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Introduction

@ 7N scattering is a important hadronic reaction that give access to
important questions related to strong interactions.
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Introduction

@ 7N scattering is a important hadronic reaction that give access to
important questions related to strong interactions.
@ At high energies:
@ Allows to study the baryonic spectrum of QCD together with its
properties.
@ At low energies:

o Test the chiral dynamics of QCD.

@ Study the role of isospin violation.

@ Provides important information about the internal structure of the
nucleon.

@ At low energies, the spontaneously and explicitly broken chiral
symmetry allow us to construct a perturbative theory for hadronic
interactions = ChPT.
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@ Protons and neutrons have almost the same mass, and the strength
of the strong interaction between them is the same = Symmetry that
grouped both hadrons into the same doublet.
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of the strong interaction between them is the same = Symmetry that
grouped both hadrons into the same doublet.
@ This (global) symmetry group also predicts that each hadron should
have a chiral partner with opposite parity.
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@ Protons and neutrons have almost the same mass, and the strength
of the strong interaction between them is the same = Symmetry that
grouped both hadrons into the same doublet.

@ This (global) symmetry group also predicts that each hadron should
have a chiral partner with opposite parity.

@ Such parity doubling is not observed in the hadronic spectrum = The
symmetry is spontaneously broken = Goldstone bosons.
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Introduction

@ ChPT is an EFT of the strong interactions at low energies based on
the spontaneous (and explicit) breaking of the chiral symmetry
observed in the hadronic spectrum at low energies.

@ Allows to apply perturbation theory to processes that involve the
Goldstone bosons.

@ For mesons, identified with the Goldstone bosons, ChPT has been
very successful.

@ For baryons, however, its applicability is not so straightforward
[Gasser, Sainio and Svarc, NPB 307:779 (1988)] — Baryons are not
"soft” particles!

@ The application of a perturbative treatment is not so easy as in the
mesonic sector...
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The power counting problem in covariant BChPT.
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The power counting problem in covariant BChPT.

7 AN
4 >
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According to the power counting:
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1
However an explicit calculation (= my) shows:
3gamyM?2
dmy) = e +O(MY)

3272f2

= Violation of the power counting = Impossible to apply perturbation
theory!
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Possible solutions:
@ Heavy Baryon ChPT (HBChPT)

[Jenkins and Manohar, PLB 255 (1991) 558] :
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[Jenkins and Manohar, PLB 255 (1991) 558] :

o Integrates out the heavy degrees of freedom of the nucleon.

@ Describes well the physical region.
[Fettes, MeiBner and Steininger, NPA 640 (1998) 199]

@ Does not converge in the subthreshold region
[Bernard, Kaiser, MeiBner, Int. J .Mod. Phys. E4:193-346,1995],
[T. Becher and H. Leutwyler, JHEP (2001)] = We cannot check some
Chiral symmetry predictions for QCD.
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[Fettes, MeiBner and Steininger, NPA 640 (1998) 199]

@ Does not converge in the subthreshold region
[Bernard, Kaiser, MeiBner, Int. J .Mod. Phys. E4:193-346,1995],
[T. Becher and H. Leutwyler, JHEP (2001)] = We cannot check some
Chiral symmetry predictions for QCD.

@ Infrared Regularization (IR) [Becher and Leutwyler, EPJC 9 (1999) 643]:

o Recovers the standard power counting keeping manifest Lorentz
invariance... but gives rise to unphysical cuts at high energies (v = 0)
[Becher and Leutwyler, EPJC 9 (1999) 643]

[JMA, JMC, JAO and LAR, PRC 83 (2011)].
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Possible solutions:
@ Heavy Baryon ChPT (HBChPT)
[Jenkins and Manohar, PLB 255 (1991) 558] :
o Integrates out the heavy degrees of freedom of the nucleon.
@ Describes well the physical region.
[Fettes, MeiBner and Steininger, NPA 640 (1998) 199]
@ Does not converge in the subthreshold region
[Bernard, Kaiser, MeiBner, Int. J .Mod. Phys. E4:193-346,1995],
[T. Becher and H. Leutwyler, JHEP (2001)] = We cannot check some
Chiral symmetry predictions for QCD.
@ Infrared Regularization (IR) [Becher and Leutwyler, EPJC 9 (1999) 643]:
o Recovers the standard power counting keeping manifest Lorentz
invariance... but gives rise to unphysical cuts at high energies (v = 0)
[Becher and Leutwyler, EPJC 9 (1999) 643]
[JMA, JMC, JAO and LAR, PRC 83 (2011)].
@ They show that IR has the good analytical behaviour in the
subthreshold region...
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= Extended-On-Mass-Shell (EOMS) [Gegelia and Japaridze, PRD 60 (1999)]
[Fuchs, Gegelia, Japaridze and Scherer, PRD 68, 056005 (2003)] :
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® Infrared Regularization (continuation):

@ ... but they could not recover the dispersive results in the subthreshold
region from fits in the physical region.

o Inversely, the chiral expansion derived from the subtheshold one does
not describe well the physical region = Fails BChPT when crossing the
wN threshold?

"We conclude that dispersive methods are required to obtain a reliable description of the
scattering amplitude at low energies. With this in mind, we propose a system of integral
equations that is analogous to the Roy equations for 7w scattering [...].”

[T. Becher and H. Leutwyler, JHEP (2001)]

= Extended-On-Mass-Shell (EOMS) [Gegelia and Japaridze, PRD 60 (1999)]
[Fuchs, Gegelia, Japaridze and Scherer, PRD 68, 056005 (2003)] :

@ PCBT are analytical in the quark masses and momenta = They can
be absorbed the LECs. =- We recover the power counting.

