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Major unsolved problem:

derivation of nuclear structure within the Standard Model

Why .
bother? = the simplest complex systems
| PAVAN
non-relativistic hon-perturbative
, shallow many-bod
Nuclei y-body

* |aboratories

neutron targets: nucleon properties
incubators for rare processes: beyond the SM




Deconstructing Nuclear Structure

Pre-modern theory
0 use mean-field and other simplifying but uncontrolled approximations

o forget about connection with few-nucleon systems

Modern theory
0 use NN potentials that fit data “perfectly all the way”
... and 3N potentials not nearly as good
0 beat the hell out of your computer hoping for exact calculations
0 give up and make uncontrolled truncations of “effective interactions”

Post-modern theory

o don't work on few-nucleon systems harder than you need
o beat the hell out of your computer to reduce error in

many-body calculation to level of error in few-body interactions




Crucial As A grows, given computational power limits
issue number of accessible one-nucleon states
~ . HO basis
“excluded space” :
< /
A-body Q=1-P \ /
problem: -1 /
shell model “model space" \ / N ..
2n+1<N < \ *—eo . }
P=">|n){nl| @
n,l .




The traditional no-core shell model approach

start with god-given (can be non-locall) potential,
and run the RG in an HO basis

0, - PO;P = PO,P+ PHQ_ . Q0P+ Feshbach
—QH, projection

o O T Oa+1 Tt C)a+b +M
convergence:

arbitrary truncation ("cluster approximation”) {a+ b— A for fixed P

P—>1 for fixed a+b

ISsues: systematic truncation error, consistent currents, efc.

EFT addresses just these issues!
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- Game Plan

lattice

large I
necessary to extrapolate to
small m,

NCSM... /
? [wan’r model independence]

e

Infinite-nucleon




"His scales are His pride”, Book of Job

In Q 4 (according to J. Friar)
~1 GeV Moo ~ My, M, 4zt , ...
~100 MeV M.~ f ., 1/r,.m,..
~30 MeV N ~1/a,,




deuteron
ZI/ N, =4.5fm
' ‘
QCD: SU (3)
gauge theory
QED: U(D)
of quarks ct. gauge theory of
. electrons and nuclei
15A He4 dimer

- 1 =125A U




MIT group webpage

I. Bloch

Bound State

Feshbach resonance

1

E atoms

Scattering length a
Energy ‘aZ‘ D ‘rZ‘
— A

a>0 a<o  unitarity limit

a,| > o

a=20

[

Interatomic distance

lasers

optical trapping

Magnetic fleld
Bound state K

V(F) o< o) [E(F)]

ee Zsm (k.r) orthogonal
standing waves
~ k2—>2

low-tunneling regime
(band insulator)

10
test of our method




Ue ‘ !GT IS ! | | ZCTIVZ.! Weinberg, Wilson, etc.

E 4
y zﬁj@ﬁH J Dt exp(ifd XL (6 )
A (p—f.(4))
m - (ifd* L ()

Ler: =§ .(dZ;) c.(M,A) O, ((8,m)’ ")
e aay O grouP @—A <J L*:Joncjelrlymg symmetries
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rre@-nn § Ze 2] R[22

v M m m
4 -_
oT normalization non-analytic,
— =0 from loops
. OA
V= V(d ,N,.. ) “power counting”
b e.qg. # loops L

For Q@ ~ m, truncate consistently with RG invariance

so as to allow systematic improvement (perturbation theory):




Huclear p!ysucs sca|es

"His scales are His pride”, Book of Job

In Q 4 (according to J. Friar)
@ur‘ba‘rive QCD
brute force
~1 GeV IleCD =~ My, My, 4z fﬂ’ D (lattice), ..?
—____hadronic th with chiral symm > T ~
~100 MeV M.~ .1/, m,... D Q/MQCD

~30 MeV N~ ]‘/aNN ) Q/M nuc
ﬂ’\iS'l'Cllkw

expansion in =

ho small coupling
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Pion-mass dependence (from pionful EFT)

(fm) | ‘ ‘ 381
10 Tr'iple'l' a | Lattice QCD:
: Fukugita et al. '95
scattering length quenched

0 e O o
%==jcf. Beane, Bedaque, Orginos + Savage '06

ht -
400 600 4| Deuteron
My (MeV) Bd 5 binding energy
(MeV)
21
(mcomple’re) NLO
Beane, Bedaque, Savage + v.K. ‘02 1
c.f. Beane + Savage. '03 /

