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I
Outline

d Effective Field Theories

! Shallow Bound States:
»I NN = NN and s (d) , s
»1 Nd - Nd and s, (1)

-1 Narrow Resonances:
»! Na - Na and p,,

3 Outlook
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H

> Wanted &
Dead *or* Alive

/

QCD EXPLANATION OF NUCLEAR PHYSICS

Reward
understanding of gross features:
Why is B/A~10MeV << M, ~1GeV ?
How large are few-nucleon forces?
Why is isospin a good symmetry?

Beware
coupling constants not small
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local
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Q Q A
=T N(M —
(Q=NM) ¥ FEM) || Rl 50
< — B B —
oT normalization non-analytic,
— = from loo
AN "R
V = I/(d, n,.. ) “power counting”
b e.g. # loops L

For Q ~ m, truncate consistently with RG invariance

so as to allow systematic improvement (perturbation theory):

Vimax t1 Ve +1
(Vinex ) max
T:T(Vmax)+o£Qj oT :O(Q]

M 0/\ A
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"His scales are His pride”, Book of Job
InQ *

@urba‘rive QCD
~1 GeV Moo =My, m,, 4nf, , ... > sum ?
Qﬂdr‘onic th with chiral symD
~100 Mev |\/Inuc - flT’ 1/ r‘NN’ mlT’ > sum Q/Mnuc
~30 MeV |:| ~]/aNN D sum Q/
1
no small coupling expansion in Q
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|!UC|€GI" !! \ S

Q~M<< Mg pionful EFT

degrees of freedom: nucleons, pions (+ deltas, roper?, ...)

symmeftries: Lorentz, }’/ ][ cbﬁ”al

0 (Q/m, non-relativistic
expansion in: —— =3 Q/ m_, --- multipole
M qeo
L Q/4n f, pion loop
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nucleon
dense but
I shor'f-r'anged
.
1/m_C1.4fm

| long-ranged

but sparse

s of Light Nuclei

asser + Leutwyler '84

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

Weinberg ‘90, '92
Ordonez + v.K. '92

Kaplan, Savage + Wise '98
Beane, Bedaque, Savage + v.K. ‘02

Entem + Machleidt ‘03
Epelbaum, Glockle + Meissner ‘04



eg. NN s channd : S, channel :
(real) bound state = deuteron (virtual) bound state
L ~ym B, J45MeV <im_ | g ~ mNBd*DSMeV <<m,
Y[, C45fm
B ¢

multipole expansion of meson cloud:
contact interactions among local nucleon fields
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Q - << M nuc pionless EFT
degrees of freedom: nucleons
symmetries: Lorentz, }//'Y[

expansionin.  Q [ Q /my, non-relativistic

Itipol
M e LQ/mﬂ,... multipole

.
— +| - |:|2 + +
L =N [|60+— N +C,N*N N*N

. ° . - omitting
+N 8m3 N+C2N N'N"LI°N spin, isospin
N

+C, N'OONIN'[JN +...
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L Gegelia '98
@y = % + + ..
3
m m
Vs =C,+C,Q%+... > TQ? > S{ 4t S}
v =Q
2 : u
— T - AT M . _l_( Q j + if [ 4o
NN mNMnucD+iQ D+iQ Co: mND
pv=-1 V= O \ IC. = a7t
~ scattering effective  P.other © m M nuc
length range waves
swave < g ~1/[1 r,~1M,, £
but 4
.= bs.at Q~il] R N VE

) N nuc
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+| - |:|2 + + + g+
L. =N (|60+ 2mNjN +T (—A)T+%[T NN +N*N*T]

4 |:|2
+N* N+0T+(i60+ ]T+...

