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o Overview of inelastic neutrino-nucleus scattering

 Multipole decomposition of the hadronic current
* Irreducible tensor operators

© Formalism in terms of nuclear recoil energy

* Lepton traces
* Inelastic cross section

O Shell Model calculations

* Inelastic neutrino scattering off Thallium isotopes
* Inelastic event rates induced by solar neutrinos



Inelastic neutrino-nucleus scattering

Ve + 203/2%5T)(ground state) —> v, + 2229 T(excited state)
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Inelastic neutrino-nucleus scattering

Ve + 203/2%5T)(ground state) —> v, + 2229 T(excited state)

Final state nucleus
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Inelastic neutrino-nucleus scattering

Ve + 203/2%5T)(ground state) —> v, + 2229 T(excited state)

203/205 T1*

Leptonic current Hadronic current

203 /205




L eptonic and hadronic currents

The cross section from an initial | i) to a final | f)
nuclear state will be proportional to




| eptonic and hadronic currents

The cross section from an initial | /) to a final | f)
nuclear state will be proportional to

With the matrix element being

The hadronic current can be written The leptonic current is
as a sum over nucleons

Ju(T) = EM’M(I — 75) U,

1 1p-T —1P-T
Y(x) = NG z}\: [apku (pA)eP® + b;r,/\v(—p)\)e ]



| eptonic and hadronic matrix elements

(Fl B li) = [ (FI Mo i) &' =



| eptonic and hadronic matrix elements

(k")v.(1 — v5)u(k), for neutrino reactions,

(—k)7v,(1 — ~v5)v(k'), for antineutrino reactions.




| eptonic and hadronic matrix elements

hadronic matrix element

1 {u(k')fyﬂ(l — 7v5)u(k), for neutrino reactions,

luzv'

(—k)7v,(1 — ~v5)v(k'), for antineutrino reactions. (Jo(@) 1, —T () 1)




| eptonic and hadronic matrix elements

hadronic matrix element

1 {u(k')fyy(l — 7v5)u(k), for neutrino reactions, (f| Tu() |3) =

[ = .
v (—k)7v,(1 — ~v5)v(k'), for antineutrino reactions.




Donnelly-Walecka multipole decomposition

Define a complete
orthonormal set of unit
spatial vectors

Then any 3-vector can be
written in this basis as

1= 3 el =hel +1_jel |+l oef =lLel +1_jel, + lsef,
A=0,%+1

need to expand in plane waves
the following quantities




Donnelly-Walecka multipole decomposition

Define a complete
orthonormal set of unit
spatial vectors

Then any 3-vector can be
written in this basis a¢c

1 = Z l,\ef\ = lleJ{ + l_leJr_]L + [h—oclf = lleJ{ + l_leT_]L + l3e$,

need to expand in plane waves
the following quantities




lensor operators

The matrix element of the interaction Hamiltonian finally becomes

(F|Hefr|iy = — f\{ > VAn(2J 4+ 1)(—i)’ (/3510('%) /oMJo("é))

J>0

&
\/_
+ 2 2 V22 + D=k (AT7% (=) + TLA () }m

Eight irreducible tensor operators y Krcoul 4 fpcouls
F Miy(rr) — ’—[FAQ (kr) + (FA + qoFp) Xy (kr)]

I—JM + LJM
B FY Mij(kr) + iFaZ) (sr)]

gz — Wz = [ dehi () Fo(o),

L — L3, = i/dr (EVM,{”(MQ - T (),
K

el ~el5
Tom + Tim

T FY A(r) + S E ()] + FAT (k)]

~ 1 ~
Tj" Tj",ﬁ — /dr <5V X Mﬁ(nr)) - J(r),

Tt = T = [ dMif(en) - (1),

TTA;g 4+ -I-magn5

(R Ay () - VS (5] + ATy ()]




Describing nuclear transitions in semileptonic processes

g o | Hal) P =

M;,M;

G_2 AT
2 2J;,+1

> [l LB (1 Tosa) 1) P+ 175 @) 1) )

J>1

i (e (T (@) |0) 51 3@ 190°) | + 32 [1s (1051 £0(0) 1)

J>0

+olg| (Jr| My (q) | i) \2) — 2Re (5318 (J¢| L(q) | T3} (J5| Ms(q) Uz‘>*)] } ,

Irreducible tensor operators

LI* : are the lepton traces (Calculated using Shell Model)
i
J

- Coulomb,

- Longitudinal,

- Transverse electric

- Transverse magnetic

J. . is the spin of the initial nuclear state
M; - magnetic quantum numbers of the nuclear state




Describing nuclear transitions in semileptonic processes

g o | Ha ) P =

M;,M;

