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EM currents I: Standard Nuclear Physics Approach (SNPA)
EM currents II: Nuclea EFT approach

EM observables i\ < 9 systems

Summary

Outlook
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The Basic Model

» The nucleus is a system made of A interacting nucleons, @gggris given by

A
H=T+V= Z\ti +ZUij + z Vijk+ .-
i= i<] i<j<k
whereu;; andVijjk are 2- and 3-nucleon interaction operators

» Current and charge operators describe the interactionad¢inwith external
fields. They are expanded as a sum ef 2—, ... nucleon operators:

A A
pP=>p+> pij+.., =0yt
LEDL ETE

i<j i<

N N
» EM current operator satisfies the current conservation relation (CCR) with the
nuclear Hamiltonian, hence ¥4, j need to be derived consistently
q-j=[H,p]
CCR does not constrain transverse (orthogona]) tourrents

2/9292



Currents from nuclear interactions marcucciet al. PRC72, 014001 (2005)

» Current operatoj constructed so as to satisfy the continuity equation with a
realistic Hamiltonian

» Short- and intermediate-behavior of the EM operators ieféfrom the nuclear
two- and three-body potentials

J = ,](1) transverse
T T PpWw
+ P T
q
. N N
+ JE)

« also referred to as Standard Nuclear Physics Approach ($bliréents

» Long range part of(v) corresponds to OPE seagull and pion-in-flight EM
currents
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Currents from nuclear interaction$iarcucciet al. PRC72, 014001 (2005)

Satisfactory description of a variety of nuclear EM projesr{see Marcuccit al. (2005)

and (2008)
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> Isoscalar magnetic moments are a few % off (1098#7 nuclei)
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Chiral Effective Field Theory EM Currents

Currents and nuclear electroweak properties:

> Park, Rhoet al. (1996—-2009);
hybrid studies in A=2—4 by Soraf al. (2009-2011)

» Meissneret al. (2001), Kollinget al. (2009-2011);
applications tal and3He photodisintegration by Rozpedzkal. (2011);
applications tal andA = 3 magnetic f.f.'s by Kolling, Epelbaum,
Phillips (2012)

> Phillips (2003);
applications to deuteron static properties and f.f.'s
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Transition amplitude in time-ordered perturbation theory

© n-1
=T = @S (g ogt) 1)

1 .
I [Hy DY +...
. g (I IHali)+

<f|H1|i>+%<f|H1\|>

» A contribution with N interaction vertices and L loops scaés

N J
e QaI_BI/Z XQ_(N_NK_]‘) Q—ZNK % Q3L L -~
i= — ~—~ ]
denominators loopintegration = =
Hjscaling

a; = number of derivatives ikl; and3, = number ofrr’s at each vertex
Nk = number of pure nucleonic intermediate states

» (N—Nk —1) energy denominators expanded in powersf- En)/wr ~ Q

1 1 1 | E—Ey , (E—En)?
) = 1V~ —| — 1 N ! N !
Ei—E|‘> Ei—EN—a),T‘> [wn+ w? + w} + ]H
Q! Q Qt

» Due to the chiral expansion, the transition amplitdgecan be expanded as
T =TO4TNO L TN2LO L and TNLO o (Q/A,)"THO
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XEFT EM current up ton= 1 (or up to N3LO)

» n=-2-1,0, and 1-(loops only):
Lo Y meq? depend on known LECs nameiy, Fr,
and proton and neutrom

» n=0: (Q/my)? relativistic correction to
(-2

NLO {1~ eq 1 J B * 1 -

% » unknown LECs enter the= 1 contact
and tree-level currents (the latter
N2LO :j-0 ~ ¢Q0 originates from g/miN vertex of order

eQ?)
» divergencies associated with loop integrals are reabddspeenormalization
of contact terms

» loops contributions lead to purely isovector operators
» j("<1) satisfies the CCR witly EFT two-nucleon potential ("<

o AR LR KX XX
unknown LEC's Jl x
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XEFT EM current up ton= 1 (or up to N3LO)

» LECs of contact interactions ° and ‘minimal’ contact interactions &?
fixed from fits tonp phases shifts: LECs taken fro@f NN potential of D.R.
Entem, R.Machleidt-PRas8, 041001 (2003)

» LECs from ‘non-minimal’ interactions fixed by reproducing/lEbbservables:
Different parameterizations are possible

> No three-body currents at N3LO

* Note:

* currents associated with one loop corrections to the OPE&sing in our
calculations; renormalization of OPE currents has beemechout in Kolling
2011

* We revised derivation of current of involving CT interacti® pion loop (more
on this issue on extra slides if interested)

* The N3LO MIN contact current is in agreement with that of ki 2011 after
Fierz-reordering, apart from differences in the téfr€s (more on this issue on
extra slides if interested)

* Piarulli et al. in preparation, **PR@0, 034004 (2009)
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XEFT EM currents at N3LO: fixing LECs p.1/2paruliiet al. in prep.

dS,dY,dy S eV
ph S ay,dy

Five LECs:dS, dY, anddy could be
determined by pion photo-production
data on the nucleon

dy andd) are known assuming
A-resonance saturatioty(dy = 1/4)

Left with 5 LECs: Fixed in theéd = 2— 3 nucleons’ sector

» |soscalar sector:
* dS andcS from EXPT pg and us(3H/PHe)

A NN/NNN 10x dS cs
600 AVIB/UIX (N3BLO/N2LO) —2.033(3.231) 5.238 (11.38)
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XEFT EM currents at N3LO: fixing LECs p.2/2paruliiet al. in prep.

