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Part II: EFTs for two nucleons:

Concepts

How to design Y-EFT?
What is the meaning of renormalization/power counting in the context of Y-EFT?
How to generalize Y-EFT to chiral EFT (i.e. how to include pions)?

What are the open questions?
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1. Preliminaries: Effective range expansion

. . o0, r= R \/ A /
Consider hard-sphere scattering Vv(r) = T 7 m
0, r<R ~ ; LA
Radial wave function: ;
/ ~
I - ’ o
{ R} (r)=0 22 ~
R (r) Ca(pr)+Bni(pr) 7

. in(pr— /2 +85 — B
RII,Ip(r) r=oo sin(p prn ) > R{,;(r) = A cosd; j;(pr)—sind; n;(pr)




1. Preliminaries: Effective range expansion

. . oo, I=> R \/ A /)
Consider hard-sphere scattering V(r) = T 7 m
0, r<R = ; Al
Radial wave function: 7
/ S
I — £ -
{ R, ,(r)=0 242 ~
Ry, (r) 0 (pr) +Bra(pr) 7

sin(pr —111/2+9))

RIN(N o > R]L(r) = A cosd; ji(pr)—sind; ny(pr)

pr
. R)
Matching at the boundary: R (Ry=0 —» coté =n.l(p
9 y: R, ,(R) 1(p) 1(oR)
F then finds: pcotdo(p) = 1+1L2|Ru2+Rg4+
or s-wave, one then finds: pcotdo(p) = - + 7 3 P 45p
—— -
=:1/a =r =07

Such an expansion holds for any (regular) short-range potential. The coefficients
are specific to the potential. The convergence range is determined by the range
of the interaction.



[Landau, Smorodinsky 044, Schwinger 048, Bethe(49]

The analytic structure of T,(E) is well known. In addition to the (right-hand) unitarity
cut, one observes left-hand cuts specific to V.
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[Landau, Smorodinsky 044, Schwinger 048, Bethe(49]

The analytic structure of T,(E) is well known. In addition to the (right-hand) unitarity
cut, one observes left-hand cuts specific to V.

e—M'r 1
V(r) o (orv(q) c=——) —> left-hand cut starts at p = iM/2
+ M
S i - !
(indeed: Ti(p) T—d(cos 9)2102(1 —cos@)+ Az )

" .m
Recall: Si(p) =e?""® =1 — |2—:T|(p)

ImFE
2 17

41 1 41 P
—> |Ti(p) = — —|= - T

m pcotd(p) — ip m Fi(p) — ip?+

o _M g Re E
p? ™ cot §,(p) im B
(effective range function)

For short-range v (), Fi(p) is a real meromorphic
function of »* near the origin

1 1
ERE: F.(p)=—5+§rp2+v2p4+v3p6+...

The (maximal) convergence radius is determined
by the range M~ of the interaction.




Weinbergls Folk Theorem:
aif one writes down the most general possible Lagrangian, including all terms
consistent with the assumed symmetry principles, and then calculates matrix
elements with this Lagrangian to any given order of perturbation theory, the
result will simply be the most general possible S-matrix consistent with
analyticity, perturbative unitarity, cluster decomposition, and the assumed

symmetry properties.0
Physica 96A (1979) 327

Weinbergis 3rd law of progress in theoretical physics:
ayou may use any degrees of freedom you like to describe a physical system,
but if you use the wrong ones, you will be sorry.0

in Asymptotic Realms of Physics, MIT Press, Cambridge, 1983
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e Chiral perturbation theory (0,1 nucleons):
perturbative expansion of the amplitude in

powers of

M. |p
Q r{F ", %}, A Cm, C4#F, CTBeV
e >1 nucleons: a new very soft scale

TAas 8B MeV (36 MeV) in 1Sp (3S1)

has to be generated dynamically — need
nonperturbative resummations: chiral EFT

® Pionless EFT:
expansion of the amplitude in powers of
|pl~ 1/as over A ~ M,
Both ERE & Y-EFT yield an expansion of
the amplitude in |&JM,, have the same