50 100 150 200

Epelbaum, Nogga, Hammer' + Meissner '06 m;. (MeV)
— Il

Large deuteron size consequence of

pion mass being close to ~200 MeV

14




! U ionless EFT

P
degrees of freedom: nucleons

symmetries: Lorentz, }f}(

expansion in: Q Q/mN non-relativistic
nuc /R
V2
L..-. =N"|i0,+ N +C,N"NN"N
EFT ( 0 sz j 0
V& omitting
+N"——=N +C, N"N N"V°N spin, isospin
8m,,

+C, N*VN-N'VN +...
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Z ~
< b

~
=
v:

Gegelia '98

C0:4_7[
my, &
= a, ~ 1/

scattering length
& b.s.at

Q ~ix

A
mN Nz M nuc

‘ r0—~':I7/|\/Inuc

effective range

C,




90

. Chen, Rupak + Savage ‘99
" fitted
C" = a =5.42fm (exp)
a5} Cz(l) =) I’l =1.75fm (eXp)
predicted
rewn  Bo= 1.91MeV (v=0)
| | PSA B, = 2.22 MeV (exp)
k (MeV
S, (MeV)
fitted 180
o
C\¥=) a,=-20.0fm (exp) s |

ClO= r,= 2.78tm (exp)

90 ¢+
predicted

45 |

3. = 0.09 MeV (v =0)
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- — . - cf.  Skornyakov +
® = + + ... Ter-Martirosian '57

I
+




o [hody interacor
Leer = ... +D, N"NN*NN*N +... b, %

naive (477)2 1
. . . D0 ~ 2 (V = —|—1) Wikinedi
dimensional analysis m, M?* ikipedia
Bedaque + v.K. '97
S, jp o three-body force up to v=+3 Bedaque, Hammer + v.K. ‘98
33 0""I""I""I""I""I""...
134515 :
A
1

P T

=

o

o

predicted i

a, =6.331£0.10 fm (v =+1)
a,, =6.35+0.02 fm (exp)




A7 Bedaque et al. '03

P

TNd &)A COS(SO Inx—l—é‘j = a-I-Nd p~N

OA

>#0 unless

~ (47[)2 1

D,

4
m,




I
+
—

pd
o
N—

+

+

d’l Kone The
(27)°

d 3| KTBF TNd
(27)° D

A
TNd = KONE + A _[
0

A
+Kige + 4 _[
0
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Bedaque, Hammer + v.K. ‘99 '00
34/3 Hammer + Mehen '01
Sy/2 A>A, =

A Bedaque et al. '03

T .
T,\ldL)ACOS(SOIn£+5jI=> Ol px

>#(0 unless
AN
2
A7) 1
D, ~ ( ) (v=-1) ZZBUT SINCE A MERMAID IS
m 4 A MYTHICAL CREATURE, DOES
N IT REALLY MATTER LUHERE
- 10 —
limit cycle!
(4r) 1 5
DO -~ —4H (A)
mN

S D
I

P sin(In(A/A,) +arctan(l/s,))
( sin(ln(A/@)—arCtan(l/So)) -5
v

dimensionful parameter

—10

idimensional transmutation) Iv. K 1O1




]/2 Z>ACE—

A Bedaque et al. ‘03
Ty ————A COS(S0 In£+§j => Thg _pos >#0 unless
A OA
(47)° 1
D, ~ v=-1
0 mN N4 ( ) 4§||||-

Phillips line




S !! ! !ammer‘ + I!ULn Il

]/2 Z>ACE—

A Bedaque et al. ‘03
Ty ————A cos(s In£+5j = My oy >0
" 0 > unless
A O\
2
Ar) 1
D0~( ) - (v=-1)
my N 0 e e
ijer's+Seagr'ave 67 o
| Kievsky et al ‘96 .V:O.
fitted

a%=0.65fm (exp)
predicted
B, =8.3MeV (v =0) - K :
B, =8.48 MeV (expt) N "




Similar for atomic/molecular systems  Bedaque, Braaten + Hammer 01
with large scattering lengths

at B=0 or at Feshbach resonances  e.g. *He atoms

atom-dimer scattering

05
?‘ 0.0
fitted a,=1.564a, =
Uang+Stwalley ‘82, ... %
©-05 various
predicted I, =0.57a, = cutoffs

S S S S
. 1.0 1.5
k [1/a,]



—> no four-body force at v=-1
rer '04

35

exp

Tjon line potential models l

B, [MeV]




