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* Our knowledge of nuclear interactions Is involved in many

experimental programs.

Neutron polarizabilities
Nleutrino detection

Dark Matter detection

*|n the era of precision It Is iImportant to have a good control over

nuclear corrections (uncertainties).

e Chiral EFT with nucleons provides a theoretical tool to attack this

problem in a model-independent way.

* Based on the fundamental symmetries of the strong interactions at low

energies — Chiral Symmetry

* Systematically improbable

* Provides a way to asses systematically the uncertainties of the calculation
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* Analiticity problems in the subthreshold jBemard Kaiser & MeiBner, jmMP E 255 (1991)].

® [R [Becher and Leutwyler EP) € 9 (1999)5: MoOdITies nucleon propagator to recover

the counting:
* Subthreshold OK, but introduces unphysical cuts in the physical region.
* Falls In connecting the physical and subthreshold region.

"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 TIN scattering [...].”
Becher and Leutwyler, [HEP (2001)

. EO MS [Gegelia and Japaridze, PRD 60 (1999)] [Fuchs, Gegelia, Japaridze and Scherer, PRD 68 (2003)].

* The counting can be recovered via LECs redefinition.
* Advantage— Keeps the good analytical behavior of the GSS formulation.
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* ZUrich group (EMO6) Matsinos, Woolcock, Oades, Rasche and Gashi, NPA 95 (2006)]
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A-less ChPT == A-ChPT

[Alarcon, Martin Camalich and Oller, Ann. of Phys. 336 (2013)]
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* [hreshold parameters:

Partial KAS85 WI08 EMO06 KAS85 WI0S8 EMO06
Wave A-ChPT A-ChPT A-ChPT
IR 1(1 0) -0.12(33)  0.23(20) —0.8 —0.10(12)  0.22(12)
gt e s 33(44) 7.70(8) 9.2 8.83(5) 7.742(61)
L 6 ) Sl “BEG)
ag,, 16.6(1.5) 16. 6( ) 15.63(26) 17.5(3) 17.1 15.71(13)
ap, -4 15(35) -3.89(35)  -4.10(9) —4.4(2) —3.8 —4.176(80)
ap,, 8.4(5) -7.5(1.0) -8.43(18) —7.8(2) —5.8  —=7.99(16)
CaEe)); 69(30) 21.4(5) 20.89(9)  21.4(2) 19.4  21.00(20)
ap, -3.00(32) -2.84(31) -3.09(8)  —3.0(2) —2.3 —3.159(67)
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GRS S (5) s s ([0
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17.1

—5.8
19.4

(12)
(61)
(16)
(13)
—3.8  —4.176(80)
(16)
(20)
(67)

— 2388 9501.99

* Plon-nucleon coupling (dqg):
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* Recover dispersive results in the subthreshold region
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* [he sigma-term Is

a crucial quantity in hadron and nuclear physics.

A

m

OrN = — (N|(Tu + dd)|N)

2mN

* [t has an special interest for studies of direct detection of DM (gotino,
Donato, Fornengo and Scopel, Astropart. Phys. | 3, (2000); Astropart. Phys. |8, (2002)] []. R. Ellis, K A. Olive and C. Savage, Phys. Rev.

D 77,(2008)]

Hadronic Uncertainties in the Elastic Scattering of
Supersymmetric Dark Matter

John Ellis,®>* Keith A. Olive,? ! and Christopher Savage?:?

lute values. This uncertainty is already impacting the interpretations of experimental

searches for cold dark matter. We plead for an experimental campaign to determs

better the m-nucleon o term. Uncertainties in the spin content of the proton affect

significantly, but less strongly, the calculation of rates used in indirect searches.

® [ension between -

the “canonical’” value and the updated evaluation:

Gasser; Leutwyler & Sainio GWU

[ v (Mev)

45ilie) 64(7/)
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* [raditionally, has been extracted using the Cheng-Dashen Theorem:
V= D = (0 = N == R AN = 6 A o A
*|n Chiral EFT we have more possibilities:
* Scalar form factor of the nucleon.

| = 0
* Using the Hellmann-Feynman Theorem: o,y =m g?nN

*Both give, in relativistic chiral EFT (up to O(p?)):

394 M3 3m3a, — M? M M
OnrN C1iVl 167T2f7%mN (\/4m%v = M% arccos G s 0og ma
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* [raditionally, has been extracted using the Cheng-Dashen Theorem:
V= D = (0 = N == R AN = 6 A o A