@ One subtract a finite polinomial (PCBT) to the covariant amplitude
= We do not alter their analytical properties.
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The role of the A(1232) in 7w/ scattering

@ The A(1232) is a resonance with quantum numbers J = 3/2 and
| = 3/2 that dominates the 7w/ scattering at low energies.

@ Most of the ChPT analyses of w/N scattering do not include it as an
explicit degree of freedom arguing that its contribution can be
absorbed in the LECs of the 7N Lagrangian (RS).

@ However, the proximity of the A pole to the 7/ threshold makes that
the behavior of this resonance cannot be well reproduced by a finite
polynomial = Worsening of the convergence of the chiral series.

@ This resonance can be included consistently in our EFT using the
consistent formulation of chiral Lagrangians of Pascalutsa
[Pascalutsa and Timmermans, PRC 60, (1999),

Pascalutsa, PLB 503, (2001)].
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We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.
@ A-ChPT: We include the A(1232) as an explicit degree of freedom

using consistent Lagrangians = We expect an improvement of the
convergence of the chiral series.

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.

@ A-ChPT: We include the A(1232) as an explicit degree of freedom
using consistent Lagrangians = We expect an improvement of the
convergence of the chiral series.

@ = Can solve various open problems of BChPT when studying the 7NN
scattering (convergence in the subthreshold region, o.n).

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.

@ A-ChPT: We include the A(1232) as an explicit degree of freedom
using consistent Lagrangians = We expect an improvement of the
convergence of the chiral series.

@ = Can solve various open problems of BChPT when studying the 7NN
scattering (convergence in the subthreshold region, o.n).

To fix the LECs of the chiral Lagrangians, we compare our theoretical
amplitude to three different PWAs:

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.
@ A-ChPT: We include the A(1232) as an explicit degree of freedom

using consistent Lagrangians = We expect an improvement of the
convergence of the chiral series.

@ = Can solve various open problems of BChPT when studying the 7NN
scattering (convergence in the subthreshold region, o.n).

To fix the LECs of the chiral Lagrangians, we compare our theoretical
amplitude to three different PWAs:

@ PWA of the Karlsruhe group [Koch, NPA 448 (1986) 707] (KA85).

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.
@ A-ChPT: We include the A(1232) as an explicit degree of freedom

using consistent Lagrangians = We expect an improvement of the
convergence of the chiral series.

@ = Can solve various open problems of BChPT when studying the 7NN
scattering (convergence in the subthreshold region, o.n).

To fix the LECs of the chiral Lagrangians, we compare our theoretical
amplitude to three different PWAs:
@ PWA of the Karlsruhe group [Koch, NPA 448 (1986) 707] (KA85).

@ The current solution of the George Washington University group
[Workman et al., PRC 86 (2012)] (WI08).

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 11 /39



mIN scattering

We calculate the w/N scattering amplitude in covariant BChPT with
EOMS up to O(p?) exploring two possibilities:

@ A-ChPT: 7 and N are the only degrees of freedom = Allows to
compare with previous HBChPT and IR results.

@ A-ChPT: We include the A(1232) as an explicit degree of freedom

using consistent Lagrangians = We expect an improvement of the
convergence of the chiral series.

@ = Can solve various open problems of BChPT when studying the 7NN
scattering (convergence in the subthreshold region, o.n).

To fix the LECs of the chiral Lagrangians, we compare our theoretical
amplitude to three different PWAs:
@ PWA of the Karlsruhe group [Koch, NPA 448 (1986) 707] (KA85).
@ The current solution of the George Washington University group
[Workman et al., PRC 86 (2012)] (WI08).
@ The low energy PWA of Matsinos’ group (EM06)
[Matsinos, Woolcock, Oades, Rasche, Gashi. NPA 778 (2006) 95-123].
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LECs

LEC KA85 Wi08 EMO06 KA85 Wwi08 EMO6
A-ChPT A-ChPT A-ChPT A-ChPT A-ChPT A-ChPT

o 0.80(6) | -1.004(30) 1.000(8) | —1.26(14) —1.50(7) —1.4702)

& | 112(13) | 1.010(40) | 0.575(25) 4.08(19) 3.74(26) 3.63(2)

c; | -2.96(15) | -3.040(20) | -2.515(35) | —6.74(38) | —6.63(31) —6.42(1)

& 2.00(7) | 2.029(10) 1.776(20) 3.74(16) 3.68(14) 3.56(1)
di+do | -0.15(21) 0.15(20) 0.34(5) 3.3(7) 3.7(6) 3.64(8)
ds | 021(26) | -023(27) | 0.276(43) —2.7(6) —2.6(6) —2.21(8)

ds | 0.82(14) 0. 47(7) 0.2028(33) 0.50(35) | —0.07(16) —0.56(4)

tha — dys | -0.11(44) 0.5(5) 035(9) | —6.1(1.2) —6.8(1.1) —6.49(2)
dig | -1.53(27) 0.2(8) 053(12) | —3.0(1.6) | —0.50(1.8) | —1.07(22)

ha 3.02(4) 2 87(4) 2.99(2) = = =
ot 0.77 0.24 0.11 0.38 0.23 25.08

e A(1232) Breit-Wigner width A = 118(2) MeV (PDG) =

ha = 2.90(2)

J. M. Alarcon (JGU, Mainz)

Ruhr Universitat Bochum
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The Goldberger-Treiman Relation

@ The Goldberger-Treiman relation is a pre-PCAC relation that relies on
the conservation of the spontaneously broken chiral symmetry.
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The Goldberger-Treiman Relation

@ The Goldberger-Treiman relation is a pre-PCAC relation that relies on
the conservation of the spontaneously broken chiral symmetry.

@ The non-exact conservation of this symmetry due to the quark masses
leads to a deviation from this relation (A7) that can be extracted
from experimental information.
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The Goldberger-Treiman Relation

@ The Goldberger-Treiman relation is a pre-PCAC relation that relies on
the conservation of the spontaneously broken chiral symmetry.

