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EFT at a few GeV= underlying theory for nuclear physics

" U
d.o.f:s leptons: |, :[ j quarks: q:[ j photon: Aﬂ gluons: G?
V f d 7
symmetries: SO(3,1) global, U, (1) gauge, SU_(3) gauge
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(strong CP problem) &




Focus on strong-interacting sector: four parameters

1)y m,=m, =0, e=0,0=0 “chiral limit"

single, dimensionless parameter
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%
invariant under scale transformations G A
. G- 4G
bUT In | | | | | | | IR |
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03 _
scale invariance _
“anomalously broken” 202 [ . )
by dimensionful regulator ¢ . I
= coupling runs . oy g
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Non-perturbative physics at Q ~1 GeV

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

= My, ~16GeV

Observation: pion mass m_=140 MeV < M,

breakdown of naturalness? NO!

“spontaneous breaking” of chiral symmetry



Why is the pion special?

. = 1 )
Loco =0, (i0+9,6)0q, + T (id+ 9,6) 0, -5 TrG"G,,

— —
u 1—y N L+
q:(dj P >
invariant under chiral symmetry

Ou ey > EXP(i0 ey 'T)qL(R) SU (2), xSU(2), ~ SO(4)

broken by vacuum down to Isospin
m_>>m_ Y i

my >mg q—exp(ia-T)q SU(2), .. ~SO(3)




Chlrgl Voo 1
Limit
chiral circle
, o
wo
isospin axis > Qg y
hot shown T
qiysflq Fx

pion decay constant (in chiral limit)

L. = piece invariant under ® — m+g [functionof J 7 on chiral circle]
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2y m,#0=m,, €=0,60 =0
. 1 )
Loco =T (10+ gSG)q—ETrG“ G,
1 1

+§(mu +my) g9 +§(mu —my)qzq +...

— —

v.K. '93

4th component of SO(4) vector  3rd component of SO(4) vector
S =(qiys7q, 4q) P =(qrq, qiysq)
break
SO(4) —S0(3 —>U (1)

(explicit chiral-symmetry breaking) (isospin violation)



Chlrgl Voeo 1
Limit
slightly-tilted
chiral circle
N o
wo
isospin axis el M
hot shown T
f =92 MeV\
qiys7,q pion decay constant
L. = piece invariant under ® — 7 + & [function of 5ﬂ7t] oc Q _
+ piece in g direction [function of 1t explicitly] oc (M, +m,)
+ isospin breaking oc (M, —my)

CHIRAL SYMMETRY = WEAK PION INTERACTIONS

%



3) e=0,60 =0

Two types of interactions: _
D,=0,-1eQ,A,

F, =0,A —8,A,

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

» “hard" photons - “integrated out" of EFT

v.K. 93
Ling =---—7TQ,r,a D" (0°) UQ,7,0 +...
\/\I\/\/ - .
34 comp of Ch Ay, st 4 qly,7;9
antisymmetric tensor “ —qiy 7,9 0

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

— Leer =  soft photons x€
+ further isospin breaking = %ﬂ



mm, —_.
L, =..+——-00Tqiy.q+...
m, +my

W—J

4th component of SO(4) vector P = (ﬁ‘rq, m7/5CI)

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

1 mm, —
—=(m,-my )P, +——-@ P,
2 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., '12
P-violating four-quark operators
Kaplan + Savage '96

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



InQ ¢

~1 GeV

~100 MeV

~30 MeV

Nuclear physics scales

"His scales are His pride”, Book of Job

@urbaﬂve QCD

Moo =My, m 4z f ...

hadronic t
with chiral symm

M.~ T, 1/r,m,...

no small coupling

brute force
(lattice), ..?

M
~this lecture

“» next lecture

expansion in



Nuclear EFT

Q~m, <My, pionful EFT
d.o.f.s: nucleons, pions, deltas (M, —m, ~2m ) B
S () [
o) ]
TTq 0 A-

symmetries: Lorentz, }3/ /'V> chﬁal

Weinberg '68

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

chiral invariants 4’ P's, F,'s
2

. -~ . 0 T 1"
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Schematically,
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=0@) isospin conserving  (NDA: ndive

calculated from QCD: lattice, ... _O g,i ool besldie dimensior.\al
fitted to data A analysis)
_ i ) f f
= A=n+p+——-2=d+—-2(>)0
A=0 2 2
“chiral index" chiral symmetry
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f Form of pion interactions

