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 Important hadronic uncertainty in direct detection of DM [Bottino, Donato,
Fornengo and Scopel, Astropart. Phys. | 3, (2000); Astropart. Phys. |8, (2002)] [Ellis, Olive and Savage

PRD 77, (2008)].
e Formation of elements needed for life [Berengut et. al, PRD 87, (2013)].
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* Relativistic Chiral EFT+A calculation of forward VVCS up to (f)(pg)
*Spin Polarizabllites:

0 (GeV?) 0’ (GeV?)

= BChPT+A
= | O BChPT
EEER _O HB
T N A | [Kao et al, PRD 67 (2003)]
e T | === MAID
; ] N SEN f
[ ] _3l .. % ,:
000 005 010 015 020 025 030 000 305 010 015 020 025 0.30 . RChPT+A*
0’ (GeV?) Q? (GeV?) [Bernard et al, PRD 87 (2013)]
Pr (107 fm* ol (107* fm*
ol o TR R Sl o B R+A
, e E [Bernard et al, PRD 67 (2003)]
20f ] 25F
’ | 204 P (Proton) Prok et al, PLB 672
150 % (2009)
10, P (Neutron) Amarian et al. PRL 93
0.5/ (2004)
000 005 010 015 020 025 o030 P00 005 o010 015 o020 o025 o3 @ Dutzetal,PRL91(2003)
)

[Lensky, Alarcén and Pascalutsa, PRC 90 (2014)] Guler et al, PRC 92 (2015)



* Relativistic Chiral EFT+A calculation of forward VVCS up to (f)(pg)
*Spin Polarizabllites:

0 (GeV?) 0’ (GeV?)

= BChPT+A
= | O BChPT
EEER _O HB
T N A | [Kao et al, PRD 67 (2003)]
e T | === MAID
; ] N SEN f
[ ] _3l .. % ,:
000 005 010 015 020 025 030 000 305 010 015 020 025 0.30 . RChPT+A*
0’ (GeV?) Q? (GeV?) [Bernard et al, PRD 87 (2013)]
Pr (107 fm* ol (107* fm*
ol o TR R Sl o B R+A
, e E [Bernard et al, PRD 67 (2003)]
20f ] 25F
’ | 204 P (Proton) Prok et al, PLB 672
150 % (2009)
10, P (Neutron) Amarian et al. PRL 93
0.5/ (2004)
000 005 010 015 020 025 o030 P00 005 o010 015 o020 o025 o3 @ Dutzetal, PRL91(2003)
)

[Lensky, Alarcén and Pascalutsa, PRC 90 (2014)] Guler et al, PRC 92 (2015)



* Relativistic Chiral EFT+A calculation of forward VVCS up to (f)(pg)
*Spin Polarizabllites:

0 (GeV?) 0’ (GeV?)

= BChPT+A
= | O BChPT
EEER _O HB
T N A | [Kao et al, PRD 67 (2003)]
e T | === MAID
; ] N SEN f
[ ] _3l .. % ,:
000 005 010 015 020 025 030 000 305 010 015 020 025 0.30 . RChPT+A*
0’ (GeV?) Q? (GeV?) [Bernard et al, PRD 87 (2013)]
Pr (107 fm* ol (107* fm*
ol o TR R Sl o B R+A
, e E [Bernard et al, PRD 67 (2003)]
20f ] 25F
’ | 204 P (Proton) Prok et al, PLB 672
150 % (2009)
10, P (Neutron) Amarian et al. PRL 93
0.5/ (2004)
900 005 010 015 020 025 o.éo 0800 005 010 015 o020 o025 o030 @ Dutzetal, PRL9[(2003)
)

[Lensky, Alarcén and Pascalutsa, PRC 90 (2014)] Guler et al, PRC 92 (2015)



* [he relativistic structure Is iImportant to agree with

(pol)

pheﬂomeﬂ0|ogica| determinatiOnS Of AEQS [Alarcdn, Lensky, Pascalutsa, EP| C 74 (2014)].




* [he relativistic structure Is iImportant to agree with

(pol)

pheﬂomeﬂ0|ogica| determinatiOnS Of AEQS [Alarcdn, Lensky, Pascalutsa, EP| C 74 (2014)].

u T
Su T

3 3

f Kt




* [he relativistic structure Is iImportant to agree with

(pol)

pheﬂomeﬂ0|ogica| determinatiOnS Of AEQS [Alarcdn, Lensky, Pascalutsa, EP| C 74 (2014)].