@ The non-exact conservation of this symmetry due to the quark masses
leads to a deviation from this relation (A7) that can be extracted
from experimental information.

This deviation is usually defined as:

gAMmp
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8N = (1 +AGT)
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The Goldberger-Treiman Relation

@ The Goldberger-Treiman relation is a pre-PCAC relation that relies on
the conservation of the spontaneously broken chiral symmetry.

@ The non-exact conservation of this symmetry due to the quark masses
leads to a deviation from this relation (A7) that can be extracted
from experimental information.

This deviation is usually defined as:

gAMmp
fr

8N = (1 +AGT)

Studies based on 7N and NN PWA lead to Agr =1 — 3%

[Arndt, Workman and Pavan, PRC 49 (1994)], [Schroder et al., EPJ C 21 (2001)],
[de Swart, Rentmeester and Timmermans, 7N Newsletter 13 (1997)].
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The Goldberger-Treiman Relation

@ The Goldberger-Treiman relation is a pre-PCAC relation that relies on
the conservation of the spontaneously broken chiral symmetry.

@ The non-exact conservation of this symmetry due to the quark masses
leads to a deviation from this relation (A7) that can be extracted
from experimental information.

This deviation is usually defined as:

gAMmp
fr

8N = (1 +AGT)

Studies based on wN and NN PWA lead to Agr =1—3%
[Arndt, Workman and Pavan, PRC 49 (1994)], [Schroder et al., EPJ C 21 (2001)],
[de Swart, Rentmeester and Timmermans, 7N Newsletter 13 (1997)].

o In ChPT = Agr = —2Mad 4 A,

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 17 / 39



The Goldberger-Treiman Relation

® Ajoops Was calculated by Gasser et. al.
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The Goldberger-Treiman Relation

® Ajoops Was calculated by Gasser et. al. = AGSS . 0.4%

loops

[Gasser, Sainio and Svarc, NPB 307:779 (1988)].
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The Goldberger-Treiman Relation

® Ajoops Was calculated by Gasser et. al. = AGSS . 0.4%

loops

[Gasser, Sainio and Svarc, NPB 307:779 (1988)].

@ We calculate explicitly the contribution of the EOMS renormalized
loops by comparing directly gy and ga — AEOMS ~ 0.4%.

loops
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The Goldberger-Treiman Relation

® Ajoops Was calculated by Gasser et. al. = A

[Gasser, Sainio and Svarc, NPB 307:779 (1988)].
@ We calculate explicitly the contribution of the EOMS renormalized

GSS

loops

~ 0.4%

loops by comparing directly g,y and ga — Aiggg’s ~ 0.4%.
KAS5 [1] | WIO08 [1] | EMO6 [1] || KA85 [1] | WI08 [1] | EMO06 [1]
A-ChPT A-ChPT A-ChPT A-ChPT A-ChPT A-ChPT
Aer | 9(4)% 20)% | 3.6(1% || 51(8)% | 1.0(2.4)% | 2.00(36)%
g-n | 14.03(52) | 13.13(52) | 13.34(10) || 13.53(10) | 13.00(31) | 13.13(5)
KA85 [2] | WIO08 [3] | EMO6 [4] || NN scattering [5] | Pionic atoms [6]
Acr | 45(N% | 21(1)% | 0.2(1.0)% 1.9(6)% 1.9(71)%
g-n | 13.46(9) | 13.15(1) | 12.90(12) 13.12(3) 13.12(9)
[1 ]J. M. Alarcén, J. Martin Camalich and J. A. Oller, arXiv: 1210.4450.

] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.
] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.
] E. Matsinos, W. S. Woolcock, G. C. Oades, G. Rasche, A. Gashi, Nucl. Phys. A 778 (2006) 95.
] J. J. de Swart, M. C. M. Rentmeester and R. G. E. Timmermans, =N Newsletter 13 (1997) 96.
] Baru, Hanhart, Hoefrichter, Kubis, Nogga, Phillips, Phys. Lett. B 694, 437-477 (2011).

J. M. Alarcon (JGU, Mainz)

Ruhr Universitat Bochum
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Subthreshold Region

@ The subthreshold contains points that are connected to important low
energies theorems.
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Subthreshold Region

@ The subthreshold contains points that are connected to important low
energies theorems.

@ For example, the value of DT at the Cheng-Dashen point
(s = m3,t = 2M2) is directly related to the pion-nucleon sigma term.
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Subthreshold Region

@ The subthreshold contains points that are connected to important low
energies theorems.

@ For example, the value of DT at the Cheng-Dashen point
(s = m3,t = 2M2) is directly related to the pion-nucleon sigma term.

@ Up to now, ChPT analyses could not reproduce, from physical data,
the subthreshold quantities extracted by the PWAs.
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Subthreshold Region

@ The subthreshold contains points that are connected to important low
energies theorems.

@ For example, the value of DT at the Cheng-Dashen point
(s = m3,t = 2M2) is directly related to the pion-nucleon sigma term.
@ Up to now, ChPT analyses could not reproduce, from physical data,
the subthreshold quantities extracted by the PWAs. = This
questioned the applicability of BChPT.
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Subthreshold Region

@ The subthreshold contains points that are connected to important low
energies theorems.

@ For example, the value of DT at the Cheng-Dashen point
(s = m3,t = 2M2) is directly related to the pion-nucleon sigma term.

@ Up to now, ChPT analyses could not reproduce, from physical data,
the subthreshold quantities extracted by the PWAs. = This
questioned the applicability of BChPT.

@ To study the EOMS convergence, we calculate several subthreshold
coefficients and ¥, which are defined by:

XE(w, t) = x5 + xgi t + x5 + x5t + ot
Y = 2DV (s = m3, t = 2M?)

