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Chiral forces: reducing cutoff artifacts

Motivation

Renormalizable chiral EFT for NN
Local chiral nuclear forces
Summary & outlook
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e Long-range: parameter-free (all LECs from ! N) }} >< }* {.] II +* l)l }\*':I
e Short-range part: 24 LECs tuned to NN data _

e At N3LO, accurate description of NN data up to ~ 200 MeV Entem-Machleidt, EE-Gl$ckle-Mei§ner

Neutron-proton diff. cross section & the analyzing power
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EE, GISckle, Golak, Kamada, Nogga, Skibinski, Witala

The 3NF starts to contribute at N 2LO Ieadingd Ehirat three-HUCISON TORCE = I
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The 3NF starts to contribute at N 2LO

The LECs D,E can be bxed e.g. from3H BE
and nd doublet scattering length

Nd elastic cross sections
at low energies
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Siephan et al., PRC 82 (2010) 014003
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Why cutoff?
T :‘—\v/—’+VGOT = ¥+VGOV+VGOVGOV+.../
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truncated at a given increasingly UV divergent integrals are
order in the expansion generated through iterations
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|deally, would like to calculate the integrals
|

T(n) — V[Gov]n! 1 _ mn! 1 o d3|1...d3|n! . V(p ) !1) V(‘l, !2) - .V(!n! 1, p)
0

P21 12+ 0. (P2 15+ 0]

subtract the UV divergences (" log! ; ! ;! ?%...)and take thelimit! #$ .Thisis
not possible in practice (except for pionless EFT) —— let! Pnite and adjust
bare Ci to exp data (= implicit renormalization). ! should be not taken too high
[Lepage, EE, Mei§ner, Gegelia], INn practice max[! |* 600 MeV (otherwise spurious BS...)

Price to pay: (i.e.terms " 1! ; 112 1/13;...), may become
an issue at higher energies (e.g. Eiab ~ 200 MeV corresponds to p ~ 310 MeV/c)






Crucial observation: non-renormalizability of the LS equation at LO [i.e.V  cont + Vorg] IS
an artifact of the HB expansion of the prop  agators

3D equations which fulbll relativistic elastic unitarity, eg.:

mg ok Van (b, K) T(k, b)
2 (2#)3 (k2+ m3)(E! K2+ m3+i9 Kadyshevsky !68

T(p',p)=Vax (b', D) +

o L

@ corrections beyond LO are to be included perturbatively

@® power counting is restored by making additional subtractions (EOMS)

® benchmark for perturbative pions: reproduce KSW results EE, Gegelia PLB 716 (12) 338

@ paramater-free results for mq dependence of NN observables at LO EE, Gegelia PoS CD12 (13) 90
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Higher-order corrections in progress
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$PFGG JO UIF &3& B9 HPEBFOFE CZ
Predictions for coefbcients in the ERE in the 1Sy channel
1Sy partial wave affm] | r [fm] | vo [fm3] | v3 [fm®>] | v4 [fm’]
NLO KSW from Ref. [23] pt pt 1 3.3 18 1 108
LO Weinberg bt 150 | 119 | 86(8) |! 37(10)
Nijmegen PWA | 237 | 2.67 I 0.5 4.0 I 20
Predictions for coefpcients in the ERE in the 3S1 channel
3S, partial wave alfm] | r [fm] | vo [fm3] | v3 [fm®] | va [fm’]
NLO KSW from Ref. [23]| bt bt 1 0.95 4.6 | 25
LO Weinberg pt 1.60 ' 0.05 0.8(1) 1 4(1)
Nijmegen PWA 542 1.75 0.04 0.67 1 4.0




Deuteron binding energy

O —r r 1 r r r 1.1 1 111
L E [MeV]
-1 - . . :
2L o
. "

gl N2LO

...... LO,! I 1
_4 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.5 1 15

mq/ Mmoo

In terms of K-factors K !

