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A Review of Nucl-EFTs
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My highlights in the history of Nucl-EFTs

Weinberg (68) [1]: Non-linear realization of chiral symmetry.

Weinberg (79) [2]: The first EFT for pion interactions. This was the beginning of
XPT with Weinberg power counting (WPC).

Manohar and Georgi (84) [3]: Introduced the naive dimensional analysis (NDA).

Weinberg (90-91) [4, 5]: The first EFT (xEFT) for pions and nucleons. The key
features were infrared enhancement and the introduction of contact interactions.

KSW (96-98) [6-8]: Inconsistency in WPC (divergence term with a factor of m2).
KSW introduced a PC with perturbative pions.

van Kolck (98) [9]: A general EFT approach to the short range forces. Later, the
idea from this paper and KSW papers developed to become what we know today
as the Standard Pionless EFT.
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A Review of Nucl-EFTs
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What is an EFT?

o In EFTs external (not internal loop) momenta are important!

@ Four main building blocks of any EFT:
o Fields (particles) that appear in a scattering process
o Symmetries of the scattering process.
Typical three momenta, p'~ M), of the external particles in the scattering process.

The breakdown scale of EFT, My, is the scale at which a new physics (particle)
appears in the process.

@ We build the most general Lagrangian (d > 4) according to the symmetry
considerations and in terms of the given fields.

@ In an EFT, power counting (PC) exploits the ratio(s) of scales that appear in
scattering. The PC (if consistent) determines orders of operators in a
perturbation based on the ratio(s) of scales.
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Various PC in Nucl-EFTs

@ Scales in the NN system:

AX :471'f7T ~ MQCD ~my ~ 1 GeV

167 f2
Awn = 9T o~ 300 Mev
m

fr ~my ~ 100 MeV KSW
IPionIess

k| ~

—— ~ O(10) MeV

lag|
o List of popular PC in Nucl-EFTs (historically LO attempts)

o WPC [4, 5] or NDA [3] with Non-perturbative pions
o KSW PC [6-8] with perturbative pions
o Standard Pionless PC [9]

o+ . . . (for a recent review see van Kolck (20) [10])

Weinberg
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The WPC and NDA

@ The WPC focuses on external momenta, and usage of f; and My; ~ 1 GeV are
implicit.

@ An operator consistent with NDA, with A = A, = 4r f., is given by [3, 10]

A B c D
s Y 9Gu k,mx 2 A2
A,B,C,D 7. (fw \/K> A A f7 A%
@ NDA also put tree and loop diagrams in different classes sorted by powers of

external momenta and fields.

@ Factors of 47 counting in loop diagrams are important for understanding how the
NDA or equivalently the WPC work.

e For two-body contact interactions (A, B,C, D) = (0,4, 0,2n) the coefficients are

T T N = L

1
2n R A2 = = — N~ A on
Con k7 FAAZ A0 ITUXT p2 A TN fOA Ty My, MR

MIQn

o
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NDA vs KSW vs Standard Pionless PC: Two-body

e NDA (Non-perturbative)

47 1
o PC for contact interactions: Cy,, k2" ~ — —— M2
an my M, M2

e Pions are non-perturabtive.

o Need consistency and regulator-dependency check.

e KSW and Standard Pionless EFT (Perturbative except for Cp)

4 1
o For S waves: Cop k2™ ~ im M2™ (Promotion relative to NDA)
mn lo gll
47 1
e For S-D channel: Cop k™ ~ —— —— M?2" (No-change relative to NDA
2 my Mlo Mh2|n lo ( g )
4 1
o For all higher waves:  Cy,, k*™ ~ iW M2™ (Demotion relative to NDA)
my My,
. . My 1
e In KSW PC pions are perturabtive due to ~ =
NN 2
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An Example: the shallow S-wave state

@ Bound or Virtual state (for simplicity, | focus only on contact parts)

. . . 47 1
o The renormalized contact interaction is: Cft ~ —

mn Mo

o Finite value of each loop (with the unitary term i k) scales as 1™ ~ ?Mb.
™

o Higher-derivative interactions: for example, the renormalized vertex with two

. . 4 1 .
derivatives, appears at NNLO in NDA CF ~ i > and at NLO in KSW and
my Mo M2
4 1
. R AT
Pionless C4 o DE My

o Diagrams and T matrix

—iCo —iCo —iCo —iCo —iCo —iCo
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An Example: the shallow S-wave state

@ Bound or Virtual state (for simplicity, | focus only on contact parts)

