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* Chiral EFT provides a way to incorporate systematically corrections
to the low energy theorems.

* [heoretical progress in the recent years opened new possibilities in
the field == Provide hadronic ME and nuclear corrections!
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e Heavy Baryon ChPT genkins and Manohar LB 255 (1991)]
* Infrared Regularization [secher and Leutwyler, P} €9 (1999)]
e hidec On-Mass-Snhell jruchs Gegelia, japaridze and Scherer, PRD68 (2003)]
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* Karlsruhe-Helsinki (KABS) [Koch, NPA 448, (1986); Koch and Pietarinen, NPA 336, (1980)]
* George Washington University (WI08) [Workman, et al.. PRC 86 ,(2012)]
* ZUrich group (EMO6) [Matsinos, Woolcock, Oades, Rasche and Gashi, NPA 95 (2006)]
* The low-energy phase shifts are used to determine the LECs.
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A-less ChPT === A-ChPT

[Alarcon, Martin Camalich and Oller, Ann. of Phys. 336 (201 3)]
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Volume 253, number 1,2 PHYSICS LETTERS B 3 January 1991

Sigma-term update ¥

J. Gasser, H. Leutwyler
Institute for Theoretical Physics, University of Bern, Sidlerstrafe 5, CH-3012 Bern, Switzerland

and

M.E. Sainio
Research Institute for Theoretical Physics, University of Helsinki, Siltavuorenpenger 20C, SF-00170 Helsinki, Finland

Received 24 September 1990

c~45MeV , 2~60MeV
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* [ension between the “canonical” value and the updated evaluation:
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Sigma-term update * The pion-nucleon X term is definitely large:
results from a G.W.U. analysis of 7N scattering data
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6~45MeV, X~60MeV oy =64 MeV > =79 MeV

* Despite GWU utilizes updated experimental information, the lower
value was more common In the literature.

* onN~60 MeV was puzzling:

*Large violation of the O/l rule.
e Restoration of chiral symmetry in nuclear matter at lower densities.

* Necessary to give a picture fully consistent with phenomenology!
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* However, the scatt. lengths from TT-atoms point to a large OnN!
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* However, the scatt. lengths from TT-atoms point to a large OnN!
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a1 |
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[Gasser, Leutwyler and Sainio, PLB 253 (1991)]
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* However, the scatt. lengths from TT-atoms point to a large OnN!

ﬂ‘n T L] r| T

_ T T T
0138 - | /E'Ii.

| Solution A: Fit to data of [PY.Bertin et al., NPB 106 (1976)]
Tan = 24— (3.3£0.2) MeV | !

WD ?.lr_ | ! 1
L ! ]

013 /

0133 |

013

Lt -
o130 |
L] !
0128

af, ~ —8 x 1073 M1 ==l Sa=48+4+4+4 MeV

Solution B: Fit to data of [].S Frank et al., PRD 28 (1983)]

iy

ag, = —10x 107° M ! =i $,=50+3+7+4 MeV

[Gasser, Leutwyler and Sainio, PLB 253 (1991)]
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* However, the scatt. lengths from TT-atoms point to a large OnN!
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: T L Solution A: Fit to data of [PY. Bertin et al., NPB 106 (1976)]
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msu.:- / ;, | - -. / Aoq ~ —8 x 10 Mw diss e

g oy | RN g Solution B: Fit to data of [.S. Frank et al., PRD 28 (1983)]

w0132 | Py
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ag, = —10x 107° M ! =i $,=50+3+7+4 MeV
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[Gasser, Leutwyler and Sainio, PLB 253 (1991)]
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* However, the scatt. lengths from TT-atoms point to a large OnN!

ﬂ‘n T L] T T

wst /1 /A Solution A: Fit to data of [RY. Bertin et al., NPB 106 (1976)]
orn =g — (3.3+£0.2) MeV ! : A 5 :
ol ‘ ad, ~ -8 x 107° M =iy Sa=48£4+£4+4MeV
| i
S e Solution B: Fit to data of [I. S. Frank et al., PRD 28 (1983)]
L 1k
" i |
AEY

o ag, = —10x 107° M ! =i $,=50+3+7+4 MeV

0129
0128 —

. _ TT-atoms [Baru, et al. NPA 872 (2011)]
| Eﬂ. B0 g ] x 1073 M =iy Larger Tl
[Gasser, Leutwyler and Sainio, PLB 253 (1991)]
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* However, the scatt. lengths from TT-atoms point to a large OnN!
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ol A A Solution A: Fit to data of [PY. Bertin et al., NPB 106 (1976)]
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Solution B: Fit to data of [].S Frank et al., PRD 28 (1983)]

iy

ag, = —10x 107° M ! =i $,=50+3+7+4 MeV

. _ TT-atoms [Baru, et al. NPA 872 (2011)]
| Eﬂ. WM g ] x 10730 iy Larger X
[Gasser, Leutwyler and Sainio, PLB 253 (1991)]

* [hreshold parameters determine OmN [Olsson, PLB 482 (2000)]
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* However, the scatt. lengths from TT-atoms point to a large OnN!