*|n Chiral EFT we have more possibilities:

¢ Scalar form factor of the nucleon.
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OxN — T A
om

*Both give, in relativistic chiral EFT (up to O(p?)):

e Using the Hellmann-Feynman Theorem:

orn = —doy M2 — 16?%211 (52%_}@ arccos 2%; + M, log ﬁi)
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Cheng-Dashed Theorem.
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* [raditionally, has been extracted using the Cheng-Dashen Theorem:
V= D = (0 = N == R AN = 6 A o A

*|n Chiral EFT we have more possibilities:

¢ Scalar form factor of the nucleon.

_Ompn
OxN — T A
om

*Both give, in relativistic chiral EFT (up to O(p?)):

e Using the Hellmann-Feynman Theorem:

orn = —doy M2 — 16?%%1 (52%_}@ arccos 2]7\741; + M, log ﬁi)
* Numerically
sowr | scwr | acowr | KAS5S | WIOS | EMOG
orn Mev)| 43(5) | 59(4) | 59(2) | 45(8) | 64(7) | 56(9)

* We checked that they are consistent with the extraction by means of the
Cheng-Dashed Theorem.
*...but what input Is reliable?
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* NN scattering and TT-atoms can provide valuable external
information to compare with.
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* NN scattering and TT-atoms can provide valuable external
information to compare with.
* Goldberger-Treiman violation:

KAR5 WIO0S EMO06 NN [I] m-atoms

A-ChPT A-ChPT A-ChPT | scattering [2]
Aart Dilic 76 1.0(2.5)% 2.0(4)% 1.9(6)% 1.9(7)%
gdr N SIS0 13.00(3 1) B 5lE) 13.12(8) ESmllV)5)
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* NN scattering and TT-atoms can provide valuable external
information to compare with.
* Goldberger-Treiman violation:

KAS85 WI0S EMO

A-ChPT / A-ChPT A-ChPT
B 5.18)% \ | 1025% | 204)%

g N 13.53(10) \\|3.~og|) 13.13

NN [I] m-atoms
scattering [2]

196)% | 1.97)%
13.128) | 13.12(9)
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* NN scattering and Tt-atoms can provide valuable external
information to compare with.
* Goldberger-Treiman violation:

KAS85 WI0S EMO

NN [] mT-atoms

A-ChPT / A-ChPT A-ChPT § scattering [2]
o 5.1(8)% \\ 1025% | 204% Y 190)% | 197)%
g N 1353(10) 30031 | 13.13 13.128) | 13.1209)
o FA
KAS85 WIOS EMO6
A-ChPT A-ChPT A-ChPT PDG
| Ta (MeV) 128(3) 115(3) 125(2) 117(3)
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* NN scattering and Tt-atoms can provide valuable external
information to compare with.
* Goldberger-Treiman violation:

KAS85 /‘@ EMO NN [I] m-atoms
A-ChPT / A-ChPT A-ChPT § scattering [2]
B 518)% \ | 1025% | 200% Y 196)% | 190)%
grN 13.53(10) NI3.0031) | 13,13 13:12(8) N =
[ FA
KAS85 WIOS& EMO06
A-ChPT A-ChPT A-ChPT PDG
| Ta (MeV) 128(3) 115(3) 125(2) 117(3)
o CLS_ _l_:
KA85 WIO08 EMO06 W‘{Uoms_ [2] | [I] De Swart, Rentmeester &
= A-ChPT A-ChP'T A-ChPT (7T 1Lk p) Timmermans, TIN Newsletter |3 (1997).
a [2] Baru, Hanhart, Hoferichter, Kubis,
(10—3(3\};—1) -HICI0) 1-1.2(3.3) | 2.3(20) -1.009) Nogga & Phillips, NPA 872 (201 1)
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information to compare with.