With v = 3, X* =D+ D~ /v,B* v, B.

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 20 / 39



Subthreshold Region

v[M;]

[T. Becher and H. Leutwyler, JHEP (2001)]

@ The amplitude fitted in the physical region can be extrapolated into
the subthreshold one and compare with PWAs.
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Subthreshold Region

KAS85 [1] WI08 [1] EMO06 [1] KAS85 [1] WI08 [1] EMO6 [1] KA85 WI08

A-ChPT A-ChPT A-ChPT A-ChPT A-ChPT A-ChPT 2] [3]
dgo —2.02(41) —1.65(28) —1.56(5) —1.48(15) —1.20(13) —0.98(4) —1.46 —1.30
do; 1.73(19) 1.70(18) 1.64(4) 1.21(10) 1.20(9) 1.09(4) 1.14 1.19
djh 1.81(16) 1.60(18) 1.532(45) 0.99(14) 0.82(9) 0.631(42) 1.14(2) -
dg 0.021(6) 0.021(6) 0.021(6) 0.004(6) 0.005(6) 0.004(6) 0.036 0.037
bgo -6.5(2.4) -7.4(2.3) -7.01(1.1) -5.1(1.7) -5.1(1.7) -4.5(9) -3.54(6) -
dog 1.81(24) 1.68(16) 1.495(28) 1.63(9) 1.53(8) 1.379(8) 1.53(2) -
dop -0.17(6) -0.20(5) -0.199(7) -0.112(25) -0.115(24) -0.0923(11) -0.134(5) -
dig -0.35(10) -0.33(10) -0.267(14) -0.18(5) -0.16(5) -0.0892(41) -0.167(5) -
bg 17(7) 17(7) 16.8(7) 9.63(30) 9.755(42) 8.67(8) 10.36(10) -
b 84(10) 103(5)™ 103(2)* 45(7)% 64(6)™ 64(1)* 64(8) 79(7)

[doh in units of M1, dgy, by, in units of M2, dgf, dif, bgy in units of M3, dy;, di; in
units of Mz *. dg in units of M;>. ¥ in MeV.]

[1] J. M. Alarcén, J. Martin Camalich and J. A. Oller, arXiv: 1210.4450.

[2] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.

[3] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.

J. M. Alarcon (JGU, Mainz)

Ruhr Universitat Bochum
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Subthreshold Region

@ The CD theorem states ¥ = 0(2M2) + Ag = oy + Dy + Ar.

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 23 /39



Subthreshold Region

@ The CD theorem states ¥ = 0(2M2) + Ag = oy + Dy + Ar.

o If one writes ¥ as ¥ = ¥4 + Ap, with £y = £2(dgy + 2M2dy;) and
Ap the reminder, the latter can be well approximated by
Ap =~ 4£2M2d3,.
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@ The CD theorem states ¥ = 0(2M2) + Ag = oy + Dy + Ar.

o If one writes ¥ as ¥ = ¥4 + Ap, with £y = £2(dgy + 2M2dy;) and
Ap the reminder, the latter can be well approximated by
Ap =~ 4£2M2d3,.

@ Neglecting Ag, the CD theorem takes the form

OxN = 2dq +Ap — Ay
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Ap the reminder, the latter can be well approximated by
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@ Neglecting Ag, the CD theorem takes the form
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Subthreshold Region

@ The CD theorem states ¥ = 0(2M2) + Ag = oy + Dy + Ar.

o If one writes ¥ as ¥ = ¥4 + Ap, with £y = £2(dgy + 2M2dy;) and
Ap the reminder, the latter can be well approximated by
Ap =~ 4£2M2d3,.

@ Neglecting Ag, the CD theorem takes the form

OxN = 2dq +Ap — Ay

o A, — AD) ~ 10 MeV
o Ap—AY) ~amte2(ds; — dh®)) ~10 Mev
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Subthreshold Region

@ The CD theorem states ¥ = 0(2M2) + Ag = oy + Dy + Ar.

o If one writes ¥ as ¥ = ¥4 + Ap, with £y = £2(dgy + 2M2dy;) and
Ap the reminder, the latter can be well approximated by
Ap =~ 4£2M2d3,.

@ Neglecting Ag, the CD theorem takes the form

OxN = 2dq +Ap — Ay

o A, — AD) ~ 10 MeV

o Ap—AY) ~amte2(ds; — dh®)) ~10 Mev

° Ag’) — AP = —3.5(2.0) MeV = We recover the result of the
dispersive calculation! Ap — A, = —3(1) MeV.
[Gasser, Leutwyler and Sainio, PLB 253, 260 (1991)]
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Subthreshold Region

@ The CD theorem states ¥ = 0(2M2) + Ag = oy + Dy + Ar.

o If one writes ¥ as ¥ = ¥4 + Ap, with £y = £2(dgy + 2M2dy;) and
Ap the reminder, the latter can be well approximated by
Ap =~ 4£2M2d3,.

@ Neglecting Ag, the CD theorem takes the form

OxN = 2dq +Ap — Ay

o A, — AD) ~ 10 MeV

o Ap—AY) ~amte2(ds; — dh®)) ~10 Mev

° Ag’) — AP = —3.5(2.0) MeV = We recover the result of the
dispersive calculation! Ap — A, = —3(1) MeV.
[Gasser, Leutwyler and Sainio, PLB 253, 260 (1991)]

@ What is important is to extract o,y is to determine correctly d&r) and
d(ji [Gasser, Leutwyler and Sainio, PLB 253, 252 (1991)] = The same
happens for the perturbative calculation.
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Subthreshold Region

Our conclusions:

@ Good agreement between EOMS-BChPT+A(1232) and PWAs!.
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Our conclusions:

@ Good agreement between EOMS-BChPT+A(1232) and PWAs!.