G’_2 A
2 2J;,+1

)3 {w (I (T5 T77°8(a) |72) PP + | (5] T3 (a) | ) \2)

J>1

“;l* (zReuf\Tmag( ) |3} (5| T5(q) )]+Z[l3l*< (sl Lo@) 1)

J>0

+olg| (Jr| My (q) | i) \2) — 2Re (1313 (J¢| L(q) | i) (J| M(q) Uz‘>*)] } ,

Lepton traces for neutrino-nucleus scattering Irreducible tensor operators
D Il =1+cosd (Calculated using Shell Model)

spins

- E,
Y Ll = “(1 + cos ) - Coulomb,
splnsl e , 2EyEy 0 2 LOngItUdlnal,
Z sly = (14 cos ) — e SN - Transverse electric

- Transverse magnetic

sp1ns

EE,
Z —(-1-Ll¥) = (1 —cos6) + sin @
ooims 2 1q]°

+ E,
_Z(]x]*)3 | | “ (1 —cos6)

My, Ly, T and T,

spins



Inelastic neutrino-nucleus scattering

Coulomb-Longitudinal contribution

L E
aéLz(1+cos«9)|(Jf||MJ(q)||J7;)|2-I—(1+cos€—2 Rk

q2
4 B ; K (1 + cos 8)2Re [(J7]|£(q) 1) (T M (@)] | 5)']

 sin? e) TL @)

Transverse Electric/Magnetic contribution

EkEk;’

o = (1—0039+ 2

(Ex — E)

sin 9) AT @I + (AT @)1 )

g (L cosf)2Re (TN T @I (T T3 (@)1 3)7]




Inelastic neutrino-nucleus scattering

If = 0 => CEVNS

CEVNS!
(Vector)

EEy

‘ (1—|—cos€—2 >
q

 sin? e) TL @)

CEVNS!
(Axial vector)

Eyx By
(1 cost+ 23500 [T @11




Expressions in terms of the nuclear recoil energy 1

kinematics

E,—E, =w+T, with w being the excitation energy

_E,(E, —w)(1 —cosf) +w?/2

M

Change of variables
d_a ~ do M
dT" dcosb E,(E, — w)

Lepton traces in terms of 7, @

. AE?2—4E,(T 4+ w) — 2MT + w(2T + w)
B 2F,(E, — w) ’

Z LI (T +w) (4E? —2MT — 4E,(T + w) + w(2T + w))
spins 0 2\/§Ey (E,/ — w) vV MT 7

Zl e (T +w)? (4E? — 2MT — AE,(T 4+ w) + w(2T + w))
8 AE,MT (E, — w)

spins

Z 1(1 1) = 2MT — w(2T + w)) (4E* + 2MT — 4E,(T + w) + w(2T + w))
2 8l 8E,MT (E, — w)

spins

Z _—Z(l 1), (2E, —w) 2MT — w(2T 4+ w)) |

2 2v2E, (E, — w)VMT

spins



Expressions in terms of the nuclear recoil energy 1

g O |1 Hali) P =

M;,M

G? Ar ll*_l3l§ mag 2 el 2
72]“{;[ BB (1 T 120 P+ 451 T3 10 )

-5 (2Re A T8 1) G T7@) ) | + 3 (1t (101l £ 10

J>0

ol (J5| Mo (a) 1) ) — 2Re (Isl5 (Jy| £4(a) 1) (5] Mu(a) | 5)7) |}

Lepton traces in terms of 7, @

o 2F,(E, — w) ’

Zl e (T +w) (4E? —2MT — 4E,(T + w) + w(2T + w))
spins 0 2\/§Ey (E,/ — LU) vV MT 7

Zl e _ (T +w)? (4E% —2MT — AE,(T + w) + w(2T + w))
8 AE,MT (E, — w)

spins

Z 1(1 1) = 2MT — w(2T + w)) (4E* + 2MT — 4E,(T + w) + w(2T + w))
2 8 8E,MT (E, — w)

spins

- (2E, —w) 2MT — w(2T 4+ w))
2V2E,(E, —w)VMT



Expressions in terms of the nuclear recoil energy 1

g O |1 Hali) P =

M;,M

¢t {Z S (A T ) P [ T @) 1) P)

2 2J; +1

-5 (2Re A T8 1) G T7@) ) | + 3 (1t (101l £ 10

J>0

ol (J5| Mo (a) 1) ) — 2Re (Isl5 (Jy| £4(a) 1) (5] Mu(a) | 5)7) |}

Let’s understand these a bit better! _
Lepton traces in terms of 7, @

o 2F,(E, — w) ’

