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Seemingly very simple formulation is responsible for extremely complex phenomena!

From QCD to nuclear physics

| » lattice ——> nuclear physics

effective chiral Lagrangian ——> (low-energy) nuclear physics



Chiral perturbation theory

e Ildeal world [ m, = mys = 0 ], zero-energy limit: non-interacting massless GBs
(+ strongly interacting massive hadrons)

e Real world [ m,, mqs < Agep |, low energy: weakly interacting light GBs
(+ strongly interacting massive hadrons)

—>» expand about the ideal world (ChPT)



Chiral Perturbation Theory: expansion of the scattering amplitude in powers of

Weinberg, Gasser, Leutwyler, Meif3ner, ...

momenta of pions and nucleons or M; ~ 140 MeV

hard scales [at best A, = 4ntF; ~ 1 GeV] Manohar, Georgi ‘84

Tool: Feynman calculus using the effective chiral Lagrangian

low-energy constants
Lr = LO4+W 4

Loy = N(MDM r] —m+ Zopingu, m)zv + Y e NOP N + Y di NOP[IN + ...
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Chiral Perturbation Theory: expansion of the scattering amplitude in powers of

Weinberg, Gasser, Leutwyler, Meif3ner, ...

momenta of pions and nucleons or M; ~ 140 MeV

hard scales [at best AX =4nF; ~ 1 GeV] Manohar, Georgi '84

Tool: Feynman calculus using the effective chiral Lagrangian
low-energy constants

L, = L£LP4,W 4
L.N = N(mﬂDu[ | — m—i—%7 Yoy [T )N - ZCZ 7N + > d; N
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To simplify calculations, expand L in 1/m [Foldy-Wouthuysen/Heavy-Baryon expansion]

Use NDA [power counting] to estimate the importance of renormalized diagrams:
e \ertices with more derivatives are suppressed
e Pion loops are suppressed
e At any order, a finite number of vertices and Feynman diagrams contribute
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To simplify calculations, expand £ in 1/m [Foldy-Wouthuysen/Heavy-Baryon expansion]
Use NDA [power counting] to estimate the importance of renormalized diagrams:

e \ertices with more derivatives are suppressed

e Pion loops are suppressed

e At any order, a finite number of vertices and Feynman diagrams contribute
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Example: quark mass dependence of m:  -iSi,(0) ~ [ i [if‘l} —z02+ SRR [f;;l]

om c1 Mz2 .=
>(0) = —o— + —m— PR L N
~ Qo ~ Q2 ~ Q3



onit Turpatioln

Chiral Perturbation Theory: expansion of the scattering amplitude in powers of

Weinberg, Gasser, Leutwyler, Meif3ner, ...

momenta of pions and nucleons or M; ~ 140 MeV

hard scales [at best AX =4nF; ~ 1 GeV] Manohar, Georgi '84

Tool: Feynman calculus using the effective chiral Lagrangian

low-energy constants
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To simplify calculations, expand L in 1/m [Foldy-Wouthuysen/Heavy-Baryon expansion]

Use NDA [power counting] to estimate the importance of renormalized diagrams:
e \ertices with more derivatives are suppressed
e Pion loops are suppressed

e At any order, a finite number of vertices and Feynman diagrams contribute

. . . d*l 1934 i i 4
Example: quark mass dependence of m: ~i00p(0)  ~ / 2n) [le} e v [Fgl]
dm c1 M52 .- 2 3
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Weinberg, Gasser, Leutwyler, Meif3ner, ...

momenta of pions and nucleons or M; ~ 140 MeV

hard scales [at best AX =4nF; ~ 1 GeV] Manohar, Georgi '84
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low-energy constants
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To simplify calculations, expand L in 1/m [Foldy-Wouthuysen/Heavy-Baryon expansion]

