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Outline

e From chiral Lagrangian to nuclear forces
o Simplifying EFT nuclear forces:

e Towards perturbative-pion interaction: Why and How?



AUFESEMEES, KA

Quarks

105 | 74 )
Nucleon 00

/
@ Proton
e
Nucleus

1014

i
]

Fl

!
e

Electron

. s 3
T2 | = 2
Ti \ C
movom | vneton | v
10—10 -: ‘A"‘ .L : 4 a -~ H:M ; Ll “ -
Zr Nb Mo Rh A:g In Sn Sb | Xe
srcsesm retasm R rarewa o Galacur s » angvany L v e
| ona | uw | oo | wme | we we | na warn » | wwes - o
2 73 78 % ” ™ 7% =0 8 = o 84 L L
sl Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Nabiom | s | dnge | e | omaem | vt | gt | g | mesy | e -t S | g | mtane | e
s | e s o) wan | wm | wma we | mm  pwmmem|  ws -
104 T el L »r 108 we 190 m "2 n3 1" Wl " 18
Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv s Og
Ahetrdum | dbrium | sedbogum | bowm Nasan | metnern | deweisdiar | merigeium | copeicem | ahom S | moscowem | Meeworum | mmese | qgasesson
106
57 @ 63
La Ce Eu
(et owtam o
- - Al

For notes and u pd»- this ioble, see wiww pas org n.u..«..d,.dlw.'h.::-'a
Cepysght © 2018 IFAC, e Iemational Usicn of Puse end Apglied Chenish

Untes omacoa Yeur
Cducationsl. Scentiic and - of #e Periodic Table
et Orgarieaion - of Crarmicel Elemmerts

101

Nucleons are the essential
building blocks of Matter!




Multipole expansion
A classical example of EFT

Observer
R charge
O - distribution
Separation of scales: R >> rg
Controlled approximation, able to estimate uncertainty
P d; R; e Qi RiR; -
R R’ R>
Naturalness |g;| ~ gro  |Qij| ~qr2 = power counting based on

naive dim. analysis (NDA)

What if 1t 1s a rod?
Slow convergence of a regular PC = possible fine-tuning = change PC



Hierarchy of EFTs

Momentum / Energy

beyond SM
Standard Model M
Ay
v Chiral EFT
Anuc
@D

! Pionless EFT
Halo

Cluster 1/a1s0
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100 GeV

1 GeV

~ 100 MeV

45 MeV

8 MeV



Relay: from quarks & gluons to Uranium

Low-energy constants

-

L3

Light nuclei :
A=4~12



QCD — Chiral Lagrangian

External sources: v, a, s, ps

) ~_n 1 a a (v -~ ~ y
Zocp = @riv.D"ar + qriv D qr — TG G+ @ (vt 5au)q — (s —1sps)g .+
r, =, +a,=—eQA,,

l,=v,—a,=—eQA, — %(WgﬂL + h.c)

s = M = diag(mg, my) »

Unbroken Symmetry Broken Symmetry

: ps =05
’ >
nonlinear realization @ ....... |
CCWZ; Weinberg; ... *
. . gA
Constraints by chiral symmetry C2f. Ch

Wavy lines: axial currents



Potential diagrams

e One-pion exchange Tensor F

om 2 e N ..
Vig(r) = 12;; (Zg; ) T - TZE?(F)512:+ Y(r)o; - 02]

- =

Sio =3(0) - )0y - F) — 01 - 0

e Tensor force dominant e~ MrT 3 3
T(r) = 1 + 4+
My T myr  (myr)?
_ 38, |7 « T9S12T(1)|13D oy
r=mﬂ1: 1< 1|T1 ‘Ti 12_’()| 11) :14\/§: o~ Mr
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e Many contact terms parametrizing NN short-range
forces, e.g.,

Vigo = Céso 4 e2S0(p? 4 p?) 4 -

>< Vapo = ¢y 'pp’ + -+

e For Q <<mpi—> pionless EFT w/ only contact
Interactions



Power counting for loops (HBChPT)

