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Introduction to NEFT

O NEFT: Nuclear Effective Field Theory
O describes tnteractions among nucleons
O s not a model

O based ow general principles of BFT, systematie,
related to RCD through chiral symmetry (cf-
phenomenological NN potentials)

O Awn extension of chiral Perturbatiow theory

O (Nowrelativistic) nucleons (and plons) are explicit
degrees of freedom

201159 1HAEH



As an EFT

O has a finite range of validity,
determined by a physieal eutoff A, (=

400 MeV for NEFT with plons, = mn for

NEFT without plons)

O has an infinite number of operators
which should be organized by power

counting rules

O (wWe Limiit ourselves to the NN systems.)
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O Flne-tuned!
O 1S, scattering length : -23.7 fm
B saatteriwg Lewgth : 5.4 fm

O plon Compton wavelength: 1.4fim

0 iwl/lerew’cl,g nownperturbative

O Existence of deuteron
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Interactions

O Llocal 4-nucleon operators with
an arbitrary number of
derivatives (contact operators)

O ALl of them are Lrrelevant
waivetg.

O plon exchange
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Nonperturbative features

O The exitstence of the bound state
(deuteron) suggests that a waive power
counting (for the amplitudes) breaks
doww somewhere.

O The fine-tuning suggests the existence
of a nontrivial fixed point.



Power counting

0 Power aouw’cim@ LS meortawt, and Ls
nowntrivial L the NEFT.

O There are wuaiwl,g two power counting
schemes

O weinberg ("90)

O Kaplan-sSavage-Wise(’98), van
Kolck (’99)
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Weinberg’s power counting

e
+ 52 b
L N

+ oo oo

O Cowstruct an “effective potential” (sum

dimensional awaLgsis

of 2-nucleow Lrreducible parts)
perturbatively on the basts of the nawve

0 Substitute Lt Lnto the Lippma WA~
Schwinger (or Schrbdinger) equation

(L.e., Solve wowperturbati\/e!,g)
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Pros and cons

O Very successful numerically. There exist N*LO
caleulations (Machleidt and Entem ('05),Epelbaum,
Glockle, and Methner('05) ), whtch accuwrately
reproduce NN scattering data.

Power counting is Lnconststent. Higher order
counterterms are necessary to cancel the
divergences tn Lower orders.

The fine-tuning s not taken Linto account.

Nowperturbative divergences (cutoff
dependence) are not cancelled.
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KSW power counting

O owly the contact operator without
derivatives Ls Lterated.

O oOther Lnteractions, even the piow
exchanges are treated as perturbation.

LO>Q<2_><+>O<+><>§2<+:
NLO <_+>(X>-<+ _><_+>(>

pertwbat’we
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Pros and cons

Awnalytic expressions for the amplitudes (and
the phase shifts) can be obtained.

Dimensional regularization with PDS (power

divergence subtraction) may be used.

The fine-tuning is taken itnto account.

There Ls no iwaowsistewog L the power
oou.wtiwg.

The EFT cxpa WSLOW however does not cowvergel
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To be perturbative, or nonperturbative?
That is a question!?

O Fleming et al. (‘00)
explicitly show that the

EFT expansion with KsSw
power counting ooes not
converge Ln several
channels, including s,
at the NNLO, due to the
tensor force.

100 -

502
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O The tensor part of plon-exchange Ls
singular (~ 1/r®) at short distances.
Perhaps it must be treated

wowperturbativeLg 2

0O ®Beane, Bedague, sSavage, and van Kolck
(‘'02) propose that only the 1/r®part of OPE
should be treated wowperturloati\/e%.

O What determines the correct power counting?
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From “trials and errors”

to a systematic way

O Usually, a power counting scheme s
proposed and the justification of it comes
from a good fit to the data.

O [t s sometimes hard to find the correct
owne whew it fails.

0O we would Like to have a theoretical

framework which determines possible power
counting schemes.
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Power counting
and (Wilsonian) RG

what Ls POWEY counting?

O orvder of magwnitude estimate on the basis of
dimensional analysts.

O The importance of an operator is determined
by its dimension.

Ruantum theoretica LLy, the sea Ling,
dimeenston should be constdered.

It Ls obtained bg a (Wilsonian) RG awatasis.
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for the NN systems

simptiﬁoatiow for a wonrelativistic fermion s Ystem

Anti-fermions are not excited: States are divided
Lnto sectors pPara metrized bg the nucleon number.
(We are Lnterested Lin the two-nucleon sector.)

Rotational symmetry: Bach sectors are further
divided tnto spin, (tsospin, ) and partial wave
sectors. (We concentrate on the S-waves.)

Paull principle: The number of operators with a
definite number of derivatives are very Limited.




for the NN systems

(E’,—p’)

Galilean tnvariance: The usual
implementation of a cutoff
function tn the Bucledean
propagators does not work.
Rather, we cutoff the relative =-
mowmenta in the Loops.

(E,—p) (E, p)

A sharp cutoff thus does not
produce terms which are
nonana Lgtia L external
momenta.

A—dA<|k| <A
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Redundant operators

O ARG transformation generates all kinds of Local
operators whteh are consistent with symmetry.