3

~E(N'N) determined by

9= chiral symmetry



A= 0, 1. chiral perturbation theory

1 1
TG
- (Q
14 mﬂ-
v=2-A+2L+ ) VLA 2v_. =2-A
2
# loops  # vertices of type /
expansion in
( Q/m, non-relativistic
< ~ 4 Q/m ... multipole
M oo i
Q/4rf, pion loop

Weinberg 79
Gasser + Leutwyler '84

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

nucleon

dense but

| short-ranged

————————————————

[Tong-ranged |

but sparse




Analogous to NRQED... Weinberg ‘79
Gasser + Leutwyler '84
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current  Weinberg '66 e ;
alaebra Gasser, Sainio + Svarc '87
9 Bernard, Kaiser + Meissner '90
, ( \ Jenkins + Manohar 91
! -~ - - - /
7/ P -
= + | M+ + N + - .
AN N “~ .
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<0

a resummation is necessary

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

N.8. For |E—(m, —my)

M 2
efc. QCb



A > 2: resummed chiral perturbation theory Weinberg ‘90, ‘91

>  A-nucleon irreducible

1 my infrared o
AE Q?  enhancement! 1
A-nucleon reducible @3)
e.qg. @
j‘ d’l V 1 @ 1 @ Vi
@2z)* I° +k2/mN —1?/m, —ie —1°+k?/m, —1?/m, —ig @
I j - V+... ~o| MQ vz
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mN H_J Q2
instead of

(477)2 2_0 



2 A . =N
Ni[gA) [ G’ j(slz(q)"‘afo-z)‘c - s
21, q° + mﬁ 3 i ff tensor force

812((:'\):361°q\&2 'ﬁ—51°52

~ f; (47z)2 Q0 Qz Q fﬂz (47[ fﬂ )2
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bound state at

s Q> M
- - - + + QNMNN —C ~ = L
@ + \ t__1 i My Mg
! |

A7 f
~i2 1+O i +...p0~ 12 L |\/lnuczl\/INNN ﬂ-fﬂzfﬂ'
f?T M NN f7z Q mN
1-0 M Nuclear scale
b arises naturally

from

@ @ chiral symmetry
\ D

@ - — e + O Is 1PE all there is in leading order?
\ That is, are observables cutoff
independent with 1PE alone?

22% 7



Issue: relative importance of pion exchange and short-range interactions

—_e ~jl Ya 2 G’ (512(61)"‘5'1'5'2)1_1 Az
21 G2 +m? 3 R m M.

(V(r)= A z‘r T —5(‘Q’)(F)+m—§e_m”r S=0
f” 17 %2 Ay S :1
g ’ 1 (3) 2 m2 ‘ 1 1 1
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h sinaul d licated!-- th S I /Ll '
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Weinberg 90, 91
Ordonez + v.K. '92

Assume contact interactions are driven by
Ordonez, Ray + v.K. '96

heavier dofs, and scale with M,

according to naive dimensional analysis Entem + Machleidt '03...
_ Epelbaum, Gloeckle + Meissner ‘04
(W power counting)

p
X ~C© (61'52+1)_C(1) (0,-6,-3) vin= NI\/I(O) 5(r) S=0
0

—— HO—' 4 )
__An __ 4z V()— M(l) 59 (1) S=1
m,M © m,M®
MY~My, = C{ inLO
% A sz =  in NNLO (NLO terms, linear in
MyM o Mico Q/Mqp . break A, T)

efc.



efc.

more nucleons

>

higher powers of Q

Ordonez + v.K. '92

v.K.'94
-
P d
+ .
~
~
- +
&
%
|
ol
+ AL
$%



3-body 4-body

LO

in German

ETC.



Hierarchies

many-body forces

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

isospin-breaking forces

V. >V, >V v.K. '93
Similar explanation for " v N

Jiy > Jd, > Jgy > Rho ‘924

external currents

other canons emergel

27



KK

similar to phenomenological
potential models,

e.g. AV18 - (OPE)"2 + non-local terms
(VA VAN

Stoks, Wiringa + Pieper '94

Ordonez + v.K. '92
v.K. 94



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



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

(cf. Stony Brook TPE)
o+ - -
eg. }—-* — >< : %\1 : ﬁ__r ...

1 NN\
chiral v.d. Waals force ~ i for m> -0
Kaiser, Brockmann + Weise ‘97 Rentmeester et al. '01, '03
" . long-range pot | #bc  x:i,
E | ’ OPE 31 2026.2
= 2L
S | OPE+TPE (lo) | 28 1984.7
\ ./ | OPE+TPE (nlo)| 23 ( 19345
i Isoscalar Central Potential Nlj m78 19 19687
o 25 a0 35 a0 parameters found af least

r {fm} consistent with N datal as 9°°d!

