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only two (only one truly three-nucleon) LECs appear up to N3LO

> is the convergence fast enough to describe the data?

» well-known discrepancies exist between theory and data (cfr. A,
puzzle) [LENPIC, EPJA(2014)]

» A,, a problem at low energy — effectively pointlike interactions

> notice that p—3He A, is almost solved by — -_'u.lm‘,.-,_'.\-,,;h.l- ] '_-
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» For Nd, possibly affected by large
uncertainty [LENPIC, 1505.07218]
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» next genuine 3N LECs appear at N4LO

> in [LG et al. PRC78 (2011) 014001] we classified all possible terms of this
type, strongly constrained by the Pauli principle: 10 operators

L. Girlanda (Univ. Salento) Progress in the quest for a realistic 3N force



Subleading 3N LECs
» next genuine 3N LECs appear at N4LO
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> in [LG et al. PRC78 (2011) 014001] we classified all possible terms of this
type, strongly constrained by the Pauli principle: 10 operators
» a local 3N potential
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Spin-orbit terms suitable for the A, puzzle [Kievsky PRC60 (1999) 034001]
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type, strongly constrained by the Pauli principle: 10 operators
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Our proposal

> treat these terms as a sort of remainder, to make a given model of
3NF realistic

> is this possible? it depends on the flexibility of the subleading contact
potential to fill existing discrepancies

» to check the flexibility, we start with AV18 NN potential and no 3NF
whatsoever

» we then fit the relevant LECs to reproduce the bound state b.e., the
doublet and quartet n — d scattering lengths and accurate
experimental data on p — d differential cross section and polarization
observables at 3 MeV proton energy [Shimizu et al. PRC52 (1995) 1193]

» for so doing we use the HH method
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Numerical implementation
The N-d scattering wave function is written as

Visy, =Vc+Vy

with W expanded in the HH basis
W) = ZCM|¢N>
w

and W4 describing the asymptotic relative motion

Vo~ Qfs(k,r)+ Y Ris s (k)Qsi (k. r)
L's’

with the unknown ¢, and R-matrix elements (related to the S-matrix) to
be determined so that the Kohn functional is stationary

[Risis'] = Rissr — (We+ValH — E[Wc +Wy)

L. Girlanda (Univ. Salento) Progress in the quest for a realistic 3N force



imposing the Kohn functional to be stationary leads to a /inear system

Z Ris.ivsnXus insn = Yis s
L//s//
with the matrices

Xisws = Qs+ VelH—EQps) Yisws =—(Qfs +VEIH - EQps)

and the \U'g/l solutions of
R/I
3" u(@uH — Elo,) = —DfY (1)
W

with ol i
DL () = (@uH — EIQFL)
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imposing the Kohn functional to be stationary leads to a /inear system
Z RLS,L”S”XL"S/,L/"S” = YLS,L/S’
L//s//

with the matrices

Xiss = Qs +VEIH - EIQLg) Yiswrs = —(QF +VEIH - EIQLs)

and the \U'g/l solutions of
R/I
3" u(@uH — Elo,) = —DfY (1)
7

with ol i
DL () = (@uH — EIQFL)

11 set of matrices are calculated once for all, and only linear systems are
solved for each choice of E;'s
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Isospin projection

» N — d scattering only gives access to the T = 1/2 component of 3NF
out of the 10 subleading operators, only 1 combination is T = 3/2

v

03/ = 301 — 202 + 305 + 06 + 3607 + 1208 + 909 + 3010

v

this is only true up to cutoff effects, because it applies to operators at
the same point

we can then at most determine 9 out of the 10 subleading LECs from
N — d scattering

v
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Isospin projection

» N — d scattering only gives access to the T = 1/2 component of 3NF

v

out of the 10 subleading operators, only 1 combination is T = 3/2

03/ = 301 — 202 + 305 + 06 + 3607 + 1208 + 909 + 3010

v

this is only true up to cutoff effects, because it applies to operators at
the same point

v

we can then at most determine 9 out of the 10 subleading LECs from
N — d scattering

we exclude 1 LEC from the fits (e.g. Eg) and absorb its effect in the
remaining LECS

v
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Fit strategy

» we first rescale the LECs using naive dimensional analysis

CE eiNN
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Fit strategy

» we first rescale the LECs using naive dimensional analysis

CE eI.NN
Bo=pap (LO). Eimi10= pyps (NLO)

» there should be a hierarchy: cg gives the bulk of the 3NF, while E;'s
contribute less

» we study the sensitivity of the 6 observables to the 10 LECs by
performing 2-parameter fits for each one
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Fit strategy

