Few-body Reactions

Lecture 2

Electromagnetic Operators

Sonia Bacca

EFFECTIVE FIELD THEORIES IN LIGHT NUCLEI:
TALENT from Structure to Reactions
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Outline of Lecture 2

* Multipole decomposition of the charge operator
* Multipole decomposition of the current operator
» Siegert Theorem

 Extension to the weak sector
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JG|U Electromagnetic processes

Electron scattering Photoabsorption
(virtual photon) (real photon)

Cross section involves the calculation of

Tem ~ [(Us| por J V)|
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Since the intrinsic states of the nucleus can be classified according
to the total angular momentum (see lectures by Nir Barnea), it is
very useful to perform a multipole decomposition of the charge and
of the current operators, where each multipole transfers a definite
angular momentum J.

(U |07 | o) — selection rules

The advantage of this approach is also that one can use the
Wigner-Eckart theorem, separating the geometrical aspects form
the dynamical properties of the system, which remain in the
reduced matrix element.

Reduces complexity of each nuclear matrix element
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P (X) N Z _I_ZTZ 5(X — ri) One body operator
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Charge operator

Spatial part, single coordinate omitting i-index
6z'q-r

— scalar function, that depends on (T,9,¢)

Any function that depends on angles can be expanded in
spherical harmonics, as they are a complete set of basis states

£6,0) =) asY;](6,0)
Jp
with

wsu= [0 [ d6 1(6.)Y ©6.0)
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Charge operator

Spatial part, single coordinate omitting i-index
6z'q-r

— scalar function, that depends on (T,9,¢)

Any function that depends on angles can be expanded in
spherical harmonics, as they are a complete set of basis states

F(r,0,8) =3 asu(r)Y. (6, 0)

with

o) = [d6 [ 46 16,00V ©6.0)
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Charge operator

Spatial part, single coordinate omitting i-index

1q-r
6q — scalar function, that depends on (7”,9,¢)

Any function that depends on angles can be expanded in
spherical harmonics, as they are a complete set of basis states

Plane wave expansion in spherical harmonics

e =dr Yy il ji(ar)Y (@Y, (7)
Ju T ? Operator that carries

_ angular momentum J
Radial part Angular part

= Y ) YR > Cn
J J

Sonia Bacca 8



Charge operator

Spatial part, single coordinate omitting i-index

1q-r
6q — scalar function, that depends on (7”,9,¢)

Any function that depends on angles can be expanded in
spherical harmonics, as they are a complete set of basis states

Plane wave expansion in spherical harmonics
eI =4 > il j,(qr)Y;] T (@Y (7)
Tu 4 1

Radial part Angular part

A
Coulomb multipoles CJ“OC Z jJ(qTi) YMJ('f'i)

1
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JG|u

Inclusive cross section 4He(e,e’)X, after Rosenbluth separation (L/T)

To compare the experimental longitudinal response function with a
calculation, we have to compute

2

Ri(w.q) = if: @51t 19035 ( By~ By~ o+ 23 )

£

charge operator

* For a given Hamiltonian, if you have a solver for | \Ifo/f> (see lecture by Nir Barnea)
* Fix g on a certain grid and expand the charge operator into multipoles for every q

* Compute the individual multipoles (separating isoscalar and isovector)
1 i

9 2

* Sum them up and compare to data
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lllustrative Example

Recursive sum of Coulomb multipoles

Isovector response S.B. et al., PRC 76, 014003 (2007)
0.012 . . I I
+4
0.01 L g=300 MeV/c Calculations with hyperspherical harmonics
~—  0.008 [ -
%
= 0.006 MTI-1IT At low q the Coulomb dipole of oder 1
3 dominates
o7 0.004 -
0.002 |- | Isovector response
0 _ | | 6 |
0 50 100 150 200 250 0008 |- i
® [MeV] g =500 MeV/c
T 0006 - -
0 MTI-III
=)
. = 0.004
The higher the momentum transfer, S
the slower the multipole convergence ~
0.002
0 f
0 50 100 150 200 250 300

® [MeV]
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JG|u

lllustrative Example

Comparison to experimental data
S.B. et al., PRC 76, 014003 (2007)