T T & Solution A: Fit to data of [PY. Bertin et al., NPB 106 (1976)]
OxN = Dg — (33i02)MeVl ; -
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o3 |
0133 |
oriz |
|
a1 |
0128 |
0128 o

af, = —8x 1073 M1 =iy Ta=48+t4+4+4MeV

Solution B: Fit to data of [].S Frank et al., PRD 28 (1983)]

iy

ag, = —10x 107° M ! =i $,=50+3+7+4 MeV
. _ TT-atoms [Baru, et al. NPA 872 (2011)]

| Eﬂ. WM g ] x 10730 iy Larger X

[Gasser, Leutwyler and Sainio, PLB 253 (1991)]

* [hreshold parameters determine OmN [Olsson, PLB 482 (2000)]

D*(0,2M2) = 14.5a3, — 5.06(al/?)? — 10.13(a/?)? — 5.55CH) — 0.06a7_ + 5.70a7, — (0.08 £ 0.03)
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* However, the scatt. lengths from TT-atoms point to a large OnN!

T T & Solution A: Fit to data of [PY. Bertin et al., NPB 106 (1976)]
OxN = Dg — (33i02)MeVl ; -
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af, = —8x 1073 M1 =iy Ta=48+t4+4+4MeV

Solution B: Fit to data of [].S Frank et al., PRD 28 (1983)]

iy

ag, = —10x 107° M ! =i $,=50+3+7+4 MeV
. _ TT-atoms [Baru, et al. NPA 872 (2011)]
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[Gasser, Leutwyler and Sainio, PLB 253 (1991)]

* [hreshold parameters determine OmN [Olsson, PLB 482 (2000)]

D*(0,2M2) = 14.5a3, — 5.06(al/?)? — 10.13(a¥?)? — 5.55C™H) — 0.06a7_ + 5.70a7, — (0.08 % 0.03)

ad, =3.5(2.6) x 107°M " orN = 56(9) MeV
[Gashi, et al, NPA 778 (2006)]
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* However, the scatt. lengths from TT-atoms point to a large OnN!

T T & Solution A: Fit to data of [PY. Bertin et al., NPB 106 (1976)]
OxN = Dg — (33i02)MeVl ; -
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0133 |
013z :
el
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0128 |
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af, = —8x 1073 M1 =iy Ta=48+t4+4+4MeV

Solution B: Fit to data of [].S Frank et al., PRD 28 (1983)]

iy

ag, = —10x 107° M ! =i $,=50+3+7+4 MeV
. _ TT-atoms [Baru, et al. NPA 872 (2011)]

. Ef“uj:' o0 o0z a0+ e il 3M Q Lar‘gel” Ed

[Gasser, Leutwyler and Sainio, PLB 253 (1991)]

* [hreshold parameters determine OmN [Olsson, PLB 482 (2000)]

D*(0,2M2) = 14.5a3, — 5.06(al/?)? — 10.13(a¥?)? — 5.55C™H) — 0.06a7_ + 5.70a7, — (0.08 % 0.03)

ad, =3.5(2.6) x 107°M " orN = 56(9) MeV
[Gashi, et al, NPA 778 (2006)]

In order to recover o,n = 45 MeV one needs af, ~—9 x 107°M "
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e From our fits to KA85, WI08 and EMO6, we obtain:

KAS85
A-ChPT

WIO8
A-ChPT

EMO06
A-ChPT

KAS85

WIOS8

EMO6

0-7'('N (MGV)

258

59(4)

59(2)

45(8)

64(7)

56(9)
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* NN scattering and TT-atoms can provide valuable external
information to compare with.
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e From our fits to KA85, WI08 and EMO6, we obtain:

KAS85
A-ChPT

WIO8
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EMO06
A-ChPT
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WIOS8
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0-7'('N (MGV)
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* NN scattering and TT-atoms can provide valuable external
information to compare with.

* Goldberger-Treiman violation:

KAS85 WIOS EMO06 INBNEE IR B e a0

A-ChPT A-ChPT A-ChPT scattering [2]
B s18)% | 1025% | 204% | 196% | 197)%
Gr N 1353¢10) | 130030 | 13135 [ 13.128) | 13.129)
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e From our fits to KA85, WI08 and EMO6, we obtain:

KAS85
A-ChPT

WIO8
A-ChPT

EMO06
A-ChPT

KAS85

WIOS8

EMO6

0-7'('N (MGV)

258

59(4)

59(2)

45(8)

64(7)

56(9)

* NN scattering and TT-atoms can provide valuable external
information to compare with.

