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Introduction

@ Nuclear two-body electromagnetic currents in non-reistiiv Y EFT
@ Calculation up to one loop

@ Nuclear electromagnetic observables: results

@ Summary and outlook
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Electromagnetic two-body currents

N N’ N N
YA}T; } va
N N N N

9@ 1-body: describes the current of a free nucleon
@ 2-body: includes the effect of the NN interaction on the ents of a nucleon pair

EM current operator related to the transition amplitute via

T = (NN [ TINNG) = - 22|
q
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Transition amplitude in TOPT

Relevant degrees of freedom:
@ non relativistic nucleons (N)
@ pions (1); mediators of the NN interaction at large interparticlstdnces

@ non relativistic Delta-isobarg\j
My ~ My +2My

Transition amplitude in time-ordered perturbation theory

=] 1 n-1
Tii= (N'N' | H —H NN;
=N S (Gt ) NNy

Hg = freem, N, A Hamiltonians
H; = interactingr, N, A, y Hamiltonians
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Transition amplitude in TOPT

In practice, insert complete sets of eigenstatadpbetween successive termstf

E-E (I'|Hy | NN;y) ...

Tri = (N'N" | HL | NN; y) +%<N/N/ [Hyl 1)
]

The contributions to th&;; are rapresented by time ordered diagrams

Example: seagull pion exchange current

N number ofH;’s (vertices)
— N! time-ordered diagrams
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XEFT Interacting Hamiltonians

H1's are derived from the Chiral Effective Field Theory Lagyams (%)
S. Weinberg, Phys. LetB251, 288 (1990); Nucl. PhysB363, 3 (1991); Phys. Lett8295, 114 (1992)

@ QCD is the underlying theory of strong interaction; on thésisr, N, andA interactions
are completely determined by the underlying quark-gluomediyics

@ Atlow energies perturbative techniques (expansionigncannot be applied to solve
QCD and we are far from a quantitative understanding of thednergy physics by ab
initio calculations from QCD

9 XEFT exploits thexy symmetry exhibited by QCD at low energy to restrict the forfithe
interactions of pions among themselves and with othergasti
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XEFT Interacting Hamiltonians

@ The pion couples by powers of its moment@m— % can by systemtically expanded ir

powers ofQ/M
Lt = L0 4 2V 4 22

M ~ 1 GeV is the hard scale wheydFT will break down and characterizes the
convergence of the expansien we are limited to kinematic regions with < M

@ XEFT allows for a perturbative treatment in terms of Q - as ggpldo a coupling
constant - expansion

@ The coefficients of the expansion, Low Energy Constants (EEe unknown and need
to be fixed by comparison with exp data
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XEFT Interacting Hamiltonians

@ The pion couples by powers of its moment@m— % can by systemtically expanded ir

powers ofQ/M
Lt = L0 4 2V 4 22

M ~ 1 GeV is the hard scale wheydFT will break down and characterizes the
convergence of the expansien we are limited to kinematic regions with < M

@ XEFT allows for a perturbative treatment in terms of Q - as ggpldo a coupling
constant - expansion

@ The coefficients of the expansion, Low Energy Constants (EEe unknown and need
to be fixed by comparison with exp data

@ Due to the chiral expansioii;; can be expanded as

Tij = TLO 4 TNLO L TN?LO |

o Qo
M

2
N (2) TLO
M

@ The power counting scheme allows us to arrange the coritiisiof T;; in powers of a
small momentun®Q
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Power Counting

Each contribution to th&;; scales as

N
e rlQGifﬁi/Z X Qf(Nfl) X Q3L
i —_—— ~~

“———o—— denominators loopintegration

Hiscaling
a; = number of derivatives (momenta) ki Hina
Bi = number ofrr's at each vertex AR .
- 77NN
(QFi/2 takes in accoum\/—ifm energy factor in thet field) -

