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Modern S-Matrix Theory --s. weinberg

Heisenberg's program:
only observable quantities
(S5-matrix elements) matter

experiments only probe finite momenta Q <M

j.e. only distances 1/Q >1/M

Weinberg 79

EFFECTIVE FIELD THEOR@

an algorithm to produce
the most general S matrix consistent with symmetries

cf. Wilson '70s




Basic idea calculable functions of underlying parameters

underlying
theory

: y

from the underlying Hamiltonian

using the rules of quantum field theory




Basic idea unknown “low-energy constants”

EFT
of \
underlying
theory o
SE= l Q
M
\ J

from the most general Hamiltonian
with the same symmetries as underlying theory
using the rules of quantum field theory

B B ™" " e =



hon-analytic functions,

mass scales from solution of
A . order dynamical equation
A ultraviolet expansion (e.g. Lippmann-
M | “* regulator parameter Schwinger)
normalization r N \
SY(Q~m<M)=1+ N (M) > [g} R 2.2 (Ej
0 M m A A
m min
NY min | O 1+ O‘ Q __ Q _ % Iow-energz
(unfortunately M TTMYA Seltnrelie
not the usage by g
nuclear potential modelers) CONTROLLED
UNCERTAINTY

renormalization-group invariance

v v+l
A 08" _ O( Q" ] MODEL INDEPENDENCE ~ For more, better,

S AA M A | (insensitivity fo high-mom details) See€ Griefhammer

N.B. Want large "model space” to reduce cutoff errors A > M
but no need for (possibly ill-defined) A —> oo

=y




"Folk theorem"

The quantum ﬁe ld theovy generated on the most geneval
Lagrangian with some assumed symmetries will }ovoduce
the most genera[ Smatrix incorporating quantum mechanics,
Lorentz invariance, unitarity, cluster decomposition and

those symmetries, with no ﬁuthev physical content.
S. Weinberq 79

(could be disproven in the future ...
.. but not yet)



The algorithm

1. identify degrees of freedom and symmetries




The algorithm

1. identify degrees of freedom and symmetries

Q. Ax~£>i

Q M
2. construct most general Lagrangian

o0

Lor = D, . 6(MM,A)O,(%")

G0 @D e LECs: local operators:

details of the underlying dynamics symmetries

3. make a guess for the sizes of the LECs and do power counting

“weak" After scales identified, t Hooft 79
naturalness dimensionless parameters are (’)(1) Occam's razor

'strong” ~ if, not "fine-tuning"
naturalness ' L e L D) ' =




The algorithm

1. identify degrees of freedom and symmetries

Q. Ax~£>i

QM

2. construct most general Lagrangian

o0

Lepr = Z Z ¢;(m M,A) Oi(@d§0n)

G0 1O e LECs: local operators:

details of the underlying dynamics = symmetries

3. make a guess for the sizes of the LECs and do power counting

v=v(d,n,...)

) ci(m,M,A):ci( i(%),M,AJ e.g. # loops in a

Feynman diagram




4. calculate observables to N" " LO, v —-v_. =0

SIe] R 3(5)

5. select a few observables to be reproduced at any A

: m
: from underlying theory | — =7
a2 s ("matching”) or experiment I:> 4 (Aj A

6. check if other observables depend on negative powers of A
if no, go back to step 3 or, if that fails, 1 (you learned something)

7. if yes, go back to step 4 at N”" "™ **LO and repeat a few times

8. check if observables converge with increasing order
if no, go back to step 3 or, if that fails, 1 (you learned something)
9. if yes, check if observables converge to data

if no, go back to step 3 or, if that fails, 1 (you learned something)
10. if yes, move on to a different problem, you learned a lot




N The guess

f\ 4 d, +d ]

T Q" Q™™ d =d, =d
~ c, (A)c, (A 172 4

:\ I: (472-)2 Q4 dl( ) d, ( ) C (A) ( 72-)
" A G Af
JoN ~ —C, (A)c, (A)Q° +...[ 'strong’
. , (477) 1 2 naturalness ( 47Z)
N ) ’ c, (M) ~

,@5\ momenta ~ cutoff ~ G4 (A) N

ZNNE short-range physics

number of fields ¢—— Georgi + Manohar '86
in operator

: Ffermions A 7)N2
T
agaﬁ:gr:\y - more loops, vertices I:> C, = ( 2) 7 Ci
9 other interactions M
- dimension of J l

operator Cred _0 ( . )# reduced
naive dimensional analysis i T 9 coupling
(NDA) reduced
underlying theory
(per’rurba‘rive renormalization) parameter insertions
- - ui - < 2 __‘_‘.J : :
;;‘;‘”Mh} j - = —_—




different for heavy particles (as nucleons in nuclei!):