* Goldberger-Treiman violation:

KAR5 NN 1 m-atoms

A-ChPT scattering [2]
Aar 5.1(8)% 1.0(2.5)% 2.0(4)% 1.9(6)% 1.9(7)%
gr N 13.53(10) I 00(31) |3.13 13.12(8) S F2E)
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e From our fits to KA85, WI08 and EMO6, we obtain:

* NN scattering and Tr-atoms can provide valuable external

KAS85
A-ChPT

WIO8
A-ChPT

EMO06
A-ChPT

KAS85

WIOS8

EMO6

0-7'('N (MGV)

258

59(4)

59(2)

45(8)

64(7)

56(9)

information to compare with.

* Goldberger-Treiman violation:

KAR5 NN [ m-atoms
A-ChPT scattering [2]
N s18% Lk 1.025% | 2000% ¥ 1960)% | 197)%
g N 1353(10) | N0031) | 13.13 13.128) | 131209
KAR5 WIOR EMO6
A-ChPT A-ChPT A-ChPT PDG
| Ta (MeV) 128(3) 153) | 12502) 117(3)
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* NN scattering and Tr-atoms can provide valuable external

KAS85
A-ChPT

WIO8
A-ChPT

EMO06
A-ChPT

KAS85

WIOS8

EMO6

0-7'('N (MGV)

258

59(4)

59(2)

45(8)

64(7)

56(9)

information to compare with.

* Goldberger-Treiman violation:
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A-ChPT scattering [2]
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KARS ‘/ WIOR \| EMO6
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e From our fits to KA85, WI08 and EMO6, we obtain:

KAS85
A-ChPT

WIO8
A-ChPT

EMO06
A-ChPT

KAS85

WIOS8

EMO6

O-7TN (MGV)

2i5iee])

59(4)

59(2)

231

8)

64(7)

56(9)

* NN scattering and TT-atoms can provide valuable external
information to compare with.

* Goldberger-Treiman violation:

KAS5 NN [11] m-atoms
A-ChPT scattering [2]
B s18)% | 1025% | 204% ¥ 196% | 197)%
Gr N 1353(10) | N.0031) | 13.13 13.128) | 13.1209)
® P .
A
KAR85 ‘/ WIOS \| EMO06
A-ChPT A-ChPT A-ChPT PDG
| Ta (MeV) 1283) N 1153) 4 1250) 117(3)
< At
. a’O—|— ' KAS85 WIO8 EMO06 m-atoms [7] [1] De Swart, Rentmeester & Timmermans,
A-ChPT A-CIRAE A-ChPT 7T+p, . TIN Newsletter 13 (1997).
a+ [2] Baru, Hanhart, Hoferichter, Kubis, Nogga &
e T GO e S B 5 220) Phillips, NPA 872 (201 1)
Gl i)
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* NN scattering and TT-atoms can provide valuable external
information to compare with.

* Goldberger-Treiman violation:

KAS5 NN [11] m-atoms
A-ChPT scattering [2]
B s18)% | 1025% | 204% ¥ 196% | 197)%
Gr N 1353(10) | N.0031) | 13.13 13.128) | 13.1209)
KAR85 ‘/ WIOS8 \| EMO06
A-ChPT A-ChPT A-ChPT PD G
| Ta (MeV) 1283) N 1153) 4 1250) 117(3)
[1] De Swart, Rentmeester & Timmermans,
/ TIN Newsletter 3 (1997).
a+ [2] Baru, Hanhart, Hoferichter, Kubis, Nogga &
(10_3(3\}_1) -1 1(10) W& |.2(3.3) @#2.3(2.0) -1.0(9) Phillips, NPA 872 (201 1)
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* From our Tits to KABS,X\/I\OB and EMO6, we obtain:

e ( e\ B T kAss | wios | EMos
o uev)| 43(5) \ 59(4) ] 592) | 458) | 4@ | 56(9)
* NN scattering and TT-atoms can provide valuable external
information to compare with.

