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Nuclear Yy EFT approach
EM charge and current operators up to one loop from yEFT
A =2 and 3 nuclei: elastic form factors

Summary and outlook
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The Basic Model

» The nucleus is a system made of A interacting nucleons, its energy is given by

H=T+V= Zt,+2vy+ Y Vig+..
i=1 i<j i<j<k

where v;; and Vjj are 2- and 3-nucleon interaction operators

» Current and charge operators describe the interaction of nuclei with external

fields. They are expanded as a sum of 1—, 2—, ... nucleon operators:
p= sz+ZpU+ J*ZJ;"‘ZJU—F
i<j i<j
a + .
N N

» Longitudinal EM current operator j linked to the nuclear Hamiltonian via
a-j=[H.p]=[T+V,p]
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Nuclear yEFT approach
. Weinberg, Phys. Lett. B251, 288 (1990); Nucl. Phys. B363, 3 (1991); Phys. Lett. B295, 114 (1992)

» xEFT exploits the y symmetry exhibited by QCD at low energy to restrict the
form of the interactions of 7’s with other 7’s, and with N’s, A’s, ...

The pion couples by powers of its momentum Q — %, can be systematically
expanded in powers n of Q/A,
Loy = 2O 4 204 2@ 4Py

Ay ~ 1 GeV is the hard scale where YEFT breaks down and characterizes the
convergence of the expansion — we are limited to kinematic regions where
O <Ay

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

The systematic expansion in Q naturally has the feature
<ﬁ> 1—body > <ﬁ> 2—body = <ﬁ>37body
A theoretical error due to the truncation of the expansion can be assigned
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Transition amplitude in time-ordered perturbation theory

» We use non relativistic N’s and 7’s as mediators of the nuclear interaction at
large interparticle distances

> We can construct multiple pion-exchange operators or multiple nucleon
contact-terms encoding intermediate— and short-range dynamics

oo 1 n—1
W=¢ITI) = ¢lm Y (mﬂl) U

(F1H ] +Z<f|H1\1 g, )+

> A contribution with N interaction vertices and L loops scales as

N J
o;i—Bi/2 —(N—=Ng—1) H—2N, 3L L -~
e I IQ Bi/2 | « 0 (N—Nk )Q (% 0
i=1 v Vv 4
—_—— denominators loopintegration = =
H,scaling 'JJJ

o; = number of derivatives in H; and f; = number of 7’s at each vertex

Nk = number of pure nucleonic intermediate states
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Power counting

Due to the chiral expansion, the transition amplitude 7§ can be expanded as

Tﬁ _ TLO + TNLO + TNZLO +... and TNnLO ~ (Q/Ax)”TLO

N energy denominators scale as Q2

1 1 2
= 1)~ I .
=g~ e o

(N — Nk — 1) energy denominators scale Q! in the static limit; they can be
further expanded in powers of (E; — Ey)/wz ~ Q

1 1 | | Ei—Ey , (E—Ey)?
= I N—[f i—En y (Ei—Ey) ] I
El—EI‘ > El‘—EN—(On-‘ > i‘-’n/+ w? + w3 + ‘ >
—1 Q(J Ql

Relativistic effects taken in to account as (Q/my)? corrections to
non-relativistic operators
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NN Potential at N2LO (or Q"=?)

renormalize LEC's

><||><H|||1|1><><

0(Q°) N2LO (Q

» Contact potential at LO (or 0"=C) depends on 2 LECs
» Contact potential at N2LO (or 9"=2) depends on 7 additional LECs

NN potentials with 7’s and N’s
x van Kolck et al. (1994-96)
+ Kaiser, Weise et al. (1997-98)
+ Epelbaum, Glockle, Meissner (1998-2015)
+ Entem and Machleidt (2002-2015) =

Observations:
1. EM H, obtained by minimal substitution in the 7- and N-derivative couplings involve the same LECs
entering H; strong

Vs (x)
VN(x)

S [VFieAR) T (x)

S [VoieexA®INK),  ex=(1+47)/2

2. LECs entering EM H; from the Fy, = (dyA, — dyA,) are not constrained by the strong interaction
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XEFT EM current up to n =1 (or up to N3LO)

>

LO :jP~eq 2 A
NLO :j-U~eQ? - -
. % >
N2LO : j-0) ~ Q0
>

n=—2,—1,0, and 1-(loops only):
depend on known LECs (g4, Fr, and
”p/n)

n=0: (Q/my)? relativistic correction to
j*aLo

Strong contact ‘minimal’ LECs atn =1
fixed from fits to np phases shifts—Q*
NN potential of Entem&Machleidt

Unknown ‘non-minimal’ EM LECs enter
the n = 1 contact and tree-level currents

» No three-body EM currents at this order !!!