3
8, ion 4m,
~ 2 ~
integrate out auxiliary field: same Lag as before with C, = Z—
2
1
A~0, =~
g 4t mN /
LY = ¢ *.
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T
-t q p K -enwk

- % (next order)
~CO(/\)2mN #/\'l' +#T

long-range physics: short-range physics:
or hon-analytic in £ analytic in £
- unitarity - high momenta in loops

\ & \41)
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90,

o
fitted a3 =5.42fm (exp)
25| r, =1.75fm (exp)
predicted
. B, =1.91MeV (v =0)
Nij en
\ e pen B, =2.24MeV (expt)
100 200 300
k (MeV)
> 5
fitted a, =—-20.0fm (exp) =
r, = 2.78fm(exp) 90 |

predicted
B . =0.09 MeV (v =0)

g _PS
100 200 300
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AN
TNd = KONE + A _“W KONE TNd
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2
naive 4 1
D, ~ =
dimensional analysis ° (m] VIE (v =+1)

Bedaque + v.K. '97
Bedaque, Hammer + v.K. '98

53»/2 no three-body force up to V=43

a,, =6.33+0.10fm (v = +1) _
= + I B
8, =6.35£0.02fm (exp) 0 e
2 -2
s of Light Nuclei k [fm

ASAcfﬁ O 71— ' l T -:
4T :

1 ]

TNdDEﬁH—Z _ ;

P 7 _

oT £ ;

= NdDE[@—)O 4"9 ]

A 3 :
predicted ¢ !
6




Skornyakov + Ter-Martirosian '60
A< /1C = ﬁ Bedaque + v.K. '97
4T ) Bedaque, Hammer + v.K. '98
L) UT ™ (pa,0)
.
different
o5t regulators
f ‘ ﬁ/‘a X=Pa
-05 |
5 ) 1
1 T (p>>D,O)DF

-15 =

| a-I-Nd(%)(pmljio) DO
o\
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c A7T Bedaque et al. '03

A OMY - #0 unless

T O BTY - A cos(soln%ﬂfj =

2
4T 1

D, ~ v=-1

° (mNj |:|2|v|nuc( )
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renormalization: doublet s wave -I
Danilov '63
3\/_ Bedaque, Hammer + v.K. '99 '00

-~ /f‘\ different '
cutoffs :

p [1/a,]
TNd(%)(p >>[1,0) [ cos(sO In£+5

aTNd(%) (p~0,0) ”
o\
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renormalization: doublet s wave -I

Danilov '63
1 /] 3\/_ Bedaque, Hammer + v.K. '99 '00
>
A 4
4 E-~_ /> different
A /’7>k‘ \\

cutoffs /7

A
/o ~\\

010" 10%10° 10°10° 10* 10° 1b5
aTNd(%) ( p~0], O) £0 P [[15/‘)’2]
oA Tw 2 (P>>0,0 U COS(

P&
N\
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!‘! ! Ilammer + l!le”en !l
%,/2 A> Ac =

T O BTY - A cos(soln£+5j = a;-'\'d

2
4T 1
D, ~ v=-1
° [mNj DZMnuc( ) 0

A7T Bedaque et al. '03

OMY - #0 unless

[ V. Oer's + Seagr'ave ‘67

(limit cyclel) [ Kievsky et al '96 .V = O_
fitted TE
a, = 0.65fm (exp) “g
predicted S
¢

B, =8.3MeV (v =0)
B, =8.48MeV (expt)
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r'enor'mallza’rlon: !ou!le’r S wave -!!

Bedaque, Hammer + v.K. '99 '00

(4 1 _sin(In(A/A) +arctan(l's, )

D H (/A —

: [mj VI TN = GnlnAVA) —arcan('s,)
10 — e

—10 T
10° 10°

“ i‘ A:I; 1/a,] Limit cycle | :l:
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renormalization: doublet s wave -ITI

Bedaque, Hammer + v.K. 99 '00

10*
3 Aaa 4o A outside EFT

10
10

various

cutoffs 101 - EmEsEEE ® B] oo

0.00 0.03 0.06 10 10 10
k? [fm™2] A [fm™]
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Bedaque, Hammer + v.K. '99 '00

4— vy vy vt IE
3t
g 1 varying AW —
S B
_1 : ] ] ] ] E

5 6 7 8 9 10
B, [MeV]
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- many-!o!y sys!ems ge! compllca!e! rapu!ly