\ Weinberg ‘90
2
Q m Q 5 %@ IR enhancement
47zQ (4r) A
i/é Y irreducible diagrams = + @ T
\

hon-perturbative

Resum when @ renormalization:
mQ VO o1 @ = m + . a totally different beast,
A < \ m NDA usually not right

for contact interactions
Beane et a/ '01

Pavéon Valderrama +
Ruiz Arriola '03

Rest: distorted-wave Born perturbation
Moral: in EFT potential NOT A BLACK BOX




"Modern S-matrix theory”

v No dependence on specific fields
v Quantum field theory a tool to generate most general S matrix

“New conceptualization” of renormalization see Grinbaum

v Reg + renorm is the process of connecting Lag to observables
v" No infinities, nothing under the rug

v" Choice of reg is psychology, RG invariance is physics

v Importance of lowest-dimension operators explained

The mother of all models

o models have fewer, but ad Aoc, interactions and do
not necessarily match the underlying theory
0 models useful in the identification of
relevant degrees of freedom and symmetries,
but plagued with uncontrolled errors
0 models with the correct symmetry pattern can be
reproduced by EFT with an infinite number of
constraints in the LECs




condensed-matter
physics and beyond

: molecular
atomic physics

-1
10 Chiral EFT ,
nuclear physics
physics

S
8]
3/ 1 >
= \ NRQED
QED The world

QCD
> [ (2 or 3 flavors)
10 Fermi Th
o interlocki
(6 flavors) as inTeriocking
10" Electroweak Th EFTs
+ higher-dim ops
see Donoghue

General Relativity + higher-curvature terms
" r(fm)

1018

?j\ _3 _1
_ 1 1
E(GGV) 10_20 10 o 10 0
emergence "Bira’ see Bontems
—
P . : ___of S B BT . "2




Bira's equation

(fundamental —effective ) theory ~ theology




QCD

QSMEW

Basic

Loco =q(10+9,6)

u N .
d.o.fs quarks: q:[dJ gluons: Gﬂ (photon:A,)
symmetries  SO(3,1) global, SU_(3) gauge (+U__ (1) gauge)

\

1 y
q—ETrG“ GW

J \

+ mg(l-et,)

q +...
y

Y
mass scales Mocp ~My,m 471 ,...~1GeV  m_~ /MM, =140 MeV

Gross + Wilczek '73

VQCD

v

Nambu '60

qi75rq

Politzer '73
«% “fine-structure" constant
03 - runs
=
5”02 — ¢ ¢ |
* Q
s}
01 | A
| | | | | |
0
1 10 102
u GeV

T

-._L

L~

. =Moo /4 +O(T) =100 MV~




Q The Nuclear EFT Landscape

QCD
~my,m 4zt ...

~1 GeV

%
o
I\/IHUC - f/l' 8
~100 MeV 5,

To

.
1\

—— "Deformed”
, EFT

? m see
7 Weidenmduller




EFTs regime d.o.f.s symmetries

nucleons SU (3),[trivial],U (1),
Chiral Q~m <My  (+Delta, Roper), SO(3,1), g,/'r, V
pions, photon SU(2)—=SU(2),
XEFT light baryons - heavy hadrons
: leons, SU (3), [trivial],U (2)
Pionless Q<xm <M i : il
QCD phoTon 50(3,1)’ B/,/-r" P

vd Waals-less Q <1/, <1/R,,, nucleons > neutral atoms

Halo/ Q< (ro AY 3)_1 <m_ gfjslfzrz SU (3).[trivial],U (),
Cluster r,=~1.2fm photon S0(31),BT.P




History Digest
< before late 1940s: the early model era

<+ late 40s-50s: the era of pion theories

0 "too many divergences"” =) fairwell field theory:;
0 “too many interactions” nuclear and particle physics part ways

% 60s-90s: the late model era

0 pions and form factors e :
o “too many forces" =) data fitting trumps consistency