Use NDA [power counting] to estimate the importance of renormalized diagrams:
e \ertices with more derivatives are suppressed
e Pion loops are suppressed

e At any order, a finite number of vertices and Feynman diagrams contribute
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Example: quark mass dependence of m: ~i00p(0)  ~ / 2n) [le} e v [Fgl]
dm c1 M52 .- 2 3
renorm. A 3
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momenta of pions and nucleons or M; ~ 140 MeV

hard scales [at best AX =4nF; ~ 1 GeV] Manohar, Georgi '84

Tool: Feynman calculus using the effective chiral Lagrangian
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Order Q:

Order Q2:

Order Q3:

Order Q#4:

L2+ L® 4

low-energy constants
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Pion-nucleon scattering up to Q4 in heavy-baryon ChPT
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Naive application of power counting to NN scattering seem to suggests perturbativeness

(i.e. no bound states...)
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Chiral EFT for nuclear systems

Naive application of power counting to NN scattering seem to suggests perturbativeness
(i.e. no bound states...)
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However, diagrams involving NN intermediate states are infrared-divergent in the limit of
m — o0 (due to pinch singularity). For finite m, reducible diagrams are infrared-finite but
enhanced and need to be re-summed (e.g. by solving the LS equation).
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EE, Glockle, MeiBBner '98

1. Begin with the most general chiral-invariant effective Lagrangian for =, N [+ possibly A]

2. Apply standard canonical formalism to switch to zN Hamiltonian

3. Apply unitary transformation in Fock space to decouple purely nucleonic space

[i.e. our ,model space”] from the rest
For U use a minimal Okubo-parametrization in

terms of

T ()
H—>FIUT<i=>U<HO > A=2MAn, MNH—[A, H - AHA)n =0

e (solved perturbatively in terms of chiral expansion)

4. Apply all possible UTs on the n-subspace consistent with a given chiral order
[e.g. static N3LO nucl.: 6 additional angles ai, A-contributions: 50 additional a2;...]

5. Evaluate 2-body, 3-body, ... momentum-space MEs of the resulting nU'HUn

6. Demand renormalizability of nuclear potentials. This fixes some of the a; and a2 and
leads to unique (static) expressions.

7. Calculate the 7N system to the same accuracy to determine the relevant LECs, tune NN,
NNN, ... contact terms to nuclear observables.



Nuclear cniralerrectiveTrielatr \

Weinberg, van Kolck, Kaiser, EE, Glockle, MeiBner, Entem, Machleidt...

- Schrédinger eq. for nucleons interacting via contact forces + long-range potentials (r-exchanges)

A =9
v/
( d +O(m§3)>+%N+%N+V4N+... |T) = E|U)
 2mpy N — ]

derived in ChPT
- access to heavier nuclei (ab initio few-/many-body methods)
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Weinberg, van Kolck, Kaiser, EE, Gl6ckle, MeiBner, Entem, Machleidt...

- Schrédinger eq. for nucleons interacting via contact forces + long-range potentials (r-exchanges)

A =9
—V+
( d +0(mz—v3))+%N+%N+V4N+... |T) = E|U)
 2mpy N — Y

derived in ChPT
- access to heavier nuclei (ab initio few-/many-body methods)

Two-nucleon force Three-nucleon force Four-nucleon force
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Example: chiral 2rx-exchange potential proportional to g,4: IV1 [I

@) AN A 1 A A\ 1 A A
V. = —yg9H;—H;—H;—H —nmH;— HmH;—H —nmH;—HmH;—H
o () Ui IE7r IE7T IETr m + 277 IE7T m IE72r m + 277 IE?T m IE7T m
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Example: chiral 2n-exchange potential proportional to g,#: I 1 [ |
A oA A 1A A 1 A
Vad () = _UHIE_WHIE_ﬂHIE_ﬂHm + 577H1E—7TH177HIE2 Hn + QUHIEQHIUHIE—HIW
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38472 F 4 1 T2 ( 20Mz 4 23¢7 + AM2 + ¢2 — 18 (01 -2 - —q°G1-52) | L(g)+. ..
where the loop function is given by (in DR): V(r)

