 10 16 11 L 0%l » 12 - g 13 .
[82%1 B U232 B :62t| — ( 2% 1 fi6 ¥II C
v T | = et A —
— 12 3 VBN | gt . S i o AL 32
4" v [ - — + ; I
g 271 - L et S 1) R
2 T i 2 S eyt T —. . —
-2t s t_2+:| i SfZ— — ST l“‘ i 7
_4 =3’1 8 — szt :s I/L_ ‘—_3/_
T, T r K e VT
: N e L5 [ S— —
1+ — },I R — nr
_°+=:+=" T %, [4 28— , [ V— =
PR i T | — =¥y — |
| VI ) - —_—r
—t Oy e VI [0 gt ot [0 v VI
- NN+NNN Exp NN " NN+NNN Exp NN I NN+NNN Exp NN - NN+NNN Exp NN

FIG. 4 (color online). States dominated by p-shell configura-
tions for 1B, "B, 2C, and '*C calculated at N,,,, = 6 using
h{) =15 MeV (14 MeV for '°B). Most of the eigenstates are
isospin 7 = 0 or 1/2, the isospin label is explicitly shown only
for states with 7= 1 or 3/2. The excitation energy scales are in
MeV.

% n
2
04

>
«
04

03

Epelbaum et al. '02

T

T
— NNLO,

[ '
- !-"-l.
E i’!.
=~ I! ] ] L 1
- !II }}l
i i t
i 1 i} 1 1 1 ]
fe, = _ I
L . N
i3 1
! i, /]
!!
m % o 20
0 [deg| 6 [deg|

FIG. 6. nd elastic scattering observables at 65 MeV at NLO (left
column) and NNLO (right column). The filled circles are pd data
[63.69]. The bands correspond to the cutoff vanation between 500
and 600 MeV. The umt of the cross section 1s mb/sr.



)/d s d)/ measured: Illinois '94, SAL '00, Lund '03
extracted nucleon polarizabilities: Beane, Malheiro, McGovern,
Phillips + v.K. '04
o  threshold amplitude predicted: Beane, Bernard, Lee, Meissner
yd —dm +v.K.'97

confirmed: SAL '98, Mainz '01

-
<

3O 0 : '90- '91- '95-

= pp— ppT measured: TUCF '90-..., TRIUMF '91-..., Uppsala '95-...

9 pp— pnt’ S waves sensitive to high orders: Miller, Riska + v.K. '96
= N P waves converge, fix 3BF LEC: Hanhart, Miller + v.K. '00
> pp—=dn

O

=

pn—> dr’ CSB asymmetry sign predicted: Miller, Niskanen + v.K. ‘00
confirmed: TRIUMF '03

measured: TUCF '03

mechanisms surveyed: Fonseca, Gardestig, Hanhart, Horowitz,

Miller, Niskanen, Nogga +v.K. ‘04 '06
A “A \ lll
+ PARITY, TIME-REVERSAL VIOLATION,

dd — ar’




Is Weinberg's power counting consistent?

attractive in
/ some channel

@ +...}e‘m’””

\\ |
singular
potentia

not enough contact interactions for renormalization-group invariance even at LO

No!
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Pavon-Valderrama + Ruiz-Arriola '06

Brobl | Attractive-tensor channels:
r'o emS' —T T T 1 1 T 1 71— 30,0 771 71
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Vi) , JpA=R
.
Cy(A) 837 (F) A feln)
- Vo(R)H(I—%) 2mry (/)"
MNSAN/
s wave W, (r~R<r)= u,(r)
matching '

J-2m R*V, cot\|-2m R*V, = F, (A.7,, R)

dln R

v. Kolck; Intro to EFTs

OPE:

m=mN/2

ry =1/m,
A =mn/MNN

(k~1/r0)=o(TS£)

f(r[1y) =exp(=1/1;)

so that

"

87



Two regular solutions
that oscillatel if no counterterm, will depend on cutoff R

1 =+ model dependence
u (r<r)= 4 4cos V2 + :
n 0 #/r) (n /2 - 1) (r Ir n/2-1 determined by

low-energy data

1-n/2 I
F;()L,ro,R)=£—\/z X tan V2 AT t0, |+

> . 4 f (n/2-1)(R/n,

= 3r'd ; F g :,.-.gl
4 l 2% A R Vi = E:.',/f—""

exact 'l f E P E f ;'-:: “2mR*V,
1st
2nd

exact vs perturbation th

Intro to EFTs o ) .98
limit-cycle-like behavior



; .
Ar 3A
3 h = Yo

but l”,~$<<r0 for [(/+])> A

mmsp  Singular potential only needs to be iterated in a few waves,
where counterterms are needed