< 90s-today: the era of EFT

v renormalization
v' power counting

= nuclear and particle physics re-united
consistency before fitting




< early 90s: Weinberg '90'91'92

Rho 91
guess based on ndive dimensional analysis (NDA)  Ordéfiez + v.K.'92
not much cutoff dependence | N3LO » v.K. 94
t such a bad fit to data Ordofiez, Ray + v.K.
no A =0.5,0.8,1 GeV '94'96
<» mid 90s-mid 00s: there is cutoff dependence already at LO
Shor"r"r'ange{Chiral_bpeaking 180 KGPIC(H, Savage + Wise '96
two-nucleon : . . .
. . - 3p 3p 3 Nogga, Timmermans+ v.K. ‘05
Interactions chiral SymmeTrlC I:)0’ I:)0_ FZ’ 7 Pavén Valderrama
3 3 3 + Ruiz Arriola ‘05
DO GZ ’ D3 Birse 05

< late 90s: split between EFT and EF T-inspired potentials

~ cutoff independence of amplitudes not needed and/or not desirable

@ - live with physical form factors and NDA Entem + Machleidt '03
excellent fits to data see Epelbaum, Glockle + Meifner ‘05

lots of other talks

Pionless EFT to understand renormalization and power counting

©°- Halo/Cluster EFT for cluster states |
~new power counting for Chiral EF-E rest of this talk

. B &
=4 | B o e
. - . g _ .

—




do.f.s nucleons: N :[pj (+ Delta isobar, Roper)

N
Chiral EFT | (z +7)N2
T pons: | -i(x' )2 hoton A
72_0
symmetries

SO(3,1) global, SU (2)-=5U(2), global (+U,, (1) gauge)

2 2 ~2
Loeer = lDﬂn-D”n—m” 7: ~+N" | 1D, + D N+ 94 N*S¢N --Dn
2 2 1+m? /41 2m,, 2f

Gy NI SG, INTIN (DN )'DN @ other spin/isospin ,

more derivatives,

powers of pion mass,
i

2/ 12\ _ o () Deltas and Ropers,
D, = (1+" /4 fﬂ) 0, Du=0u+ 217 (“X Du“) ¢ few-body forces,

efc.

chiral covariant derivatives

-

= L — — i B -
By - L = g S }'ﬂ!—;.'-_ R



\ /
Q H Q H se e
/ \ / ! \

/ I g
/ 1 7
;:} <> <—> coe
\
\ \

—

Weinberg 79
Gasser + Leutwyler ‘84

Chiral Perturbation Theory

Gasser, Sainio + Svarc '87
Bernard, Kaiser + Meiflner '90
Jenkins + Manohar 91

E Weinberg '90
IS Rho ‘91
2 Weinberg '91
= Ordéiiez + v.K. '92
0 Weinberg '92
o v.K. '94
<
|®)
Z



different for heavy particles (as nucleons in nuclei!):

\ Weinberg ‘90
2
Q m Q 5 %@ IR enhancement
47zQ (4r) A
i/é Y irreducible diagrams = + @ T
\

hon-perturbative

Resum when @ renormalization:
mQ VO o1 @ = m + . a totally different beast,
A < \ m NDA usually not right

for contact interactions
Beane et a/ '01

Pavéon Valderrama +
Ruiz Arriola '03

Rest: distorted-wave Born perturbation
Moral: in EFT potential NOT A BLACK BOX




Weinberg 91

2-nucleon 3-nucleon 4-nucleon
Friar '99
in German

(parity violating)




1 4
m :+_++ >< T MNN 47[f”f~f
fo myM, m,

Resum when @ b.s. at
e whe _ 2
Q>M, ) " g B~'\:]2N~:;=10Mev

Renormalization:

>< =C,(°S,)+C,(*S,)

+m2 D, (*S,)+C, (°Ry) PP +C,(*R,) PP +C, (*D,) p*p* +C, (*D; ) p”p’

4 4
larger than NDA e.g., C, (3Po) o I\Zg Z M EM 2
N NN N NN QCD

Rest: NDA relative to LO (except spin-singlet S wave)




Some current issues

» Waves, order for perturbative pion exchange

'F.’.avén Valderrama et a/. '16

> Role of fine tuning in spin-singlet S wave

Sdnchez Sanchez et al., in preparation

> Fit to data

Someone should work on this...

> Size of few-body forces

éa’r‘robigio, Girlanda, Kievsky + Viviani '16
Song, Lazauskas + v.K. '16




o [deg]

180

160 -
140 r
120 +
100 r
80 |
60
40
20 ¢

-20

o [deg]

Pavon Valderrama '10 '11
NN system Long + Yang ‘11 '12

Nijm2

NLO
NNLO

bands:
coordinate-space cutoff
variation 0.6 - 0.9 fm

381 ' cyan:
NNLO in Weinberg's scheme

o =~ N W B~ O O

50 100 150 200 250 300 350 400
k. [MeV]  (a)

o [deg]

0

50 100 150 200 250 300 350 400 0O 50 100 150 200 250 300 350 400
Kem [MeV] (b) Ke . [MeV] (c)

No obs’racle to pur'sue a consns’ren’r descr'lp’rlon of da’ra _ .