* Goldberger-Treiman violation:

KAS85 NN ]| m-atoms
A-ChPT scattering [2]
N 5.08)% k 1.025% | 204% N 190)% | 197)%
grN 1353(10) | N.0031 | 13.13 13.128) | 13.1209)
o P '
A
KAS85 ‘/ WIO0S8 \| EMO6
A-ChPT A-ChPT A-ChPT PDG
| Ta (MeV) 1283) N 1153) 4 1250) 117(3)
e
e a’O—|—- [1] De Swart, Rentmeester & Timmermans,

TIN Newsletter |3 (1997).

a+ i [2] Baru, Hanhart, Hoferichter, Kubis, Nogga &
(10_3(3\—)—_1) -1 (10) {-1.2(3.3) J 2.3(2.0) -1.0(9) Philips, NPA 872 (201 1)
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e Convergence

orny = 78(4) —19 (6) MeV = 59 + 4(stat.) £+ 6(sys.) MeV = 59(7) MeV
N~
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e Convergence

orny = 78(4) —19 (6) MeV = 59 + 4(stat.) £+ 6(sys.) MeV = 59(7) MeV
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* Summarizing ...
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e Convergence

orN = 78(4) —19 MeV = 59 + 4(stat.) + 6(sys.) MeV = 59(7) MeV
\/ \/

* Summarizing ...

)
 JM.Alarcén (UCM)
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e Convergence

orny = 78(4) —19 (6) MeV = 59 + 4(stat.) £+ 6(sys.) MeV = 59(7) MeV
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* Summarizing ...
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. Convergence

e O(p®) O(p™'?) O(p*)
/’-\\ /’—\\ I/-\\
19 MeV —6 MeV —3(2) MeV

orny = 78(4) —19 (6) MeV = 59 + 4(stat.) £+ 6(sys.) MeV = 59(7) MeV
N N N

* Summarizing ...

e e _ e

[A/arcon /\/Iamn Cama//ch and O//er PRD 85 (20 2)]
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Ihe pion-nucleon o-term

e Convergence
O(p”) O(p”) O(p™?) O(p*)
LF TN PRGN S
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orny = 78(4) —19 (6) MeV = 59 + 4(stat.) £+ 6(sys.) MeV = 59(7) MeV
N

* Summarizing ...
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* [he strangeness content of the nucleon is related to the sigma-
term through oo = - (Nl|au + dd — 255|N)

2mN
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* [he strangeness content of the nucleon is related to the sigma-

term through oo = o——(Nlau + dd — 23s|N)
mn
mS N
¢ = N|ss|N
7, = 5 (N|3s|V)
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* [he strangeness content of the nucleon is related to the sigma-

term through oo = o——(Nlau + dd — 23s|N)
mn
_ s i m
Os = sz <N|SS|N> ﬂ Og — 27’;1,(0-71-]\] o 0'0)
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* [he strangeness content of the nucleon is related to the sigma-

term through oo = o——(Nlau + dd — 23s|N)
mn
™m m
. = ——— (NG _c e
o 2mN< |SS| > - O o5 cle]A\rf O‘O)
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* [he strangeness content of the nucleon is related to the sigma-

term through oo = o——(Nlau + dd — 23s|N)
mn
™m m
. = ——— (NG _c e
o 2mN< 55| V) -_— O o czﬁli\rf 00)

* A reevaluation of o0 points to a larger value — a sigma-term
of ~60 MeV does not imply a large strangeness content
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* [he strangeness content of the nucleon is related to the sigma-

term through oo = o——(Nlau + dd — 23s|N)
mn
mg L m
Os = e (NV|535|N) —ip 0, = 277; i — i)

~ 14

* A reevaluation of o0 points to a larger value — a sigma-term
of ~60 MeV does not imply a large strangeness content

* A new scenario emerges:

OrN oy oF Y
Old scenario | 45(8) 590 15 28 QSRS E6) S
New scenario | 59(7) 58(8) 16(80) [0.02(13)
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* [he strangeness content of the nucleon is related to the sigma-

term through oo = o——(Nlau + dd — 23s|N)
mn
nr L m
= (N|3S|N) ey 0, = —(0-N — 0o)
2mpy 20) -

* A reevaluation of o0 points to a larger value — a sigma-term
of ~60 MeV does not imply a large strangeness content

* A new scenario emerges:

OrN Gy | @ Yy e Compatible with modern

Old scenario 45(8) 2B el ek experimental information.

| * 0; Compatible with
New scenario £ 59(7) 58(8) | 16(80) [0.02(13)P LOCD.
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Nucleon Polarizabilities & Lamb shift



* Nucleon Polarizabilities encode the response of the nucleon under
electromagnetic probes.
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* Nucleon Polarizabilities encode the response of the nucleon under
electromagnetic probes.

* Show up In the theoretical prediction ( 0(a2,,)) of the proton radius
through the Lamb shift AFEsp_ss.
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* Nucleon Polarizabilities encode the response of the nucleon under
electromagnetic probes.