. . . 47 1
o The renormalized contact interaction is: Cft ~ —

mn Mo

o Finite value of each loop (with the unitary term i k) scales as 1™ ~ ?Mb.
™

o Higher-derivative interactions: for example, the renormalized vertex with two

derivatives, appears at NNLO in NDA CF ~ %M:M,ﬁ and at NLO in KSW and
Pionless C£ ~ :1—1 M%thi-
o Diagrams and T matrix
1 4 1

(O): - =
T =CotColoCot ColoColoCot o = g = = ag ikt
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Problems in early Nucl-EFTs

@ Regulator dependent

o The given LECs are not enough to make amplitudes or phase shifts regulator
independent (KSW (96), Nogga et al. (05) [11]).

o Remedy: these regulator-dependent behaviors can be removed by promoting LECs.

o Convergence issues

o In WPC, the Sy channel EFT has a strong deviation from data (Nogga et al. (05)).
o In KSW PC there are also slow channels (Fleming et al. (99) [12]).

o Remedy: again promoting LECs may help!

@ The PC for many-body systems is not clear yet (Yang et al. (19) [13]).
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NN with Dibaryon
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Motivation

@ For both perturbative and non-perturbative pions, modifications are needed in the
lower partial wave channels where the tensor part of OPE is attractive, such as
the 3Py channel (Fleming et al. (99), Nogga et al. (05), Kaplan (19) [14]).

@ In order to have a better convergence with perturbative pions the physics of
energies above pion mass should be included (Kaplan & Steele (99) [15]).

@ PC of contact LECs have been changed in order to solve regulator dependency
and convergence problems (Nogga et al. (05), Peng et al. (20) [16]).

@ Adding dibaryon field can account for most of the physics of energies above the
pion mass (Kaplan (96) [17], Sanchez et al. (18) [18]).
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Adding Dibaryons to NN scattering

@ Symmetries
- Baryon Number conservation,
- Lorentz invariant (= Galilean + reparametrization )
- Parity and time-reversal invariant
- Chiral symmetry

@ Degrees of freedom: N (Nucleon), 7@ (Pion) and ¢ (Dibaryon).

@ The most general Lagrangian

-

2
£=C) + 25+ Do) igy + 4L NICINE mi)} 4
N E)

2f,r TN 7 (7 Vm) N - nTN " (09 4 D m2) (NTPEIN) (NTREIN)

+\/:71Tv (g(s)+h(s)m3r) (¢( )TNTP( )N+Hc) 7
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S-Waves: Convergence in KSW PC

0 100 300 300 200 0 100 200 00
p(MeV) p(MeV)

Figure 1: LO (long dashed), NLO (short dashed), and N2LO (dotted) phase shifts for the KSW
PC. Figures from Fleming et al. (99).
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S-Waves: Convergence in KSW PC
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Figure 1: LO (long dashed), NLO (short dashed), and N2LO (dotted) phase shifts for the KSW
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Including the amplitude

60 « = Nijm93 - 60 = = Nijm93 .
— 8 Nker) — &wen)
— " kes)

401 404+

-20

B . | . |
; 20 5 '
T, [MeV] T, [MeV]

Figure 2: Phase shift (solid line with green band) for the 1Sy channel with Pionless (left) and
Chiral (right) EFTs. The chiral EFT results were first given by Kaplan (96). Figures from
Sanchez et al. (18).

11/30



NN with Dibaryon
0O000e0000000000

S-Waves: Power Counting

PC H M \ M, H LO NLO
KSW ANN My, |I$0| Co OPE, CQ, D2

W’ MQCD ANN: iz OPE, C(], D2 02

Here MQCD ANN' ko, (mngQCD)l/S Co, A, g0 OPE, CQ, DQ, w, ho

@ Power counting of LO and NLO LECs:
2

GO Mo oo L e M o

0 my’ 0 Mo’ my’ M2 My,

3
o0 2 o Mo Mo o) py e L a@) )2 Mo
hi || MmN hi m N Mp;
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S-Waves: LO with resummed contact+Dibyaron

6o (deq)
60
@ The Renormalized LO T matrix — Nijm-PWA
4 1 40 ——LO-Fit
7O () = 2
(k) mny kcot 6O (k) — ik
20
bo + bo k?
(0) — 0Tv2h
kcot 0\ (k) ey
100 200 300 \{\oo
o The LO LECs C”, A and g ~
are given by by, b, ko and the ~ -20 '
cutoff A. k- (MeV)

Figure 3: LO EFT phase shift (blue dashed line) for the 1S,
channel.
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S-Waves: NLO with perturbative pions