Similar results in other channels, mOdels W'Th 0, W, -
e.g. spin-orbit force! mlgh‘r be mlsleadmg...



v.K. 94
Friar, Hueber + v.K. '99

Fujita + Miyazawa '58 Coon + Han '99
m Epelbaum, Gloeckle+ Meissner '02
two unknown
—
parameters
T Tucson-Melbourne pot with
— — %
Coon et al.'78 a—>a-— 2m,2,C MW j
c50 potential .
~ o~ ~ ~ 1 —'2 ~ I2 = ~ ~ ! :
(t.y (4.0 ))aﬂ =0 [a+bq -g+c(d°+4q )]—dgaﬂyrsya-q X0 gy
L gl
31 :



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

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

Phase Shift (deg)

Phase Shift (deg)

-
o

25

[ T [
5 1 i
'iﬁ.\ Sp |
" NNNLO -
I %!:--.. NNNLO
UNLO “\-
i L | L | L I_
0 100 200 300

Lab. Energy (MeV)

| T | |
o 3s,
i S1 ]
1
]
L) _
[®]
L .\.‘0'1
i . il
R )
i - -..,"‘-?:_:_ .__-'_
0 100 200 3nu

Lab. Energy (MeV)

Phase Shift (deg)

Phase Shift (deg)

Entem + Machleidt '03

]
o

10

[ ]
0

0 100

VPI GPSA 3p

o ANij Jmegen i

A
N
\\.S
N

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

s 3D1 7

:\} i
- .—35,‘__.-—
1 1 ﬂ.

0 100 2[10 300
Lab. Energy (MeV)

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 NLO® NNLO° NLO® AVI§
0—100 1058 1.06 1.71 520 095
100-190 501 1.08 12.9 493 1.10
190-290 843 1.15 19.2 68.3 1.11
0-290 2402 1.10 10.1 36.2 1.04

TABLE V. Two- and three-nucleon bound-state properties.
(Deuteron binding energy B,; asymptotic S state 4, 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] AV18 [22] Empirical®
Deuteron
B, (MeV) 2224575 2.224575 2224575  2.224575(9)
Ag(fm™"%)  0.8843 0.8846 0.8850 0.8846(9)
n 0.0256 0.0256 0.0250 0.0256(4)
r4(fm) 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
B.(MeV)"  7.855 8.00 7.62 8.48




v With BINNNLO 2N and fINNLO 3N potentials (w/o deltas),
good description of

- 3N observables and 4N binding energy

* levels of p-shell nuclei

defdid

Gueorguiev, Navratil, Nogga, Ormand + Vary ‘07 <

' 10 16 1 0%l 12 F o 13 .
|8 2% 1 B VI 302 B + — 2%1 fig VL2
—_— S (16 . (3!
3t W 151 1%1 S
" — 12 IE ¥ gt — ’ . NI A2 =
-|+ P —_ ‘+| - S _ I+ I =
3+d_ _ _"‘_"_ 2 — _++ | _:
P — e [ §E—. —
4 =g — wr - VL =1
e - - (s L8 oor — T
1+ o 2t [ S vr [ .
Ol == I 51 =
“+:+ I 3 '_ o7 [4 22 — 4+ A =
[BEE T 3. - k1) —_— -
“ VI— _ - —_r
e L - A A R S S £ 5 ;S
- NN+NNN Exp NN [ NN+NNN Exp NN [ NN«NNN Fxp NN [ NN4NNN Exp NN
FIG. 4 (color online). States dominated by p-shell configura-

tions for '°B, "B, '°C, and '*C calculated at N,,,, = 6 using

hi) =

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 |53 o] The banes correspond to the cutoff variation between 500
and 600

MeV.

1]

04

Epelbaum et al. ‘02
I N I\“I! T * I _' \“'::Th" N
h &
= : -
b Y A
i T ]
- ! ' ' i -
L !.'l... " .
: Ilil :
— , -
Yy
} i t
- | {}I -
Il‘;ll I
i l*I*h y
= !! -
[i;1] ﬂ Inl:gl 1] i 6l 6 lal.gl (e 1]

FIG. 6. nd elastic scattering observables at 65 MeV at NLO (left
column) and NNLO (right n:ﬂlumnn The filled circles are pd data

kieV. The wmt of the cross section 15 mhb/sr.