Intro to EFTs



“Perturbative pions” A = FAN S - P —
M NN s | ;
Kaplan, Savage + Wise '98 100 £
C |
o™ Nijmegen
Fleming, Mehen + Stewart ‘01 0T i S ' PSA
, : N
I NNLO + h.o. counter ™ NLO
0 LN
—_— . 0 100 200 300
= M NN fﬂ indeed p(MeV)
NO”'Pe'rUV'bGﬁVC pions Beane, Bedaque, Savage + v.K. '02
Nogga, Timmermans + v.K. ‘05
3M Pavon Valderrama + Ruiz-Arriola ‘06
[(l+1)<——— 2M ~5 m [<?2 Birse, ‘06, ‘07

NN Long + v.K. ‘07
Pavon Valderrama '10
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Add

Nogga, Timmermans + v.K. ‘05

(cf. Pavon Valderrama + Ruiz-Arriola, '06)

A [fm 1]

v, .
f=L counterterms
=200 U g e I g g p. g .« [ B s
SENE s A A S |
~F -0 - — — ———
o Ra st Py = e S
-10 = s 3 0,
15 QUf - N A R
4 6 8 10 12 14 16 18 20 2 4 [&Y 8 10 12 14 t16+.18 20 __q_‘)
-1%0 — A [fm'] = AmEm'l [V —
- - - 2o
2200 B T I AR T NI S N 10
2 4 6 8 10 12 14 16 18 20 2 4 ¢
-1
A [fm ]
_ Cd ) 12 E(MCV) 1
1=2,j=2 = (2]77)3 PP
O ™ Tt |I)|2 _; z‘; T |_
T2 1 %0

|
4
A [fm’']

6 8 10 12 14 16 18 20

_IIII|]III|IIII|]III

Nijmegen
PSA \\

I(IllllIII|III|IIIIIII|III

2
0
_2 - L1 1 | | 1 1 1 | L1 1 | | 1 1 1
0 50 100 150 200
T, [MeV]
30 a2 T 1T | L | LI |.°| I L L
25 F Wpe .- L
= (A=8fm™ ) ~=-7"
20 * #Nijmegen
15 F 3 PSA
- D, 1
10 F 2 3
SE :
O » 11 | 1 11 1 | 1 11 1 | 1 11
0 50 100 150 200

T, [MeV]



certain counterterms that in Weinberg's counting

were assumed suppressed by powers of
M OCD

Q
"

J

are in fact suppressed by powers o

Il

short-range physics more important than assumed by Weinberg's;
most qualitative conclusions unchanged,

but quantitative results need improvement

ACTIVE RESEARCH AREA
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DD
Summary

A low-energy EFT of QCD has been constructed and
used to describe nuclear systems

Chiral symmetry plays an important role,
in particular setting the scale for nuclear bound states

Nuclear physics canons emerge from chiral potential

® & & o

A new power counting has been formulated:
more counterterms at each order relative to Weinberg's;
expect even better description of observables

Stay tuned:
next, how to extend EFT to larger systems

Intro to EFTs
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Outline

O Effective Field Theories

J QCD at Low Energies

d Towards Nuclear Structure
»  Contact Nuclear EFT
»  Few-Body Systems
*  No-Core Shell Model
»  Halo/Cluster EFT

> Conclus"ons and Outlook l
v. Kolck; Intro to EFTs 95
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Huclear p!ysms scales

nQ 1%

~1 GeV

~100 MeV

~30 MeV

"His scales are His pride”, Book of Job

@Turbaﬁve QCD

brute force
Mocp ~my, m,, 47 [, ... D (lattice), ..?

hadronic th
with chiral symm

M, ~f Urym,...