» we first rescale the LECs using naive dimensional analysis

. e (L0), E B eI!VN
0= 2 ; i=1,..,10 — F#/\3

s

(NLO)

» there should be a hierarchy: cg gives the bulk of the 3NF, while E;'s
contribute less

» we study the sensitivity of the 6 observables to the 10 LECs by
performing 2-parameter fits for each one

» we find that E3 can be used with cg to reproduce B(3H) and nd
scattering lengths; moreover

Too — Es, Ay, Tia — Ez, To1— E1o, T2 — Eg

» this allows to establish starting points for the minimization procedure
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Fit procedure

» all fits are performed with POUNDerS algorithm [T. Munson et al. @ ANL]
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Fit procedure

» all fits are performed with POUNDerS algorithm [T. Munson et al. @ ANL]

» we perform global fits to all observables by increasing the number of
parameters

> x2/d.o.f. decreases as the number of parameters increases until 7 out
of the subleading 10 LECs are used

» this means that there are correlations among the LECs: the adopted
experimental information cannot determine all of them

» e.g. for A =300 MeV we obtain x?/d.o.f. = 1.6
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Comments

v

most of the disagreement still from A,

v

flexible enough to describe data? yes up to a theoretical uncertainty

\4

needed theoretical uncertainty to make x> ~ 1: 1 %

» experimental errors given with 1 significant digit: a 10% larger error
would imply x? ~ 1.6 — 1.3, in line with realistic NN potentials

L. Girlanda (Univ. Salento) Progress in the quest for a realistic 3N force
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Insight from the large-N,. limit
> in the 't Hooft limit g ~ 1//N. a
leading connected baryon-baryon
amplitude scales like O(Nc)
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Insight from the large-N,. limit
> in the 't Hooft limit g ~ 1/v/N. a

leading connected baryon-baryon - — Lo
amplitude scales like O(N,) ‘ |
> each n — quark vertex scales like N™"  ..{ “\ f L

> therefore, in the one-quark operator basis v

S\"/1\"/G\"
TNNCZ<NC>S<NC>I<NC>G S~ol~1,G~oT

[Kaplan, Savage, Dashen, Jenkins, Manohar,...]
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Insight from the large-N,. limit
> in the 't Hooft limit g ~ 1//N. a
leading connected baryon-baryon - N W Lo
amplitude scales like O(Nc) L

> each n — quark vertex scales like N™"  ..{ L Yoo
Y

> therefore, in the one-quark operator basis

5 n / n G n
TNNCZ<NC>S<NC>I <IVC>G S~o,l~7,G~oT

[Kaplan, Savage, Dashen, Jenkins, Manohar,...]

> as a result, one finds e.g.
1~o1- 00112~ O(N)

while
o1-02~ 71T~ O(1/Nc)
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Large-N. and Pauli principle
however, nowhere in the argument we have used that the baryons are
identical bosons or fermions!
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» but from the identicality of N, o3 = —0» — 201, 04 = —30; which do
not conform with the large-N, scaling
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however, nowhere in the argument we have used that the baryons are

identical bosons or fermions!
> in an effective theory one obtains that amplitude from

L =cNNNTN + eoNTo; NNTo; N + csNT 2 NNT 72N + eaNT o NN T o2 N = Z cio;

i

» but from the identicality of N, o3 = —0» — 201, 04 = —30; which do
not conform with the large-N, scaling

» one way to implement the Pauli principle is to start with a redundant
set of operators, and declare, by tree-level matching, ¢c; ~ ¢4 ~ N,

C2NC3N1/NC
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Large-N. and Pauli principle
however, nowhere in the argument we have used that the baryons are

identical bosons or fermions!
> in an effective theory one obtains that amplitude from

L =cNNNTN + eoNTo; NNTo; N + csNT 2 NNT 72N + eaNT o NN T o2 N = Z cio;

i

» but from the identicality of N, o3 = —0» — 201, 04 = —30; which do
not conform with the large-N, scaling

» one way to implement the Pauli principle is to start with a redundant
set of operators, and declare, by tree-level matching, ¢c; ~ ¢4 ~ N,
Co ~ (C3 ~ 1//\/C

» observable quantities will depend on two combinations of LECs,

L= (ci —2c3—3c)N'NN'N + (o — c3)NTo; NNTo; N
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Large-N. and Pauli principle
however, nowhere in the argument we have used that the baryons are

identical bosons or fermions!
> in an effective theory one obtains that amplitude from