* Show up In the theoretical prediction ( 0(a2,,)) of the proton radius
through the Lamb shift AFEsp_ss.
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Nucleon Polarizabilities & the Proton Radius Puzzle

* Nucleon Polarizabilities encode the response of the nucleon under
electromagnetic probes.

* Show up In the theoretical prediction ( 0(a2,,)) of the proton radius
through the Lamb shift AEsp_ss.

* [hey have the potential to solve “Proton Radius Puzzle'™:

AN N e = 031 meN: il

* [he polarizability contributions starts with the 2y exchange.
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* [he main contribution to the polarizabilities comes from the

low @ region
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* [he main contribution to the polarizabilities comes from the
low @* region —» Chiral EFT

* Chiral EFT provides predictions of the leading contribution.
* Important to reduce contributions from @* > A24p.

Qmaw d oy o
AEZ o %ﬂ¢iz2/ —%w(n) {Tl(NB)(()’Qz) i TQ(NB)(O’Q2)] w(tg) = V1+ 70— /T2
n 0 Q QQ
= ——
AE(ngl) (ueV) 4my
=S \
\ \
“\ o) } ~10% I Within the uncertainty
~10" b ByFI | of the calculation
= HByPT ok ~20% » 100 large contribution
- -179 . from Q%> A%sp
0 0.2 04 0.6 0.8 1
Qrznax (GeV?)
[Alarcon, Lensky, Pascalutsa, EP| C 74 (2014).]
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* [he relativistic structure Is important to agree with
phenomenological determinations of AES™

Nevado Carlson Birse Gorchtein Alarcdn, Peset
& & & Llanes-Estrada | Lensky & &
Pachucki | Martynenko Pineda |Vanderhaeghen| McGovern | & Szczepaniak | Pascalutsa Pineda
(HeV) [I] [2] [3] [4] [5] [6] [7] [8]
A E(PoY) +2.0
250 -12Q) | <115 | -185 | -74Q4) [-85(1.1) | -153(56) | 82 | -265
Chiral EFT calculations

Phenomenological determinations (dispersion relations+data)

[1] K Pachucki, Phys. Rev.A 60 (1999). [5] Birse and McGovern, EPJ A 48, (201 2). Carlson & Vanderhaeghen, PRA 84 (201 1)
[2] A. P Martynenko, Phys. Atom. Nucl. 69 (2006). [6] M. Gorchtein, F. |. LLanes-Estrada and A. P Szczepaniak, Phys. Rev.A 87 (201 3).
[3] D. Nevado and A. Pineda, Phys. Rev. C 77 (2008). [7] ). M. Alarcdn, V. Lensky, V. Pascalutsa, Eur. Phys. |. C 74 (2014).

[4] C. E. Carlson and M.Vanderhaeghen, Phys. Rev.A 84, (201 1). [8] C. Peset and A. Pineda Eur. Phys. LA 51 (2015).

* Relativistic chiral EFT agrees with dispersive determinations!
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* [he relativistic structure Is important to agree with
phenomenological determinations of AES™

Nevado Carlson Birse Gorchtein Alarcon, Fesiel

& & & Llanes-Estrada | Lensky & &
Pachucki | Martynenko Pineda |Vanderhaeghen| McGovern | & Szczepaniak | Pascalutsa Pineda

(LEas S 2] 3] [4] [5] (6] [7] 8]

AESY J120) | <115 | -85 | 7404) | -85(1.1) | -15.3(5.6) 265

@Gl ERE calcllations

Phenomenological determinations (dispersion relations+data)

[1] K Pachucki, Phys. Rev.A 60 (1999). [5] Birse and McGovern, EPJ A 48, (201 2). Carlson & Vanderhaeghen, PRA 84 (201 1)
[2] A. P Martynenko, Phys. Atom. Nucl. 69 (2006). [6] M. Gorchtein, F. |. LLanes-Estrada and A. P Szczepaniak, Phys. Rev.A 87 (201 3).
[3] D. Nevado and A. Pineda, Phys. Rev. C 77 (2008). [7] ). M. Alarcdn, V. Lensky, V. Pascalutsa, Eur. Phys. |. C 74 (2014).

[4] C. E. Carlson and M.Vanderhaeghen, Phys. Rev.A 84, (201 1). [8] C. Peset and A. Pineda Eur. Phys. LA 51 (2015).