» NLO and N3LO loop-contributions lead to purely isovector operators

» j*= satisfies the continuity eq. with ¥EFT two-nucleon potential v(*<2)

NLO: " ~eQ J:::l |§i

A R KO XX

unknown LEC's J_.'l X
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XEFT EM currents at N3LO: fixing the EM LECs — Piarulli er al.

S gV gV
d>,d) , d. (’,S< v
L ’ dy,dy

Five LECs: d5, dY, and dY could be
determined by pion photo-production
data on the nucleon

dg and d}/ are known assuming
A-resonance saturation

Left with 3 LECs: Fixed in the A = 2 — 3 nucleons’ sector

> Isoscalar sector:
# 5 and ¢® from EXPT py and ug(H/>He)
» Isovector sector:
* model I = ¢V from EXPT npdy xsec.
or
* model I = ¢” from EXPT py(PH/3He) m.m. < our choice

Note that:
XEFT operators have a power law behavior — introduce a regulator to kill divergencies at large Q, e.g.,
Cp=e @M andalso, pick n large enough so as to not generate spurious contributions

C,\'\/l*(%) +...
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Predictions with Y EFT EM currents for A = 2—3 systems — Piarulli e al.

np capture xsec. (using model II) / y of A = 3 nuclei (using model I)
bands represent nuclear model dependence (N3LO/N2LO — AV18/UIX)

360
340
320

E
300

280

260

np

LO

— NLO

N2LO
N3LO (no LECs)
N3LO (full)

— EXP

u,CH/ He)

A (MeV)

500
N\ (MeV)

600

—-1.8

2

> npdy xsec. and ,LLV(3H/3He) m.m. are within 1% and 3% of EXPT

» Two-body currents important to reach agreement with exp data

» Negligible dependence on the cutoff entering the regulator exp(—(k/A)*)
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EM charge up to n = 0 (or up to N3LO)

» n=-3

Lo i pd P (@) =e(21)’8(p1 +q-p)) (1471:)/2+1=2

> n=—1:

> n=0:

NZLO : p(~ 1 ;+ (Q/my)? relativistic correction to p(~3)

) 1) ‘static’ tree-level current (originates
from a YN vertex of order e Q)

ii) ‘non-static’ OPE charge operators,

p,go)(v) depends on v,<,2) (v)

> No unknown LECs up to NALO or n =1 (g4, Fz) !!
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EM charge @ n =1 (or N4LO)

N1LO : pV (a) (0) (c) (d) (e)

T~
AN
Vo
A |
Sl
W,
4
I
v
/
T
\
\
'
L
N 1
> ’

» Charge operators up to n = 1 satisfy the condition
P (g=0)=0
which follows from charge conservation

4,
(tns) +;"*) +1=2=pI(q=0)

pla=0)= [dxp(x)=e

» Divergencies associated with (b) + (g), (¢) + (h), and (e) + (j) cancel out—as
they must since there are no counter-terms at N4ALO

> p<1) does not depend on unknown LECs and it is purely isovector
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Previous work using Y EFT with pions and nucleons

Electroweak currents with 7’s and N’s

* Park, Rho et al. (1996-2009);
hybrid studies in A=2—4 by Song ar al. (2009-2011)

* Meissner et al. (2001), Kolling et al. (2009-2011);
applications to d and *He photodisintegration by Rozpedzik et al. (2011);
applications to d magnetic f.f. by Kolling, Epelbaum, Phillips (2012)

* Phillips (2003-2007);
applications to deuteron static properties and f.f.’s
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Deuteron Charge and Quadrupole f.f.’s — Piarulli 7 al.