L =cNNNTN + eoNTo; NNTo; N + csNT 2 NNT 72N + eaNT o NN T o2 N = Z cio;

i

» but from the identicality of N, o3 = —0» — 201, 04 = —30; which do
not conform with the large-N, scaling

» one way to implement the Pauli principle is to start with a redundant
set of operators, and declare, by tree-level matching, ¢c; ~ ¢4 ~ N,
Cp ~ C3 l/NC

» observable quantities will depend on two combinations of LECs,

L= (ci —2c3—3c)N'NN'N + (o — c3)NTo; NNTo; N

reobtaining the well-established fact that Cs >> Ct
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3NF and large-N,

the generalization to 3 nucleon forces has been given recently
[D.R.Phillips and C.Schat, PRC88 (2013) 034002
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3NF and large-N,

the generalization to 3 nucleon forces has been given recently
[D.R.Phillips and C.Schat, PRC88 (2013) 034002] at the leading order one finds

6
L = 7ZE,-O,-:fElNTNNJfNNTNfEnga"NNJfa"NNJfN
i

—ENTNNTr2NNTN — ExNTo' P NNT o/ r2 NV T NV
—EsNTo' NNTo PP NNT 72N — Egelk e NT o' r@ NNT o/ 7P NN oK 7 N

> only Ei, E4 and E6 are O(NC)
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6
L = 7ZE,-O,-:fElNTNNJfNN‘LNfEgN*a"NNJfa"NNJfN
i

—ENTNNTr2NNTN — ExNTo' P NNT o/ r2 NV T NV
—EsNTo' NNTo PP NNT 72N — Egelk e NT o' r@ NNT o/ 7P NN oK 7 N

> only Ei, E4 and E6 are O(NC)

» but since the 6 operators are all proportional, the LEC associated to
any choice will be ~ O(N,)
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3NF and large-N,

the generalization to 3 nucleon forces has been given recently
[D.R.Phillips and C.Schat, PRC88 (2013) 034002] at the leading order one finds
6 . .
L = =Y EO =-EN'NN'NN'N - E;NTo'NNTo' NNTN
i

—ENTNNTr2NNTN — ExNTo' P NNT o/ r2 NV T NV
—EsNTo' NNTo PP NNT 72N — Egelk e NT o' r@ NNT o/ 7P NN oK 7 N

> only Ei, E4 and E6 are O(NC)

» but since the 6 operators are all proportional, the LEC associated to
any choice will be ~ O(N,)

» operators with different scaling properties in 1/N. get mixed
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large- N, constraints on subleading 3N contact interaction

» applying Phillips and Schat counting to our redundant operators we
get 13 leading structures

» using Fierz identities we find 7 leading operators, out of 10

» we thus have predictions for some of the E;

E> =0+ O(1/N)
E;s = E5 + O(l/NC)
Eo = 365 + O(1/N,)

» after isospin 1/2 projection, working with Eg = 0, large-N,
constraints become

2 - ~ -
E = §(E3—E5)+O(1/NC), E9:3E5+O(1/NC)

L. Girlanda (Univ. Salento) Progress in the quest for a realistic 3N force 15



large- N, constraints on subleading 3N contact interaction

» applying Phillips and Schat counting to our redundant operators we
get 13 leading structures

» using Fierz identities we find 7 leading operators, out of 10

» we thus have predictions for some of the E;

E> =0+ O(1/N)
E;s = E5 + O(l/NC)
Eo = 365 + O(1/N,)

» after isospin 1/2 projection, working with Eg = 0, large-N,
constraints become

2 - ~ -
E = §(E3—E5)+O(1/NC), E9:3E5+O(1/NC)

not too far from the fits' outcome
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Summary and outlook

» We advocate a pragmatic approach, in which the subleading 3N
contact interaction is treated as a sort of remainder, to fine-tune
existing realistic models

> we tested the feasability of this approach by adopting the AV18 NN
interaction. The 2 is drastically reduced, until 1.6 per d.o.f.

» 3 MeV data are very well described, within a theoretical uncertainty
of 1%

» we have identified the constraints from the large-N, limit, which are
qualitatively satisfied
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» We advocate a pragmatic approach, in which the subleading 3N
contact interaction is treated as a sort of remainder, to fine-tune
existing realistic models

> we tested the feasability of this approach by adopting the AV18 NN
interaction. The 2 is drastically reduced, until 1.6 per d.o.f.

» 3 MeV data are very well described, within a theoretical uncertainty
of 1%

» we have identified the constraints from the large-N, limit, which are
qualitatively satisfied
It will be interesting,
> to repeat the analysis using a realistic pionless NN potential;

» to extend the analysis to other energies, and to include the breakup
channel
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