— Nijm-PWA
——LO-Fit
weer NLO=Fit

k (MeV)
100 200 300 0
w .\
-20 ‘e

Figure 4: LO (blue dashed) and NLO (green dotted) EFT phase shifts for the 1Sy channel. In

collaboration with S. Fleming, M. Sanchez Sanchez, and U. van Kolck.
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P-waves: LECs and PC

e PC for LECs with n,m > 1 (JBH (22) [19])

Conme— D o, Mg" o
7 Mo MEr 2nt2m M ™ 7 n42m=1 >
oM hi
g1~ i h1+2 m?m ~ ]\4-3)7’”71
B m g om0
Mhl Mhi
2 Im+1
A ~ Mo W m2m ~ Mlo
k) m
M, A VT

o Atypical LEC: g=g® +gM) 4@ 4. . |
@ The relation between phase shift and T matrix is
50 = TV 5@ = | T® _ 27’
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P-waves: T matrix

@ LECs at each order

LO:———
NLO : A©), gil)
NNLO : A = AD 4 wél) m2, §§2) = g§2) + hgf) m2, C'éz)

@ NLO T matrix

' 122
—iT® L = 7O (hom2) = TO (5 m2) 4 19" k-
! = T (k,m2) =T, (k,m2) + 12—y A0
PR I
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P-waves: T matrix

@ NNLO T matrix (see JBH (22) for more details)

| |
. | | | 1
—1 T(Q) : | | + : + : + >=Q=<
| |
JR S N
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P-waves: Renormalization and phase shift

@ Two conditions for NNLO using data-point renormalization method
(2) ;2 g2 2 (1)2 o) ;2 2
Re [T(Q) (k12 m2>] = Tt 2
T ki o — my AO) (K25 —mn A(O))Q

o Total phase shift

00 ) (1 2
—7 _T‘n' (k,mw

(k? — kf) (k* — K3)
(k2 — my A0)?

—(1)“ 7.2
)+ ULCE's W Ak +R® (k, 9", A0, m2) +

2 2
12— 1) (R =my AO) 2 g2 2y (B —my AO) B o
(k1 = k3) (k2 — my AO)

where A and gﬁm are
A0) — 0
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Results for P,

k (MeV)
=
\é).(i 200 300 400
e it -
—10 {‘i.'::."_:-_ e e ol L
\\Q\. --------- =TT mr.zm.
\\.\
e
0 o Nijm PWA-1P1 NS
e NLO-Pion *
--.NNLO-Pion
——NLO-Fit 1 -~
-30 — NNLO-Fit 1 ..
Py | (ke ks}(Me) | gl (Mevh) | AT (Mev) | P (Mev?) | (fmn|AO] (Mev) | g
Fit1] 350, 400, 300 0.00112 97.8 3.8x10° 303.0 11
Fit2 || 310, 370, 280 0.00123 1492 7Ix107° 3743 11
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Results for 3P,

6 (Deg)
—~ k (MeV
e, 100 200 300 a0p K MeV)
"\‘..\.‘.\\ o Pt .
\ I T L
-10 .. \\
\'\k
-20 . T oS
o Nijm PWA-3P1 L G
.. .~
..... NLO-Pion Y. - .‘\
20 ~-.NNLO-Pion e ™
- ——NLO-Fit 1 oN°
— NNLO-Fit 1 N
-40 )
3Py | (ki ko ksh(MeV) | o) (Mevh) | AT (Mev) | P (Mev?) | (fmn|AO] (Mev) | g
Fit1] 60, 200, 300 0.00071 138 7.9%107 114.0 1
Fit2 | 100, 250, 390 0.00065 8.7 5.9%107 90.4 1
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Results for 3P,

B o Niim PWA-3P0
20 e — NLO-Pion
Lo ~--NNLO-Pion
o ——NLO-Fit 1
10 . —-e.
B =ik — NNLO-Fit 1
e 2
o \\ k (MeV)
100 200 3@'@\ 400
-1 \\
-20 AN
-30
3Po | {k1 ko ksh(MeV) | o) (Mevh) | AT (Mev) | P (Mev?) | (fmn|AO] (Mev) | g
Fit 1 300, 400, 200 0.00250 -99.7 1.2x1078 305.9 +1
Fit 2 180, 320, 380 0.00286 -168.0 2.6x1078 397.2 +1
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Other approaches for *F,

_10 P U T T .

0 100 200 300 400
Ke.m.[MeV

Figure 5: Phase shift for the 3P channel. Perturbative (Red) and non-perturbative (black)

EFTs. Red dashed, doted-dashed and solid lines are respectively NLO, NNLO, and N3LO

results for the perturbative case. Figures from Peng et al. (20).
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Resonances in two body scattering

@ Symmetries
- Particle Number conservation,
- Lorentz invariant (= Galilean + reparametrization )
- Parity and time-reversal invariant

@ Degrees of freedom: v (particles with mass m) and d (Dimeron).