validity range and incorporate the
same physics — ERE ~ Y-EFT



mp —mN ™

hard scales

soft scales

e Chiral perturbation theory (0,1 nucleons):
perturbative expansion of the amplitude in

powers of

M. |p
Q r{F ", %}, A Cm, C4#F, CTBeV
e >1 nucleons: a new very soft scale

TAas 8B MeV (36 MeV) in 1Sp (3S1)

has to be generated dynamically — need
nonperturbative resummations: chiral EFT

® Pionless EFT:
expansion of the amplitude in powers of
|pI I~ 1/as OVer A ~ M,

GO gle pionless eft
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2. Pionless EFT (kapian, savage, wise, Nucl. Phys. B534 (1998) 617]

The goal: design an EFT to match ERE (no predictive power beyond ERE)
DOF: nonrelativistic nucleons (use the HB formalism)

Symmetries: rotational invariance, isospin symmetry, usual discrete symmetries...



2. Plonless EFT [Kaplan, Savage, Wise, Nucl. Phys. B534 (1998) 617]

The goal: design an EFT to match ERE (no predictive power beyond ERE)
DOF: nonrelativistic nucleons (use the HB formalism)

Symmetries: rotational invariance, isospin symmetry, usual discrete symmetries...

Begin with writing down the most general Lagrangian:

—

| 1 1
L = NT<iao+ N — 5CS(NTN)2 — 5c:T(NT&N)2 + ...

2Mmpy
terms with = 2 derivatives

Notice: (NTEN)?, (IN't&IV)? are redundant (Pauli principle). Indeed, in there
are only 2 independent s-waves ('So and 3S4) in the isospin limit...



2. Plonless EFT [Kaplan, Savage, Wise, Nucl. Phys. B534 (1998) 617]

The goal: design an EFT to match ERE (no predictive power beyond ERE)
DOF: nonrelativistic nucleons (use the HB formalism)

Symmetries: rotational invariance, isospin symmetry, usual discrete symmetries...

Begin with writing down the most general Lagrangian:

—

| 1 1
L = NT<iao+ N — 5CS(NTN)2 — 5(:T(NT&N)2 + ...

2Mmpy
terms with = 2 derivatives

Notice: (NTEIN)?, (NTta@lv)? are redundant (Pauli principle). Indeed, in there
are only 2 independent s-waves ('So and 3S4) in the isospin limit...

Feynman rule (ignore spin for the moment...): (&.-7)

L1 L
AT = _j Cy+ Co(Ii2+ i) + ...
s
linear combination

Osz, Cr (%\—P\) G::—‘L)—Fl>



iAl—Ioop

Li).?) ('EQS»P? (i)"S) (Ez"'"e )ZB (EZ_)P)
— d4l L] I:I i i
—i) Co + Co(p2H 12 + . ..
Gy D Cor G e B e - B i

z)/(2 )3 Co + Co(B2+ Y + ...

l-—=

1
o riCo+ CaE ) + .|




E P e o~ -
(E'z‘a)'_e)
o= > s
(’E’z;?) (%ﬁ") E ¢ ]

' d4l ] 1
i AlTIooP = 7(—1) Co+ G2+ 1) + . .. =
(2m) Etlp— s +ilE —lp— g +il

1
l2—_|+i|__LIC()+Cz(!ZI+E)+...]

= z)/(2 — +Cz(1lﬁl+l3+...]E__

Since loop integrals factorize, the results are trivially generalizable to any number
of loops. One finds for E = p?/my:

B @ veIblad$n
AGSHEY = V(ESR)I- may @y g2 e i)

sign convention for v, A J

with the potential V(E5p)Y1 = —(Co + Co(B2H+ p™) +...) . As expected, the nonrela-
tivistic treatment recovers the quantum mechanical Lippmann-Schwinger equation.