1 \/AM? -
Lq):5\/4M£—|—q21n ;A_;q 4

The integral has logarithmic and quadratic diver-

gences can be absorbed into short-range terms: e ,
¢’ model independent,

Veons = (1 + as q2> -T2+ as(dr - q) (G2 F)- ' constrained by y-symmetry

+ a4(5’1 . 52) q2
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Kaiser, Brockmann, Weise ’97

VNN = Vc(’r) + 7_"1 : 7_"21"‘/0(7‘) + [Vg(r) + 7_"1 ' 7_"21""’,3(7‘)] 61 : 6"2
+ [VT('I‘) + 77 - 7_"2”"77“(7')] (361 - 7o -7 — 71 - 0_"2) + [VLS(T) + 71 - 7?21’1/'[,5(7')] L. 5",
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Kaiser, Brockmann, Weise '97

VNN

= Ve(r)+ 7 -maWe(r) + [VS(T) + 71 ?21"‘1""3(‘7”)] a1
[V (r) 4+ 71 - W (r)] (351 - 752 -7 — 51 - F2) + [Vos(r)+71-72Wrs(r)] L

The profile functions (in Dimensional Regularization)
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VTPE (7‘)
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Kaiser, Brockmann, Weise '97

Vv = Ve(r) +71-mWelr) + [Vs(r) +71 - Ws(r)] 71 - 72
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Kaiser, Brockmann, Weise '97
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Nijmegen Partial Wave Analysis V(r) :
Rentmeester et al.’99,'03 %
7

Number of BC parameters needed to achieve .b !

Y2datum ~ 1 for a given long-range part (input) EM + [Nijm78; 1x; 17+2q]

7

Energy-dependent
boundary condition

31 (1n) = 28 (1n+2x [NLO]) = 23 (1n+ 2xn [N?LO])

»,pDeconstructing“ neutron-proton phase shufts Birse, McGovern 06

Ildea: Subtract effects of the long-range interaction from phase shifts (DWBA) and look at the
residual energy dependence

L1an 0.17

o

7 100 0

1D2

1 + 21 exchange
subtracted

0.15

only 1w exchange

subtracted 013

-0.1

-0.15
100 200 300

Tiav
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Complication: iterations of the LS equation

Y

my - -
T(k
p?—k%+ie (k. ) >

B B A3k -
T(5", 5)=Vax (7", D) +/ (2@3‘/2(13)(19’,16)

°
y o Yy
°

Y

generate divergences whose subtraction requires infinitely many CTs beyond ‘/2(18)

Kaplan, Savage, Wise, Fleming, Mehen, Stewart, Phillips, Beane, Cohen, Frederico, Timoteo, Tomio, Birse, Beane, Bedaque,
van Kolck, Pavon Valderrama, Ruiz Arriola, Nogga, Timmermanns, EE, MeiB3ner, Entem, Machleidt, Yang, Elster, Long, Gegelia, ...

—> use a finite cutoff, self-consistency checks via ,Lepage plots”

A new, renormalizable approach (yet to be explored...) EE, Gegelia 12
® non-renormalizability of the LO equation is an artifact of the nonrelativistic expansion
e renormalizable LO equation based on manifestly Lorentz-invariant Lagrangian
my [ dk Vaw (7", %) T(F, )
2 ) 27 (k24 m2) (B — /K2 +m2 +ie)

® higher-order corrections (e.g. two-pion exchange) to be treated perturbatively in progress...

T, 7)=Vad (7", P) +
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Current topics & ongoing developments

Renormalitazion and power cou nting van Kolck, Pavon Valderrama, Brise, Gegelia, EE, Machleidt, ...