* Relativistic chiral EFT agrees with dispersive determinations!
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* [he relativistic structure Is important to agree with
phenomenological determinations of AES™
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@Gl ERE calcllations

Phenomenological determinations (dispersion relations+data)

[1] K Pachucki, Phys. Rev.A 60 (1999). [5] Birse and McGovern, EPJ A 48, (201 2). Carlson & Vanderhaeghen, PRA 84 (201 1)
[2] A. P Martynenko, Phys. Atom. Nucl. 69 (2006). [6] M. Gorchtein, F. |. LLanes-Estrada and A. P Szczepaniak, Phys. Rev.A 87 (201 3).
[3] D. Nevado and A. Pineda, Phys. Rev. C 77 (2008). [7] ). M. Alarcdn, V. Lensky, V. Pascalutsa, Eur. Phys. |. C 74 (2014).

[4] C. E. Carlson and M.Vanderhaeghen, Phys. Rev.A 84, (201 1). [8] C. Peset and A. Pineda Eur. Phys. LA 51 (2015).

* Relativistic chiral EFT agrees with dispersive determinations!
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* Nucleon FFs parametrize the transition matrix elements of local

operators between nucleon states.
e Provide Information about the nucleon internal structure.

* Can be related to the spatial distribution of the properties encoded
in the operator (transverse densities) —» Moment of the GPD.

* A deeper knowledge of the FFs Is needed In order to understand

the properties of the nucleon in terms of 1its QCD constrtuents.
* Scalar FF:

* Encodes the response of the nucleon under scalar probes.
* Essential input In EFT of DM detection. [Bishara, et al, JCAP 1702 (2017)]

* Flectromagetic FF:
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* Nucleon FFs parametrize the transition matrix elements of local

operators between nucleon states.

* Provide Information about the nucleon internal structure.

* Can be related to the spatial distribution of the properties encoded

N the o
* A dee

berator (transverse densities) —» Moment of the GPD.

ber knowledge of the FFs Is needed In order to understand

the properties of the nucleon in terms of 1its QCD constrtuents.

e Scalar

Er:

* Encodes the response of the nucleon under scalar probes.

* Essential input In EFT of DM detection. [Bishara, et al, JCAP 1702 (2017)]

* Flectromagetic FF:

* Encodes the response of the nucleon under electromagnetic probes.

* Important to understand and solve the “Proton Radius Puzzle'™
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* ChEFT shows important limrtations in calculating some interesting

quantrties like Form Factors.

* Non-perturbative pion dynamics play an essential role in the Q2

dependence of the Form Factors.
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* ChEFT shows important limrtations in calculating some interesting

quantrties like Form Factors.
* Non-perturbative pion dynamics play an essential role in the Q2

dependence of the Form Factors.
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* ChEFT shows important limrtations in calculating some interesting

quantrties like Form Factors.
* Non-perturbative pion dynamics play an essential role in the Q2

dependence of the Form Factors.

0k Yok 0%
e = 2 i
T e, N T \TT 2{:
1 \ l \ ] i
I

> =
I‘\N\\f 5
B
/
L
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\
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/
)
>
3
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|
ImGY,(t)/t*[10

* Higher order calculations become necessary ——w Unpractical
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Z eqq(z)yuq(z

G=Uy 0

(NG )TN, ) = 50, ) [1Fa () + "D2L By )] up, )

2mN

1
CsW) =R+ =Rt  Gu®=RO+R®)  Ghu= ;G5 Chu)

Imt

Ret
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Form factors and their analytic structure

(N(p', )|, (0)|N(p,s)) = u(p', s') {mFl (t) + ig;’;qy Fz(t)} u(p, s) @)= ) eqq(z)yuq(x)
A =1L 0"
Golt) = i)+ - Bot)  Gul) = RO+ B0 G55 = 3Gy FGha)
Im¢

N N
\ \ Gg(t)
Ret
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Form factors and their analytic structure

(N(p', s")|J.(0)|N(p, s)) = ﬂ(p’,s’){mFl(t) — ig;’;qy Fz(t)}u(p, s) @)= ) eqq(z)yuq(x)
N =1L 0"
Gol=F)+ B0  Ou)=RO+BE) 55 = (65, +Chw)
Imt
Space-like region (t <0 ) Time-like region (t> 0 )
e 2
e e N
eT N
N N
e =
......... i
5 GE (t) & A I 2 e
_06 -05 —04 03 0.2 0.1 } { 1
Ret |
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* From unitarity + analyticrty

ImGEg Z/dﬂh M(y* — h)M(h — NN)
h
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* From unitarity + analyticrty

ImGE Z/dﬂh M(y* — h)M(h — NN)
h

-~
Y : _._\: N
Q—’ N

lsovector T
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* From unitarity + analyticrty

ImGE Z/dﬂh M(y* — h)M(h — NN)

SO0 + OO

lsovector T [T=YTm1 =V
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* From unitarity + analyticity

ImGE Z/dﬂh M(y* — h)M(h — NN)
h

71

SOLOE + WO + SRS + -

lsovector T

NN T Isovector 7
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Form factors and their analytic structure