In the following, we focus on s-wave scattering. Utilizing the KSW notation,

AT = iV (pt)p) = —i(Co + Co(P* +p°) + ...)
\ e

terms ~ IOIOE =4 derivatives
contribute to p-waves

The LS equation for the half-shell amplitude in the s-waves:

L1 43 O A m
d?l Vv P | |, 0] D

@n)? pz—12+iC1’ 2

A@Pp) = V(P p)—m
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\ e

terms ~ IOIO[ =4 derivatives
contribute to p-waves

The LS equation for the half-shell amplitude in the s-waves:

L1 43 O A m
d?l Vv P | |, 0] D
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Loop integrals are UV divergent — need to specify renormalization scheme...



In the following, we focus on s-wave scattering. Utilizing the KSW notation,

At = iV (pip) = —i(Co + Co(p®>+p7°) + ...)
\ A

terms ~ Pp" =>4 derivatives
contribute to p-waves

The LS equation for the half-shell amplitude in the s-waves:

C1 43 0 m
d’l VvV (p+l I,
(-1 Ad. p) and S, = 1+z’—pA

2mn)3 pz2—-12+i’ 211

A@Pp) = V(P p)—m

Loop integrals are UV divergent — need to specify renormalization scheme...

3 2n 4—d d—1 2n
_ d°l I DR, M d*— [
® DR (+PDS): Jalp) = m @reEpi—l+ic  \2 (2m)4=t p? — 12 + e
[KSW (98]
d—3 —d(wv2) 9 o i
= —mpzn(—pz—ie)TrL?’J )77 e=t g IP
2 (4mw) "z 47

The DR result is finite for d = 4 (power-like divergences). Instead of using MS, it

on b T 2D
4

is advantageous to subtract poles in d = 3 (see later). Then: J,(p) = —mp
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e Cutoff regularization + subtractions:
[Gegelia (98]

L]
d3l |2n o d*l s B mp2n? d3l + mp?" d?l 1 -
(2m)3 p? — 12 + i€ (2m)3 (2m)3 (2m)3 p2 — 12 + i€

S - =: p2" 2], =: p*"1(p)



e Cutoff regularization + subtractions:

L1 31 1

(2m)3 p2 — 12 + i€

[Gegelia (98]
d3l |2n d3l d3l
5 5 ; — —m . 2n—-2 = r.ann—Z S + mp2n
(2mw)3 p?2 — 12+ ie (27) (27)
AN v J & ~ J [\
=: lop+1 —. p2n_213

Introduce a sharp cutoff to regularize the integrals:

N gz m A™
I, » I"=—-m I"30(A 1) =—
" (2m)3 2n T2

7

=: p>"1(p)

N—p

dl (A= imp mp
Al — _ A B
1) > I"@)=m | @Y pP—+in L an

N+Dp



e Cutoff regularization + subtractions:

[Gegelia (98]
d?l 2" N mp?n-2 S p? = a3l 1
(2m)3 p? — 12 + i€ (2m)3 (2m)3 (2m)3 p2 — 12 + ie
|\ ~ J N\ ~ Y g -~ Y
= lonat =: p>"~2I, =: p*"1(p)
Introduce a sharp cutoff to regularize the integrals:
N gz m A™
I, —- I"=—m 30 (A—-1)=—
" (2m)3 2n T2

dl (A= _ A imp mp In/\—p

2m)3 p2 —12+in *  4m  4n2 A+p

I(p) — IA(p)=m/(

Separate the loop integrals into divergent & finite parts and take the limit A — oo :

. A s A, Mup . muy R —

A te = et g gpgp = An(n) k), n =38
. Y mup T mp imp
lim 12 = lim 1A+ _— + — — =: A(p) + 1B,
A—oco (P) A—oo 1 2112 212 4m \—su—)f M

divergent finite



e Cutoff regularization + subtractions:

L1 31 1

(2m)3 p2 — 12 + i€

[Gegelia (98]
3 2 3 3
ol S | BTy .
(27)3 P2 — I 1 ie (27)3 (27)?
AN ~ J & ~ J \§
=: lzp+1 =:p*" 7?1