Zl e (T +w) (4E? —2MT — 4E,(T + w) + w(2T + w))
spins 0 2\/§Ey (E,/ — LU) vV MT 7

Zl e _ (T +w)? (4E% —2MT — AE,(T + w) + w(2T + w))
8 AE,MT (E, — w)

Z 1(1 1) = 2MT — w(2T + w)) (4E* + 2MT — 4E,(T + w) + w(2T + w))
2 8 8E,MT (E, — w)

- (2E, —w) 2MT — w(2T 4+ w))
2V2E,(E, —w)VMT

I' < wand w/|q| ~ 10% or less




Expressions in terms of the nuclear recoil energy 1

g O |1 Hali) P =

M;,M

¢t {Z S (A T ) P [ T @) 1) P)

2 2J; +1

it (2Re (4] T75(a) 1) (g T5(a) | )]+Z[l3l*( sl La@ 1) F

Holi| (Jy| Ma(a) |5} [2) = 2R £(@) |5} (sl Ma(@) 15y |}

Let’s understand these a bit bett~*!

Lepton traces in terms of 7, @

o 2F,(E, — w) ’

Zl e (T +w) (4E? —2MT — 4E,(T + w) + w(2T + w))
spins 0 2\/§Ey (E,/ — LU) vV MT 7

Zl e _ (T +w)? (4E% —2MT — AE,(T + w) + w(2T + w))
8 AE,MT (E, — w)

spins

Z 1(1 1) = 2MT — w(2T + w)) (4E* + 2MT — 4E,(T + w) + w(2T + w))
2 8 8E,MT (E, — w)

spins

- (2E, —w) 2MT — w(2T 4+ w))
2V2E,(E, —w)VMT

I' < wand w/|q| ~ 10% or less




Expressions in terms of the nuclear recoil energy 1

g O |1 Hali) P =

M;,M

¢t {Z S (A T ) P [ T @) 1) P)

2 2J; +1

i (2Re (4 T7%(a) 1) (g T5'(a) )] +] (Tl Lo@) 1)

J>(

ol (J5| Mo (a) 17 ) — 2Re (Isl5 (Jy| £4(a) 1) (5] Mu(a) | 5)7) |}

Let’s understand these a bit bett~~! :
Lepton traces in terms of 7, @

Suppressed
Zl e 4F* — AE,(T + w) — 2MT + w(2T + w)
o = eomp (F —.n
doubly HB =)
Suppressed S (T + w) (4E2 — 2MT — 4E,(T + w) + w(2T + w))
o — 4 Ao N [aam

el 2V2E, (E, —w)VMT

Zl e _ (T +w)? (4E% —2MT — AE,(T + w) + w(2T + w))
8 AE,MT (E, — w)

spins

Z 1(1 1) = 2MT — w(2T + w)) (4E* + 2MT — 4E,(T + w) + w(2T + w))
2 8 8E,MT (E, — w)

spins

- (2E, —w) 2MT — w(2T 4+ w))
2V2E,(E, —w)VMT

I' < wand w/|q| ~ 10% or less




Expressions in terms of the nuclear recoil energy 1

g O |1 Hali) P =

M;,M

G? An ~ ma 2 > el 2
o i ;ufﬁmg(qmn F T3 1) )

-5 (2Re A T8 1) G T7@) ) | + 3 (1t (101l £ 10

J>0

ol (J5| Mo (a) 1) ) — 2Re (Isl5 (Jy| £4(a) 1) (5] Mu(a) | 5)7) |}

Let’s understand these a bit bett~~! :
Lepton traces in terms of 7, @

Suppressed
S b 4E? — AE,(T + w) — 2MT + w(2T + w)
olo — ——— A~ /o~ N~
2F,(E, —
doubly ( w)
Suppressed S s = (T + w) (4E2 — 2MT — 4E,(T + w) + w(2T + w))
spins 0 2\/§Ey (E,/ — w) vV MT 7
Z LI (T +w)? (4E% —2MT — AE,(T + w) + w(2T + w))
~ 8 AE,MT (E, — w)
Z 1(1 1) = 2MT — w(2T + w)) (4E* + 2MT — 4E,(T + w) + w(2T + w))
— 9 8 8E,MT (E, — w)
Always larger Bpins

- (2E, —w) 2MT — w(2T 4+ w))
2V2E,(E, —w)VMT

I' < wand w/|q| ~ 10% or less



Expressions in terms of the nuclear recoil energy 1

g O |1 Hali) P =

M;,M

¢t {Z S (A T ) P [ T @) 1) P)