N ~1/aNN

no small coupling

expansion in
97
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Lots of interesting nuclear physics at © ~1MeV
instead of £ ~10 MeV

within a few MeV of thresholds:
= many energy levels and resonances (cluster structures)
= most reactions of astrophysical interest

show universal features,
l.e. to a very good approximation are independent
of details of the short-range dynamics

bonus: same techniques can be used
‘ for dilute atomic/molecular systems o8 *



eg. NN s, channel: s, channel :
(real) bound state = deuteron (virtual) bound state
N, ~\myB, =45 MeV <m_ Ny~ myB . =8 MeV < m,
T ‘ ’ ]
S /% =4.5 fm
D — g

multipole expansion of meson cloud:
contact interactions among local nucleon fields

Intro to EFTs



O~R<M, pionless EFT

- d.o.f.: nucleons

- symmetries: Lorentz, /}Z

VZ

L, =N" (z‘ao ¥ )N +C,N*NN*N

2m,,

omitting
\VA spin, isospin
+N"——N+C,N"NN*V°N
dm
N

+C, N'VN-N*VN + ...

v. Kol Intro to EFTs 100



>
~Go(Mf 41 : . 1@ x
0 4 7T =N\2 7 L \2
(2r) l°+p0—(12-;§) +i€ —lo+p0—(12-:’£) +i€ 0’ M
.k , , d’l 1 |l
p = =—-im,C; (A =
2mN N ()( )f(2j1,')3 l2_k2_l-8
m A A 1 @ 1@ @
=-i Ci (N4 [dl+) [dl , _ X >
T ) y l+k+iel-k-ie (D 0 /M

i [ rfho{ o e icinnon

~iC(A) K absorbed in  NON-  gbsorbed in

Co (A) ar!alyE‘ric C2 (A)
n
eTc.“ V. holil Iitro to EFTs :l 101 |



< CA) = CR = C(A) -T2 (AY + ..
4\
\.
Naive dimensional analysis
4 4T
C(R) = — C(R) ~ m M ~ M
" mNMO " mNMnuc ’ e
4 m
C(R) = C(R) ~ N C(R)2 - A ~ M
i n/lN‘]\4nucj\422 i 4‘717Mnuc " ’ ’
efc.
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>< L 4
VA
<1 fd M)~M,,
§ . mLQC(R)Z _ Yot [ D
%y m M,
m M
efc.

= nobs. at O<M, _,nogood: just perturbation theory

need one fine-tuning: M, =x <M
assume no other, e.g. still M, ~ M, , etc.

Intro to EFTs
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Gegelia '98

v
—ZC{ Cl+(C1)+ } : =4ﬂ :
=]}

1 2
—+1, "W ail +2A+ik+0 K
k~x = G m,Cy(A) 7 A
4JtY
4o i k Kk = ® =N
= —,— m, C,
m, N +ik A’RA
r scattering length  a, =1/X
cf. effective range expansion - ,
N
S wave bound state k£ =iX -L =
- 2m,,

Intro to EFTs



D
™ & ()
- . ) D =0( o T(O))
M
@ ()
D

etc.
2
M
= TNNN i e+ Q +...
mNMnuc N+ZQ N+ZQ
v =-1 v =0
- scattering effective P other
swave length range waves
o 1/?’<

a VO (B 1/ Mnuc
ol Intro to EFTs 105



m Ty(k)=-ile

—2ikR

zero-energy poles when
a, =2n+1)x/2

mR?*

R

Jo + (kR cotyJa® + (kR + ik 1'
\/a2 + (kR)2 cot \/az + (kR)2 — ikr
generic fine-tuning
a=0(1) 1-a/a,|<1
_1
R a 1
aO~R Clo=—a3 l—ac) {1+}~§
7, ~ R n=R{l+..}~R
1 -
littro to EFTs N = ‘ a/a, < lo
R R




In the quantum world,
one can have a b.s. with
size much larger than
the range of the force
provided
there is fine-tuning

v. Kolck] Intro to EFTs



|a2| —> 00 \“

¢ LaTTice QCD: Fukugita et al. '95

quenched

cf Beane, Bedaque, Orginos + Savage '06

Beane, Bedaque, Savage + v.K. ‘02

40 "i‘} triplet
- scattering
) o0 a0p length
0 - ,
-10 7(
200 400
m. (MeV)
1 (Mocn )

Large deuteron size because

m, ~ m, ( QCD)

m

"
—m
7T T
N~ m* Mnuc

T

B -
L

° Deuteron "mevS’

binding
1 energy

2

0

< <

| .\Egi:vw
N — l




Energy

A

Bound State

|
=

1

Scattering length a

Feshbach resonance Energy

E atoms

unitarity limit

a=0

S
‘a ‘ —> 0
2
<
a>0 a<o0 H
__{
te)
S
o
c
©
> <
Bo Magnetic field 8_
°
o
<)
®

\

Bound state

contact EFT can, and has been, used for atomic systems with large scatt lengths:

>

Interatomic distance

quark masses analog to magnetic field:

close to critical values

> =0 (1, +m) Yy, )= (200 MeV)

A a

universality!