14 | | | | |
—12 | MTIHIL q=300 MeV/c
% 10 - Bates e
= Saclay +-
|o 8 |
=~ 6
S 4
A I
2 6 | T |
O | | | | | '_'l—l i
0 25 50 75 100 125 150 N
o [MeV] O
ME 4T
|C>
= 3r
a2
. . . 1
Agreement with experimental data is
quite good! 0 " >
0 50 100 150 200 250 300 350

w[MeV]
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JG|u

Since the current operator is a vector, the expansion is done in terms of the vector
spherical harmonics

Y(Q) =) (11Jimép) Y (G)ee

mg
Unit vector in the spherical basis A
1 , 0 4
e1 —ﬁ(ew + iey) a ]
€y — €. 1 0 )

The vector spherical harmonics form a complete set on the unit sphere

/d YJ’l’l(A) YJll(A) — 5JJ’5ll’5u,u’
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JG|U

Multipole expansion of the current operator

J(q)=4r» Jh(a)Y'1(d)
[J

with J'7,(q) = 4;/61@,3( ) Y547

According to angular momentum rules /=J-1,J,J+1 = separate according to parity

J(a) =Y (IFu(a) + 35 (a))

Jp

e * ~\\ Electric multipoles
JJZM(Q) = 4r (S5 1 (Y55 1,(@) + J5LJ+1(Q)Y§J+11(Q)) varity (—1)’

J?.?;fg (@) = 4nJ55(q) Y5 5,(4) Magnetic multipoles  parity (—1)"+*
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Current operator

The expression for the electric multipole can be rewritten as

ngu( ) = 4”(*] 1 @Y5 4 ( JJ+1( )YJJ+11(Q))

I =av" @ [da'@ 3@ Y @)+ @x Y55,@) [da’ @ x Y5, (@)

T T

Longitudinal part of the current Transverse part of the current
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Current operator

Introducing longitudinal and transverse electric multipoles and magnetic multipoles

The magnetic multipoles are transverse onlydueto q-Y’ ;;(¢§) =0

NB: for every piece of em current (convection, spin, two-body
current) one can calculate these multipoles
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JG|U

Choosing the z-axis as the direction of propagation of the photon momentum

q — ge, = geqg then

A

[
VA Cn

Y/, = (11J|0ppu) with [ =+/20+1

Substitute all of these in the expression of the current in terms of longitudinal, electric
and magnetic multipoles

J(q) = L\/47TJ LY (@)eo + p (JLT|Opp) TS (@)el] + > VanJ (J1J|0pp) TT* (q)e,
J

As in the nuclear matrix elements typically we habe e - J (q), then we rewrite as
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ex I (@) = (- V2r(1+630) 3 J [Lh (@0
J

Recursive sum of transverse multipoles of spin and convection currents

S.B. et al., PRC 76, 014003 (2007)

Isovector Magnetic multipoles Isovector Electric multipoles
14 | | | | 14 | | | |
+4
'l_"'_l 12 - - Tl—l 12 - -
S 10[ S 10} =300 MeV/c -
S q=300 MeV/c S 9= CV/C
s 8r 1 s 8t -
= = ]
~ N
Q:: 4 | - Q: 4 | -
MTI-III MTI-III
2 f . 2t .
0 ! | 0 | | —
0 50 100 150 200 250 0 50 100 150 200 250

. f[MeV] . fMeV]
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lllustrative Example

Comparison with experiment

S.B. et al., PRC 76, 014003 (2007)

1 1 I I _ I ] 12 T T : - -
ol I B e 300 MeVie — MT I-1II =500 MeV/c
| | l . _
TOo10t ifﬂ 3 IA -- - > 10
% M2 _ids { Spin current only - § i;'ﬁ'_«--""' ?m
TS 8 1 i If 3 Bates o1 - s 81 é {"‘n@. -
2 6 - ' : ! Saclay sl — 6 i §",-{ ' }}gnx\ |
3 3 &/ {=,
84} F H : S £/ ﬁ" 4
] HH o Ay FHeeenet
2t ¢ % i § | ./ .
!' 2 - o,/ '\\\ -
1 : 1 1 /"’, )
075 50 75 100 125 150 o L . . . .
® [MeV] 50 100 150 200 250

o [MeV]
The agreement with experimental data is not good.
Missing strength, due to missing two-body currents.
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R(®) [10 °MeV ]

[\ BN (@) oo
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lllustrative Example

Comparison with experiment

S.B. et al., PRC 76, 014003 (2007)

;
E

f E % If Spin cutrent only o

MT I-111 q—300 MeV/c .