¢ Nucleon propagator — 1/Q or mn/Q? _Z =

1
¢ Pion propagator — 1/Q? 12 72 oo Q~m,
0 s

. d4l e L7 ~\\ - - +
e Loop integral — Q4/(16m2) / o) R N S |
e Vertex with v derivatives — Qv —ngANT 7.6 -V, N

2
e A pion loop brings a suppression factor of ( ¢ )

i fx




NN potentials from ChEFT

e (ontact forces doing heavy lifting

2N force

® @
Q? - I F] L

24 contact terms

in NDA up to O* Q3 +{ +l
NDA = naive dim. analysis i
vy REHEE] -
van Kolck et al. "92 Q4 hi
Entem & Machleidt *03 p ) )
Epelbaum et al. ’99 }:-Q{ l‘"ﬁ }:-.'{ r’*‘{ e

Pastore, Piarulli, et al. 09

Ekstrom, ctal. 713 'To promote, or not to promote ?



Strength of OPE

Typical size of external momenta: O ~ 11,

Lo 1 Ty Lmy @
Pmiv@T 2 L fZanfraf

Focus on loop momenta ~ external momenta Q
Pion line or photon line ~ 1/Q2, nucleon line 1n 1irreducible diagrams ~ 1/Q

Nucleon line in reducible diagrams ~ mn/Q?
= Explain why we solve the Schrodinger eqn

= Explain why nuclei bound

Strength of OPE ~ ¢, f_ (numerical factor @; ~ 1 for small /, ¢, > 1 for
large / by centrifugal suppression)



Power counting: short-range physics

Renormalizing

P4 L e Y
f%47Tf7Ta’lf7T

e Strength of OPE ¢;f_ may have impact on contacts through
renormalization

e Coexistence of g;f, and M,; makes NDA no longer reliable

e (Operators gaining large anomalous dimension through nuclear
dynamics — “irrelevant” operators become relevant



UV cutoff

e “NN Potential”: two-nucleon irreducible diagrams

N/ A: UV cutoff

¢ Lippmann-Schwinger eqn (equivalent to Schrodinger eqn)

000
0 00




Lippmann-Schwinger equation

¢ 000

(1, 7)
E — ﬁ/mN + 1€

Zl

TG = Vi) + [ sV

Nucleons only propagate “forward”, so /o can be integrated out
Otherwise, antifermion-fermion pairs make this a many-body problem

p << mn, relativistic corrections added as perturbations
A =3,4 ... nonrelativistic few-body diagrams similarly resummed

Regularized by UV cutoffs, numerically solved



Renormalization group and power counting

e Power counting of subleading pot. = how (ir)relevant they are in
Wilson's RG

A dTO@QN) (@
oo a - ()
e Programl: Explicitly solving RG equation — PC of contacts

Birse et al. ’99
Pavon Valderrama & Phillips ‘15

e Program 2: Speculating a PC and testing 1t against cutoff indep
— one possible solution of RGE, thus an acceptable PC



Renormalizing singular attraction

v

Unphysical
bound states

A-1

Modify PC

—

Beane et al ’01
Pavon Valderrama & Ruiz Arriola ’05, °07
Nogga et al ’05
BwL & van Kolck ’07

Regularized
, contact potentials
Vs
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Renormalizing singular attraction

, : . Nogga, Timmerman & van Kolck (2005)
e Manifestation via cutoff dependence
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Renormalizing singular attraction
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Can we simplify these nuclear
interactions?