2 2J; +1

-5 (2Re A T8 1) G T7@) ) | + 3 (1t (101l £ 10

J>0

ol (J5| Mo (a) 1) ) — 2Re (Isl5 (Jy| £4(a) 1) (5] Mu(a) | 5)7) |}

On the other hand...

ifl — 1 . => o~
min |q Lepton traces in terms of 1, w

o 2F,(E, — w) ’

Zl e (T +w) (4E? —2MT — 4E,(T + w) + w(2T + w))
spins 0 2\/§Ey (E,/ — LU) vV MT 7

Zl e _ (T +w)? (4E% —2MT — AE,(T + w) + w(2T + w))
8 AE,MT (E, — w)

5 Lo r - ) = (2MT — w(2T + w)) (4E% + 2MT — AE,(T + w) + w(2T + w))
9 ) ———————————— """ m'0» N

oK S S spins 8L, MT (Ey — CU)
e e ol 1, - @B~ ) QUT (2T 1)
(A-1- LI < I i S35, (B, o) VI




Shell Model Spectra

1/2+

5/2+ 1.334 (5/27)

1.251 7/2+
e 21 NS
7/t - 5/2°
5/2 (5/2)7
3/2F . 3/2t

ZI 00T 11 A

5/2+
5/2+

3/2+

0.0 : 1/27F . : :
TH EXP

Calculated using NuShell X@MSU
assuming the |j56pn model space
and khhe interaction

About 100K states for TI-203
1393 states for TI-205



Cross sections results

T1-203. bare xsec

Ist 10 states
Ist 100 states
Ist 500 states
Ist 1000 states
Ist 5000 states

I'1.. = 0 is assumed

hres



Relative contributions to the cross section

T1-203

At about £, ~ 35 MeV CL becomes dominant Transverse is always dominant



Multipole contributions to the cross
section

T1-203, xsec ag T1-205, xsec

- J = 1 transitions dominate up to £, ~ 20 MeV - J = 1 transitions dominate up to £, ~ 40 MeV
- For £, > 20 MeV, J = 2 transitions dominate - For £, > 40 MeV, J = 2 transitions dominate



Inelastic vs CEVNS

T1-203, xsec

-= total Incoherent
-- CEvNS

10—36

1 0~ 39 L.

1012

N

£3

CEVNS dominates by far

— 10—45

T 107*§

T1-205. xsec




Inelastic vs CEVNS

T1-203. xsec T1-203

— J=06

-==total Incoherent

—— J=6
-==total Incoherent

40) 60 30
T [keV]

CEVNS and inelastic scattering
become comparable




Vector vs axial vector

B Vector B Vector
L] Axial-vector L] Axial-vector
|| Interference . || Interference

Ve 8B + 2057 5y, +20° T

Inelastic cross section dominated
by axial vector contribution and J = 1 transitions



Solar neutrino-nucleus scattering spectra

T1-203

PP
pep
hep
Be7(low)
- BeT(high)
BS
— NI13
— 015
tot CEvNS

1 .

—
|
—
=
—
e
@
<+
’_____- .
-
<
—al
o~
=
i~

Usual CEVNS spectra



Solar neutrino-nucleus scattering spectra
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CEVNS vs Inelastic spectra



Solar neutrino-nucleus scattering spectra
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CEVNS vs Inelastic spectra



Summary

o Overview of Donnelly Walecka spherical decomposition method

o Shell Model calculations for evaluating the nuclear matrix elements
© Formalism in terms of recoil energy

O Inelastic solar neutrino scattering of stable Thallium isotopes

o Compared to CEVNS, inelastic contributions are found to be rather suppressed
(this might be different for other nuclei)
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Multipole expansion of the hadronic current

@ At low and intermediate energies, any semi-leptonic process is described by an effective
interaction Hamiltonian, written in terms of the leptonic f,’fpt and hadronic J* currents as

Her = \/—/d?’leept(x)j“(x)a
Leptonic current ME, between an initial |¢;) and a final state |¢¢)
<£ lept|£ > — eu e—lq X

Define a complete orthonormal set of spatial unit vectors: | =), _, IAe;
Expand the plane wave as:

e'4* = i'\/an(21 4+ 1)ji(p) Yio(x), p = klx|,x =]q|
/

The Clebsch-Gordan coefficient limits the sum on [ to three terms, | = J and J -
Evaluating for A = £1, one finds

que = — Z \/271'(2.] -+ l)l {AJJ(,O)YJ_/l + — V X [JJ(p)YJJl] }
J>1

and for A =0

eqoe™* = — Z Var(2J+ 1)i'V [jy(p) Yool -
J>0

T.W. Donnelly and J.D.Walecka, Nucl. Phys. A 274 (1976) 368




lensor operators

Substituting one finds

(F|Hetr|i) = \%(f\{ > VAr(2J + 1)(—i)? (I3£JO("3) — /OMJO(H))
J>0

+ 30 S Var@i+ D= (N5 () + T3 () }\ ).