* Goldberger-Treiman violation:

KAS85 /‘v@

EMO NN [I]| m-atoms
A-ChPT / A-ChPT A-ChPT § scattering [2]
N 518)% \ | 1025% | 204% Y 196)% | 197)%
g N 1353(10) N3.0031) | 13.13 13126 S
KAR5 WIO& EMO6
A-ChPT A-ChPT A-ChPT PDG
| Ta (Mev) 128(3) 115(3) 125(2) 117(3)
KAS85 WIOS EMO6 | m-atoms [2] | [/]De Swart, Rentmeester &
= A-ChPT A-ChP'T A-ChPT (7T 1Lk p) Timmermans, TIN Newsletter |3 (1997).
a [2] Baru, Hanhart, Hoferichter, Kubis,
(10—3(3\}_—1) -1 (10) \i\_ | 2<33)/V 2.3(2.0) -1.009) Nogga & Phillips, NPA 872 (201 1)

EUNPC 2015




* Updating the analysis of Gasser; Leuwyler and Sainio.
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* Updating the analysis of Gasser; Leuwyler and Sainio.
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rules [oisson, PLB 482 (2000)].

and spectroscopy data.

e New value of ad, points to a larger

e Same conclusions If we consider sum

Based on modern scattering

Confirmed by the Roy-Steiner analysis of
oo = 59(7) MeV «—— el /
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[Hoferichter, et al. arXiv:1506.04142]




The strangeness content of the nucleon



* 0N can be related to the strangeness content of the nucleon
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* 0N can be related to the strangeness content of the nucleon
through oo = m{N|uu + dd — 25s|N)/2mn, since

ms ms

2(N|ss|N)
N|tu + dd|N)

UsEQmN<N|§S|N> gy = —lww =) A v =

21
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* 0N can be related to the strangeness content of the nucleon
through oo = Mm(N|tu + dd — 25s|N)/2my, since
Mg M

h— 2mN <N‘§S|N> -Q O = %(UWN — 0‘0) and V= <

2({N|55|N)
N|uu + dd|N)

* 00 has been calculated In [Gasserann, of Phys. 136,62 (1981)] — g9 = 35(5) MeV
and [Borasoy and MeiBner, Annals Phys. 254 (1997)] =———® 00 = 36(7) MeV.
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* 00 has been calculated In [Gasserann, of Phys. 136,62 (1981)] — g9 = 35(5) MeV
and [Borasoy and MeiBner, Annals Phys. 254 (1997)] =———® 00 = 36(7) MeV.

* We updated this result with SU(3) relativistic BChPT + decuplet
and obtained oy = 58(8) MeV [alarcén, Geng Martin Camalich and Oller, PLB 730 (2014)].
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* 0N can be related to the strangeness content of the nucleon
through oo = Mm(N|tu + dd — 25s|N)/2my, since
Mg M

Os = 2mN<N’§5|N> — O — %(O‘T{N —0'0) RGNV [

2(N|ss|N)
N|tu + dd|N)

* 00 has been calculated In [Gasserann, of Phys. 136,62 (1981)] — g9 = 35(5) MeV
and [Borasoy and MeiBner, Annals Phys. 254 (1997)] =———® 00 = 36(7) MeV.

* We updated this result with SU(3) relativistic BChPT + decuplet
and obtained oy = 58(8) MeV [alarcén, Geng Martin Camalich and Oller, PLB 730 (2014)].

* A new scenario emerges:

Oxr N g0 O Yy e Compatible with modern
experimental information.

Old scenario | 45(8) SE0)E) ] [ 1M BT S UIiE e Compatible with LQOCD,
y = 0.03(2) [Ohki et al. (2008)]
y = 0.135(46) [Alexandrou et al. (2015)]
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e After these results:

* Polarizabllities of the nucleon (VVCS) [Lensky, Alarcén and Pascalutsa, PRC 90 (2014)]

Proton

Neutron

20—

LA TT— 15 -

Proton Neutron

1 -\ F 2t E
) — 1

0 = b ]
B PO R T s My -eee? —
‘I: =1 4‘!:_.,!_'_‘&____.‘__2_—.3;.:.:._---_"""_ | 0 - — ]
Z of 1H
g -

B "‘\\
- - \.\
25F T
' 20 -
\ ] 15F %

— - ""'"r-.-:.:;"'--.__
- 0.0 RERE LT PERS -

0.0L ' ' -
000 005 010 0.5 020 025 030
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0" (GeV?) 0 (GeVh)

| amb shift (Proton Radius Puzzle)

[ 1] Nevado and Pineda, PRC 77 (2008).
[2] Alarcén, Lensky, Pascalutsa, EP| C 74 (2014).