2
| (z’ao + ZV

)N +T" (-A)T+==[T'NN+ N'N'T]

J2

4 2
+ N7 V3 N+GT+(iaO+ v )T+...

N

8my, o 4m,,
integrate out auxiliary field: same Lag as before with C, = gX o
1
A, & -
_ 4Jr my, D
N = * =

v. Kol Intro to EFTs 110



T V =—
....... :?:.T;\~\\\\\. - fl'”'ed al = 5,42 fm (CXp)
e T r =1.75 fm(exp)
» M\Fi'lﬂ\\ predicted
V= N B, =191 MeV (v =0)
\ Nimegen B, = 2.22 MeV (exp)
100 200

fitted a, =-20.0 fm(exp)
r, = 2. 78 fm(exp)
predicted
B .= 0.09 MeV (v =0)

PSA
d ‘ ‘
100 200
v. Kolck] Intro to EFTs k1ﬂMe




- +

TNd = KONE+ A

}' d3l3 KONETNd
) (2m) D
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EFT = .. 0 oo %1» %
2
ndive 4 1 %
. . . Dy~ vV =+1
dimensional analysis ° ( . ) 3 ( )
Bedaque + v.K. '97
§3/5 O three-body force up to v =+3 Bedaque, Hammer + v.K. '98
A=A = ﬁ _ . =
4 % o _‘F__’Z,_,__,z—d—’—’/f/i
1 I R
p> E 3
TNd - -;2_ o I c.o= = [fr:rn'z] ©.04 ' S os
v.Oers + Seagrave '67
— My v o ’ v =+1
oA
a, =6.33+0.10fm(v = +1) v =-1

a,, = 6.35+0.02 fm(exp)

Intro to EFTs



c AT Bedaque et al. '03

01,
oA

p~N

—(} unless

T, —=—= cos(so ln% &) =

DON(4J'L') 1 v =—1)

x ? Mnuc

my

Intro to EFTs



Qz/mN N?
HE R E
Al Ko T "l K T
T =K + A ONE ~ Nd +K + A TBF * Nd
Nd ONE [(2][)3 D TBF [(2]17)3 D
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C

47t

P

N
T,,—2=—=# cos(s0 In

(2]

fitted
a, =0.65 fm(exp)

&) -

A5

my

1
x ? Mnuc

(limit cyclel!)

predicted
B, =83MeV (v =0)
B, =8.48 MeV (expt)

Bedaque et al. '03

Ty,

p~N

—( unless

A

oO.0O04a

o0.0=2 .
K= [ 2]

Dilg et al. '71

Intro to EFTs



_ !!I”IPS lme

Bedaque, Hammer + v.K. ‘99 '00

— 3 =3
= .
3l

A F
Aarany Bl BN s ——3

s S5 Sypotegfial models

~ : e
S qE .
vo"’ ; v(ar'ying /;;

0 —+—

—1 : | | | |

Intro to EFTs



—> no four-body force at v =-1

Hammer, Meissner + Platter '04

Tjon line . + ]
—
\ 8 5. MoV 8.5 T
varying A,

(v=-1)

Intro to EFTs



!ummary:

e : 0 N 4
xXpansion parameter ~ ~
Mnuc Mnuc aO

LO: two two-nucleon + one three-nucleon interactions
©) ()

NLO: two more two-nucleon interactions

Etc.

~ larger nuclei?