Introduce a sharp cutoff to regularize the integrals:

1] n
A_ it N _ mA
L, —» I''=—m l (A -1 =
" (2m)3 2n T2

7

=: p>"1(p)

N—p

I(p) — I’\(P)zm/(dgl ON=D _yp_imp_mp

2m)3 p2 — 12440 ' 4m 4m2

N+Dp

Separate the loop integrals into divergent & finite parts and take the limit A — oo:

mp mpy

. VAN . AN _ —_ R =

At = M N pnpe Toppe = Anlkn)Flalkn), - n =387
_ Y= mp— T T mp imp
lim 12 = lim 12+ "= + — — =: A(p) + 1By,
A—oco (P) A—oo 1 2112 212 41t \—gu—)f M

divergent finite

Notice: PDS corresponds to the particular choice © — pm/2, W =0,



Having defined renormalization scheme, we still need to specify renormalization
conditions (i.e. the choice of subtraction scales).

Conventional wisdom suggests: W, u; ~ soft scale [CplL_A}. [i.e. loop momenta of the
order of the soft scale after renormalization...]




Having defined renormalization scheme, we still need to specify renormalization
conditions (i.e. the choice of subtraction scales).

Conventional wisdom suggests: W, u; ~ soft scale [CplL_A}. [i.e. loop momenta of the
order of the soft scale after renormalization...]

Letls calculate the amplitude to two loops assuming NDA scaling of LECs:

order p0 order p! order p?
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Having defined renormalization scheme, we still need to specify renormalization
conditions (i.e. the choice of subtraction scales).

Conventional wisdom suggests: W, u; ~ soft scale [CplL_A}. [i.e. loop momenta of the
order of the soft scale after renormalization...]

Letls calculate the amplitude to two loops assuming NDA scaling of LECs:

order p0 order p! order p?
>< ><>< ><f>.<>< ><
—Co h(— Co)zl(p) h2 (— Co)3 l(p) (- C2)2p

Recall: 1(p) = lim (" (u=n) = ™ (ip+ )

Y Y

=AW = I%(p, p)

Renormalization: C, = C} (1) + R3Co,1 + R*8Cy, » + O(R®)
— —
—(CH*A  (CF)°A?

Thus, finally: | A= —CRw) — (C&W) 17 p) — (CRW) (1R p))” — 2C2p* + ...

[If all counter terms are included, renormalization amounts to just replacing C; — C;*(W), Iy — If3 ()]
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To determine LECs, we have to match the amplitude to the ERE:
ATt 1 ATt 1

m pcotd — ip m[—%+%rp2+v2p4+...]—ip




To determine LECs, we have to match the amplitude to the ERE:
ATt 1 ATt 1

A = =
m pcotd — ip m[—%+%rp2+v2p4+...]—ip
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To determine LECs, we have to match the amplitude to the ERE:
ATt 1 ATt 1

A= td — 1 - 1 4 1.2 4 4
m pco ip m[ Ly Irp? + ugp +] ip

Such matching is, however, only possible for a,r,v; [COI1). One then has:
2
A = 4E“(—a + ia®p + a3p? —%pz—k. . ) L _CR—CRIR(u,p) — C('?s(l R, p))2 —2C,p% +. ..
—m/(47) 2/ + ip)

rr_ Analtl] L

Co = m 1+ O(ap) [Choosing p = 0, one reproduces
5 exactly the first four terms in the

C, = Er expansion of A .. ]

. m

However, in reality, the scattering lengths are large:
ais, = —23.714 fm ~ —16.6 M,  asg, =5.42 fm ~ 3.8 M !

Thus, it seems more appropriate to count a ~ p~*'. This leads to the expansion:
2 2.4
_41T 1 N TP N r°p
m|a=1+ip 2(a—1 + ip)? 4(a—1 + ip)3

\ J J
Y Y Y

order p-1 order p? order p

A =

J




The large scattering length signals non-perturbative physics. In order to accommo-
date for it, some fine tuning has to be introduced in the EFT.