A motivation: Wigner SU(4) symmetry

e Approximate SU(4) invariance of nuclear forces

On the Consequences of the Symmetry of the Nuclear Hamiltonian
. on the Spectroscopy of Nuclei
pl | SU(4) transformation
E. WIGNER*
Princeton University, Princeton, New Jersey
n T (Received October 23, 1936)

e Interactions between NN pairs : (S=0,T=1)=(S=1,T=0)

1
—1/a+§k2+ ¢

2-body: a;qg =~ —201fm; ayq ~5fm

Approximate degenerate
states of nucler: _@

4He, 12C, 160, etc. can be Fllled
viewed as alpha clusters



Wigner symmetry via Chiral EFT?

e OPE tensor force breaks SU(4), badly

Tensor F
3

m gA :
Vi (F) = 12;; (Zf ) T, - To[T(r)S12 + Y(r)oy - 03]

S1» =3(0) - )0y - F) — 01 - 0

» (3S1|71 - 25127 (1)°D1)
. — 142,
R A ) A B

e But, SU(4) can implemented 1n pionless EFT by letting C7 to be perturbation

DS

_ %CS(NTN)z _ %(JT(NTaN)2 —ho(NTN)?



Success of pionless-like interactions

e Microscopic explanation for recent pionless-like (short-ranged) structure

calculations: Koenig et al. ’16
Lyu BN et al. 18
Gattobigio et al. ‘19

Lyu et al. ’18, Lattice EFT calaboration

Binding energy (MeV)

0 10 20 30
Mass number A



Perturbative pions?

Kaplan, Savage & Wise *98

e Same LLO as piOIllGSSI >-< >< Fleming, Mehen & Stewart 99

Beane, Kaplan & Vuorinen *08

e LO of NN = bubble sums = “@(

e Subleading orders = distorted-wave expansion in OPE

NLO:




Where KSW works

e OK fork < A ~ 290 MeV for [ > 0 except 3P0 g;)f;nL‘OlI;g -

e TPEs included in N3LO & N4LO

Wu & Long ’18
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KSW

Fleming, Mehen & Stewart 99

e (Convergence not better than pionless, esp. for higher waves
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KSW

Fleming, Mehen & Stewart 99

Convergence not better than pionless, esp. for higher waves
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Pushing pert-pion interactions
Nonpert ren of OPE

e Re-organizing higher contact terms

A

v

Vs

A-1

v 1
LOC_F

e From nonpert renormalization: Vs always repulsive (towards lower A)

e Using V; to moderate the OPE tensor force




PPl in 3P0

Peng, Lyu & BwL ’20

e Expansionin V_+ C;pgp’'p (Born approximation)

V(l)(?’Po) =V. + C;P(’p’p

e Higher-order contacts are identified when needed for renormalization at
second, third-order Born approximation

LO NLO N2LO N3LO
™ OPE TPEO
Updated fit A =800MeV B [ G G G

N3LO
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k(MeV)



PPI: 351-3D1

Lyu, Zuo, Peng, Koenig & BwL

Mixing angle vanishing at unitarity & chiral limits despite
strong OPE tensor force

'me k
Am (a7 + k2

61:

1
< |. (k21| Valk,°Dy) \%}2 110, %)

m/ dr'r"*no (kr' YT (myr") jo(kr")

m_— 0: / drr no(k’l“)rlgjg(k’r) =0
0



e Not enough though
¢ Only works for on-shell kinematics

e N2LO 3DI1, mixing angle are large

PPI: 351-3D1
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PPI: 351-3D1

e Expansion in (V_+ SD mixing contact)

vDEs, —3D) =V,
(1) 381 (.12 2\ ' SD: 2
4 CO + CZ (p +p ) 2 D

----------------------------------------------
4 ~

~ 1 d
----------------------------------------------

e , Cancellation

------------------------------------------------



PPI: 351-3D1

PC of high-order contacts by counting divergence

LO NLO N?LO N°LO

- OPE TPEO
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Lyu, Zuo, Peng, Koenig & BwL



Summary

A new perturbative-pion scheme with re-organized contacts

Simplify LO nuclear interactions to emphasize accidental
symmetries like SU(4)-Wigner, unitarity limits, etc.

W/ larger validity range and 3NF at LO, implies 3NF important
even for Q >m,_