Merging chiral EFT with dispersion relations ® 4m Z4m
Albaladejo, Oller '11,’12; Gasparyan, EE, Lutz '12; Guo, Oller, Rios 13 /,——"X/’;‘{ ““““““
e Calculate the discontinuity of the amplitude along L X _______
the left-hand cut using ChPT aon 2om 2 a2 2

e Reconstruct the amplitude in the physical region
using dispersion relations + analytic cont. (conformal mapping)

Generalization to the SU(3) sector Haidenbauer, Meisner, Kaiser, Petschauer, Nogga, ...

Nuclear parity violation schindier, viviani, Kievski, Girlanda, de Vries, van Kolck, Kaiser, MeiBner, EE, ...

Partial wave analysis Rentmeester et al., Birse, McGovern, Navarro Perez, Ruiz Arriola et al.

® Role of 2x-exchange

e Error propagation in nuclear observables

New generation of chiral NN potentials
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New chiral NN interactions

Already available:

® Optimized N2LO chiral nuclear force (tune LECs to reduce the impact of SNF
in the > 2N systems) ekstrom, Baardsen, et al. 13, Justified from EFT point of view?

@ Fully local potentials @ LO, NLO, N2LO [Ro = 1.0, 1.1 and 1.2 fm and Asrr

=0.8...1.4 GeV] Gezeriis, Tews, EE, Gandolfi, Hebeler, Nogga, Schwenk, PRL 111 (13) 032501
Gezerlis, Tews, EE, Freunek, Gandolfi, Hebeler, Nogga, Schwenk, arXiv:1406.0454;
Lynn, Carlson, EE, Gandolfi, Gezerlis, Schwenk, arXiv:1406.2787

In development/testing [in collaboration with: Krebs, Nogga, MeiBner, Golak, Skibinski, Witala, Kamada]

@ New version of l.ca-chiral potentials @ LO, NLO, N2LO [Asrr up to Infinity,
PWD MEs and operator form both in r-space and p-space]

® New improvea-chiral potentials up to N3LO [Asrr up to Infinity, PWD MEs
and operator form in p-space]

¢ | ocal regulator preserves the analytic structure of the amplitude and allows
to minimize cutoff artifacts = better performance at high energies!

® No need for SFR cutoff, can accommodate for LECs from =N
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neutron-proton phase shifts on i-chiral 2NF at LO, NLO, N2LO and N3LO (w.0. 1/m)
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EE, Golak, Kamada, Krebs, MeiBner, Nogga, Skibinski, Witala, in preparation
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EE, Golak, Kamada, Krebs, MeiBner, Nogga, Skibinski, Witala, in preparation

Nonlocal chiral NN potentials Local chiral NN potentials

—_
(=)

do/dQ [mb/sr]

—

nonlocal NLO/N2LO/N3LO:
A =450...600 MeV,
Asrr = 500...700 MeV

local NLO/N2LO:
Ro=1...1.2fm,
Asrr=1...2 GeV




Three-nucleon force:
Status and ongoing developments







3NF structure functions at large distance are
model-independent and parameter-free predictions
based on x symmetry of QCD + exp. information on =N system
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Notice: ci receive large A(1232) contributions

Bernard, Kaiser, MeiBner '97
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b = =5 =2 = A ~ 2.8GeV !
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e A-effects are missing (except for the
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21 3NF) — expect large N4LO corrections
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10 LECs

Girlanda, Kievski, Viviani 11
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® |long range parameter-free
(after determination of LECs in nN)
e converged?? (graphs ~ ¢, c#...)