Bates o1
Saclay res |

H} Hhm

25

In this semi-realistic case, consistent two-body currents
(due to the exchange of a scalar meson) do not explain the data.

50

75 100 125 150
o [MeV]

Rp(®) [1073MeV]
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Realistic Calculation

With traditional potentials and two-body currents

Lovato et al., PRC 91, 062501 (2015)
Calculations with Green’s Function Monte Carlo

Longitudinal, =600 MeV/c Transverse, qg=600 MeV/c
0.014 |
—o— World data AV18HL7 0.035 -
0012 F ---- GFMC Oy ) .
——— GFMC Olb+2b 7 ¥ O L 0.030
0.010 | 0.025 -
Nf: / Nug".
Q 0.008 / 2 0.020
& 0.006 | / 0 1 = 0015}
0.004 - // H | - 0.010 |
0.002 | o1 % | - 0.005 |-
! —
0.000 = ! ' - - - 0.000
0 50 100 150 200 250 300 350 400 0

w[MeV]

Realistic two-body currents are necessary to obtain agreement with data in the
transverse response
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Extension to 12C

Longitudinal Lovato et al., PRL 117, 082501 (2017) Transverse
006 - — '/l--\: N N e, -. 0.08- L e e e e L L L -'
S S — GFMC O, - AV18+IL7 —— GFMC O,
_— GFMC Olb+26 -: - em—— GFNIC Olb+2b
—-—- PWIA - = 0.06f ——-- PWIA -
—o— World data = i —o— World data
—o— Saclay data =4 —o—i Saclay data
] 2. 0.04 -
] SN
q=300 MeV/c - < ool q=300 MeV/c |
0.00 = —— S
0.08} ]
T 0.06f )
Z i
= -2
g 004 ' N q=380 MeV/c
R
o .
0.02f ]
0.00 = r—
0.08}
“70.06F
% I
=R
2. 0.04F
O i
~
oS i
0.02:
ol
0 S0 100180 200 0 250300 850 400 0 50 100 150 200 250 300 350 400

w[MeV] 22
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What about calculations with chiral
effective field theory dynamical
ingredients (potential and currents)?



I A L B B T
[ B 1B+2B ]
[ $  Dytman et al., Bates |
> 15 i
é) L .
'.o L -
S l
~m 10 -
&l ]
S | _
s | ]
S 5 y
O | YR WY S [ TN T T NN ST ST SN NN S T P— 1 ]

20 40 60 80 100 120 140

v [MeV]

€ =292.8 MeV, 6 = 60°

25

d’c/dQde’ [nb/MeV]

— P [\)
(@) W je)

W

Deuteron electrodisintegration at N2LO

Acharya, Lensky, SB, Gorchtein, Vanderhaeghen et al., Phys. Rev. C 103 (2021) 024001

60

v [MeV] 6:""

e =175 MeV, g = 206 MeV

d’c/dQde’ [nb/MeV]

0-111
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JG|U

Let us look again at the form of the transverse electric multipoles

(

T3(0) = 5 [ 4’ @' x Y5,@) -3 (@)

using the property: q X Y/ J1(CI) — Z\/ TqYu (q) + iﬁYl;J—kll(d)

Slegert operator N

Can be related to a Coulomb multipole Correction to the Siegert operator
via the use of the continuity equation

. q-J(q) = wp(q) see lecture 1
Slegert theorem o 5 o

Coulomb multipole CJ“ Negligible at low q

Sonia Bacca 25



JG|U Practical Example J=1

Siegert operator - via continuity equation, relate to Clu
Convection current q - Je(d)
MEC e 4 - Iuec(d)
MEC+convection ----- q - (Je(d) + Inec(q'))
S.B. et al., PRC 76, 014003 (2007)
20 ! ! ' I | | | I
L MTI-III g=3 MeV/c L |
> 161 | MTI-III
=
Y121 i
S 8 g=100 MeV/c
— 8 T
g .l
& 47 -
0 0 |

0 50 100 150 200 0
w[MeV]
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Photoabsorption

Recap:

Transverse part: Ww=(q
Photon polarization
transverse to momentum axis

27
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JG|U Photoabsorption

Recap:

Rr(w=a) = (¥4 Jr(@)[o)[* = Y [(¥s[Jx(q)|¥o)|
A==1

Now we can use the multipole decomposition of the current
that we just derived

28
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JG|U

General multipole decomposition of the current

ex-J(q) = (=) /2n( 1+5A0)ZJ (L% (q)0x0 + (T55(q) + ATT9(q)) Sy ]

Real photons: no longitudinal polarization possible  , _ 4
only transverse polarization

ex-J(q) — (- AfZJ (T3 () + XT3 (q)) dap]
t t

See when explicitly calculating  j ;(qr) jr+1(gqr)
multipole of a current operator

Low momentum transfer:
Only lowest multipole prevails J=1 and electric multipole dominates over magnetic

Siegert low g and q // z 3
J)\(C]) Tel — = Oy gr A cos(f) — wz
T
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Photoabsorption

Thus, photoabsorption at low energy can be calculated simply from a dipole
response function

() A% o
O\W) = W
2Jg + 1
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Photoabsorption

Comparing calculations in which one uses the dipole operator (Siegert theorem)

|<\I]f‘Dz|\I]O>‘2

with calculations where one explicitly insert the transverse current (1-body +
2-body, etc.)

> (s A (g)|Wo) [

A==x1
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Practical Example: Deuteron

st —.— 4EFT (1B)
: ——— yEFT (1B+2B) -
2.0 XEFT (Siegert) -
[ . Using the explicit one-body current only it is not
1.5F {1 enough.
1,05- Using the Siegert theorem is equivalent as using
; : explicit one- and two-body currents.
0.5 -
s | (@):
E ol T
& st B /EFT (1B+2B)
$  world data -
2.0
5| Perfect agreement with
: experiment for the deuteron.
1.0F
0.5F
0.05

v [MeV]

Acharya, Lensky, SB, Gorchtein, Vanderhaeghen et al., Phys. Rev. C 103 (2021) 024001
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JG|u

Thus, photoabsorption at low energy can be calculated
simply from a dipole response function

We will see several few- and many-body applications after we
have explained how to deal with wave functions in the continuum.

For now, let us just have a look at the 4He case.
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JG|U Photoabsorption

51 0 Arkatov et al. (1979) |
- 0 Shima et al. (2005)

- 0O Nilsson et al. (2005)
@ Nakayama et al. (2007)

4 - B Tornow et al. (2012) —

ﬁ{ o N | 1le = I:[:

e

0:2105?'-2'5--..1... L

P T T
30 35 40 45 50
o [MeV]

SB and Saori Pastore, Journal of Physics G.: Nucl. Part. Phys. 41, 123002 (2014)
34
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JG|U Photoabsorption

B L L L L

. o Shima et al. (2005)

- o Nilsson et al. (2005) ~ NN(N°LO)+3N(N’LO) (2007) -
@ Nakayama et al. (2007) i
4 — B Tornow et al. (2012) —
5 ‘He :
— 3-_ : j_i":_ _-
E | L = ﬂ :
b?. : 4.- » § _ Tt )
2_— _
- B ~
1T f B
i ., o i

0'...|....|....|....|....|....
20 25 30 35 40 45 50

o [MeV]

SB and Saori Pastore, Journal of Physics G.: Nucl. Part. Phys. 41, 123002 (2014)
35
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Extension to weak sector
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Extension to the weak sector

Need it for example if you want to study neutrino scattering

v, [
_—— =
5 &y
\x\
‘I/l

Nucleons can be kicked out

37
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e Core collapse supernovae are gigantic explosions
of massive stars

e 99% of the released energy is carried by
neutrinos in all flavors

» Phenomena inside the SN are sensitive to
neutrino interaction with matter

H=> He
He = C, 0" ‘

C == Ne, Mg "

* The progenitor presents an onion skin structure | ; =S>i ie

* In the iron core the burning process stops and it becomes Core —+
gravitationally unstable—> the core collapses

* Nuclear forces halt the collapse, and drive an outgoing

shock, which loses energy due to dissociation, neutrino
radiation.

®* The shock stalls ... possibly revived by neutrino heating

Sonia Bacca
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Neutrino scattering in astrophysics

What inelastic neutrino scattering with are relevant in SN?

R [km] A Neutrino Cooling and Neutrino-

Ve,u,t ’Ve,u,':

SN neutrinos have energies below 50 Mev.