The resulting power counting depends on the choice of renormalization conditions!
[for more details see: EE, Gegelia, Mei8ner, Nucl. Phys. B925 (2017) 161]
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The large scattering length signals non-perturbative physics. In order to accommo-
date for it, some fine tuning has to be introduced in the EFT.

The resulting power counting depends on the choice of renormalization conditions!
[for more details see: EE, Gegelia, Mei8ner, Nucl. Phys. B925 (2017) 161]

Consider a general expansion for the potential: vV = V0 4 yNLO L yNLO L
Want to assign powers of p to match: A = ACY + A© L AD 4

LS equation: ACYH = yLO _yLOGACH —  ACDH — (14 VG tVLO

Go ~ O(p), =< —1

. ‘7110 ~ O x 1 \7 LOG 1+Xx R
Let: ") —> + 0 Ij’z(p ) —> {GO IZZ(p_X), x> —1

A desired scaling of G, can be realized by choosing the renormalization conditions:

e Weinberg: p~O(1), u;~0O®) —> x=0 —> Vo ~ O(1)

Weinberg

e KSW: 1 COp) —>» x=-1 — VI ~O0@(p™")

Scaling of vV ™-© can be read off from: NLO )
VWeinberg IZOID )

Viaw ~ O(1)

A©® _— yNLO _y) NLOGOA(—l) _ A(—1)G0\7 NLO A(—l)éov NLOGOA(—l) — {
KSW



Both choices of the renormalization conditions
— lead to self-consistent approaches,
— are equivalent for pionless EFT (but yield different results in chiral EFT...),
— involve some fine tuning beyond NDA [see: EE, Gegelia, Meigner, NPB 925 (2017) 161]
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Both choices of the renormalization conditions
— lead to self-consistent approaches,
— are equivalent for pionless EFT (but yield different results in chiral EFT...),
— involve some fine tuning beyond NDA [see: EE, Gegelia, Meigner, NPB 925 (2017) 161]

Leading order (p1):
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Both choices of the renormalization conditions
— lead to self-consistent approaches,
— are equivalent for pionless EFT (but yield different results in chiral EFT...),
— involve some fine tuning beyond NDA [see: EE, Gegelia, Meigner, NPB 925 (2017) 161]

Leading order (p-1):

4P = >< - * ;
"'Co 'Co —Co 'Co ‘Cb —Cc LI

1 1
ACY = —Co—CiI(p) —C3(P)* +... = —— = —
c ° Co' = 1(p) (CE(W) = = IR(1,p)
_4n 1 4 A4n 1 5 CR = 4m 1
o m(CRW) T+ au+ip maTi+ip P omaTl = Zu

One recovers the Weinberg/KSW scaling of C}* depending on the choice of 1 :
Ce Cor1) for p CO(1); C} CO(p') for p CO(p).
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The subleading amplitude (including terms suppressed in W. scheme) reads:
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Subleading order (p9):

\}4@ -
~C, -Cq -C,
@D
N— -

-c )
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suppressed in W. scheme...

The subleading amplitude (including terms suppressed in W. scheme) reads:

A® = —2Cop? —2( = Co(p?1 (p) + 32(p))) AT — 2C231(P)1 (p) (AP’

\_Y_l
= —I3 +p*I(p)
For the sake of simplicity, choose ps = 0 (so that I = 0).

After renormalization (1(p) — 1%(p, p), C2 — CJ¥(W)), one finds:

(a_l_%u)z 1 Ar 1

A® = _2CRp? rp — CR =

L
(a-1+ip)2  m 2(a~1 + ip)2 2 m



Subleading order (p9):

\}4@ -
‘C?_ *CQ i CZ
@D A
N— -

-c )
(G} ﬁt“) \94}.‘)

suppressed in W. scheme...