@ The most general S-wave Lagrangian (JBH et al. (21) [20])

d+ \/fio (d'vw + plvid)
@t e+ 2 [ (59%) + (657)
+ 2 o) (092%) + (5520) o)+

=

2 =2
L=yt [ia(ﬁ—v Y+ df z'ao+v——A
2m 4m
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Power counting

o In order to have resonant poles with Dimeron  m A = O (M2)

@ Broad resonances
o Loops are non-perturbative because k; ~ kr ~ M,

o Resummaiton needs g(()o) =0 (\/Mo/m)

o Contact interactions can be natural Cy,, = O (1/MZ"*1)

@ Narrow resonances
o Loops are perturbative because k; < kg ~ M,

o Full perturbation needs g(()o) =0 (VME,/m Mh;>

@ Broad resonances with amplitude zero

o Loops are non-perturbative.
o Contact interactions are promoted Cs, = O (1/]\/[,’;+1 Mﬁ)
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Broad Resonances

@ LO and NLO T matrices with rg < 0 [20]

—1
7O(k) = 1T DO (k) = -7 [—1 40 4 b

1 3
7O (k) = —% l—a—l—;okQ—Po (7;)) k* — ik
0
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Broad Resonances

Im(kR)
~0.10 ~0.05 0.05 0.10 Re(kR)
@ LO-EFT
= NLO-EFT
-0.10¢ o Toy Model
+ ~0.12} +
F—e— F—e—
~0.14|

Figure 6: Comparing poles from EFT at LO and NLO with a toy model (as an underlying
theory). In EFT, we have broad resonance when 7y < 0 and —2|rg| < ag < 0. For more details
see JBH et al. (20) [21].
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Narrow Resonances

@ LO and NLO diagrams

P Oa

@ LO and NLO T matrices [20]

47 4 K2/RE -1
0) /1.y _ (0) (0)2 (0) _ 0
T (k) = |:C0 + go 0 (k):| = aq kz/k% 1
4 |1 K2/R2 —1 !
O+ gy = 20 | M /D 7 2y
T (k) lang/k‘g—l—i_Zk +...
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Narrow Resonances

Im(kR)
o LO-EFT 0.04}
» NLO-EFT
o Toy Model
0.02|
~0.4 ~0.2 02 04 Re(kR)
b ~0.02| +
~0.04|

Figure 7: Comparing poles from EFT at LO and NLO with the same toy model now for narrow
resonances (k; < kg). For more details see JBH et al. (21).
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Braod Resonances with amplitude zero

@ LO and NLO diagrams

@ LO and NLO T matrices [20]

4|1 rok? 1 4
TOk) = - — |- — 4+ 2~k
() m | ag L 1—k2/k3 ! +
4 1 r ro\°>  Pyk* !
Oy = — = |—= °k2—<0> L —
T () m[ a0+2 2) 1—k2/k2 ' *
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Conclusion and Future Directions

@ There is still a search for finding a correct PC that can explain hadronic physics
below 1 GeV.

@ One can use Dibaryon fields to address the convergence (and maybe the
regulator-dependent) issues of the PC in the market.

o Dibaryon fields have been used in 1Sy and uncoupled P-wave channels and (good)
convergence to data has been observed.

@ Dibaryon fields bring energy dependency into the potential. This makes it difficult
for their applications in the many-body calculations. However, in few-body
systems, Dibaryon fields make calculations a lot easier as long as one properly
includes normalization factors.

@ For pionless EFTs, a Dimer field is useful to study few-body systems (nucleons,
atoms, ...) that show resonant behavior.
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Conclusion

The toy model for resonances

@ A potential with range R [20]
62

V(r)—ia(r—ﬂ)—m

== O(R—r)

@ S-wave phase shift
VEk?R? 4+ 32 cot \/k2R? + 2 + a) cot(kR) + kR
VE?R? + 32 cot \/k?R? + 32 + o — kR cot(kR)

cot (k) = — (

@ Zeros are given by

VKSR + B2 cot \[K3R2 + 52 = —a + ko R cot(koR)

@ Poles are given with

\VKLR? + B2 cot \/kIR2 + 2 = —a + ik+ R
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Narrow resonances from the toy model
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Figure 8: S-wave phase shift for the toy potential with a = 272 and 3 = 72 — 1. Note that
cross section is o o sin? d;.
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