~ larger nuclei?
No-Core Shell Model! Stetcu, Barrett +v.K., '06

Stetcu, Barrett, Vary + v.K., '07
Vary + v.K., in progress

start with EFT in restricted space;
fit parameters in few-nucleon systems
for various @ and N __ @ ;

and cutoffs I/IR \ uv
redict larger nuclei
i 7 A=Jmyo  A=my (N, +3/2)o

strategies: - o .
light-nuclei binding energies

determine parameters from -

scattering phase shifts




LO
o1, I 0) 2 3 (cm) (rel)
Hu== > Sotpl 2l 2u,CO02 > 59 (F-1,)r =H™ +H
S=0
; m pairs _ _
two-body reduced mass 4, = no s =1 ezl bree
4 2 three-body force
_ HO length b= L + HO is physics
\ M0
b . :
— 1 universal behavior
|
(> o0 untrapped limit
b

significant trap effects

only low-energy scale given by b



—

S wave only
1
N . /2 2 2
- = 1 2 n! —r2/2b2 (]/2) r
)= r r)= e | -
l//( ) e A‘¢n( ) ¢n( ) \/E£b3r(n+3/2)j n b2
HO wavefunction generalized

Laguerre polynomial

(rel), (7 " 27h 2 M L7* (0)
H, ™y () = By () s ,uzCO(NmaX,a))_ 7' 15 2n+3/2—(E, /o)

measure 5, = 5, ( ! ju:> determine C, (Nmax,a))
a,

e.g. lowest level




1 ! i : : | . I
-4 0 4 ] 12

E E 3 Scattering length [a/a_]
o = 2 a,, > b

pseudopotential in trap
I'(3/4-E,/20) b
[(Y4-E,/20) 2a,

use, e.g. lowest level

1
16

[(3/4—e/2)/T(1/4—£/2)

1
[

i
, = 02 O

Blo oo oy oo O

[-2 I|I|I|I|

!|O€|€f‘|€ e| Gl l! |!| U!

O |F=9/2,m.=-9/2)
atoms  |F =9/2,m. =-7/2)

F total angular momentum
M. magnetic quantum number

Busch, Englert, Rzazewski + Wilkens '98




Abyy (N b/az)s%c (N, )

max ? 0 max ?
RG running V2 (ngrz 02 (g 1
—— | Z(Nw+3/2)| 4 ) (0)
2 e 2n+3/2—(E2/a))
—_ 0 I
. § O[T ]
5 MY e — simplel
5L '~ I
[ .
g '~
A , ]
For fixed b, 2 N “"\_ i
similar to free-particle basis: E -6 — b/ag — —3 e -
= same limit A — o R I VRl 1 ]
-8 - E)Xag =1 ‘N ]
= approach controlled by a, - [f= blap =14 | N
™.




b 2,n

— —> —0 =—+2n (n=0,1,...) —> /UZCO |\|max’a) =0
a, w 2
— Ea = filling of HO shells
0]
b 5 E, 1 C (N =27b y, (N
‘a‘ ’ :§—|—2n (n:O,l,...) —> M, 0( max’a))_ T 7/0( max)
0
[ —z?b/ 2N
E, N expected, since only " / "~
—> ;_e( max) low-energy scale given by b
b | =
~ S0 < EZ’O__Z,uzaZZ untrapped bound state
2
E
2’”=—1+2n (n:1,2,,,,) scattering states
7)) 2

E,= EA(N a)) in general case?
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particle

single Bcer; = Nn,b_% (%) exp(—rZ/ZbZ) I+%, ( 2/b ) [Y ®Zs]

A <4 : relative coordinates A>3 : Slater-determinant
o I I
' 7 Basis 3
— 2 Py 1
S e ) ) )
RN ¢n U (rl) ¢n2I2j2 (rl) ¢n3I3j3 (rl)
V(E&)=Al G &),y (ne) =l (8) sy (B) b, (B)
code ‘ala (F (r
Navratil, Kamuntavicius + Barrett '00 ¢n i ( ) ¢n2l212 ( 3) ¢n3l3]3 ( 3)
(reduced dimensions, but code: REDSTICK
difficult antisymmetrization) Navratil + Ormand '03

matrix elements of delta-functions
1

€.g. | 2
n, 1 =0|8|n,,1=0 LAl LA (o)L (0)

Lad2 <




= T ey = () EéC)
6F----CZIZIZICIOCZITICZD E=EU+ a
e T T N (N +3/2)
5w .
Eﬂél.— j—l+ =
...... A -
3 IR LR _ Find, Wl"'hln 10%’
A dtt 1 o0
, |j_2| | g‘r?un sale E?E)
10 20 30 =1+s+2q
Nma;r: w

semi-analytical result  q=0,1,...
Werner + Castin '06 s=1.77,2.17,3.10,...