=1x1J>1

The multipole expansion procedure gives 8 independent irreducible tensor multipole
operators, acting on the nuclear Hilbert space and having rank J
four operators are defined for the polar vector component Jy = (p,J) and

four for the the axial vector component J'B = (p°, J%) of the hadronic current

M (k) MU — MU — /drMM(nr)jo(r)

" " " 1 N
Lim(K) Lim — Loy = i/df (;VMX/I(’“)) - J(r),

A 1 A
Tihe) = T 7= [ar (09 xMfien) ) - 90)

q
T = - = [amlien 50,

the V-A structure of the weak interaction is adopted: J, = J,, — J'E = (p, ) — (p°, J%).



Reqgulired nuclear matrix elements

We proceed by defining
M m(kr) =

ﬁJM(”)

Tiu(sr)

T (sr)

q 1 / )
- VR Bta(sr) = SV E ()] + ATy ()]

with FX(QZ), X=1,A,P and ,uV(Qz) being the free nucleon form factors

@ CVC Theory: only seven operators are linearly independent
@ Polar-vector: Coulomb Mj,‘\’/;”, longitudinal L s, transverse electric Tj,’w [with normal

parity 7 = (—)’] and transverse magnetic T)7¢ [with abnormal parity 7 = (—)7/*1].
@ Axial-vector: MSeu5 3 Té> (with abnormal parity) and T]’Ang (with normal parity).

J. D. Walecka, Theoretical Nuclear And Subnuclear Physics, World Scientific, Imperial College Press



Multipole decomposition

@ |Interaction Hamiltonian for neutral-current (NC) neutrino-nucleus scattering

(F1Arliy = ZF [ dx el )16 (1T (1)

with (Ce|/Pt16;) = Dayu(l — 75)va €9%,  q: 3 — momentum transfer
@ In the Donnelly-Walecka multipole decomposition method, the NC, double diff. SM cross

section from an initial |J;) to a final |J¢) nuclear state (constructed explicitly through
QRPA realistic nuclear structure calculations) reads

d?cis Gf eier

Ok FGIED (ZUCL+ZUT) ’

e; (er) is the initial (final) neutrino energy and w is the nucleus excitation energy.

@ Contributions to o,; (Coulomb-longitudinal) and o (transverse electric-magnetic)
components T. W. Donnelly and R. D. Peccei, Phys. Rept. 50 (1979) 1

odr, =(1 + acos 8)|(J¢||M(k)||i)|? + (1 + acos@ — 2bsin? )| (J¢|| L, (k)| Ji)|°
. : :
+ | (1+acos6) + d] 2Re|(Je || L (&) ||| {Je| | M ()| Ii)]*

o =(1— acos @ + bsin? 6) [[(Je|| 777 ()12 + [l T ()15} 2]

(ej + € - ] e [ i
it E0) (1 acos6) — d| 2Rel (177 () 1IN IITF () 1)

K

where the parameters a = 1, b = ¢jef/k%, d = 0 are obtained from the kinematics and xk = |g|




The seven basic nuclear operators

@ Seven new operators are defined (proton-neutron representation) as

JM J . L.
Ty My (rr) = 615 JL(kr)Yp(F),
™M = gl = MY .o,

M s/ y(kr) = —i [%V X M#(m)] o
Ty (nr) = [1VMX4(m)] o
Afy(kr) = My (sr) -
_,-[;v X ij(m)] - %v,
M

Closed compact analytic formulae for the single-particle reduced ME (upper) and many-body reduced ME (lower) for QRPA
calculations, are deduced.

Nmax

(me1)i1|| T7 ||(n22)in) = e yP /2 > 7" ‘yt, y=(xb/2)", Amac=(No+No—B)/2, N;=2n;+¢
1=0

J2J1 12 21 12 i

OZ“T-J”J) n n n n
e = > . [l

=N

V.Ch. Chasioti and T.S. Kosmas, Nucl. Phys. A 829 (2009) 234
P.G. Giannaka, D.K. Papoulias, T.S. Kosmas, unpublished (for any con




Coherent vs incoherent rates

reactor neutrinos
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