S V. gV 5
d>,dY, d. S eV

Five LECs:dS, dY, anddy could be
determined by pion photo-production
data on the nucleon

dy andd) are known assuming
A-resonance saturatioty(dy = 1/4)

Left with 4 LECs: Fixed in theA = 2 — 3 nucleons’ sector

» Isovector sector:
* 1=c¥ andd from EXPT py (3H/3He) m.m. and EXPTipdy xsec.

or
* 11 = ¢ from EXPTnpdy xsec. andi} from A-saturation
or
* 111 = ¢V from EXPT py (3H/°He) m.m. andi) from A-saturatiori
A NN/NNN Current dy cv
600  AVISIUIX (N3LO/NZLO) [ 75.0(33.14)  257.5 (41.84)

I 4.98(4.98)  -11.57 (-22.31)
i 4.98(4.98)  -1.025(-11.69)

* gV _a_Hha a2
dl - 49m(mA—m)/\ 1117122



Predictions withyEFT EM currents foA = 2—3 systemspiarulliet al. in prep.

np capture xsec. (using model ll1}4, of A= 3 nuclei (using model II)
bands represent nuclear model dependence (N3LO/N2LO —/AWXB
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Kievskyet al., FBS22, 1 (1997); Vivianiet al., FBS39, 59 (2006); Kievskyet al., J. Phys. G: Nucl. Part.
Phys.35, 063101 (2008)
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Predictions withyEFT EM currents folA = 2—3 Systems Piarulii et al. in prep.

3H magnetic f.f. using model Il
bands represent cutoff dependente=(500— 600 MeV)

10°E — T T T T T3
E — = LO AVI8/UIX
I — LO N3LO/N2LO
r —— TOT AV18/UIX
o'k — TOT N3LO/N2LO
5 f ]
= 2
=107 =
- E
L s
\
107
el
1079 1 2 3 4 5

q(fm™)

trinucleon w.f.'s from hyperspherical harmonics expansio
Kievskyet al., FBS22, 1 (1997); Vivianiet al., FBS39, 59 (2006); Kievskyet al., J. Phys. G: Nucl. Part.

Phys.35, 063101 (2008)
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GFMC Prediction®A = 6-9 — Variational Monte Carlo

Minimize expectation value dfl

using trial function

|PA(IMTT3))

|Wy) = |:5ﬂl_| 1+Uj+ Uijk) :| |:I_| fe(rij)
k1L

1<) <]

v

single-particle®a(IMTT3) is fully antisymmetric and translationally invariant
» central pair correlation&(r) keep nucleons at favorable pair separation

» pair correlation operatordjj reflect influence objj (AV18)

» triple correlation operatddjjx added whervjj, (IL7) is present

Wy, are spin-isospin vectors inAddimensions with~ 24 (%) components
Lomnitz-Adler, Pandharipande, Smith, MRB61, 399 (1981) Wiringa, PR@3, 1585 (1991)
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GFMC Prediction®A = 6—-9 — Green’s function Monte Carlo

Given a decent trial functioWy, we can further improve it by “filtering” out the
remaining excited state contamination:

W(r) = exp—(H — Eg)T|Wy = ZEXP[—(En —Eo)T]antn
W(1 — ) =aglp

Evaluation of¥(1) is done stochastically (Monte Carlo method) in small tinepst
AT using a Green'’s function formulation.
In practice, we evaluate a “mixed” estimates

(YOO¥@)i i f
(O(1)) = UGG (O(7))Mixed + (O(T)) mixed — (O)v

Wy |O|W(1))i f fW(1)[OWy)i
O(T) M pivaq = f<7 : 1)) H A S
< ( )>M|xed f<LpV|Lp(T)>i < ( )>M|xed f<Lp(T)|l'pV>i
Pudliner, Pandharipande, Carlson, Pieper, & Wiringa, BRQ 720 (1997)

Wiringa, Pieper, Carlson, & Pandharipande, PERC014001 (2000)
Pieper, Wiringa, & Carlson, PRT, 054325 (2004)
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Examples of GFMC propagation: M1 TransitionAn= 7

TLi(1/27 ) to " Li(3/27) (9.5.)