+ (continue) focus on simpler Aalo nucler
one or more loosely-bound nucleons (near driplines)

1 =m E, << /m E, =M,

nucleon separation energy {J L} core excitation energy
Z.Ifile Ba* |:|28|\/|6V}E _B - B 020MeV
B, 08Mev | @ @ @
"“He" py, resonance at E,~1MeV
He E,~1Mev oy ee
ee,  °
@)

—
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halo EFT

Q~1I<< M -
degrees of freedom: nucleons, cores

symmetries: Lorentz, /5 }(

expansion in: () {Q/mN, (ymC non-relativistic

M Q/m L multipole

simplest formulation: auxiliary fields for core + nucleon states

C

®9  “4He — scaarfiddg

s, =0+ > spin-0fields

IHe+ N . p, =1- Hsp!n-1/2f|.eldT1
py, =1+ — spin-3/2field T,
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!e!aque, !ammer + v.!. ‘I!

LEFT :N+[iao+ ZI?anN +¢+[iao+ 2Dmaj¢
, . 1’
+T, {03[|60+ 2(ma+mN))_ AS}T3

J; +t Qo+ — —
+—=|T, S {N[g -¢[IN)+ H.c.
IS e g0 e
spin transition

+ S+(—AO)S+ g—;[S+N¢ + H.C.] operator

Y

+ ...
+T, (- AT, +%[T1+5 (NCIg - g0IN) + H.c.]

+ ...
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Na Ps/2

— 3 —
E-o0.A, k*-o2ul;

reduced
resonanceat Q ~+L| if 0,A,>0 and mass
? ’ 1 1
A~ 9 .~ , L ~M,, ...
T T T
S ~£ g Y4amQPQ*u M Q% Q
Q- Q-[1°) U°M 4T Q° Q*[1° Q°-[1°M,
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- 1,3
|k+#

) ~CUNVDID u | BN K
: (N plp u + Yo TP A

/ -

k*
..

\ , N @ cannot resum C,
@é ~C,(A\) k" plp without Cj

OOPS! without ... ?!

but
(~ (¥ o[ S
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1 (1)Y47Q° Q 1 Q S
M, M 4 arp? MM, %
1
M

(1) 471Q2 Q* U 0
2 2 > %
M) UZM_4m Q UM

\ c
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M
Q 2
Tae =~ 1 + 0 + [—j +...o Sy/2

T | By
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B Bedaque, Hammer + v.K. '03
B ——
- 4+ TS v=0
— _ — o = s V :
N ~ V=2
B N | | I | |
_O 0_5 1_0 IIIII|IIIIIIII|IIIIIIII|IIIIIIII_
E, [MeV] _
kcm:15.5 MeV 5
¢ NNDC, BNL il
| Haesner et al. '83 a

90.0 180.0
0., [degrees]




exceptat Q=1£0

where ‘

a7
M.
,u

UM, 4nD2 P M,
D3 D3 MM A 12 [P
M.
—> enhanced by i —> resum self-energy

ro_ 1T

'.' l :|: E- E+ 5 [(E) :l:




u \ -
\\
/ \\\‘\ — u L e
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i / 1 L ] 1
2.0 4.0
E, [MeV] 5
S
©
2,
G
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©
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o
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d,, [degrees]

“ PSA, Arndt et al. '73

120 |

80

40

—_—

scatt length only

| L L | L L |

2.0 4.0
E, [MeV]

E,L0.80 MeV
(E,) LO.55MeV

9,, [degrees]

0,_ [degrees]

0.0
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30 L V= O ]
-50 [ ! A R T
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Outlook

* three-body bound states:
€g. 6 He=Db.s. (4 He+n+ n) Hammer + v.K., in progress
|: c.f. 3 H=Db.s. (p + N+ n) Bedaque, Hammer + v.K. '99 ]

e reactions:
e.g. p+7Be—> 8B+y

[C.f. P+N > d+ Yy chenetal. 00 ]

> new, systematic approach to physics near d .
;

p lines
an Kolck s of Light Nuclei 37