Inverse nucleon-nucleon S-wave scattering lengths
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to be compared with earlier calculations: KJ =5+ 5 KJ =1.1+ 0.9 (W, NLO)EE etal. 103
Ki =24+ 30 KJ] =3.0% 35 (Ksw,NLO)

Impact on BBN: limits on mq variation at the time of BBN:

Beane, Savage 03



Follow the lines of: deuteron interpo- two-nucleon irreducible part
: lating beld ie.
Kaplan, Savage, Wise PRC 59 (99) 617 atng be (i-e. current operator)

Jﬂ !

Interpolating belds for the deuteron:

1
D, # NTPN, P # $otali ~_

amplitude for the deuteron
interpolating Peld interacting
with two nucleons

Current MEs in terms of 3-point function (LSZ2):

179 Y% $ Y% #

| ‘o 2. 2 12 4 2 !
P LPEIPIS = 1 2 PP ME PP M G};(P,P)PZ'P!Z#M(?

where Z = Z(M¢) is the residue of the propagator and

. NN s
Gi(P,P) = d'xd'ye "*e" ¥OIT D;(x)I5,(0)Dj(y) |05  «— 3-point function

The 3-point function can be expressed in terms of the scattering amplitude obtained by solving
the Kadyshevsky equation (solved in 3d without partial wave decomposition)
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Magnetic moment of the deuteron: p°© =0 .826 (e/ (2m)) to be compared with u®® =0 .85741 (e/ (2m))

Quadrupole moment of the deuteron: QL° =0.271 fm? to be compared with Qg® = 0.2859 fm?

Charge form factor
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order of the chiral expansion

| .
II\/NNLO [ — \/(0) (2) (3) (0) (2)
p|V Ip" = Vi + Vo' + Vo7 + Von + Veont
The cutoff " should not be chosen too large (spurious bound states, nonlinearities,
nonrenormalizable theory) Lepage!97, EE., Meigner 106, EE, Gegelia 109. On the other hand,
smaller values of " introduce unnecessary errors.
Typical choice: " =450...600 MeV [N3LO potentials by EGM, EM]



order of the chiral expansion

Ip' VNN h = v + VP + v+ V) + V)

The cutoff " should not be chosen too large (spurious bound states, nonlinearities,
nonrenormalizable theory) Lepage!97, EE., Meigner 106, EE, Gegelia 109. On the other hand,
smaller values of " introduce unnecessary errors.

Typical choice: " =450...600 MeV [N3LO potentials by EGM, EM]

Claim : while the above nonlocal regulator simplibes the determinaton of the LECs,

Given that V¥ + V{2 + v,?is local, local requlator does a better job !

Reminder:
Viocal (P, D) " #P |Vioca|[D$= V(P %) V(L) H#EVIES= (%Y )V ()



Peripheral NN scattering as a long-range Plter: insensitive to shat-range physics
and determined by the model-independent long-range interaction (\/y, ). Can be
computed using Born approximation: Tyo (p) !'" p,! '|T|p,! #= "p,! |V |p,! #

CERICE! 2), 4
AF2 g2+ Mp Tl

where Vi () = !



Peripheral NN scattering as a long-range Plter: insensitive to shat-range physics
and determined by the model-independent long-range interaction (\/y, ). Can be
computed using Born approximation: Tyo (p) !'" p,! '|T|p,! #= "p,! |V |p,! #

S CERICE! 2), Al
AFZ G2+ M P12

where Vi () = !

e Standard, nonlocal regularization ~ V4"°(4)) = Vi (§)

Partial-wave decomposition: !'p’,! '[V/9p,! " = 1p, ! '[Va |p,! "



Peripheral NN scattering as a long-range Plter: insensitive to shat-range physics
and determined by the model-independent long-range interaction (\/y, ). Can be
computed using Born approximation: Tyo (p) !'" p,! '|T|p,! #= "p,! |V |p,! #

gx (b& )& 2), 4
AFZ G2+ M P12

where Vi () = !

e Standard, nonlocal regularization ~ V4"°(4)) = Vi (§)

Partial-wave decomposition: !'p’,! '[V/9p,! " = 1p, ! '[Va |p,! "

e Local regularization

ViEo(Y) = Va () or, alternatively, V/9(t) = Vy (1)
Partial-wave matrix elements in momentum space:
VI, % r2dre(p'r) Vy () j1(pr)