From unitarity + analyticity

ImGE Z/dﬂh M(y* = h)M(h — NN)
h

a

SO | + OIS + SO + -

lsovector T Isoscalar lsovector 7

’7T
- N
-~ ——
-— o N

s
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Form factors and their analytic structure

From unitarity + analyticity

ImGE Z/dﬂh M(y* = h)M(h — NN)

“QOI SO + WOEDS + -

a

lsovector T Isoscalar lsovector T
7'(' \% kgm 1
Tk . ImGp(t) = i)
o 27 mN\/
v P 5 1.3
e = ag(Crd Al = F* e L(¢
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Form factors and their analytic structure

From unitarity + analyticity

ImGE Z/dﬂh M(y* = h)M(h — NN)

“QOI SO + WOEDS + -

lsovector T Isoscalar lsovector 7

a

mGY(t) = —em_pr ()£ (1)
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Form factors and their analytic structure

From unitarity + analyticrty

ImGE Z/dﬂh M(y* = h)M(h — NN)

“QQI SO + WOEDS + -

lsovector T Isoscalar lsovector 7

a

mGY(t) = —em_pr ()£ (1)
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e, {mn, V2"

Non-Perturbative
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Form factors and their analytic structure

From unitarity + analyticrty

ImGE Z/dﬂh M(y* = h)M(h — NN)

“QQI SO + WOEDS + -

a

lsovector T Isoscalar lsovector 7
V kgm * 1
ImGE(t) = ) fo(t)
mN\/
,V\@ @:: v k2 1
ImG¥,(t) = L F* e

[Frazer and Fulco, Phys. Rev. [ 17, 1609 (1960)]
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Form factors and their analytic structure

From unitarity + analyticrty

ImGE Z/dﬂh M(y* = h)M(h — NN)
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V kgm * 1
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[Frazer and Fulco, Phys. Rev. [ 17, 1609 (1960)]
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Form factors and their analytic structure

From unitarity + analyticrty

ImGE Z/dﬂh M(y* = h)M(h — NN)

“QQI SO + WOEDS + -
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lsovector T Isoscalar lsovector 7
V kgm * 1
ImGE(t) = ) fo(t)
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ImG¥,(t) = L F* e

[Frazer and Fulco, Phys. Rev. [ 17, 1609 (1960)]
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Form factors and their analytic structure

From unitarity + analyticrty

ImGE Z/dﬂh M(~v* — h)M(h — NN)
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DIXEFT
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ChEFT

Experiment
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ImG,(t)

[]. M. Alarcon, C. Weiss, PLB 784 (2018)]

— Belushkinetal.[] ]
Hoferichter et aI.[ZJ

B NLO+pN2LO

— Belushkinetal.[ [ ] Z

Hoferichter et al. [Z]

B NLO+pN2LO .

0.0 T 0.2 e 0.4 0.6 0.8 1.0
t (GeV?)

[ 1] Belushkin, Hammer and Meilner, PRC 75 (2007) [Z2] Hoferichter, Kubis, Ruiz de Elvira, Hammer, Meifiner EPJA 52 (2016)
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* [o compute the EM form factors of proton and neutron, we need
the 1soscalar component as well.
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* [o compute the EM form factors of proton and neutron, we need
the 1soscalar component as well.

* One cannot apply the same approach as in the isovector case.
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* [o compute the EM form factors of proton and neutron, we need
the 1soscalar component as well.

* One cannot apply the same approach as In the Isovector case.
* We parametrize the isoscalar spectral function through the w
exchange in the narrow with approximation + higher mass pole Ps.

ImG%yM = —7 Z e G )
V=w,Ps
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* [o compute the EM form factors of proton and neutron, we need

the 1soscalar component as well.

* One cannot apply the same approach as In the Isovector case.
* We parametrize the isoscalar spectral function through the w
exchange in the narrow with approximation + higher mass pole Ps.

ImG%yM = —7 Z e G )
2.0 V=w,Pg

I Gy

* We fix the couplings by imposing the charge and radi sum rules:

1 00 I GS t, 00 I GS ¢!
Gg,0(0) = _/ ' = A (rm)” = QLMQ it = s

T

4M72r t/ ) T t/2
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* Reconstructing the form factors with  a&n, ()

DIXEFT
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Reconstructing the form factors with a2, (¢)