The TPE 3NF has the form (modulo 1/m-terms): ploB| P

01410343

Vor =
T gt + M2 (g3 + M2

T1 T3 A(Q) +T1 X T3 - To @i X @3- 02 B(qo) Q0--0--0
]




Var

The TPE 3NF has the form (modulo 1/m-terms): Pl B
A y A
01 G103 G5 Lo
= T1- T3 A(Q2) + T1 X T3 -T2 @i X @3- G2 B --@--
Z+ M2 [ + M£]< 1 T3 Alge) 1 3°T2q1 X G302 (CI2)) Q--0--0
A y A
2 QC ﬁl ﬁQ ﬁ?)
N2LO [Q3]: A9 () = 24 (205 — de) M2+ cqf), B (o) = 2 ——e
; SF4 Q4
van Kolck '94 4 0
NSLO [Q4]: AD(g) = I [A(g) (202 + 5022+ 262) + (4% + 1) M2 + 2 (¢ + 1) Mgl
[Q4]: (¢2) = 2567TF6[ (q2) (2M; + 5M23 + 2q3) + (405 +1) M2 +2 (g3 + 1) Mag3]
4
BY(g) = ——94 [A(qy) (4M2+ @) + (202 + 1)M,| Ishikawa, Robilotta '07
( 2) 2567TF7§ [ ( 2) ( 2> 4 ] Bernard, EE, Krebs, MeiBner ‘08
N4LO [Q5]:
Krebs, Gasparyan, EE "12
A(5) (Q2) - % [qu%(Ff (23047T29A(4él4 + 2519 — 622 — 636) — 230471'2621803)
+ ga(144e; — 53¢y — 90c3)) + M (F2 (46087 dys(2c1 — cs) + 46087 (2614 + 2619 — €36 — 4635) )
+ g4 (72 (647%L5 + 1) ¢ — 24c; — 36¢3) ) + g3 (2304m%e1, F2ga — 294 (5cs + 18c3)) |
2
9a 2 2 2 2
_ WL(%) (M7T + 2q2> (4M7T(601 — ¢y — 3c3) + q5(—co — 6(33)> :
B¥(g,) = —% (M2 (F2 (1152 dysey — 11527 ga (2617 + 2621 — €37) ) + 108g7ics + 24gac4)

2
gaCa

+ qg (59AC4 — 1152?2517173914) } + 34726

L(g) (4M + ¢3)
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nN phase shifts in HB ChPT up to Q4 (KH PWA)
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The determined values of LECs

Cq

di + da

ds

dis — dis

€14 €15 €16 | €17 | €18
Q* fit to GW 3.71| 5.57 0.02 1.75| —5.80 |1.76|—0.58(0.96
Q* fit to KH 3.34] 6.21 0.78 1.52|—10.41]6.08|—0.37|3.26
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nN phase shifts in HB ChPT up to Q4 (KH PWA)
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C1 C2 C3 ca |di + d2 ds ds |dia — dis{ €14 €15 €16 €17 €18
Q4 fit to GW|—-1.13|3.69|—5.51(3.71} 5.57 |—5.35(0.02] —10.26 [1.75} —5.80 |1.76]—0.58]0.96
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Most general local isospin-conserving S3NF can be written via

20

V(Q1; q2, (J3) = Z G E(ql, qa, Q3) + permutations

=1

20
V(r12,m93,731) = > G; Fy(r12, 723, 731) + permutations
i=1

(2 operators out of the 22 given in Krebs, Gasparyan, EE, PRC87 (2013)
are redundant EE, Gasparyan, Krebs, Schat, to appear)

Generators G in momentum space

Generators G in coordinate space

G1=1
Go=T1 T3
G3 =01 03
gs=11 'T3C_7"1 '0_"3
gs =72 '7'35"1 - 09
g6=7'1'(7‘2><7'3)0_"1'(52><5"3)
Gr=11-(12 X T3)F2 - (@1 X §5)
Gs =q1 0141 - 03
Go = q1 - 633 - 01
Gio=q1-01¢3 - 73
Gi1 = T2 -T3q1- 0141 - 02
G2 =T2-T3q1- 013 - 02
Gi13 = T2 - T3@3 - 011 - 02
Gia = T2 T3q3 - 0143 - 02
Gi15 =T1 - T3G2 - 01G2 - 03
Gi6 = T2 - T3G3 - 0243 - 03
Gir =7T1-T3q1- 0143 - 03
Gis =71 (T2 X T3)81 - 6352 - (1 X §3)
Gio =71 (T2 X T3)03 - q1q1 - (G1 X T2)

g20 =T1" (T2 X ’7-3)6:1 N 6163 : 53»52 ) (q_»1 X q_:'—)’)