H H 7 (P,g) = — (¢ + L2 T (v, @)
1 P g
T




* [he relativistic structure Is iImportant to agree with

(pol)

pheﬂomeﬂo|ogica| determinatiOnS Of AEQS [Alarcdn, Lensky, Pascalutsa, EP| C 74 (2014)].

n
T p T (P,g) = —(¢" + T3 )i @)
1 Pq v Pq v 2
mi m:l +m—?V(P“— = qu)(P B q >T2(V7Q)
ol Oem oon NB NB
T ABEY m 2, | gl |[TP0,9%) - TP(0,7)




* [he relativistic structure Is iImportant to agree with
phenomenological determinations of AEE taiarcin, Lensky PascalutsaiERC R C T

i I 7 (P.g) = ~(9 + L)1 (0 Q)
1 P - A S NG 5
mi mi +m—?V(P“— q2qq )(P . q2qq >T2(V,Q)
T ABEY w2, " (o) [ (0,01 - TP (0,02)
p p :
(MeV)| 1] 2] 3] [4] [5] [6] 7] 8]
AEED| -12Q) | 115 | <185 | -74Q4) |-85(L1) | -153(56) | 82" | -265
Chiral EFT calculations

Phenomenological determinations (dispersion relations+data)

[1] K Pachucki, Phys. Rev.A 60 (1999). [5] M. C. Birse and J.A. McGovern, Eur. Phys. |.A 48, (2012).

[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).



* [he relativistic structure Is iImportant to agree with
phenomenological determinations of AEE taiarcin, Lensky PascalutsaiERC R C T

i I 7 (P.g) = ~(9 + L)1 (0 Q)
m m —I—m%(P“— Pq‘2qq,u) (Py_ Pq‘2qQV>T2(V,Q2)
3 3 3
(0] em " d
_ == _ ABEY ~ 2, [ Ghulr) [TV70,%) - TVP0,07)
(eV) | 11 2] 3] 4] 5] 6] 7] 8

AE%OI) -12(2) -11.5 -18.5 -74(24) | -85(1.1) | -15.3(5.6) -26.5

@hiratEREcalcllations

Phenomenological determinations (dispersion relations+data)

[1] K Pachucki, Phys. Rev.A 60 (1999). [5] M. C. Birse and J.A. McGovern, Eur. Phys. |.A 48, (2012).

[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).




* [he relativistic structure Is iImportant to agree with
phenomenological determinations of AEE taiarcin, Lensky PascalutsaiERC R C T

i I 7 (P.g) = ~(9 + L)1 (0 Q)
m m _I_m%(PN_ Pq‘2qq,u) (Py_ Pq‘2qQV>T2(V,Q2)
3 3 3
(0] em wd
_ T . ABEY ~ 2, [ Ghulr) [TV70,%) - TVP0,07)
(ueV)| 1] 2 3] 4] 5] 6] 7] 8

AEED| -12Q) | 115 | <185 | -74Q24) (C85(LID| -153(5.6) 265

@hiratEREcalcllations

Phenomenological determinations (dispersion relations+data)

[1] K Pachucki, Phys. Rev.A 60 (1999). [5] M. C. Birse and J.A. McGovern, Eur. Phys. |.A 48, (2012).

[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).



‘ln -



* L attice techniques to study nuclear many-body problems with
chiral EFT.




* L attice techniques to study nuclear many-body problems with
chiral EFT.
* /N forces Is crucial in studies of many-body nuclear

interactions with chiral EFT:




* L attice techniques to study nuclear many-body problems with

chiral EFT.

* /N forces Is crucial in studies of many-body nuclear

interactions with chiral EFT:

2N orces
Lo ‘ -
0(Q")
NLO X) H
R TE

___________________________________________________________________________________

XX

[Courtesy of Dean Lee]




* L attice techniques to study nuclear many-body problems with

chiral EFT.

* /N forces Is crucial in studies of many-body nuclear

interactions with chiral EFT:

¢ Determination of NN LEC:s.

2N orces
Lo ‘ -
0(Q")
NLO X) H
R TE

___________________________________________________________________________________

XX

[Courtesy of Dean Lee]




* L attice techniques to study nuclear many-body problems with

@elsall EE T,

* /N forces Is crucial in studies of many-body nuclear

interactions with chiral EFT:

e Determination of NN LECs.
* Study of the uncertainties.

...................................................................................

___________________________________________________________________________________

XX

[Courtesy of Dean Lee]




* L attice techniques to study nuclear many-body problems with

iR e
* 2N forces is crucial in studies of many-body nuclear 15, |-

interactions with chiral EFT: s H
NLO /NI
e Determination of NN LECs. TS
* Study of the uncertainties. | """" H """ |

180 180 381 2
80 : : ; : : N T : T TR e T B S ; N LO
160 | a=197fm | - ®NLO 1 3y L%
% o 140} o ] i
() ) o I
) O 120f O 6
) 40 [®)) [ o |
o) O 100} o | &
2 a=197fm | = | =l [Courtesy of Dean Lee]
80 L
‘O OLO ‘o oLO 0
e NLO ©- @NLO 3
40L

O (degrees)

O (degrees)

|
[}
T

-8

[]. M. Alarcon, Chiral Dynamics Workshop 2015]







* Provide spatial picture of the charge and magnetic density of the
baryon octet and densities of the decuplet.




* Provide spatial picture of the charge and magnetic density of the
baryon octet and densities of the decuplet.

® Chiral EFT provides predictions for the peripheral region b~ |/Mn.




* Provide spatial picture of the charge and magnetic density of the

baryon octet and densities of the decuplet.

Bl ERT provic
* bxtend the work

decuplet.

es predictions for the peripheral region b~ |/Mn.
Of [Granados & Weiss, [HEP 1401 (2014)] tO the octet and




* Provide spatial picture of the charge and magnetic density of the

baryon octet and ¢

ensities of the decuplet.