S e
F -- pAvis E f —— pAvI8
A — p"Avis 10'E — p"Avis 4
10 Lo E 3 Lo
F P ONNNLO) ] F P /NN(N3LO)
| —H 0
t P ONNNELO) 10 P ONN(N3LO) 3
. o =
107 b
3 10
5 [
10°F !
F 10°F f
[ (a r (b h
-4 L L L -3 L L L L L
107 I 2 3 4 5 6 7 107 I 2 3 4 5 6
i -1
gq[fm] q[fm ]

» N4LO contributions do not enter as they lead to isovector operators

» Calculations include nucleonic f.f.’s taken from exp data
> Qg within 1% (2%) of the exp data with N3LO(AV18)

> Bands’ thickness gives cutoff dependence A = 500 — 600 MeV
> G agrees withexpup to g~ 6 fm~!, i.e., beyond the 3 — 4 my range

AMeV  <rg>(m)  <rg>EXP 04 (fm?) 0. (fm?) EXP
500 1.076 (1.969)  1.9734(d4) | 0.285 (0.281) 0.2859(3)
600 1.968 (1.969) 0.282 (0.280)
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X EFT predictions for the Deuteron Charge and Quadrupole f.f.’s

XEFT calculations from Piarulli ez al., Phillips

10“E LU B I I R |OZEHH‘HHHH‘HH‘HH‘HH‘HH‘H
3 0" "“/NN(N3LO), Piarulli ef al. ] E o™ “O/NN(N3LO), Piarulli et al.
L 1 1
[ ] 10'E E
— " “/NN(N2LO), Phillips E — " “O/NN(N2LO), Phillips
| 3
10 £ 3 r
3 i 10’
[ 1 10
107F 3 F
SN 10°F t
[ © ] f@
-3 L L L L -3 L L L L L L
1079 3 4 5 6 7 107 1 3 4 5 6 7

qlfm’]

qlfm’]

» Good agreement between theoretical calculations and data for low g-values
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Deuteron Magnetic f.f.’s — Piarulli e al.

10 T T

—— Avis
— M%avis
10
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g ONNN3LO)
=
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3
SN N
E 107F X 3
S
a
N
(@ ‘e
10 | | | I & L
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f -l
q[fm"]

U 1s used to constrain the EM current — predictions are for g > 0
Calculations include nucleonic f.f.’s taken from exp data
Good agreement up to g ~ 2 fm™!

Exhibited sensitivity to nuclear Hamiltonians due to differences in the S- and
D-wave functions

Cutoff dependence large in the chiral formulation

16 /25



X EFT predictions for the deuteron magnetic f.f.

XEFT calculations from Piarulli ez al., Kolling et al.

100E T T T T LI L L L L L L ) L B L B \E
i T *H°/NN(N3LO), Piarulli ef al. ]
I = ""O/NN(N2LO), Kélling ef al. |
|
s10"F E
CH 3
= ]
3 L J
o
g L J
BN E
L o . |
3L b b b Lado
1079 1 2 3 4 5

-1
g [fm ]
» Good agreement between theoretical calculations and data for low g-values
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Deuteron wave functions

T I T I T I T I T I T

056 | —a |
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0
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from Entem&Machleidt 2011 Review

» Entem&Machleidt N3LO
» Epelbaum et al. 2005

> black lines = conventional potentials, i.e. AV18, CD-Bonn, Nijm-I
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3He and *H charge f.f.’s — Piarulli et a.

Al

H v

(b)

— M PIAVISsUIX

- P AVISHUIX

P UNN(NILO)+IN(N2LOY

pOINN(NILOMINN2LO)

© g

)

PIII I (P ' T
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0

PR N A P
2 3 4

gl

» Excellent agreement up to g ~ 2 fm~!
» N3LO and N4LO comparable

glfm™]

3He < r >pxp= 1.959£0.030 fm 3H < r >pxp= 1.755+0.086
A 500 600 500 600
LO 1.966 (1.950) 1.958 (1.950) 1.762 (1.743) 1.750 (1.743)
N4LO 1.966 (1.950) 1.958 (1.950) 1.762 (1.743) 1.750 (1.743)
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3He and 3H magnetic f.f.’S — Piarulli et al.

qlm"] qlm"]

» 3He and 3H p’s used to fix the EM current; 10% correction from two-body
currents

» Two-body current crucial to improve agreement with exp data

3He < r >pxp=1.96520.153 fm || 3H < r >pxp= 1.840£0.181 fm
A 500 600 500 600
LO 2.098 (2.092) | 2.090 (2.092) 1.924(1.018) | 1.914 (1.918)
N3LO || 1.927(1.915) | 1.913(1.924) 1.808 (1.792) | 1.794 (1.797)
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3He and *H magnetic f.f.’s — Piarulli er a.