— VMC — 1A (g_mix_i)

wol T A (gext) — 1A (g_mix_f)
— TOT (g_ext) TOT (g_mix_i)

— TOT (g_mix_f)

<JAIML[[J; > (uy)

2.51

0.0 0.1 0.2 0.3 0.4
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<J||pl|T> (py)

Examples of GFMC propagation: Magnetic momenAia: 9

“Li xEFT

— VMC
— 1A (g_ext)
— TOT (g_ext)

— 1A

(9_mix)
— TOT (g_mix)

31 I
TY STt ¥t
A ITTEN:

Hi%xwo }
i

il

0.4

<Jlpyeclld> (uy)

0.0]

0.5

MEC = TOT - 1A

A g_ext = 2.637 (24), dr = 0.2-
MEC g_ext = 0.711 (32)

TOT g_ext = 3.348 (40)

EXPT =3.439

0.1 0.2
r (Mev™")

Reduce noise by increasing the statistic for the 1A results
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GFMC calculation of magnetic momentsAn< 9 nuclei: Summary
Predictions folA > 3 nuclei — AV18/IL7 +XEFT EM MEC

4
L " * il
3 " 3 ° &«
L P ) 7L .9 B 4
3 Li
2k H ' i
I * o ]
i ° _
1 * - o~ 8 ?
B
= 2H OLi 1
=
0o GFMC(IA) oc |
L ™ GFMC(FULL) Be ®
1L * EXPT oB¢ _
Fn 3He ) g ”’ " il
[ J
2L % 1 _
-3

Preliminary results

H(A) = un Z[(Li +0S)(1+Ti2)/2+0nS(1-Tiz) /2]
! 18799



Magnetic moments ih < 9 nuclei: SNPA vsYEFT

A ss. A TOTSNPA  TOTXEFT* EXP

IS 7 [43] 0.902 (3) 0.833(12)  0.906 (7) 0.929
v [43] -3.944(5) -4587(18) -4.670(9) -—4.654
IS 8 [431]  1.289(8) 1.160 (15) 1.299 (9) 1.344
v [431]  0182(8) -0.129(15) -0.139(9) -0.310

IS 9 [432]  0.994(15) 0.922 (32) 1.038 (21) 1.024
v [432] -1.095(10) -1.371(21) -1532(15) -1.610

Preliminary results

Overall improvement of isoscalar (IS) component of the netigrmoment

1= Hs+ Tzl
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Anomalous magnetic moment 3¢

Mirror nuclei spin expectation value

» Charge Symmetry Conserving (CSC) pictupe{— n) *

<oy o H(Tz:+T)+I1(Tz:—T)—J . 2H(|S)—J
£ (R+g—-1)/2 ~ 03796

» ForA=9, T = 3/2 mirror nuclei:°C and’Li
EXP < 07 >= 1.44 while THEORY< 07 >~ 1 (assuming CSC)
possible cause: Charge Symmetry Breaking (CSB)

» Three different predictions for. g, > with CSC w.f.'s (*) and CSB w.f.'s

<0z > Symmetry IA TOT EXP
CSB | °Li(3 :3)°CG :3) | 129(8)  152(11) 1.44
CSC | °Li(37;3)°C(E;3)* | 0.95(11) 1.00(11)

CSC | °Li(37;3)%°c(Z;3) | 1.00(11) 1.05(9)

Preliminary
» Need both CSB in the w.f.'s and MEC!

* Utsuno — PR@0, 011303(R) (2004)
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GFMC calculation of M1 transitions iA < 9 nuclei: Summary

.L gBe(‘5/2' ) B‘(EZ)

® )k %Bel, - ¥,) B(M1)
MI(IA) = N [(Li+6pS)(1+Ti2)/2 ox—k—— 533" . 2) B(MY)
| +onS(1-T1i2)/2 ® X 8B(1* - 29 B(M1)
E2(1A) = Yen, r2Ys(F;) o —k— B3+ . 2%) BM1)
' @k B(1* . 2%) B(M1)

® 5 Be(, - 3,) B(E2)

® 3 Be, - 3,) B(M1)

& LY, - %,)B(E2)

® % Li(Yy - 3,)BMI)
Preliminary results ox L - 1) BM1)

FETT R REENE,

Ratio to experiment
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Summary

SNPA andxEFT up to N3LO EM currents operators tested in &€ 9 nuclei

Predictions from hybrid calculations of magnetic momert B transitions in
A <9 nuclei are in good agreement with experimental data: Cbares beyond
the IA are important to bring theory in agreement with expental data

Anomalous magnetic moment € is reproduced as a result of both CSB in
the nuclear w.f.'s angtEFT two-body corrections

Outlook: electroweak properties of light nuclei

« EM structure of light nuclei

» Extend hybrid calculations to different combinations of 2hd 3N
potentials to study charge radii, charge and magnetic faotofs of
A < 10 systems (on going project)

x Weak structure of light nuclei
» Extend hybrid calculations to weak properties of light mucl
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