H, scaling~ Q' x Q 72 x Q' x Q1 xeQ® x Q%2 ~ eQ®
—_— — — —,—— —

Hmna Hrn Hrmyna
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Power Counting

e (lﬂlQaiﬁiﬂ) % Q*(Nfl) % Q3|-
i= N—— ~~
—_—————

denominators loopintegration

eQ®

N = number of vertices

N — 1 = number of intermediate states
L = number of loops

(Q® takes in accounf d*Q)

@ Energy denominator scales@s? in the static limit

EN:nN‘l'%NmN; EA:mA‘l'%NmA
my—my ~Q
wr~Q
L : =t~
Ei —Ho 2my — (Mp + My + wrr) My — My + Wrr Q
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Qa. ﬁi /2 N 1 >< Q3L Ql
rl ~~

Q*2 Q&

N = number of vertices

N — 1 = number of intermidiate states AN

L = number of loops .- ~ eQ
(Q® takes in accounf d*Q)

o Energy denominator scales@s? in the static limit

EN:nN‘l'%NmN; EA:mA‘l'%NmA

my—my ~Q

wr~Q
L : [y Y YT
Ei —Ho 2my — (Mp + My + wrr) my — N + Wrr Q
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11, N andA Vertices

~Q ~Q ~Q
o r &
Honn Hina Hoonw
A
o = 2 [ 6N (9 [ D7(9] TaN ()
k
VN gA if/_ ~Qlx Q71/2
2
@ Hmn (m,’;—f“) 7 = 0.075 from Nijmegen analysis on NN scattering data
@ Hyna @ ha ~ 2.77 fixed by reproducing the width of teresonance
~Q ~Q?
X X X X X
QX(T . Ch Cii=1,14
Hero HCT 2 HLTs H(m H(T 5 Herap
@ Hcr1: 4-nucleons contact terms, 2 LEC's
@ Hcto-5: contact terms involving one or twis, 5 LEC's
@ Hcrop : 4-nucleons contact terms with two derivatives acting odMNLEC’s
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XEFT NN potential at LO

1
THO = (N'N" | Hra | NN) +%(N N’ | Hy | |> <| | Hr | NN
|

Leading order NN potential iyEFT

9,2(_\ o1-kop-k

F,%af

UNN Cs+Croy-0 T1L T2
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EM Vertices

@ EM H; obtained by minimal substitution in thre and N-derivative couplings

O(x) —  [OFieA(X)] 7 (x)
ON(X) — [O—ieenAX)INKX),  en=(1+1)/2

~eQ’ ~eQ’ ~eQ
Hoonn H,cr

@ EM H; of individual N's andA’s obtained by non-relativistic reduction of the effective
Hamiltonians

~eQ ~eQ
Honn Hona

o Hynn : Hp =2.793 n.m. angi, = —1.913 n.m. anomalous magnetic moments
o Hyna @ p* =3 n.m. fromyNA data
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Currents up to RLO

o Upto N2LO

w J
N2LO : Q" JJ+ J1 X

N?LO - RC N2LO-A N2LO-A.

@ One-loop corrections to the one-body current (absorbeduigt (rﬁ))

Al Al

—
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MK M K X x
{ J{ J:::{ IH }

@ Currents from KIN)(NN) contact interactions with two gradients involving a numbg
LEC’s

@ One-loop renormalization of to the tree-level currents
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Recoil corrections at RLO

@ NZ2LO reducible and irreducible contributions in TOPT

Reducible Irreducible

jNLO I;‘I | I
o T b

@ Recoil corrections to the reducible contribution obtaibgdexpanding in powers of
En/wr the propagators

|| || ~ 1 LO v LO
1) >~ /UWETZ'— [J + m‘]
— o™ sLO
J"I ..| = —mJ

@ Recoil corrections to the reducible diagrams cancel ircéddde contribution
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Recoil corrections at RLO

Direct Crossed

a2 I

1 2

@ Reducible contributions
jred ~ / (CI2)E El
/2 o VnNN(2aQZ)VnNN(ZQl)VnNN(vaZ)VynNN(lvch)

9 Irreducible contributions
/2(01 +

NLO(q )

Vinn(2,d2) Vann (2,d1) Vann (1, d2) Vi (1,91)