£



3N system

AAAABRDATLALIADRIA R TR 5t PP TECS EE P L LS ST T R-SLY,
_4 | _,.-\:n.Tﬂ-n’ Aoninanfa Bl 1 ,.:;.’-'- _______
5 R
r.i 4t - 2
_5 L1 I|
"s"; 3+ ¥ And [fm ]
H B
‘ »
Lo i  PulMevlg o
H [
{ g
f 1t «
_? | ; :
i i
P or ¢
| i
-8t} expt ol
i
_ , , . . ol . . | |
90 2 4 6 8 10 20 2 4 [ 3 10
A [GeV] A [GeV]
] N 5l
gl Al
> l"'ff-"— — 3f o
S O Ly E & 2
NLO '_'m 71 EL.. I_.E 2+ ';f- aﬂ.d
& £1) ;
-8t ; ol '}
-9t 4l ;
_100 j 4I. é 8I 10 _20 > 4 3 5 10
A [GeV] A [GeV]

No renormalization argument for a ‘rhr'ee nucleon forc

R

Song, Lazauskas + v.K. '16

7.0

6.9}

6.8}

6.7

6.6

6.5}

6.4}

6.3

':
i
1
I li 4and [fm ]
i a..mmvm-ﬂma-a’ﬁ-m*,ﬁwa
e
0 2 a 6 8 10
A [GeV]

different
regulator
functions

e up to NLO BuT...



do.f.s nucleons: N :[pj (+ Delta isobar, Roper)

n
Pionless EFT o (" +m)N2
Q «m < MQCD pions:  g=|-i(z" _72'_)/\/5 (phoTon:Aﬂ)
72_0
symmetries
SO(3,1) global - ‘ (+U._(1) gauge)

Lo =<D.m D”[it—r—né [ lliN i@g}N—KFN\HgA N*StN--Dx
vyEFT 2 H ;Z“EFTZ_ 1_|_ /04.|:2mN d_

1 .' mar
D, = (1+n?/at?) 0, D, it dﬁgkznf)ﬁ)cﬁy 2c
chiral covariant derivatives

- 1 . > - -— -
By - L o pea— = - - - B . RS




different for heavy particles (as nucleons in nuclei!):

\ Weinberg ‘90
2
Q m Q 5 %@ IR enhancement
47zQ (4r) A
i/é Y irreducible diagrams = + @ T
\

hon-perturbative

Resum when @ renormalization:
mQ VO o1 @ = m + . a totally different beast,
A < \ m NDA usually not right

for contact interactions
Beane et a/ '01

Pavéon Valderrama +
Ruiz Arriola '03

Rest: distorted-wave Born perturbation
Moral: in EFT potential NOT A BLACK BOX




Fine tuning

4 1
Renormalization: >< Co (A) = —7[(14- +... v.K. '97

scattering length

cancels
cutoff dependence when b.s. close
P 1/a0 <m, to threshold
In amplitude: CéR) — Ara, < an ~C, (|\/| )
m, m M

No show-stopper: incorporate new scale in power counting

N~1/a, <m_

Example, from renormalization of 3N system:

(47)°
m,N*

DR _ Bedaque, Hammer + v.K. '98 '99
0




v.K.'97
Kaplan, Savage + Wise '98
Bedaque, Hammer + v.K. '98 '99

2-nucleon

Lo ><
NLO @

NNLO

efc.

3-nucleon

X

4-nucleon



Some current issues

> NLO for A>3

Bazak et a/ in preparation

» Convergence as A increases

Contessi et al. in preparation

> Role of unitarity

Konig, GrieBhammer, Hammer + v.K. '16

» Matching to lattice QCD

Barnea et al. '14

Beane et al.'15 For more, better,
Kirscher et al 15

Contessi et al. in preparation

see Barnea




Contessi et al., in preparation

4 16
. He and O
He
A | m = 140MeV  m, =510 MeV  m, = 805 MeV Auxiliary Field Diffusion
Y fm-' | —2317+002  -31.15+002  —88.09 + 0.01 Monte Carlo
Afm! | -23.63+£0.03 —3488+0.03  -91.40+0.03 statistical +
6fm-! | =25.06+0.02 —3689+0.02  -96.97 0.0 extrapolation errors
m-! | —26.040005  —37.65+0.03 —101. 0 :
8 nn ‘-:'D+D’%(‘;y%?ﬁ ‘;7;;‘31:?52)0% 1011 Zi+§f2£n TI"UHCGTIOH el"l"Ol"
— - ;EIESL;H)- —35 ;Zf;;tz;l) —lza, fmt) 0
Exp. ~28.30 - LO ~30%
LQCD - 430+ 144 —107.0 +24.2