——



PW projected MEs of the OPEP: expl[-(p %tp2)/" 2] versus for " =500 MeV
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PW projected MEs of the OPEP:
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contact interactions
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Resummed central potential generated by multi-pion exchan

Certain classes of multiple-pion exchange diagrams
(MSS) can be calculated analytically to an inbnite
order and resummed

Baru, EE, Hanhart, Hoferichter, Kudryavtsev, Phillips, EPJA 48 (12) 69
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Long-range: %{ {:1::{ |-] [jxjj [1 +':jj:| +1 Short-range: >< ><

Y Y

v (1) RIC) v (8) Voot Vean
There are 9 isospin-concerving contact terms whose choice is not unique. Standard:
Vak = Cs + Cr(1142)
V@, = CicP+ Cok® + CoPll 182) + Cak®( a8 2) + 2201 1+1 ) k + Colt 12001 o) + ot 140(1 o)

where = p'" p, k=(p+ pY)/2



Long-range: %{ {::j:{ |-] [}{1 [1 +'ij:| +1 Short-range: >< ><
\ ) - 7 \\ J Q,—/ ;‘,_l

~

© @ @) vO @
V1! (Q) V2! (U) V2! (Q) cont cont

There are 9 isospin-concerving contact terms whose choice is not unique. Standard:

Vi = Cs + Cr(1142)

V2 = Crof + Cok? + Cac(? 14 2) + Cak®(1 14 5) + %5(1 1+ ) a0 k+ Co(! 1)1 28) + C7(1 1&)(! 2k)
where f=p'" p, k=(p+ p')/2

One can choose instead a

v

cont

, , iC N
= Ciff + Coqf(! 18 )+ Codf(1 18 2)+ CacP(l 18 2)(! 18 )+ (11 +"2) A&k

+ Ce(lrap(toab)+ C(tca(t 2an)(! 1 & )



Long-range: %{ {::j:{ |-] [}{1 [1 +':jj:| +1 Short-range: >< ><
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v
v (t) v (t) v (8) Voot Veon

There are 9 isospin-concerving contact terms whose choice is not unique. Standard:

Vi = Cs + Cr(1142)

V@, = CicP+ Cok® + CoPll 182) + Cak®( a8 2) + 2201 1+1 ) k + Colt 12001 o) + ot 140(1 o)

where = p'" p, k=(p+ pY)/2
One can choose instead a
VE = CicP+ Co(!l 18 )+ CatP(l 18 2)+ CacP(l 18 2)(1 18 ) + %50. 1+ ) an &k

+ Ce('r1ag)('2ap+ Cy('rag(r2an)(! 1 & 2)
Make Fourier Transform and

1

P "4y 47 I r4/R 2
Viong(f) & Vong(t) 1$ e’ Ro  and 13(#) 1 #€ "Ro  where #= $ IR

The LECs are determined from NN S-, P-waves and the mixing angle #;
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Absolute errors at E 120=10 MeV
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3 MeV:
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65 MeV:
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108 MeV:
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65 MeV:

[mb/sr]

d /d"

T21 T20 iTll

T22

Nonlocal chiral NN potentials

nonlocal NLO/N 2LO/N3LO:
" =450...600 MeV,
" srr = 500...500 MeV

local NLO/N 2LO:
Ro=1...1.2 fm,
"srr=1...2 GeV
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It is possible to eliminate or at least substantially decrease " artefacts and thus
to considerably increase the applicability range of nuclear chiral EFT!

Renormalizable approach

Summary:
Pro: Conceptually clean (no cutoff!), well suited for chiral extrapolations

Contra:

To be done: higher orders, strange baryon-baryon systems, 3N,...

Local nuclear forces
Summary:

Pro: Transparent physical picture, no need for SFR, can use cifrom ! N
scattering, can be used in standard codes, accessible for QMC

Contra:
To be done: Nd with 3NF at N2LO, detailed studies of ci, explicit $, N3LO,...