G =1
g~2="’1""3
Gs = 61 - 53
Gi=T1 T351- 53
g~5=72'T351'52
QGZTl‘(T2 XT3)51'(52 X53)
Gr =71 (Ta X T3) G2 - (F12 X To3)
Gs = a3 - G173 - 03
Go = fo3 - G312 - G
Gio = o3 - G112 - O3
Gi1 = T2 - T3 723 - G1 723 - G
Gia = To - T3 a3 - 61 P12 - F2
Gis = T2 - T3 12 - 01 o3 - G2
Gia = T2 T3f12 - G1712 - G2
Gis = T1 - T3 713 - 61 13 - 53
516=T2'T3f12'52f12'03
Gir = T1 - T3 723 - 61712 - G3
Gis = T1- (T2 X T3) G1 - T3 G2 - (P12 X Ta3)
Gio = T1 - (T2 X T3) G3 - P23 a3 - (31 X G2)

Goo = T1 - (T2 X T3) &1 - P23 G3 - F12 G2 - (P12 X Fa3)




Chiral expansion of TPE ,,structure functions® Fi (in MeV) in the
equilateral-triangle configuration
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A-less theory

A-full theory: additional graphs

NLO —
wo | 1)K
van Kolck 94, EE et al. 02
wo | [ [ <
Ishikawa, Robilotta, PRC76 (07);
Bernard, EE, Krebs, MeiBner, PRC77 (08); PRC84 (11)
wo | B B H-

AAREARAS

2m-1m ring 27




NLO

N2LO ‘___XD X |
van Kolck '94, EE et al. '02 ‘
N3LO ’:::j___l l___l___J ’_.«/{4_—_J -
Ishikawa, Robilotta, PRC76 (07);
Bernard, EE, Krebs, MeiBner, PRC77 (08); PRC84 (11) _»
N4LO +::\+__{ +::1:::1 +__+__{ -




A-less theory

v large contributions to the ring & 2a-1x-

NLO S
N2LO }___XD X

van Kolck 94, EE et al. 02
N3Lo ’:::i___l l___i___J ’_‘:{4___J - ‘

Ishikawa, Robilotta, PRC76 (07); -

Bernard, EE, Krebs, MeiBner, PRC77 (08); PRC84M

2 '

N4LO ' ++{ +1 v' no effect upto N2LO (modulo reshuffling)

T

topologies saturating some of the
N45.6LO graphs in the A-less theory

v' What is more efficient: A-less N*LO (and
beyond?) vs A-full N3LO ??
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e A-full and A-less EFT predictions agree well with each other
e A-full approach shows clearly a superior convergence
e remarkably, the final 2r 3NF turns out to be rather weak at large distances...
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Numerical implementation of the 3NF at N3LO and applica-
tions to few-/many-N systems are is being carried out by the

Low Energy Nuclear Physics International Collaboration

(LENPIC)

J.Golak, R.Skibinski, K.Topolnicki, H.Witala (Cracow)

EE, H.Krebs (Bochum)

S.Binder, A.Calci, K.Hebeler, J.Langhammer, R.Roth (Darmstadt)
P.Maris, H.Potter, James Vary (lowa State)

R.J.Furnstahl (Ohio State)

A.Nogga (Julich)

U.-G. MeiBner (Bonn)

V. Bernard (Orsay)

H.Kamada (Kyushu)
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Stimmarv ana outioc

® Nonperturbative renormalization with nonperturbative 1r-exchange

e |t is possible to completely eliminate A using relativistic equations (e.g. Kady-
shevsky) assuming that 2z exchange can be treated in perturbation theory

e Promising results for phase shifts, deuteron FFs and x-extrapolations at LO
Future plans: higher orders (TPE), generalization to SU(3)

® New NN chiral potentials about to emerge

A new generation of chiral NN potentials up to N3LO is being developed:
loca=chiral (up to N2LO): local interactions, can be used in QMC
improvea=Chiiral (up to N3LO): nonlocal potentials

Common features: better performance at higher energies, less sensitivity to

cutoffs, no need for SFR, can use c¢i’s from nN.