2

2 ¥ T S :
O operators such as @) (e (- 2) v one. are

also constdered, though they may be eliminated
by the use of field redefinition.

They are necessary for the cutoff independence of
off-shell amplitudes.

They may be viewed as “energy-dependent
potential.”
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NEFT without pions

O valid for p = m.

O Nucleons are the only explicit degrees of
freedom. Plons (and other mesons, Deltas,
ete.) are “heavy,” so that their effects are
represented as contact operators.

O A simplest field theory with a wontrivial
fixed point...
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AveraQEd action (up to O(p?))
i :/d% [NT (i(?t + %) N

—CP o8> + P07 + 23<S>0§SB>] , (1Sy channel)

—C(gT) O(()T> -~ C’éT)(’)éT) + QB(T)C/)éTB) -k C’éSD)(’)ggD)] : (°S1—°D; channel)
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RGEs for 1 SO ( up to O(p?))

dx
dt
dy
dt

=—z—(z+y+2)

L, 2
3y (21’ + 23y + Jy” +yz 22)

I 1 3

d
5 = -3z + (—$2+xy+—y2—xz—yz——z2>

dt
O Operators MLLX.

2 2 2

O we have examined the case with operators
up to O (p*), but the results do not
change very much.
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RG flow in a subspace
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RGEs for 3S1-3D;

dx’
dt
dy’
T

=—a — (& +y +2)? 20"

1 3 1
B8 Sy/ s (533/2 s Qx’y’ o §y/2 i y/Z/ o5 §Z/Z> = w/2

]- /2 3 /2\ /2

dz’ 1
- =—3Z’+<—x’2+x’y’+—y —lng = )—I—w

dt 9

d/
;Z = — 3w’ — (2’

2 2

Z/)wf

O very stmilar to the 1S, case

2011E9H1HAKEH



RG flow in a subspace

Nr-
Y

1. -1 Q5 e
X
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Fixed points and scaling
dimensions

O Nowtrivial fixed point:
O %Se: (kK*y*z*)=(1,-1/2,1/2)
O 3S:-°Pg (WX Yy*z*w*)=(1,-1/2,1/2,0)
Scaling dimenstons:
s G2

B s (G e i D)

ownly one combination of operators Ls relevant.

Anomalous dimensions are +2. (cf. BLlrse et al. (99))
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What we founc |

5

Our Wilsonian RG analysis

counting very similar to the

051

It s useful to use the langua

phenomena for the NN syster & >

X

There are strong-coupling and weak-coupling
phases. IS, channel is in the weak-coupling
phase, whereas 2S;->D; in the strong-coupling
phase.

The tnverse of the scattering length is the order
paravmeter.




NEFT with pions

O valid up to N\, = 400 MeV

O Nucleons and plons are explicit degrees
of freedom. Thetr tnteractions are
constrained by chiral symmetry.

O Plons propagate as relativistic particles.
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Previous Wilsonian RG
analysis by M. Birse ("06)

O Using the distorted-wave =g formalism,

O treats pion exchanges nonperturbatively.

O odoes wot tntroduce a cutoff(separation
scale) for pion exchanges.

O finds that the scaling dimensions shifts
by */= from those of the plonless case, even
at the trivial fixed point.
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Nonlinearly realized chiral

symmetry

O we spent a Lot of time for formulating a
wilsontan RqG framework with exact chiral
symmetry, but did not succeed...

O The nonlinearly realized (global) symmeetry
Ls stmilar to Local (gauge) symwmetry.

O Wwe are tnterested in the flow itself.

We eventually gave Lt up, and consider the
leading order in the (p/M) expansion
qualitatively.
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IR enhancement

O Cownstder one-loop diagrams with the =-
momentum 'w\fceg ral beiwg restricted to
the shell-modes.

O The energy wntegration Ls dominated

etther bg the nucleon poles or bg the
plow poles.

O The contribution of the nucleon poles in
the 2-nucleon reducible diagrams get

the enhancement factor (M/N). (cf.
weLlnberg (‘90))
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IR enhancement

The IR enhancement s a conseguence of the
nownrelativistie kinematies. It Ls not olirectLg
related to the fine-tuning.

The nucleon pole makes the pLon propagator

“Lmstantaneous”, L.e., the Yukawa potethaL.

O n the leading order in (M/N) expansion, the

piows appear only as the instantaneous
Yukawa potethaL.

1 pO—pQ/Z%AQ/M<<A — )
2 2 2
P + (b + k)2/2M] — k2 m
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O Because at Leading order tin (A/M),

plONS only contribute as the
instantaneous Yukawa potential, and
only the two-nucleon reducible one-loop
dragrams should be considered, we may
start with a reduced actlLon.
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Averaged action (upto 0(p?)

N :F%> + /d4:1; {—D(C)mi(?(c)}

- 4f2 /dt/d?’a: d*y {(9“) i

+O(T) (x,y) Vf;

— 60, @) (a = —5 v2> }Y(\x—yn
OO (z,y) = ( )P N (y )T(NT VP N (z )

0P (w,5)=(N" @ PON W) (N ) PON)).
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O Itis a general principle to represent phystes
beyond the cutoff as contact tnteractions.