34




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

I | | | | | | 1 1 .
3.0 -
i repulsion
3 0_9.9-6-6-9-%9'9'90
“‘;; 75— >0 b/o, — 0 - as in two-body system
R )© = T [EE e = i attraction
2 |O—©b/ay; =1
20 .
B d v confirmed: Kestner + Duan '07
Pl Lo b Lo L 1 inversion of parity!

0O 4 & 12 16 20 24 28
T

Nona Fgg L

= .

E, [5 1s2p jé: n\& E
o |4 2s1p Y N .
i ; o -4F O 12 % -
- . + -

5 2,L12a22 g i O 12 al:l—_

fermion+dimer b \ ¢
( )S wave -10 B e IE
- 5




larger errors... =0
? E,=E/ + i
G T T T T (Npox +3/2)
= = = g,
& B repulsion a~=05-1
. (o0)
34 T T OTO0—9 « S ~36-39
~ i jf[ _ O+ C ) b/ay =0 i 0
O£ b/a; = -1 attraction
30\ OO b/a, = 1 .
cf. Chang + Bertsch '07
=N I RN RN A i | | Q;I I ﬂ) M (0)
2 3 4 5 6 7 8 9 10 Bl 251 srme
j\f'.'nazt: ) -
b () b 1.4
= 5w E = 13 2S2P — > © E,~~——= pound state?
d, ) 2 d, M,a,

cf. Petrov, Salomon + Shlyapnikov ‘05
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Untrapped nucleons

1 L L LO
Ha= 2mNA[;]( b pj)2 +C(§O)[i<§ o (r‘ _ri)
+C(()1)5(3)(ri_rj)+Do ; 5(3)(|?;_F})5(3)(r} _Fk)
S =1 pairs S=1/2 triplets
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» LO parameters
Cy” (A), CV(A), D, (A)

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

Stetcu, Barrett +v.K., '06

3 1 T I L B B

2 — C‘M . 7 0.000 “
1= — . 2
s 0o n = -0.005 .~
ey N 7 e
ZF 2 R 0.010 o=
E '3 __ _— IS __ =, N*:
4= - 0 7 - H 51 4 Ec::
S (a)—— (b () a)gMeV)r 0015 £

-6 AT AT TR NN A N A VIR NN NRE R A | A T

0 50 100 150 200 250 0O 50 100 150 200 250 0 50 100 150 200 250 300
A [MeV] A [MeV]

My CyA/dr —2225—7/2 limit cycle?




w
o1

W
o

Z
IN
=
(@)

First 0'0 [MeV]
N
(@) ]

N
o

88 & & 8
IIIIIIIIIII

N
(6]

a+ P+ yo°

N
o

~—— First0'0[MeV]
Om

)
_|.
n

l LO (v=-1) .

Stetcu, Barrett +v.K., '06

20.0

B 60— hw=1MeV
0—& hw =2 MeV
— o—6 hw=3MeV
i A—A hw =4 MeV
v—v hw =5 MeV
- *—% hw = 6 MeV
b(w
N 1 . A
0 100 200 300 400 fits
| A [MeV] l
o—o 170 | 220 _
E—a 250 21.0 1
c—o 300 _




*

LO (V = —]_) Stetcu, Barrett +v.K., '06
o A P B S B
12 Li O ho=1MeV | —
3 O ho=2MeV| A
S -14 \e\\ O ho=3MeV |
= W O ho=4MeV | A
Nmax <3 E(',, 16 iét\qg\‘\ O ho=5MeV | 7
LIJm -18— (S) ‘%-O. ______ — b( )
- Sl R e Lo : ®
20|~ ~~In-oIizoo--d } a(w)+—=
I N S S ik fits

22
50 100 150 200 250 300
A [MeV]

A=100 MeV
A=200 MeV
A=300 MeV
A=400 MeV
A=500 MeV

[MeV]

E

fits N S S BN
0 1 2 3 4 5 B =31.994 MeV (exp)

ho [MeV] gs

works within ~30%



m==) works as expected

next, o higher orders: perturbation theory

< £ D

) £(© smaller:
E,=E, "+ A - faster convergence,
( N e +3/ 2) heavier systems

cf. Alhassid, Bertsch + Fang ‘07




EFT the framework to
describe nuclei within the SM

Many successes so far ...

but still much to do ...

v is consistent with symmeftries
v’ incorporates hadronic physics
v" has controlled expansion

= A<4: |low-£Escatt, bs's, probes
= A>4:bs's

» grow to larger nuclei
> go to next order

» conhnect to scattering
» extend to pionful EFT
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