Many reactions:

yd > dy

yd = dr’

0p — ppz”
op — pnz’
op—>dz”
on — dz’

dd — ar’

measured: Illinois '94, SAL '00, Lund '03

extracted nucleon polarizabilities: Beane, Malheiro, McGovern,
Phillips + v.K. '04

threshold amplitude predicted: Beane, Bernard, Lee, Meissner
+v.K.'97

confirmed: SAL '98, Mainz '01

measured: TUCF '90-..., TRIUMF '91-..., Uppsala '95-...
S waves sensitive to high orders: Miller, Riska + v.K. '96
P waves converge, fix 3BF LEC: Hanhart, Miller + v.K. '00

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 |

+ PARITY, TIME-REVERSAL VIOLATION, efc.



Chiral EFT has been recognized as
the basis for nuclear physics.
Now it is the favorite input for
the blossoming ab /nitio methods
that are revolutionizing
nuclear structure/reaction physics



Is Weinberg's power counting consistent?

No!

attractive in
ome channel

singular
potential

not enough contact interactions

for renormalization-group invariance even at LO

¥ 7



Problems!

O [deg]

100

Nogga, Timmermans + v.K. ‘05

Pavon-Valderrama + Ruiz-Arriola '06

Attractive-tensor channels:

I
I
/1

Illl\l\lllllll

Ilnllllllllllllllll

2 4 6 8 10 12 14 16 18

A [fm™]

N i
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30.0 :I | I | I | I | I'll I | | | | | |:
= R | 3.0 3
250 £ L Dz 5
200 F .- : LS
15.0 heoo S
100F _ e Al
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50 E W -
: | | Il Il I:,I | | :
0.0 T+ ittt
=T 1 LI g =y g
- //f .
01 3D -
02,/ 3
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¥ |
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2 4 6 8 101214161820
A [fm”']
T .
373 . ¢



i fl_.ff.f./f"f"f'rq.f.

A
W?H’/W /




Renormalization of the 1/r" potential

V() , FA=R
- I OPE:
[ m=m,/2
C,(A) 637 (F) A f(r/r) r,=1/m,
n <
—V,(R) (9(1_Lj 2er2 (r/ro) A= mﬂ/M NN
R f(r/r,) =exp(=r/r,)
u(r
s wave v,(r~R<r))= ”r()
matching so that

J2mR?V, cot 2mR?V, =F, (41, R) ~ sk -yr)=0| X
T. OR I

S



7; > 2 Beane, Bedaque, Childress, Kryjevski, McGuire + v.K. ‘02

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

u,(r < ”b):[ A ,,,J 4005( VA nj21 +--- determined by
(r/1ry) (n/2-1)(r/r,)

low-energy data

K = 1-n/2 Ji ]

exact vs perturbation th

limit-cycle-like behavior



Same is true in all channels where attractive singular potential is iterated

_an e

S 20+ °
1

but |’|~M<<FO for 1(l+1)> A

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



| NNLQ/
" . : " m 150 i
Perturbative pions” A1=—7>"-x1 f ]
NN : 3
Kaplan, Savage + Wise '98 0o [ N\ — i S
=
3 |
™ | Nijmegen |
Fleming, Mehen + Stewart 01 > | \ 2
S, e
I NNLO + h.o. counter \'\\NLE)’
0 I I I I | I I I I | I I I \. I
—_~ i 0 100 200 300
= M NN f . indeed P(MeV)
Non-peTurbaTive pions Beane, Bedaque, Savage + v.K. ‘02
Nogga, Timmermans + v.K. ‘05
3|\/| Pavon Valderrama + Ruiz-Arriola ‘06
I(l1+)<———~5 ™ |<2 Birse, '06, ‘07
2|\/| NN Long + v.K. ‘07

Pavon Valderrama '10

+ subleading orders: in perturbation theory, as in NRQED



200
150
100
50
0
=50
-100
-150
-200

=

v [fm4

1=1,j=0 —

C,

(27)

——3 PP’

0

2 4 6 8 1012 14 16 18 20

A [fm]

C /
I2,j=2:(27:_)3 p’p”
'|'|'|'|'|'|'|3'|'

D2

|
4

A [fm™]

6 8 10 12 14 16 18 20

Nogga, Timmermans + v.K. ‘05

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

A [fm™]

Add
counterterms
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certain counterterms that in Weinberg's counting

were assumed suppressed by powers of ——
I\/IQCD

Q

are in fact suppressed by powers of =
short-range physics more important than assumed by Weinberg's;

most qualitative conclusions unchanged,

but quantitative results need improvement
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Summary

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

Chiral symmeftry plays an important role,

in particular setting the scale for nuclear bound states

Nuclear physics canons emerge from chiral potential

A 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
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