@ A(1232) is a key ingredient for the convergence in both, the physical
as well as the subthreshold region.
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Subthreshold Region

Our conclusions:

@ Good agreement between EOMS-BChPT+A(1232) and PWAs!.

@ A(1232) is a key ingredient for the convergence in both, the physical
as well as the subthreshold region.

@ EOMS-BChPT+A(1232) can connect both physical and the
subthreshold regions.
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The pion-nucleon o-term

@ o,y is an observable of fundamental importance that embodies the
internal scalar structure of the nucleon, related to:
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internal scalar structure of the nucleon, related to:
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@ Used in estimations of DM-nucleon Sl elastic scattering cross section.

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 26 / 39



The pion-nucleon o-term

@ o,y is an observable of fundamental importance that embodies the
internal scalar structure of the nucleon, related to:
o Origin of the mass of ordinary matter.
@ Used in estimations of DM-nucleon Sl elastic scattering cross section.
@ Dependence of the abundance of fundamental elements on the quark
masses. [Berengut, et. al., PRD 87, (2013)],
[Epelbaum, et. al., arXiv:1303.4856]
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The pion-nucleon o-term

@ o,y is an observable of fundamental importance that embodies the
internal scalar structure of the nucleon, related to:
o Origin of the mass of ordinary matter.
@ Used in estimations of DM-nucleon Sl elastic scattering cross section.
@ Dependence of the abundance of fundamental elements on the quark
masses. [Berengut, et. al., PRD 87, (2013)],
[Epelbaum, et. al., arXiv:1303.4856]

® PWAs extrapolate D+(1/, t) to the Cheng-Dashen point and relate
Y = £2D7(0,2M3) to o.p.
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The pion-nucleon o-term

@ o,y is an observable of fundamental importance that embodies the
internal scalar structure of the nucleon, related to:
o Origin of the mass of ordinary matter.
@ Used in estimations of DM-nucleon Sl elastic scattering cross section.
@ Dependence of the abundance of fundamental elements on the quark
masses. [Berengut, et. al., PRD 87, (2013)],
[Epelbaum, et. al., arXiv:1303.4856]

® PWAs extrapolate D+(1/, t) to the Cheng-Dashen point and relate
Y = £2D7(0,2M3) to o.p.

@ Chiral symmetry allows to relate the o,y to the LEC ¢.
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The pion-nucleon o-term

@ o,y is an observable of fundamental importance that embodies the
internal scalar structure of the nucleon, related to:
o Origin of the mass of ordinary matter.
@ Used in estimations of DM-nucleon Sl elastic scattering cross section.
@ Dependence of the abundance of fundamental elements on the quark
masses. [Berengut, et. al., PRD 87, (2013)],
[Epelbaum, et. al., arXiv:1303.4856]

® PWAs extrapolate D+(1/, t) to the Cheng-Dashen point and relate
Y = £2D7(0,2M3) to o.p.
@ Chiral symmetry allows to relate the o,y to the LEC ¢.

@ One can obtain this relation calculating o(t = 0) or by means of the
Hellmann-Feynman Theorem:

3giM3 3m3 — M2 M M
N = —da M2 — = us ~—— + M log —
OxN a Mz 16m2F2mny 7 %V Y arccos 2 < og "

[Alarcon, Martin Camalich and Oller, PRD(R) 85 (2012)]
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The pion-nucleon o-term

@ Good convergence of EOMS-BChPT+A(1232) = Reliable LECs =
Reliable o, p.
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The pion-nucleon o-term

@ Good convergence of EOMS-BChPT+A(1232) = Reliable LECs =
Reliable o, p.

KA85 [1] | WIO08 [1] | EMO6 [1] || KA85 | WI08 | EMO06
A-ChPT | A-ChPT | A-ChPT || [2] (3] [4]
a (GeV 1) | —0.80(6) | —1.00(4) | —1.00(1) = = -
o.n (MeV) | 43(5) 59(4) 59(2) 45(8) | 64(7) | 56(9)

[1] J. M. Alarcén, J. Martin Camalich, J. A. Oller, PRD(R) 85, (2012) and . arXiv: 1210.4450
[2] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.
[3] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.

[4] M. G. Olsson, Phys. Lett. B 482 (2000) 50.
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The pion-nucleon o-term

@ Good convergence of EOMS-BChPT+A(1232) = Reliable LECs =
Reliable o, p.

KA85 [1] | WIO08 [1] | EMO6 [1] || KA85 | WI08 | EMO06
A-ChPT | A-ChPT | A-ChPT || [2] (3] [4]
a (GeV 1) | —0.80(6) | —1.00(4) | —1.00(1) = = -
o.n (MeV) | 43(5) 59(4) 59(2) 45(8) | 64(7) | 56(9)

[1] J. M. Alarcén, J. Martin Camalich, J. A. Oller, PRD(R) 85, (2012) and . arXiv: 1210.4450

[2] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.

[3] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.

[4] M. G. Olsson, Phys. Lett. B 482 (2000) 50.

@ We confirm from ChPT the discrepancy between KA85 and WI08.
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The pion-nucleon o-term

@ Good convergence of EOMS-BChPT+A(1232) = Reliable LECs =

Reliable o, p.

KA85 [1] | WIO08 [1] | EMO6 [1] || KA85 | WI08 | EMO06
A-ChPT | A-ChPT | A-ChPT || [2] (3] [4]
a (GeV 1) | —0.80(6) | —1.00(4) | —1.00(1) = = -
o.n (MeV) | 43(5) 59(4) 59(2) 45(8) | 64(7) | 56(9)

[1] J. M. Alarcén, J. Martin Camalich, J. A. Oller, PRD(R) 85, (2012) and . arXiv: 1210.4450

[2] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.

[3] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.

[4] M. G. Olsson, Phys. Lett. B 482 (2000) 50.