* Chiral
* Extenc
decuplet.

BB Brovic

the work

es predictions for the peripheral region b~ |/Mn.
Of [Granados & Weiss, [HEP 1401 (2014)] tO the octet and

p1 Proton. SU(2) vs SU(3) p2 Proton. SU(2) vs SU(3)
----------------------------- 1= BN W L S WS IS S  e e Tee
10 3 Octet Bos
Decuplet
Decuplet 0.100 ¢
F Octet+Decuplet
St Octet+Decuplet | T N o s SU(2) Nucleon
c\ll SRR NG, L e e mmemeane SU(2) Nucleon I 0101 N N SU(2) Delta
I £
é L i e e SU(2) Delta o L N i SU(2) Nucleon+Delta
= N2 i
e e ) B e e TR CCLDCIO00 SU(2) Nucleon+Delta I
QQ DEI e S SRR s T @ ] 2ot 0001}
(10 R T S B e T TR o b Taa
1075 R e e e L o T
.........................
0.0 0.5 1.0 1.5 2.0 2.5 30 0.0 0.5 1.0 15 2.0 25 3.0
b (fm) b (fm)




* Provide spatial picture of the charge and magnetic density of the

baryon octet and ¢

ensities of the decuplet.

Bl ERT provic

es predictions for the peripheral region b~ |/Mn.

* Extend the work of [Granados & Weiss, JIHEP 1401 (2014)] TO the octet and
decuplet.
""" P I'Dro'to'n'_ SU(2) Vs SUL3) e B 1 P2 Proton. SU(2) vs SU(3)
10+ K Octet Octet
D - sl Decuplet
D F Octet+Decuplet
Octet+Decuplet P T TN IS e e O T T SU(2) Nucleon
c\IT‘ R A T L e SU(2) Nucleon 1 PRl 1113 (1] SRR b P> G P S s e e SU(2) Delta
,_g L e - P T E PO SU(2) Delta | E R N e S e ety (R SU(2) Nucleon+Delta
QQF. S SU(2) Nucleon+Delta | g 0.001;7
10‘4;— ~~~~~
10—5 B e e A
0-70..44(EJ‘IJ1!OIIll1f5l“‘250““25““3-0 10_50.0‘“‘0i5""150‘“‘1i5““250““255“ jjjj 3: .0
b (fm) b (fm)

* Check the large-Nc relations In

arlaltERE




* Provide spatial picture of the charge and magnetic density of the
baryon octet and densities of the decuplet.

® Chiral EFT provides predictions for the peripheral region b~ |/Mn.

* Extend the work of [Granados & Weiss, JIHEP 1401 (2014)] TO the octet and

decuplet.
p1 Proton. SU(2) vs SU(3) o2 Proton. SU(2) vs SU(3)
----------------------------- 1 T e
10 - K Octet Octet
Decuplet
Decuplet | 0.100 ¢
F Octet+Decuplet
BT Octet+Decuplet o e NN I e T S SU(2) Nucleon
(\II SRR NG, L e e mmemeane SU(2) Nucleon & 0010k : NG TSNS el e SU(2) Delta
I C d SN
e R e s SU(2) Delta | = i : NS i SU(2) Nucleon+Delta
= i =l
= : oo,  nmmmmmen SU(2) Nucleon+Delta |
QQ 0.001 B (P ki 0 £ g @ ] 2ot 0001}
1074} E TN 2
1075 o T e e e IR
Lo n n B R ' e 11 I L L L L 1 f L 1 1 1 1 1 1 1 1 1 i L 1 . . t N L K A A A 1 . ‘ R ‘ 1 n A n L 1 L L L L 1 L .‘.. ~~~~~
0.0 05 1.0 15 2.0 25 3.0 T 05 1.0 15 20 25 3.0
b (fm) b (fm)

* Check the large-Nc relations in chiral EFT.

*\We saw that different formulations with A are subdominant in Nc.
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* Check the large-Nc relations in chiral EFT.

*\We saw that different formulations with A are subdominant in Nc.
h.. They do not modify the correct Nc scaling.







e Chiral EFT with baryons is an excellent tool to investigate
fundamental hadronic interactions involving nucleons on QCD

orounds.
°TTN
* Good description of modern scattering data below the A peak.
* Agreement with dispersive extractions.
* Extraction of iImportant quantities from phenomenology ( Ox N )
* Forward doubly virtual Compton scattering

* Prediction of polarizabilities in agreement with MAID model and
experimental data — Improves previous ChPT predictions.

e Nuclear Lattice EF T

* Fundamental piece in ab initio many-body nuclear calculations.
* Further improvements possible including spin-flavor symmetry.
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* Relativistic baryon chiral EFT with electromagnetic probes:
* Scalar and spin VVCS Polarizabllities.

¢ Scalar Polarizabilites:
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* Some Interesting moments:

I\ (Q?) = / a2 ¢1(z, Q%)

d(Q?) = f dx x*[2g1(x,0%) + 3g2(x, 0%)]
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