As A grows, IR cutoff A O
given computational power limits ™% in addition to
number of accessible one-nucleon states UV cutoff A >0

Intro to EFTs



Harmonic Oscillator

Lattice Box
\ /
\ f \\ II
Now |\ /
N°m? mb* \ . /
> ml> | - \ oo ° /
- {
. > mb’
. —— } mLz # :

-

1
hee =
L = Na N mow

Stetcu, Barrett + v.K. ‘07

Mueller, Seki, Koonin + v.K. '99 .. .
nuclear matter finite nuclei Rotureau, Stetcu, Barrett
+v.K., in preparation
Lee et al '05
few nucleons few atoms Stetcu, Barrett + v.K. ‘09

Rotureau, Stetcu, Barrett + v.K. '10



Two possible approaches
Lattice EFT Harmonic EFT

= Use input EFT infinite-volume potential (0,A,):

minimize regulator mismatch with A <A,
Lee et al '05 Barrett, Vary + Zhang ‘93

"No-Core Shell Model”

= Define EFT directly within finite volume (4,A) ;
fit parameters to binding energies or to £ given by

r 3_Emb2

JmE cotd (E)=— vl 4xN|  mE cotd (E) 2 \% 2
mir., CO = — — 47 _

wl an_mELz b (1 _Emb’

4r” _ 4 2

cf. Fukuda + Newton '54 Luescher '91 Busch et al. '98




= :
A-body “excluded space” =\ . /
problem: O-1-P \ /
shell model \ N
p= 7/
What are the “model space” \ - /
“effective interactions” nsl=N. <
in the model space?  P= 2 nl)(nl| o
n, -

traditional NCSM approach:  Barrett, Vary + Zhang '93

start with god-given (can be non-locall) potential, . eg., chiral pot
and run the RG in a harmonic-oscillator basis from last lecture
O — PO"'P=PO P+ PHQ 1 Q0 P+... Feshbach projection
E- QHzQ

convergence:

=0;+0;+1+...+0'A.+/4‘//@/ {A'eA for fixed P

arbitrary truncation ("cluster approximation”) P —1 for fixed 4"

Issues: systematic truncation error, consistent currents, efc.
y

EFT addresses just these issues!




EFT + NCSM

Stetcu, Barrett +v.K., '07
Stetcu, Barrett, Vary + v.K., '08
Rotureau, Stetcu, Barrett + v.K,,

in preparation
start with EFT in restricted space;
fit parameters in few-nucleon systems

for various @ and N__ w ;

cutoffs / 1R \ uv

A= Jmaw  A=Jmy (N, +3/2)o

and
predict larger nuclei

strategies: o o .
. light-nuclei binding energies
determine parameters from -

_ scattering phase shifts

Intro to EFTs



single N 2 X
particle Puisy; = N r’ Li" 4(””’1\/;”” ) “AP (_ merz/z) [Yl (’")®XS]J'

A <4 : relative coordinates A =3 : Slater-determinant basis
7 .
’ 2 ]/},
'y h

v(E.E)-Als,E o E)], b 7)) 0,0 B b (7)
v (F5.5)=8,, B) .., #) 6.,
6, (B) ... (7)) ¢, (5

code “ala
Navratil, Kamuntavicius + Barrett '00

(reduced dimensions, but code: REDSTICK
difficult antisymmetrization) Navratil + Ormand '03

124
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> matrix elements of 2-, 3-body delta-functions, e.g.
1

(n,1 =0|8(r)|ny,1 = 0) ~ [ ] ] 2 (0)L2 (0)

O+ 35 K+ 35)

> parameters
Ci" (A). € (A). D, (A)

fitted to d, 1, a ground-state binding energies

v. Kol Intro to EFTs 125



5 &

First 0°0 [MeV]
(O8] (O8] SN
o N

[\S TN \O)
S W

a+ B ho+y(hw)
fits

| preliminary
| 1 | _l_
0—'—_
| A [MeV]
[|e—o 170 220
| E—8 250 | 21.0
— G—9 300 | 550 ===
- | —© 350 100
=
0 2 .
hw [MeV]

First 070 [MeV1]

First 070 [MeV]

%

()
=—

~~>
I

[
R—

~> [ (978 b — S~ bl
wn E=— N [— o =

[
—
T T

Stetcu, Barrett +v.K., '07 .