Future plans: sensitivity to c¢i’s, extension to A-full theory

® 3N force
e A complicated object: 20 independent structures even in local case

e Worked out up to N3LO level (parameter-free), first results are emerging

e Still not converged at this order (certain A effects are missing)

e Long-range terms worked out at N*LO and N3LO-A: signs of convergence...
Future plans: Nd scattering & nuclear structure at N3LO and beyond
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neutron-proton phase shifts on I-chiral 2NF at LO, NLO and N2LO
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order of the chiral expansion

4
—p'*—p?

(@' | VIO |5y = [V + V2 + V) + Vg + Vo | e

The cutoff A should not be chosen too large (spurious bound states, nonlinearities,
nonrenormalizable theory) Lepage’97, EE., MeiBner '06, EE, Gegelia '09. On the other hand,
smaller values of A introduce unnecessary errors.

Typical choice: A = 450...600 MeV [N3LO potentials by EGM, EM]
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order of the chiral expansion

4
—p'*—p?

BV I5) = VI 4 Var + Va? + Vign + Vo) € 7

The cutoff A should not be chosen too large (spurious bound states, nonlinearities,
nonrenormalizable theory) Lepage’97, EE., MeiBner '06, EE, Gegelia '09. On the other hand,
smaller values of A introduce unnecessary errors.

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

Claim: while the above nonlocal regulator simplifies the determination of the LECs,
it cuts off some model-independent long-range physics one would like to keep and
leaves some model-dependent short-range physics one would like to cut off...
Given that V¥ + V¥ + V¥ is local, local regulator will do a better job!

Reminder:
Vioeal (07, 7)) = (7' VioealP) =V (§' =) —— V(7' 7) = (F|V|F) =8 F —7)V(7)
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Peripheral NN scattering as a long-range filter: insensitive to short-range physics
and determined by the model-independent long-range interaction (1/;..). Can be
computed using Born approximation: T.(p) = (p, &/ |T|p, o) = (p, &’ |Vi|p, @)

_ 94 (7-31)(7- )

where Vi.(¢) = D

T1: T2
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Peripheral NN scattering as a long-range filter: insensitive to short-range physics
and determined by the model-independent long-range interaction (1/;..). Can be

computed using Born approximation: Ta(p) = (p, &/|T|p, o) = (p, &/ |Vix|p.

931 (5' 51)(@' 52)
4F7§ 72+ Mﬁ

where Vi.(¢) = — T1 T2

e Standard, nonlocal regularization V(7)) = V1.(q) F(%, %)

Partial-wave decomposition: (p’, o/|Vi-%|p, o) = (¢, &/|Viz|p, @) F(%,

Regulator affects all partial waves at high momenta independently on «,

a)

"p
A
(87
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Peripheral NN scattering as a long-range filter: insensitive to short-range physics
and determined by the model-independent long-range interaction (1/;..). Can be
computed using Born approximation: T.(p) = (p, &/ |T|p, o) = (p, &’ |Vi|p, @)

g3 (- 01)(q- 09)
4F2 T G2 1 M2

where Vi.(¢) = — T1 T2

e Standard, nonlocal regularization V%(7) = Vi.(q) F(f\a f{)

Partial-wave decomposition: (p’, o/ |Vi8|p, a) = (p', o/|Vix|p, &) F(%’,%)
(814

Regulator affects all partial waves at high momenta independently on «;,

e Local regularization

VER(7) = Vin(7) F(%) or, alternatively, V(i) = Vi.(F) F(r/Ry)