LO N3LO/N2LO
—  TOT N3LO/N2LO (I)

107 R ——  TOTN3LO/N2LO (I
TOT N3LO/N2LO (111)

T

UL IR

T,

(=
URRLLL e

Fy(@/n

Ty

> If model II is used (with LEC from npdy x-sec.) we get better agreement with
exp but larger cutoff dependence and uy off by 3%
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Magnetic moments in A < 10 nuclei

Predictions for A > 3 nuclei

L . *

[_§
r O j* ~ °

% ek ok 8Lig
N ’H 6Li B
—® GFMC(IA)

- GFMC(FULL)

| % EXPT

10

IOB*

°Cc

u(IA) = MNZ[(L:‘ +8pSi)(1+Ti2) 2+ 8aSi(1 = Ti2) /2]
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Magnetic moments in A < 10 nuclei - bis

Predictions for A > 3 nuclei

4
| . * il
3 * e Y ° d -
L p [ TLi o - B i

s 3H Li
& ok
~ 6Li* I o lOB B
~ 1= s e X
P ok ok Li 8g o
=l *H °Li 10g
= 0@ GFMC(IA) . .
L ™ GFMC(FULL) , 9Be C il
_1/ % EXPT o3¢ o i _
' n 3I_Ie * " |
°

2 % “ -

3

> °C (°Li) dominant spatial symmetry [s.s.] = [432] = [a,>He(*H),pp(nn)] — Large MEC
> 9Be (°B) dominant spatial symmetry [s.s.] = [441] = [o, &, n(p)]
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Summary

We derived the EM charge and current operators up to one loop from y EFT
with 7’s and N’s

The charge operator does not involve unknown LECs and two-body corrections
(of one-pion range) appear at N3LO

The current operator depends on 5 LECs which have been fixed to EM data for
A =2 ad 3 systems with two-body corrections appearing at NLO (purely
isovector)

Electromagnetic form factors are well reproduced for g < 3 fm™!

Sensitivity to cutoff variations and Hamiltonian models is observed at larger
values of ¢

Convergence pattern of the expansion is spoiled by N3LO EM currents of
‘non-minimal’ nature
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Outlook

+ The microscopic description of nuclei successfully reproduces EXPT data
provided that many-body effects in nuclear interactions and EM currents are
accounted for.

S. Bacca & S. P. — J. Phys. G: Nucl. Part. Phys. 41, 123002 (2014)

+ EM structure and dynamics of light nuclei

> Charge and magnetic form factors of A < 10 systems (ongoing)
> MI/E2 transitions in light nuclei (ongoing)

> Fully consistent Y EFT calculations with ‘MEC’ for A > 4

> Role of A-resonances in ‘MEC” !!!

% Electroweak structure and dynamics of light nuclei

> Text axial currents (chiral and conventional) in light nuclei
> Vv-d pion-production at threshold from HB ¥y PT (ongoing)
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EXTRA SLIDES
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Deuteron A(g) structure function and tensor polarization Tho(q) — Piarulli er al.
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Deuteron B(g) structure function — Piarulli e al.

B(g)

mJ(m 1 IG, ()l

[
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—— TOT AVI8
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T T T

T
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OPEP beyond the static limit

B 12
k . . . . .
}"’ 1 r \\4 }'® r ®\ }'. r‘\
£y B,
00 ~ Q0 o) ~ Q! v~ Q?

On-the-energy-shell, non-static OPEP at N2LO (Q2) can be equivalently written as

Qa0 E1—E)+(Ey—Er)?
vy (v=0) = vy (k) 2w,§
E| —E\)(E,—E
Wiv=1 = -V w
o
2
(0) _ gA 0'1'k0'2 k
v (k) = _F_%Tl w]?

v,<,2) (v) corrections are different off-the-energy-shell (E| + E, # E| + E})

» TPE contributions are affected by the choice made for the parameter v
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Magnetic moments in A < 10 nuclei

Predictions for A > 3 nuclei
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Magnetic moments in A < 10 nuclei - bis

Predictions for A > 3 nuclei
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From amplitudes to potentials

The two-nucleon potential v = O M 4@ 4 . (with v ~ Q") is iterated
into the Lippmann-Schwinger (LS) equation i.e.

v is obtained subtracting from the transition amplitude T

V+vGyv+vGyvGyv+... Go=1/(Ei—E[+in)

(n)

terms already

accounted for into the LS equation

7(0)
[‘D G()‘D ] s
[U Gy Gpo© )] [ (1>Gov<0)+v<0)G0v<l)] ,
[u Gov'% Gy G v(0>] - [1)(1) Gov'? Gy +permutati0ns]

[v Gov! ] [U(2>(V)G01)(0>+U(0>Gov(2>(v)]