Jirr
/ w.‘lz. + O.% T @ VN (2,01), Vinn (2, 92)] -V (1, d2) Vyrn (1,01)

w1 W (w1 + @)

@ Observed partial cancellations atIND between recoil corrections to the reducible
diagrams and irreducible contributions
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m'iff\f')NzLO:)g( |1 l’:,»::1 I::::I t‘:_{ )g( )g( }g{—i—
B |

with recoil withrecoil

@ We constructed the NN potentiajj generated by thg EFT Hamiltonians and verified
whether the continuity equation is satisfied

| P
q-]1= [M+M+U12,P]

o We found that the inclusion of recoil corrections (&0 and N*LO) in the evaluation of
the NN potential and the currents ensures that the congieaitiation is satisfied

o Expressions of NN up to 8.0 in agreement with those obtained with the method of
unitary transformations
-E. Epelbaunet al. Nucl.Phys. A637, 107 (1998)
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Currents in r-space

@ The calculation of EM observable is carried out in r-space
— we need configuration-space representation of the curpamators

@ AtNLO and NPLO the operator preseny/d? and 1/r3 singularities
— regularize them by introducing a momentum cutoff

Calp) = PV, A<M
o A=(500-800) MeV
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Electromagnetic observables atlMD

@ Hybrid approach

The current operator is used in transition matrix elemeata/ben w.f.'s obtained from
realistic Hamiltonians with two- and three-body poterstial

> A=2w.f.s from AV18 or CDB potentials
2 long-range NN interaction via OPE
o fitted to reproduce NN scattering data
@ reproduced properties

> A=3w.f’s (HH) from Av18-UIX or CDB-UIX* potentials

o reproduce’H binging energy and a variety of Nscattering data
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Electromagnetic observables atlMD

@ Isoscalar observables

@ g deuteron magnetic moment
¢ Usisoscalar combination of the trinucleon magnetic moments

s =5 [uCHe) + u(H)]
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Electromagnetic observables atlMD

LO N2LO

Isoscalar currents : '_\_r'{ ‘ ;r+ ‘

@ d magnetic momentiyy) and isoscalar combinatiop€) of 3H/3He magnetic

moments
Hg (n.m.) Hs (n.m.)
AV1B CDB AVIB/UIX | CDB/UIX®
Lo +0.8469 | +0.8521 || +0.4104 +0.4183
N2LO-RC | —0.0082 | —0.0080 || —0.0045 —0.0052
EXP +0.8574 +0.426

@ N?LO contribution (cutoffA independent) is 1% of LO, but of opposite sign
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Electromagnetic observables atlMD

@ Isovector observables

e n+p—d+y cross-section at thermal neutron energigs; 2200 m/s
¢ Uy isovector combination of the trinucleon magnetic moments

= 5 [(PHe) —u(H)]
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Electromagnetic observables atlMD

LO NLO N2LO
!

A= f,ﬁ% Ca, = f'u* Dy

@ 1H(n,y)2H x-section

o N2LO-A. gives no contribution to the X-Sectionuf’:o|Wyy; | = ever) = 0)
@ Cp : ha from A width, u* from Ny data

m.e. (mbt/?)
AV18

A (MeV) 600
o) 17.45
NLO +0.42

N2LO-RC -0.05

N?LO-A +0.16
Sum 17.99
EXP 18.24

@ x-section is underpredicted by 2.5 %: fix Ca(/\) by reproducing the exp values of
IH(n,y)?H x-section )
P
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Electromagnetic observables atlMD

LO NLO N2LO
!

A= fﬂ*ih}g" Cac =1{'u" Dr

o py in 3H/BHe
o with Cp (/) fixed to reproducer(np — dy)

pv(n.m.)
AV18

A (MeV) 600
LO —2.159
NLO -0.197
N2LO-RC +0.029
N2LO-A —0.253
Sum —2.580
EXP —2.533

@ N2LO correction larger than NLO
9 py underpredicted by 2 %

@ N2LO current completely determined wiy, (A) fixed by reproducingsy
win
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Electromagnetic observables atlMD

9 n+d — 3H +y cross-sectiondr) at thermal neutron energies

o fi+d — 3H +y photon circular polarization factd.