Partial-wave matrix elements in momentum space:

(0! [Vi#lp, o) ~ [ r2dr julo'r) [Vig® () F(r/ o) i(pr)

e’

~— —~—"
becomes insensitive to F for high 1, I’



PW projected MEs of the OPEP:
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exp[-(p‘2+p?3)/A?] versus exp[-q%/A?] for A =500 MeV
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PW projected MEs of the OPEP: exp[-(p‘2+p2)/A2] versus exp[-g3/A?] for A = 500 MeV
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Gezerlis, Tews, EE, Gandolfi, Hebeler, Nogga, Schwenk, PRL 111 (2013) 032501; more details in the talk by Ingo

{1 B s ) X

<o> 3) ’ 7 (0) )
V ( ) ‘/271' ( ) ‘/271' (i) ‘/Cont ‘/cont

I\

-

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

v = Cy + O3 7a)
205 -

VA = C1q% + Cok? + C3¢2(61-52) + Cuk?(51-52) + 5 (81462)-4xk + Co(61-9)(F2-0) + C(61-k) (G2-k)

where ¢=p"—p, k= (7+p’)/2
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N

Long-range: }»{ {::jj:{ |-] [}jj [1 +:jj:| +1 Short-range: >< X
H—l - ~ 7 \\ J H—l ;'_I

Y

. . . (0) (2)
Vi9(q) V2(q) V2(q) Veons Ve

cont

There are 9 isospin-concerving contact terms whose choice is not unique. Standard:
Vit = Cs + Cr(61-52)

(2) 2 2 2/= = 2/5 S 205 = = - - R Lo,
Veont = C14” + C2k™ + C3¢°(01-02) + Cuk™(01:02) + —=(01+02)-¢xk + C6(51:q)(02-q) + C7(01°k)(02-k)
', k= (F+p")/2

One can choose instead a local basis:

—

where ¢=7p

L L 1Cs . R
%(fgt = Clq2+02q2(7'1-1'2)+03q2(01-02)+04q2(01-02)(7'1-1-2)+75(01+02)-q><k

+ Cs(01-q)(F2-q) + C7(d1-9) (T2 §)(T1 - T2)
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L fE] oo ) X

<0> () - (2)
V ( ) ‘/271. ( ) ‘/271. (q) Cont cont

/\
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There are 9 isospin-concerving contact terms whose choice is not unique. Standard:
Vit = Cs + Cr(61-52)

5?

-5 o - o 1 - 7 - - 5 N/ T
V;(OQrzt = Clq2 + Czk‘2 -+ C’3q2(01-02) -+ C4k2(0'1-0'2) + T(Ul+02) Xk + 06(0'1‘@(0'2'@ + 07(Ul‘k)(02'k)

where §=p"—p, k= (7+p’)/2

One can choose instead a local basis:

C o
Vi = C1d® + Cag?(11 - T2) + C3¢2(G1 - 52) + C1g?(G1 - Go) (11 - T2)+Z75(01+02) qxk
+ Cs(d1-q)(F2-q)+C7(c1-q) (T2 q)(T1-T2)
Make Fourier Transform and regularize in configuration space, e.g.:
1
Vieno () — Vi (7)1 — e /5| and | §3(7 —*/R5 | where o —
long (7°) long ( )[ } 0°(7") — «e o TRAR

The LECs are determined from NN S-, P-waves and the mixing angle €1
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Absolute errors in S- and P-wave phase shifts at N2LO
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local: nonlocal:
Ro=1 fm, A=550 MeV,
Asrr=1.4 GeV  Asrr=800 MeV

| Eap=200 MeV
o
oy 2N

Ordering of partial waves:

3
25t Eias=100 MeV
2
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1So0, 3S1, 1P1, 3Po, 3P4, 3P2