O (t usually refers to the effects of heavy
particles.

O Plow Ls light, but itts short-distance effects
(OPE with momentum transfer Larger
thaw the cutoff) should also be represented
as contact tnteractions.



L-OPE and S-OPE

we will show :

O A part of the short-distance part of OPE (S-OPE) is
relevant, and should be treated wowperturbati\/etg.

O The long-distance part of OPE (L-OPE) should be
treated as perturbation.

The sepamtiow LS meortawt, stnee they behave
differewtl,g).

The tntroduction of the separation scale is discussed
bg Beane, kKaplan, and Vourinen ('09). But the
philosophy Ls probably different.
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RGEs for 150 (assuming p, my < A)

dx
dt

= — I — [:132—|—2xy—|—y2—|—2:132—|—2yz—|—22}

T T R i i
§x2 A §y2 Sl 5,22]

e 3,
—z'+ry+ -y  —xz—yzr— =
2 Ik S

Y is a measure of
the strength of OPE
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RGEs for 351 -3D1 (assuming p, my < A)

o
d_a; e 513/2 i QCL‘/y/ L y/Q 4 oyl e 2y’z’ £ 2/2 e 2w,2

— Nl e 2 =l =
dy’
dt

1 3 1
T By/ e 55E/2 _|_ 2x/y/ _|_ 5y/2 _|_ y/zl 2 5Z/Q _|_ w/2

7
(B2 s,

1 Il 3
= : Q—x’z'—y’z’—izﬂ—l—w’

2

9
+(@ +y =2 =)y + oA

:_3w/_ x/w/_i_y/w/_i_z/w/i

. Large coeffielents!
+ 5(233’ -+ 2y’ e e 9w’)7 —= 272,

/
% — 30 -2z +y + 2 42 +y + 2 — 4w )y — 2u'y + 189
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Dimensionless coupling
constant for pion exchange

MA <9A>2
T

O There are other ways of defining the

corresponding dimensionless coupling.

O The self-stmilarity property of RGEs (the
cutoff should not appear in B functions)
fixes this ambiguity.

d Sl i
BT

—




RG flows

in subspaces
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Fixed points and scaling
dimensions

Nowntrivial fixed point:

Baite: ()(*,5*,2*, u*,y*)=(1,-1/2,1/2,0,0)

O 25:-°Ps: XKEY™ 2z, W™, why*)=(1,-1/2,1/2,0,0,0)
Scaling dimensions:

0 s, (+4,-1,-1,-2)

i =T s G e e B P B o))

The nontrivial fixed points are tdentified with those in the
NEFT without plons.

The scaling dimensions are essentially the same as those L the
NEFT without plons.
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It means:

O The tncluston of plons (L-OPE) does not
affect the existence (and the location) of
the nontrivial fixed point, nor changes the
scaling dimensions.

O The tensor force affects only the details of
the flow (strong dragging).

O Plons (L-OPE) become Less and less
Lmportant at Lower energes.



For A less than m;

O we do not expand the contributions tn powers
of (mn/N\) anyweore. nstead, we now expand
them tn powers of (N/mq) and (p/min).

O The diagrams are essentially the same, but
the RGEs changes.

O The dimensionless coupling for the pion
exchange is also changed itn accordance with
the self-stmilarity property.
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RGEs for 'So

(assuming p < A < my)

dx
dt

dy

dt

dz

dt

=(first line of the pionless one with x — x)
—2(x +y+2)7 -7

=(first line of the pionless one with x — x)

RSO
_ca+3y+@v—§f»

=(first line of the pionless one with x — x)

+(x+y—2)
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Smoothly connected to the
NEFT without pions

O The nontrivial fixed point can be
Ldentified with that in the NEFT without

plons, with x belng replace with X.

O The plon exchange (L-OPE) is much
more Lrrelevant.



Summary

O we have performed Wilsontan RG
analyses of the NEFT with and without
piows L the NN systems L the S-waves.

O There Ls only one re
the other operators a

Levant operator, though

Lso get Large

anomalous dimensilons.

O Our analysis suggests a power counting
very stmilar to KSW's.

201159 1HAEH




Summary

O The separation of plon exchanges tnto two
parts, S-OPEs and L-OPEs is necessary for
the consistent Wilsontan treatment. (t Ls also

important, because they behave differently.

The tnclusion of plons does not affect the
existence (and the location) of the nontrivial
fixed point, nor the scaling dimensions.

Owr results are very different from those
obtained by M. BLrse.
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regularization

O bimensional regularization is useful
becawse operator mixing ts mintmal.
But Lt does wot have a sepamtiow scale.

O A regularization with an explictt
separation scale Ls necessary to separate
plon exchanges itnto two parts, but
causes operator mixing, and makes the
practical caleulations intractable.



Complementary (or, hybrid)
regularization

O A new regularization scheme
O PDS for contact Lnteractions u

O gaussian damping for L-OPE A

Schematiea LLg we think
G pR A

AN
4 PDS

k2_|_m2 k2+m2

@m
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