DIXEFT
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e Z (thy, — fit;)? {thy, = G%(Q;) [DIXEFT, given r%],
(Athy;)? + (Afit;)? fit, = G%(Q;) [global fit, given r%]}

bins 7

3.0

Reduced x?
= N N
Ul o Ul

=
o

0.5 -

0.0 I I I I I I I I I I I I I I
0.83 0.84 0.85 0.86

[J. M. Alarcon, D. W. Higinbotham, C.
Weiss and Z.Ye, Phys.Rev. C99 (2019)]
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e Chiral EFT 1s a useful tool to investigate hadronic processes at low
energles from first principles.
* [t provided important hadronic input for searches of physics

beyond the standard model:

* Dark Matter searches: o, t-dependence of the scalar FF (DIXEFT).
* Proton Radius Puzzle: AE2p_2s, moments of the EM FF (DIXEFT),

Proton radius from e™ p agrees with uH —& % = 0.844(7) fm
* [nsights Into the origin of mass:

: e — —
| Sy IV [(@u + dd)|N) mLN<N|mS§s|N> 21 <N|25GWG;;,,+...|N>

2
m, 59(7) MeV 16(30) MeV 864(87) MeV

| % 6.3(7)7% 1.7(8.5)% 92.0(9.3)% 1‘

e — - — @ — —— ———

* Prominent role g the solution of current and future challenges I
hadron and nuclear physics.
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[Alarcon, Martin Camalich and Oller, Ann. of Phys. 336 (201 3)]
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Fits to EMO6
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‘ln -



(Q1g¢|2) = (0/g4|0) (1 -y )

* Restoration of chiral symmetry requires a zero temporal
component of f
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[Gasser, Annals of Phys. 136,62 (1981)]
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* [his plot Is for mg = 750 MeV, which
s equivalent to fix by.

* Gasser points out that the natural
choice s A =1 GeV because
corresponds to the axial vector form
factor fit given by Sehgal [Sehgal, “Proceedings
of the International Conference on High Energy Physics”].

* He finally takes A = 700 MeV
because for A = 1 GeV the mass shift

of the nucleon due to massless pions
s —200 MeV while for A = 700 MeV

s —90 MeV.




Octet  O(p®) Octet+Decuplet  O(p°)
HB Cov. HB Cov.

oo (MeV) islishid F el 89(23) >3(8)
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* [he disagreement found In [Becher and Leutwyler, JHEP (2001)] 1S related
to the disagreement In the subthreshold expansion.

/]) Dt (v,t) =dfy +ddit +dfgv® +dt* +... BT (v,t) =bv+ ...
Uu
9

D™ (v,t) = dygv + dy vt +digv® + . .. B(v; ) =0 e

KA85 wI08 EMO6 KA85 wI08 EMO06 KA85 wIo8
A -ChPT A -ChPT A -ChPT A-ChPT A-ChPT A-ChPT [50] [4]

ddy (M1 —2.02(41) —1.65(28) —1.56(5) —1.48(15) —1.20(13) —0.98(4) —1.46 —1.30

dg, (M) 1.73(19) 1.70(18) 1.64(4) 1.21(10) 1.20(9) 1.09(4) 1.14 1.19
di, (M3) 1.81(16) 1.60(18) 1.532(45) 0.99(14) 0.82(9) 0.631(42) 1.12(2) -

dg, (M%) 0.021(6) 0.021(6) 0.021(6) 0.004(6) 0.005(6) 0.004(6) 0.036 0.037

AM2 by, (M2) —6.5(2.4) —7.4(2.3) —7.01(1.1) —5.1(1.7) —5.1(1.7) —45(9) —3.54(6) -
T dgy (M) 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) -
dip (M) —0.35(10) —0.33(10) —0.267(14) —0.18(5) —0.16(5) —0.0892(41) —0.167(5) -
boo (M) 17(7) 17(7) 16.8(7) 9.63(30) 9.755(42) 8.67(8) 10.36(10) -

Underestimated

* CD theorem: = = f25+(0,2M2) = o(t = 2M2) + Ag = on in ~10 MeV

5 =[F2dgy + M2 | +HEUMI, )] onn = Sa+@p — A)- A
2.d Underestimated in ~10 MeV as welll Remains small

Ap — A, = —3.3(2) MeV (disp.) = AP — A® = _35(2.0) Mev (O(p3) ChEFT)
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|

TTN-scattering data

* |nconsistent data base
(7N — 7N vs CEX reactions )

e Coulomb [Tromborg, Waldenstrom and Overbo, PRD

15 (1977)].

Ihe sigma-term puzzle

* Phenomenological extractions rely on two different sources:

J. M. Alarcon (JLab)

TT-atom spectroscopy
e Experimental uncertainties negligible |

compared to theoretical error relating
(€,1') to U

T wSeare i

iIsospin violation, |
Coulomb... |

What can be done!

* Analysis of the TTN world data base.
* Reanalysis of Coulomb corrections.
e Reanalysis of extraction of SL through € and I'.
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