@ We confirm from ChPT the discrepancy between KA85 and WI08.
@ Our extractions from WI08 and EMO06 agree remarkably well!

J. M. Alarcon (JGU, Mainz)
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The pion-nucleon o-term

@ Good convergence of EOMS-BChPT+A(1232) = Reliable LECs =
Reliable o, p.

KA85 [1] | WIO08 [1] | EMO6 [1] || KA85 | WI08 | EMO06
A-ChPT | A-ChPT | A-ChPT || [2] (3] [4]
a (GeV 1) | —0.80(6) | —1.00(4) | —1.00(1) = = -
o.n (MeV) | 43(5) 59(4) 59(2) 45(8) | 64(7) | 56(9)

[1] J. M. Alarcén, J. Martin Camalich, J. A. Oller, PRD(R) 85, (2012) and . arXiv: 1210.4450
[2] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.
[3] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.

[4] M. G. Olsson, Phys. Lett. B 482 (2000) 50.

@ We confirm from ChPT the discrepancy between KA85 and WI08.

@ Our extractions from WI08 and EMO06 agree remarkably well! —
Different systematics but both include new and high quality data.
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@ Good convergence of EOMS-BChPT+A(1232) = Reliable LECs =
Reliable o, p.

KA85 [1] | WIO08 [1] | EMO6 [1] || KA85 | WI08 | EMO06
A-ChPT | A-ChPT | A-ChPT || [2] (3] [4]
a (GeV 1) | —0.80(6) | —1.00(4) | —1.00(1) = = -
o.n (MeV) | 43(5) 59(4) 59(2) 45(8) | 64(7) | 56(9)

[1] J. M. Alarcén, J. Martin Camalich, J. A. Oller, PRD(R) 85, (2012) and . arXiv: 1210.4450
[2] R. Koch, Nucl. Phys. A 448 (1986) 707; R. Koch and E. Pietarinen, Nucl. Phys. A 336 (1980) 331.
[3] Computer code SAID, online program at http://gwdac.phys.gwu.edu/ , solution WI08.

[4] M. G. Olsson, Phys. Lett. B 482 (2000) 50.

@ We confirm from ChPT the discrepancy between KA85 and WI08.

@ Our extractions from WI08 and EMO06 agree remarkably well! —
Different systematics but both include new and high quality data.

@ = Modern data points to a relatively high o py.
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The pion-nucleon o-term

Higher order corrections:
e O(p"/?) (N2LO):

= —6 MeV (to be compared with —19 MeV at O(p%))
o O(p*) (N3LO):

~ 2.4 MeV
(Extra contributions from O(p*) LECs is estimated to be ~ 1 MeV)

J. M. Alarcon (JGU, Mainz) Ruhr Universitat Bochum Thu 25 April 28 / 39



The pion-nucleon o-term

LO

NLO [[ N°LO

N°*LO

oxn (MeV) | 78-62

—19 —6

—3(2)

= Chiral expansion shows a clear convergent pattern!
Comparison with independent phenomenology:

@ ha: Only WI08 A-ChPT is compatible with the A(1232) BW width.

KA85 A-ChPT | WI08 A-ChPT

EMO06 A-ChPT

PDG

T2 (MeV) 128(3)

115(3)

125(2)

118(2)

o Agt : WIOB A-ChPT and EM06 A-ChPT give a Agr compatible
with independent determinations (NN scattering and 7-atoms).

KA85 WI08 EMO06 NN scattering m-atoms
A-ChPT A-ChPT A-ChPT [1] 2]
Agr | 5.1(8)% 1.0(2.4)% 2.00(36)% 1.9(7)% 1.9(7)%
g-n | 13.53(10) | 13.00(31)% | 13.13(5)% 13.12(8)% 13.12(9)%

[1 ]J.J. de Swart, M. C. M. Rentmeester and R. G. E. Timmermans, wN Newsletter 13 (1997) 96.

[2 ] Baru, Hanhart, Hoefrichter, Kubis, Nogga, Phillips, Phys. Lett. B 694, 437-477 (2011).
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The pion-nucleon o-term

@ aj,: Strongly constrains the value of oy

0137
e
0,135 I
0136 -
0133 /]

0132 |5 /
013t :9
0130 -

Q128 -

ap’

0123_;[. I I

Gasser, et. al., PLB 253 (1991)

J. M. Alarcon (JGU, Mainz)

Ruhr Universitat Bochum

ao4
(10-3Mm7 1)
KA85 A-ChPT | —11(10)
WI08 A-ChPT | —1.2(3.3)
EMO06 A-ChPT | 2.3(2.0)
m-atoms —1.0(9)
(m*p. 7 p) [1]
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The pion-nucleon o-term

@ aj,: Strongly constrains the value of oy

0.137 T BT 074 —

st/ : /-/ . ! Ii zﬂ/@n

015 | 5 .A’ 4 ] _

03 - V ar io+ .
=~ omf /] & 1k (10" Mz ")
2 amlad | /_" ; KA85 A-ChPT | —11(10)

ol | P WI08 A-ChPT | —1.2(3.3)

O pd EMO06 A-ChPT |  2.3(2.0)

{ /]
otz - //i 7 _ m-atoms —1.0(9)
tas Ll o g gl (e o) [
EMTRY

Gasser, et. al., PLB 253 (1991) orn = 59(7) MeV [2] ]

[1 | Baru, et. al., PLB 694 (2011).

[2 ] Alarcén, Martin Camalich and Oller, PRD(R) 85 (2012) &
arXiv:1210.4450.
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Part VI

«O>» <> «E>» «E)>» DA



The strangeness puzzle

@ Given a value of oy, one can determine o5 through oy.