LS terms
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From amplitudes to potentials: an example with OPE and TPE only

» Toeach v

(2)

/1

(0
ot LS terms
- _®_ d
7)-,(;2)(V IEQJ + LS terms
_____ L -®- )
F-@- /~ W«
L.®-4  F---1
U'gi)(’/) + LS terms
_____ --@- - '
L -@- - L
r-@-4  F---1 -®-
3)
(v) corresponds a v,/ (V)
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Unitary equivalence of v,gz)(v) and vz(? (v)

» Different off-the-energy-shell parameterizations lead to unitarily equivalent
two-nucleon Hamiltonians

Hv) = 402 4+ 0@ 40P (v) + 0l (v)

/1) is the kinetic energy, v,<,0) and véi) are the static OPEP and TPEP

» The Hamiltonians are related to each other via
Hv)=e VWM HV =0V | iuv)~ivOwv)+iv(v)
from which it follows

H(v) = H(v = 0)+ [ 40 ivO(v)] + [, ;00 (v)]

» Predictions for physical observables are unaffected by off-the-energy-shell
effects

24 /285



From amplitudes to EM charge and current operators

> In presence of EM interaction the transition amplitude Ty is expanded as
_7(=3) | p(=2) (=1) (n)
Ty=Ty "+Ty, "4+Ty '+..., Ty’ ~eQ"

(n)

and the charge and current operators are related to T},” via
ol = 40p() — A §0) =T — LS terms

that is
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Technical issue II - Recoil corrections at N3LO

Direct Crossed

a2 I

jN3LO _ |- : ’::: ! I \:':: 1
'JJJ'—‘h ’ ’

» Reducible contributions

. |
Jea  ~ /v”(qz) gt (@)

(L O+
-2 e (2.e) Ve (2.0 Ve (1) Vi (L)

» Irreducible contributions

0+
)
0} + 0 + 0 o

- m[VnNN(zqu)vvnNN(zvql)LVENN(lqu)VWENN(qul)

Jirr

Vany (2,a2) Vann (2,41) Vany (1,@2) Vyzun (1,41)

» Observed partial cancellations at N>LO between recoil corrections to reducible
diagrams and irreducible contributions
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The box diagram: an example at N°LO

oY S .J ] .H‘I "'J
Irreducible

direct ,-afr::“— ;f‘r\:::

Reducible

Irreducible ’;e R Iy - :’:’ l JJ ‘:‘:l —rj’;-,.'. D
crossed DA R4 . . ‘
a
direct Sa(@r1,0)V,V Ve Vy
crossed =

fe(@1,02) Vi Vo Ve Vy VVa = VoV = [Va, Vi]-

irreducible

= [falor, @) +fe(01,0)]Va Vi Ve Va
= fel@1,0) [V, Vi Ve Vy
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EM charge up to n = 0 (or up to N3LO)
» n=-3

P (@) =e2n)*8(p1+q—p}) (1+712)/2+1 =2

> n=—1:
LO ol ~eQ 3 |
(Q/my)? relativistic correction to p(~3)
N2LO: pl=D ~ eQ’II‘+ | .
2w » n=0:

] = ° .
NILO -y ~ eQ? A 1 [51 e:r ] f{ ®‘| i) ‘static’ tree-level current (originates
from a yzN vertex of order e Q)

ii) ‘non-static’ OPE charge operators,

p,go)(v) depends on v,<,2) (v)

(0)

> px’ (V)’s are unitarily equivalent

» No unknown LECs up to this order (g4, Fr)
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EM charge @ n =1 (or N4LO) 1.

N4LO : pV (a) (0) (c) (d) (e)

14A1~
W
W,

(a), (f), (d), and (i) vanish
Divergencies associated with (b) + (g), (c) + (h), and (e) + (j) cancel out—as
they must since there are no counter-terms at N4LO

p}gl) (v) depends on the parametrization adopted for 1)7(,2> (v) and DST) (v)

(1)

p, ' (v)’s are unitarily equivalent
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EM charge @ n =1 (or N4LO) 2.

T~
FA
Vo
A |
Sl
",
. B
v
S
‘4
T
'
'
'
s
1
> ’

sX
NILO : p» (a) (0) (c) (d) (e)
()

> Charge operators (V-dependent included) up to n = 1 satisfy the condition
P V(g=0)=0
which follows from charge conservation

(1+7.)
2

p(q:O):/dxp(x):e +1=2=pF(q=0)

> p<1) does not depend on unknown LECs and it is purely isovector
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