| 60 hw=1MeV
- hW = 2 MeV
7 o0 hw=3MeV
hw=4MeV
] SO AL
i mearya(h 4 (—)
L . A
R U
oo I ST
50
Ik ]
em)
oo 1 7
* /"ﬁ,‘w
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v

i |6 ' | ' | A0 T T T
12 1 O hc Tb, 1
" Li O he 0- L0 bl -
S 14 O ke " U ho=2MeV| -
é’ W, O h R ha=3 MeV| -
= -16 _@\\Q\\ he S 16L\\\ 0 bo=dMeV| -
% B g-los ha=S MeV| -
Nmax = 8 M-8 i Q%E;%%?:Q——_ i C>\j®\ . |
O~ ~ ~-—- IO See!
20 - T~ II---C B0 50 TR g i
- T N [ b(hw)
250 100 150 200 ar >a(a)) + A
A [MeV] |- [ 1| gl
100 150 20 %'
—16 T | T | T | A[M€V]
preliminary
181 /EI/E/ Y
> relimina ]
: b - iy T M
= / 1 — ANV
™ = 5 A0
B = § 11— MMV
oY) = — A=500 MeV
M T B o
, 0 1 2 3
a+Bho+y(ho) o )
L[
fits 1 B, =31.994 MeV (exp)

works within ~30%

Stetcu, Barrett +v.K., '07

NLO fitted to trap energies in progress




- mcmy-!o!y systems geft compllca’re! r'apl!ly

+ (continuing) focus on simpler halo/cluster nuclei
one or more loosely-bound nucleons around one or more cores

N = \/mNEp < /mNEc =M. (esp. near driplines)

particle J L} core

separation energy excitation energy
e.g.
A B .= 8 MeV
He “ E =B, -B.= 20MeV
B, = 28 MeV o
“>He" P3/, resonance at
En Nl MeV e ¢
°He S, bound state at /R % % ®

E,, ~1 MeV ® 2




“You . Bjorg, 's something about holding
a good, solid mace in your hand—you just look
for an excuse to smash something.”



! = “ !! ![!c halo EFT

degrees of freedom: nucleons, cores
symmetries: Lor'en‘rz,/F{,)f[
expansion in: O {Q/mN , Q/mc non-relativistic

M

C

B O/m_,-- multipole

simplest formulation: auxiliary fields for core + nucleon states

€9 ‘He > scalar fieldg
s, =0+ spin - 0 field s
py=l- spin -1/2 field 7,

‘He+ N

| p,, =1+ > spin-3/2 field T,

130
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— — — — — — —3
-

g so 3 ) 5 L O NLO
s _:o ’ =0 i“‘i_ O 4:- o

E, [Me\V/]

scatt length only so ¢ ' ' ' |
. a0 E_ /_,.f-’".f
€ s=o gl =
= 3 e ]
= 2ot e 3
oS E e ]
e ;_ ...:Ws*"--:;- ...... ;
%% — 2.0 a0

L, =0.80 MeV NNNLO
I'(~,)=0.55 MeV

LO, NLO, NNLO

Intro to EFTs 131




let.al. — Higa, Hammer + v.K. '08
T (0404
"“?’?: Bohr radius
> Extra i i
2 . fitting parameters =
< * = 1 kC Z(iaemlu
120 - B) = E) + 3
~~~~~ 15k, ~3.6fm
— none
90 | | |
0 1 2 3
Eiag [MeV]
E. . =92.07+0.03 keV - 1
) fitted with a, and 7, =71y ———
r(E,)=5.57+025eV 3kc
ap (10% fm) ro (fm) Py (fm?)
MOI"Z [l o | ) 0\ ) \ )
fine—Tunin 1 LO —1.80 1.083
g> NLO [—=1.92 +0.09/1.098 + 0.005|—1.46 + 0.08
2 3 . .

et ‘ao‘ ~ M: /N Yy ~ 1/Mc fine-tuning of

1in1000!  ||a;“¥|=0O(1/2k.)=1.8fm 7 =~0.13fm in 10



« Coulomb interaction in higher waves:

4 4
€g. p+ He — 'He +p Bertulani, Higa + v.K., in progress
[Cf. pt+p =>p+p Kong + Ravndal '99]

» three-body bound states:
eg. 1) ‘He =b.s. (4 He + 7 + n) Rotureau + v.K., in progress

2) *C=b.s. (4He + *He + 4He)
[Cf. 3H =b.s. (p + 71+ I’Z) Bedaque, Hammer + v.K. 99 ]

* reactions: | .
eg. p+ "Be — °B + y Higa + Rupak, in progress

[cf, p+n —=d+vy

Chen et al. '00 :|

Intro to EFTs



Conc‘usion

EFT the framework to describe nuclei within the SM
v is consistent with symmetries

v incorporates hadronic physics

v has controlled expansion
many successes so far, but still much to do

ANNNN
grow to larger nuclei!

>> new, systematic approach to physics near dr

I
p lines?
v. Kolck; Intro to EFTs 134