Sonia Bacca

‘He(v, )X

Microscopic calculations can be achieved
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Chiral currents (em/weak)

From E.Epelbaum, Mainz Workshop, October 2018
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Neutrino scattering in astrophysics

Gazit, Barnea, PRL 98 (2007) 192501

Multipole decomposition and low-g expansion of the currents

Sensitivity to the nuclear Hamiltonian Temperature averaged (O)T neutral cross section
00158 . , . , . I . a
AV18 T [MeV] AVI8  AVI8+ UIX AVI8+ UIX + MEC (from EFT)
AV18+UIX ’ 4 231x1073 1.63x1073 1.66 X 1073
6  430x1072 317X 1072 3.20 X 1072
001 8§  252x107' 1.91x 107! 1.92 X 107!
10 881x10°! 677X 107! 6.82 X 107!
12 2.29 1.79 1.80
14 4.53 3.91 3.93
0.005
0
20
® [MeV]
'::> Large 3NF effect and small contribution of two-body currents
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Neutrino Oscillations

Deep Underground Neutrino Experiment

Sanford
Underground

Research 500 miles Y P
Facility (300 kilomete -2=227%
——

Fermilab

Incoming beam:
100% muon neutrinos

1200 1000

Probability of detecting electron, muon and tau neutrinos gja—nﬁ = sin2(29)sin2

source: www.dunescience.org
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RESONANCE

REGION
AN
N\ DEEP INELASTIC
SCATTERING
REGION
o
energy transfer

Energy range one can study with ab-initio methods

44
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Electrons vs neutrinos

2
~/-A scattering Lo = 0o lccRcc + oL Rer + i Ror + br Ry & 41/ Ry
dQdw |, /o
d20' Q4 I QZ (96 j
e-Ascattering —o-~| = OM |:q_4RL | (2q2 - tan? E) Ry

Response function Rap(q,w) = Z (WolJal@)| W) (YslJs(q)|Vi) 6(w + Er — ER)

&V Fa(q), Fr/vm(q)

Single-nucleon dynamics
Few-nucleon dynamics (lattice QCD)

45
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B. Acharya and SB, PRC 101, 015505 (2020)

Chiral effective field theory calculations at N2LO

6_ T T T T |
- ——- EMS500
B NNLOgin

4_

| o ----- dipole (M4 =1GeV)
e (12)=[0.30,0.62] fm?

- (r3)=[0.19,0.45] fm?
i Al

10—

A -d-==|=::|—f| 1 1 1 1 | 1 1 1 1 |
100 150

Sonia Bacca
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Neutrino-12C scattering

Lovato et al., PRX 10 (2020) 3, 031068

Calculations with traditional potentials

v, CCQE, comparison to MiniBoone

2.5

= = N
o S =)
T T T

do/dT,dcosf, [10-*'cmMeV ']
o
o

0.0
0

0.9<cos b, <1
T L] T Iexp L]
GFMC 1b -=---

GFMC 12b —— |

200 400 600 800 1000 1200 1400 1600 1800 2000
T, [MeV]

0.6<cosf,<0.7

N
o

f=1
oo

do/dT,dcos6, [10~*'cm MeV '
S ¢
(2]

o
¥}

o
o

18 |

===
B e Oy
T T T

oy
[en]
T

<
N
L

0

600 800
T, [MeV]

400 1200 1400

200

1000

do/dT,d cosf, [10~*'cmMeV ']

do /dT,dcosf, [10 " cmMeV |

2.5

2.0 r

15

1.0 |

0.5

0.8<cos 0”<0.9

0.0
0

200 400 600 800 1000 1200 1400 1600 1800
TF[MeV]

0.5<cos0,<0.6

0.0%
0

100 200 300 400 500 600 700 800 900 1000
T,[MeV]

o/dT,d cos6,[10~*'cm MeV ']

do/dT,dcos6, [10~*'cm MeV '

—
(4]
T

—
o
T

o
o

o
o

1.6

14

12+

1.0 +

0.7<oosB”<0.8
0 200 400 600 800 1000 1200 1400 1600
T, [MeV]
0.4<cos6,<0.5
e
L L 1 1 L 1 '_i_l
0 100 200 300 400 500 600 700 800 900 1000

T, [MeV]

Two-body currents are important also in neutrino scattering
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- FuweGoals

Study 10 and 4%Ar nuclel

Stay tuned!
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