LQCD input error
~30%

Beane et al '12
Yamazaki et al. '12

For different,
see Barbieri

-

f

;

/

160

A m, = 140 MeV ~— m, =510 MeV  m, = 805 MeV
2 fm™! -97.19 £ 0.06 —-116.59 £ 0.08 —=350.69 + 0.05
4 fm™! -92.23+0.14 —-137.15+0.15 -=362.92 +0.07
6 fm™! 9751 +£0.14 —-143.84+0.17 -382.17 +£0.25
§fm™' | —100.97+020 —14637+027 —-402.24+0.39
+1 (sys) +2 (sys) 1 £20(sys)
— —1 1518[5?21{) _lﬁli]O(i;tatJ _504112{5%)
Exp. —127.62 — -

' _
i ge. Pionless EFT might work for medium-mass nuclei ——=__



3-body force at LO:
single parameter A.
and

discrete scale invariance

at two-body unitarity

L]

similar to
atomic
boson fluids

Konig, GrieBhammer,

Uni’rar'i’ry Hammer + v.K '15'16
3, 4-nucleon energies Tjon line
C T T T [ T ' T I ' I ' ' ' I
- -=- unitatity LO, juu = 3/2
60 + LO Wlth I:I)J 1cal adt, jmax = 3/2
- unitarity 58 NLO a4, jmax = 3/2 g .
50k _.-~" | pertfurbation
= e theory
E 40: ‘_,.r"” ]
30 -7 varying ]
- expt A
20_ * —
C | I I I | I I I | I I I |
4 6 8 10 12

Br [MBV]

Nuclear physics with a single essential parameter?




d.o.f.s nucleons: N:[Ej

Pionless EFT EFT clusters: e.g. & for alpha particles

—1 (photon: A )
Q< (%Agj/ﬁ\)l os M. < Moep 2
lh=1.2m symmetries
SO(3,1) global A (+U., (1) gauge)

wiif:n VOV Lo Yo
e R

+Co P VNN NN e NN NN +@

other spin/isospin,
more derivatives,

(but different LECs) more-body forces,
efc.




Bertulani, Hammer + v.K. '04
Bedaque, Hammer + v.K. '05
Higa, Hammer + v.K. ‘08

&o’rur‘eau +v.K.'12
Ji + Phillips '14

2-body 3-body 4-body

Lo >< @ >
NLO @ ? ?

efe.




Some current issues

> Different clusters, reactions

Forssén, Ji, Hammer, Higa, Phillips, Platter, Rupak, Ryberg, Vaghani, ...

» Power counting for heavy clusters

Ryberg, Forssén + v.K. in preparation

» Fine tuning in alpha systems

v.K. in wish list

For more, better,
see Ji




dq [degrees]

Eq

180 aa scattering
Fitting
150 parameters
~ 1
R=FR+ 3 :
120 15k Bohr radius
a, 1 1
_ 1 =72
90 ro = I’O —3T 3kC 3Zaaem:u
C =1.2fm
Esg [MeV]
=92.07 £ 0.03 keV |] ag (10% fm) ro (fm) Py (fm?)
I'(E;)=5.57+0.25eV LO —1.80 1.083
NLO [|—1.92 4 0.09(1.098 4 0.005|—1.46 4 0.08
fine-tuning of ERE [13]|[—1.65 £ 0.17|1.084 £ 0.011|—1.76 & 0.22

Higa, Hammer + v.K. '08

1 in 1000!

Extent of fine-tuning and clusterization in nuclei?

=

) B -

For more, different,

see MeuBner'

_--r—-,_

R s
b =



Conclusion

EFT is a general framework for theory construction

v same method across scales
v model independent
v controlled expansion

EFT is (very slowly) becoming the paradigm in nuclear physics

v encodes QCD (and, more generally, B/SM)
v incorporates hadronic physics
v' generates nuclear structure

The nuclear EFT frontier: many bodies
4 interplay with ab /nitio methods
d new EFTs

- e - ﬂ“._

- T - - .
- . - -

. . S Es e - —
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