PN = neutron polarization
Py = photon circular polarization

a(Pn,Py=1)—0(Py,Py = —1
_ 14 Y

Pr = —R.Pv - §
r 207 RcPn-Q
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Predictions fon-d capture at thermal energy

2H(n,y)®H and?H(R,y)3H radiative capture at thermal neutron energies (AV18/Ul>

or (mb) Re
A (MeV) 500 600 800 500 600 800
LO 0.229 | 0.229 | 0.229 || —0.060 | —0.060 | —0.060
LO+NLO 0.272 | 0.260 | 0.243 || —-0.218 | —0.182 | —-0.123
LO+NLO+N?LO | 0.450 | 0.382 | 0.315 || —0.437 | -0.398 | —0.331
EXP 0.508+0.015 —0.42+0.03

@ LO < 50% exp: 1-body currents suppressed due to pseudo-ortaliydretween initial
final and states (well known)

1O | WEH)) = pp | WEH)) — (WCH) | 12 | W(n, d)) = pip (WCH) [ W(n, d)
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Predictions fon-d capture at thermal energy

2H(n,y)3H and?H(R,y)3H radiative capture at thermal neutron energies (AV18/Ul>

or (mb) Re
A (MeV) 500 | 600 | 800 500 600 800
LO 0.229 | 0.229 | 0.229 || —0.060 | —0.060 | —0.060
LO+NLO (seagull only) | 0.425 -0.425

LO+NLO (full) 0.272 | 0.260 | 0.243 || —0.218 | —0.182 | —0.123
LO+NLO+N?LO 0.450 | 0.382 | 0.315 || —-0.437 | —0.398 | —-0.331

EXP 0.508+0.015 —0.42£0.03

@ NLO seagull- and P P
in-flight-contributions nearly cancel out §
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Predictions fon-d capture at thermal energy

2H(n,y)®H and?H(n,y)3H radiative capture at thermal neutron energies (AV18/UI)

ot (mb) Re
A (MeV) 500 600 800 500 600 800
LO 0.229 | 0.229 | 0.229 || —-0.060 | —0.060 | —0.060
LO+NLO 0.272 | 0.260 | 0.243 || -0.218 | —0.182 | —-0.123
LO+NLO+N?LO | 0.450 | 0.382 | 0.315 || —0.437 | —0.398 | —0.331
EXP 0.508+0.015 —0.42+0.03

9 N2LO theory~ 25% smaller than exp: stronfg-dependence

> mainly due to short-range behavior ofIND-A; contact current governed by a
Gaussian of half-width 2\
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Predictions fon-d capture at thermal energy

2H(n,y)®H and?H(n,y)3H radiative capture at thermal neutron energies (AV18/UI)

ot (mb) Re
A (MeV) 500 600 800 500 600 800
LO 0.229 | 0.229 | 0.229 || —-0.060 | —0.060 | —0.060
LO+NLO 0.272 | 0.260 | 0.243 || -0.218 | —0.182 | —-0.123
LO+NLO+N?LO | 0.450 | 0.382 | 0.315 || —0.437 | —0.398 | —0.331
EXP 0.508+0.015 —0.42+0.03

9 N2LO theory~ 25% smaller than exp: stronfg-dependence

> mainly due to short-range behavior ofIND-A; contact current governed by a
Gaussian of half-width 2\

@ N2LO contribution much larger than NLO

> NLO cancellations
> N2LO makes up for missing loop corrections atlMD
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@ Currents up to RLO have been derived ifEFT

9 Currents up to RLO have been completely determined by reproducing exp saifithe
IH(n, y)2H x-section anduy

9 At N2LO the2H(n, y)3H x-section andR; are unpredicted by theory
@ A strong cutoff dependence has been observed
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> Incorporate the RLO operators into the calculations of the captures and thgnetic
moments of light nuclei4 < 8)

> Fix the LEC’s by fitting the NN potential

S IEIEEES e
b ]

> N3LO 3-body currents also need to be derived

JIES
win
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