The subleading amplitude (including terms suppressed in W. scheme) reads:

A® = —2Cop? —2( = Co(p?1 (p) + 32(p))) AT — 2C231(P)1 (p) (AP’

\_Y_l
= —I3+p’I(p)
For the sake of simplicity, choose ps = 0 (so that I = 0).

After renormalization (1(p) — 1%(p, p), C2 — CJ¥(W)), one finds:

)
A©® = _2CRp? ) —4—7Trp2 !
2 (a—1 + ip)>2 m 2(a~1 + ip)?

— Gy =

i

Tt
m

Again, we recover: CJ' [COl1) for p COX1); C;' LO(p~?) for p COIp).



3. Wilsonian RG analysis Birse et al.; Harada et al.
Lippmann-Schwinger equation for the off-shell K-matrix

d*lO(N — 1) V(ESL, p,\) K, k, p)
(2.'-[)3 p2 _ l2

K (k' k,p) = V(K5 k,p,N) +2M P |

ov M N?

=V (K,A,p,A
on = a2 P )/\2—p2

V(N K, p,N\)



3. Wilsonian RG analysis Birse et al.; Harada et al.
Lippmann-Schwinger equation for the off-shell K-matrix

d*lO(N — 1) V(ESL, p,\) K, k, p)
(2-,-[)3 p2 _ l2

K (k' k,p) = V(K5 k,p,N) +2M P |

v M ) N?
an = 2 VKAAPN) s V(AP A

ON

: : o~ M N\ ~
Express all low-energy scales in units of 1, V(k', k,p,N\) = g V(NK', Nk, \p, ),

to obtain the RG equation for the rescaled potential:

A~

v .. 8V .8V oV
A =K +k——+ﬁ——+VWW<ﬁM+N%K1ﬁA)

. V (1,k,p,A)
oA ok’ ok op — p2?




3. Wilsonian RG anaIySiS Birse et al.; Harada et al.

Lippmann-Schwinger equation for the off-shell K-matrix

d*lO(N — 1) V(ESL, p,\) K, k, p)
(2.“)3 p2 _ l2

K (k' k,p) = V(K5 k,p,N) +2M P |

oV M N2
— = V(K,Ap AN
ON w2 N2 — p?

V(N K, p,N\)

: : o~ M N\ ~
Express all low-energy scales in units of 1, V(k', k,p,N\) = g V(NK', Nk, \p, ),

to obtain the RG equation for the rescaled potential:

A~

ARV \7+V(k'km>+v<k'1m)
OA 9K ok ap —p

~V (1,k,p, A)

For ! ¥ (O, the system approaches a fixed point (scale-invariant solutions):

— trivial: V =0 (stable, no scattering)

1 P
Tz—l—l——ln
Y, 2 1—0p

— non-trivial, p-dependent: (unstable, unitary limit)

Notice: there exist infinitely many other fixed points [Birse, EE, Gegelia 116]



Power counting can be identified by considering perturbations around the fixed
points, e.g. of the form ~ p2n,

3
2 _
i RG flow of the potential
L \A V(®@,A) = bo(A) + b2 (A)P* + ...
,"' (from: Birse, Phil. Trans. R. Soc. A (2011)
369, 2662-2678)
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Power counting can be identified by considering perturbations around the fixed
points, e.g. of the form ~ p2n,

3
2k _
i RG flow of the potential
qs \% ,. V(B,A) = bo(A) + bo(A)P” + ...
,"' (from: Birse, Phil. Trans. R. Soc. A (2011)
369, 2662-2678)
b, 0 -
kb
! The power counting near
i the nontrivial fixed point is
—2r found to agree with the
5 KSW one (same choice
3L of renorm. conditions...)
2.0




4. Finite-cutoff EFT for pionless theory

Suppose, one needs to include the range term nonperturbatively (e.g. one wants
describe p-wave resonance).

Problem: need infinite number of counter terms... m ~ PN
!
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4. Finite-cutoff EFT for pionless theory

Suppose, one needs to include the range term nonperturbatively (e.g. one wants
describe p-wave resonance).