N1y T
m _ - m _
O = gy (N|du -+ ddl| ) 0s = o (N[Ss|N)
meo 2(N|5s|N)
= " (N|gu+dd — 25s|N)  y = 120
%= Sy 1Y SIN) Y = TWiau+ da vy
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@ Given a value of oy, one can determine o5 through oy.

N1y T
m _ = m _
Ox = 5= (N[ + G| V) 03 = 5 (NISSIN)
Moo 2(N|5s|N)
= " (Njgu+ dd — 23s|N) y= 1
70 = 5y N SIN) Y = Nigu+ dd|Ny

@ 0p can be considered as the pion-nucleon sigma term with no s-quark
contribution.
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@ 0p can be considered as the pion-nucleon sigma term with no s-quark
contribution.

@ Gasser calculated gp from the hadron spectrum using a chiral model
for hadronic interactions [Gasser, Annals of Physics 136, (1981)].
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= " (Njgu+ dd — 23s|N) y= 1
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@ 0p can be considered as the pion-nucleon sigma term with no s-quark
contribution.
@ Gasser calculated gp from the hadron spectrum using a chiral model
for hadronic interactions [Gasser, Annals of Physics 136, (1981)].
@ The model is very close to covariant BChPT but with a cut-off (A).
o 0o = 35(5) MeV with A = 700 MeV.
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The strangeness puzzle

@ Given a value of oy, one can determine o5 through oy.

N1y T
m _ - m _
O = gy (N|du -+ ddl| ) 0s = o (N[Ss|N)
meo 2(N|5s|N)
= " (N|gu+dd — 25s|N)  y = 120
%= Sy 1Y SIN) Y = TWiau+ da vy

@ 0p can be considered as the pion-nucleon sigma term with no s-quark
contribution.
@ Gasser calculated gp from the hadron spectrum using a chiral model
for hadronic interactions [Gasser, Annals of Physics 136, (1981)].
@ The model is very close to covariant BChPT but with a cut-off (A).
o 09 = 35(5) MeV with A = 700 MeV.
@ [Borasoy and MeiBner, Ann. of Phys. 254 (1997)] obtained in SU(3)
HBChPT o¢ = 36(7) MeV.
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The strangeness puzzle

o PWAs extract o,y from:

Y = £2D7(0,2M2) = 6(2M2) + Ag = o,y + Ay + AR

where Ar < 2 MeV and it was believed that A, =~ 5 MeV
[Gasser, Sainio and Svarc, NPB 307:779 (1988)].
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Y = £2D7(0,2M2) = 6(2M2) + Ag = o,y + Ay + AR

where Ar < 2 MeV and it was believed that A, =~ 5 MeV
[Gasser, Sainio and Svarc, NPB 307:779 (1988)].

@ Using ~ = 64 MeV [Koch, NPA 448 (1986) 707], o,y ~ 60 MeV =
y ~ 0.40 = o5 ~ 300 MeV.
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© Huge OZI rule violation.
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where Ar < 2 MeV and it was believed that A, =~ 5 MeV
[Gasser, Sainio and Svarc, NPB 307:779 (1988)].

@ Using ~ = 64 MeV [Koch, NPA 448 (1986) 707], o,y ~ 60 MeV =
y ~ 0.40 = o5 ~ 300 MeV.

Strangeness puzzle

Possible solutions:

© Huge OZI rule violation.

© The extrapolation onto the Cheng-Dashen point is not under control.
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The strangeness puzzle

o PWAs extract o,y from:

Y = £2D7(0,2M2) = 6(2M2) + Ag = o,y + Ay + AR

where Ar < 2 MeV and it was believed that A, =~ 5 MeV
[Gasser, Sainio and Svarc, NPB 307:779 (1988)].

@ Using ~ = 64 MeV [Koch, NPA 448 (1986) 707], o,y ~ 60 MeV =
y ~ 0.40 = o5 ~ 300 MeV.

Strangeness puzzle

Possible solutions:

© Huge OZI rule violation.
© The extrapolation onto the Cheng-Dashen point is not under control.

© Experimental errors underestimated.
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The strangeness puzzle

@ [Gasser, Leutwyler and Sainio, PLB 253 (1991)] calculated A, using
dispersive methods and obtained A, ~ 15 MeV.
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The strangeness puzzle

@ [Gasser, Leutwyler and Sainio, PLB 253 (1991)] calculated A, using
dispersive methods and obtained A, ~ 15 MeV.

@ This shifts the value of o,y to o,y ~ 45 MeV = y = 0.23 =
0s = 130 MeV.
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dispersive methods and obtained A, ~ 15 MeV.
@ This shifts the value of o,y to o,y ~ 45 MeV = y = 0.23 =
0s ~ 130 MeV.
This seems to solve the strangeness puzzle, although

@ Is odds with recent experimental determinations related to
electromagnetic structure [Ahmed et al., PRL 108 (2012)] and spin
content [Alekseev et al. PLB 693 (2010)] of the nucleon.
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This seems to solve the strangeness puzzle, although
@ Is odds with recent experimental determinations related to
electromagnetic structure [Ahmed et al., PRL 108 (2012)] and spin
content [Alekseev et al. PLB 693 (2010)] of the nucleon.
@ y = 0.23 is far from lattice results y = 0.030(16)
[Ohki et al., PRD 78 (2008)].
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0s ~ 130 MeV.

This seems to solve the strangeness puzzle, although

@ Is odds with recent experimental determinations related to
electromagnetic structure [Ahmed et al., PRL 108 (2012)] and spin
content [Alekseev et al. PLB 693 (2010)] of the nucleon.

@ y = 0.23 is far from lattice results y = 0.030(16)
[Ohki et al., PRD 78 (2008)].

@ Our result, o,y = 59(7) MeV, seems to resurrect the strangeness
puzzle.
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The strangeness puzzle

@ [Gasser, Leutwyler and Sainio, PLB 253 (1991)] calculated A, using
dispersive methods and obtained A, ~ 15 MeV.