0’ (GeV?) Q* (GeV?)
e ——
* Polarizability corrections to the pH
Heavy Baryon | Relativistic chiral EFT | Dispersive
[1] [2] [3]
(pol) 2L
AB53 185 82 8.5(1.1)

[3] Birse and McGovern, EPJ A 48, (2012);
Carlson and Vanderhaeghen, PRA 84, (201 1).

e 7'('0 -phOtOpl’"Od uction [AN. Hiller Blin, T Ledwig, M.|. Vicente Vacas, PLB 747 (2015)]

®* N — /N [Siemens, Bernard Epelbaum, Krebs, Meiiner, PRC 89 (2014)]
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e Chiral EFT with baryons has made important progress in the last

years.

*Relativistic formulation + A(1232) is
convergence In the low energy region.

crucial to achieve a good

* Agreement with dispersive analyses in low-energy w N scattering

» For first time In the literature!
* Extraction of Oxn from scattering anc

spectroscopy data.

O N — 59(7) MeV

* Extraction of the strangeness content of the nucleon.

y = 0.02(13)

* New picture of o-terms compatible with LQCD and experiments.

MNIE T NV LECs are expected to improve the converochceEnal

nuclear forces in the chiral EFT formalism — Improved 2N forces.
— Many-body nuclear interactions with NLEFT

ARG (Hi5KP Borr) FUNPC 2015
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LEC KA85 wios EM06
A-ChPT A-ChPT A-ChPT

1 —0.80(6) —1.00(4) —1.00(1)
5 1.12(13) 1.01(4) 0.58(3)
c3 —2.96(15) —3.04(2) —2.51(4)
Ca 2.00(7) 2.02(1) 1.77(2)
dq + d; —0.15(21) 0.15(20) —0.36(6)
ds —0.21(26) —0.23(27) 0.28(4)
ds 0.82(14) 0.47(7) 0.20(3)
dig — dis —0.11(44) —0.5(5) 0.35(9)
dis —1.53(27) —0.2(8) —0.53(12)
ha 3.02(4) 2.87(4) 2.99(2)
Xdos 0.77 0.24 0.11
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* [he disagreement found by Becher and Leutwyler Is related to
the disagreement In the subthreshold expansion.

T(v,t) = u(D(v. t)—%B(y 0ld. ¢1)u il

my 4m N
N+ 7+ 2 —|— 2 R+
1D () = e s ey B~ (v,t) = bgg + .

KA85 WwI08 EMO6 KA85 wIo8 EMO6 KA85 7 WI08

A -ChPT A -ChPT A -ChPT A-ChPT A-ChPT A-ChPT [50] [4]
ddy (M 1) —2.02(41) —1.65(28) —1.56(5) —1.48(15) —1.20(13) —0.98(4) —1.46 —1.30
dg, (M3) 1.73(19) 1.70(18) 1.64(4) 1.21(10) 1.20(9) 1.09(4) 1.14 1.19
diy (M3) 1.81(16) 1.60(18) 1.532(45) 0.99(14) 0.82(9) 0.631(42) 1.12(2)
by, (M3) —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)
dyy (M2) 1.81(24) 1.68(16) 1.495(28) 1.63(9) 1.53(8) 1.379(8) 1.53(2)
dy, (M%) —0.17(6) —0.20(5) —0.199(7) —0.112(25) —0.115(24) —0.0923(11) —0.134(5)
diy (M%) —0.35(10) —0.33(10) —0.267(14) —0.18(5) —0.16(5) —0.0892(41) —0.167(5)
by (M2) 17(7) 17(7) 16.8(7) 9.63(30) 9.755(42) 8.67(8) 10.36(10)

* Remarkable agreement of A-ChPT with dispersive results.
* Never achieved before with Chiral EFT.
* Solves the problems found by Becher and Leutwyler.

.M. Alarcén (HISKP Bonn) EuNPC 2015 B







* Traditionally, the sigma-term has been extracted using the Cheng-
Basnentfheorem:

t-channel
N g — 2]/ A — AR
~ |5 Mg
_[r2 0+ o2 207t ANTA *
Cheng-Dasherypoint 2 —‘fw(doo =T d012Mﬁj+‘fﬂ(d024Mﬂ' T )I
L 2 Ap

OrN — Zd AD e Aa

Ap — A, ~ 3(1) MeV [Gasser, Leutwyler & Sainio, PLB
O [ %4
2085 A

Ag) — A((j?’) e 3.5(2.0) MeV | [Alarcén, Martin Camalich and
Oller, Ann. of Phys. 336 (2013)]

VWe recover the dispersive result !

* Smart way to suppress “‘contamination” from the t-channel.
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