Problem: need infinite number of counter terms... m ~ PN
Fortunately, that’s not the end of EFT! PTQ ’S\P

aThe theory is fully specified by the values of the bare constants once a suitable
regularization procedure is chosen. In principle, the renormalization program is
straightforward: one calculates quantities of physical interest in terms of the bare
parameters at given, large value of (ultraviolet cutoff) . Once a sufficient number of
physical quantities have been determined as functions of the bare parameters one
Inverts the result and expresses the bare parameters in terms of physical quantities,
always working at some given, large value of /. Finally, one uses these expressions
to eliminate the bare parameters in all other quantities of physical interest.0

Gasser, Leutwyler, Phys. Rep. 87 (1982) 77



Pionless'EFT

Define the contact potential; introduce a NV =

UV cutoff I ~ Mi; solve the LS equation;
tune bare LECs Co(1), Co(1)to a, r. 4
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Define the contact potential; introduce a V =
UV cutoff I ~ Mi; solve the LS equation;
tune bare LECs Co(1), C2(?) to a, r.

o =
For a sharp cutoff, one finds at NLO:
v_ v_
ey — 67 (8 —6 g(\l/z(n — 2aA)?) e — 672 ( 3\/a(;'rA—3 2aA)? — a)
where | have introduced:
o = 16a°A% — maA (aA’r +12) + 37, B = 64a’A” — waA (3aA’r + 62) + 18x”

Implicitly renormalized expression for the inverse amplitude:
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Define the contact potential; introduce a V =
UV cutoff I ~ Mi; solve the LS equation;
tune bare LECs Co(1), C2(?) to a, r.

& =
For a sharp cutoff, one finds at NLO:
v_ v_
ey — 67 (8 —6 Z’XZ(W — 2aA)?) e — 672 ( 3\/a(;'rA—3 2aA)? — a)
where | have introduced:
o = 16a°A% — maA (aA’r +12) + 37, B = 64a’A” — waA (3aA’r + 62) + 18x”

Implicitly renormalized expression for the inverse amplitude:

L1

] 2 _
47 1 1 1 w (8 — 3aA“r(mwAr — 8 64aA )

- = _—— — 2
m A(p) a + er + 12w A3(m — 2aA)

—> well-defined & correct (up to higher-order terms) result for A ~ r=* ~ M,;
things may (and generally will!) go wrong for A > r~1
(complex Ci, Wigner bound, peratization...)



Define the contact potential; introduce a V =
UV cutoff I ~ Mi; solve the LS equation;
tune bare LECs Co(1), C2(?) to a, r.

o =
For a sharp cutoff, one finds at NLO:
v_ v_
ey — 67 (8 —6 Z,;/z(n — 2aA)?) e — 672 ( 3\/a(;'rA—3 2aA)? — a)
where | have introduced:
o = 16a°A% — maA (aA’r +12) + 37, B = 64a’A” — waA (3aA’r + 62) + 18x”

Notice:

e Contrary to the previous cases, not all c.t. needed to remove UV divergences
are included —» itis not legitimate to take the limit A — oo |

|

e Higher-order terms are indeed small provided ! ~ hard scale (NDA...). |

e Implicit renormalization (i.e. no explicit splitting of C; into C;*(x) and A(w)).
e The bare LECs Cji(/\) must be re-fitted at every order.

T — N —




@ Astrophysical reactions Butler, chen, kong, Ravndal, Rupak, Savage, E

e Efimov physics and universality in few-body systems with large 2-body scatt.
Iength (eg Phillips/Tjon ,,Iines“) Braaten, Hammer, Mei§ner, Platter, von Stecher, Schmidt, Moroz, E

® Halo-nuclei Bedaque, Bertulani, Hammer, Higa, van Kolck, Phillips, E

[ Parlty violation schindier, springer, vanasse, E any many other tOpiCS. .

Efimov effect (3-body spectrum) Phillips line
“ K 3 _\.I\\I I I I | I I I l I I I a
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Braaten, Hammer, Phys. Rept 428 (06) 259