@ This shifts the value of o,y to o,y ~ 45 MeV = y = 0.23 =
0s = 130 MeV.

This seems to solve the strangeness puzzle, although
@ Is odds with recent experimental determinations related to
electromagnetic structure [Ahmed et al., PRL 108 (2012)] and spin
content [Alekseev et al. PLB 693 (2010)] of the nucleon.
@ y = 0.23 is far from lattice results y = 0.030(16)
[Ohki et al., PRD 78 (2008)].

@ Our result, o,y = 59(7) MeV, seems to resurrect the strangeness
puzzle.

@ However, the value of oy needs to be reexamined with the modern
formalism of covariant BChPT, which eliminates A dependence and
allow to calculate the uncertainties systematically.
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The strangeness puzzle

o In ChPT:

M2
oxn = —4(2by + bp + b,:)— + alooPs(octet) I @ °°p5(decup/et)

M2
os = —4(2by + bp — bf) <I\/IK = 7) 4k JIOOPS(OCtet) 4k J’°°ps(decup/et)
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The strangeness puzzle

o In ChPT:

—4(2by + bp + bF)— == alooPs(octet) I @ OOPS(decup/et)

OnxN

M2
os = —4(2by + bp — bf) <I\/IK = 7) 4k J’°°ps(octet) 4k J’°°ps(decup/et)

@ bp and bg can be determined from the octet mass splitting.
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@ bp and bg can be determined from the octet mass splitting.
@ by can be determined from o,y or os.

We impose y = 0 to calculate o9 = on(y = 0).
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The strangeness puzzle

o In ChPT:

oxn = —4(2by + bp + b,:)— + aloo”s(octet) I @ OOPS(decuplet)

M2
os = —4(2by + bp — bf) <I\/IK = 7) 4k J’°°ps(octet) 4k J’°°ps(decup/et)

@ bp and bg can be determined from the octet mass splitting.
@ by can be determined from o,y or os.

We impose y = 0 to calculate o9 = on(y = 0).

Octet (O(p?)) | Octet+Decuplet (O(p?))
oo (MeV) 46(8) 58(8)
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The strangeness puzzle

o In ChPT:

M2
oxn = —4(2by + bp + b,:)— + aloo”s(octet) I @ OOPS(decuplet)

M2
os = —4(2by + bp — bf) <I\/IK = 7) 4k J’°°ps(octet) 4k J’°°ps(decup/et)

@ bp and bg can be determined from the octet mass splitting.
@ by can be determined from o,y or os.

We impose y = 0 to calculate o9 = on(y = 0).

Octet (O(p?)) | Octet+Decuplet (O(p?))
oo (MeV) 46(8) 58(8)

@ A-dependence lowered g in ~ 10 MeV.
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The strangeness puzzle

o In ChPT:

M2
oxn = —4(2by + bp + b,:)— + aloo”s(octet) I @ OOPS(decuplet)

M2
os = —4(2by + bp — bf) <I\/IK = 7) 4k J’°°ps(octet) 4k J’°°ps(decup/et)

@ bp and bg can be determined from the octet mass splitting.
@ by can be determined from o,y or os.

We impose y = 0 to calculate o9 = on(y = 0).

Octet (O(p?)) | Octet+Decuplet (O(p?))
oo (MeV) 46(8) 58(8)

@ A-dependence lowered g in ~ 10 MeV.
@ The inclusion of the decuplet rises the value of gg in ~ 10 MeV.
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The strangeness puzzle

With the updated value of oy we can determine o5 from o p:
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The strangeness puzzle

With the updated value of oy we can determine o5 from o p:

os (MeV) y
o-n = 45(8) MeV [1] | -150(91) | -0.28(15)
o-n =59(7) MeV [2] | 16(80) | 0.02(13)

[1] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253, 252 (1991).

[2] J. M. Alarcén, J. Martin Camalich, J. A. Oller, arXiv:1209.2870.
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The strangeness puzzle

With the updated value of oy we can determine o5 from o p:

os (MeV) y
onn = 45(8) MeV “150(91) | -0.28(15)
o-n =59(7) MeV [2] | 16(80) | 0.02(13)

[y

[1] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253, 252 (1991).

[2] J. M. Alarcén, J. Martin Camalich, J. A. Oller, arXiv:1209.2870.

@ The old value o,y = 45 MeV gives a large strangeness content =
The problem of a too large strangeness content still remains.
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[2] J. M. Alarcén, J. Martin Camalich, J. A. Oller, arXiv:1209.2870.

@ The old value o,y = 45 MeV gives a large strangeness content =
The problem of a too large strangeness content still remains.
@ The updated determination o,y = 59 MeV gives a small strangeness

content, which is compatible with phenomenology and LQCD
determinations.
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The strangeness puzzle

With the updated value of oy we can determine o5 from o p:

os (MeV) y
onn = 45(8) MeV “150(91) | -0.28(15)
o-n =59(7) MeV [2] | 16(80) | 0.02(13)

[y

[1] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253, 252 (1991).

[2] J. M. Alarcén, J. Martin Camalich, J. A. Oller, arXiv:1209.2870.

@ The old value o,y = 45 MeV gives a large strangeness content =
The problem of a too large strangeness content still remains.

@ The updated determination o,y = 59 MeV gives a small strangeness
content, which is compatible with phenomenology and LQCD
determinations.

@ These updated determinations rise to a new scenario where oy and
os are compatible with recent experimental determinations and
LQCD.
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Summary and Conclusions

@ We performed a novel analysis of w/N scattering in covariant BChPT
within the EOMS scheme up to O(p3) including the A(1232).
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Summary and Conclusions

@ We performed a novel analysis of w/N scattering in covariant BChPT
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