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Neutrino oscillations
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Next generation experiments

Hyper-Kamiokandé

A gigantic detecior o confroni
elementary partcle unification theories
and the mysteries of the Universe’s evolui

DEEP UNDERGROUND

NEUTRINO EXPERIMENT

v CP-violation measurement v Proton decay searches

v Determining v mass ordering ¥ Cosmic neutrino observation
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Aims & challenges

DUNE T2HK

0.15 -

6(_‘p= Oo, NH — 6cp= 00, NH

(SCP=O°,|H h i --- 6cp=oo,|H

’0:0:003 dcp=90° NH — 0.10 | R —— 8cp=90° NH

LR

|
@ vyﬂux (AU) - 0.15 - @ v‘,ﬂux (AU)

SN
EERRRA
XS

’v
- ‘::‘::: 620202070,
%%
“o‘t* SRRRK
SRRRRRS
R
KR

5%
Koo
COIHILRKKS
AKX

6CP - 2700, NH

— 6cp = 2700, NH

o
o

0.05 -

0%
o7
4

/

=
e

L
vy

AR

2L
V‘\
&5
93%
%
< XD
o
‘0

P
X
SN

3

55
oS
%S

<

g

N

o~ —
74
-

2

e
08
55

0.00

From: Diwan et al,Ann. Rev.Nucl. Part. Sci 66 (2016)
P(v, — v,)



0.15

o
-
o

0.05

0.00

From: Diwan et al,Ann. Rev.Nucl. Part. Sci 66 (2016)
P(v, — v,)

Aims & challenges

@ Vy flux (AU)

— 6(_‘p = Oo, NH

Height of the
{ oscillation peak

(event rate)
total cross
section

N

0.15

T2HK

- @ Vy flux (AU)

—— 5cp=00,NH
6cp=oo, IH

N ) — 8cp=90° NH

— 6cp = 2700, NH




Aims & challenges

DUNE T2HK

0.15 - @ v, flux (AU) - 0.15 - @ v, flux (AU) -
| — 8cp=0°NH ] i — 8p=0°NH '
. i . Sc=0°IH
Height of the - , ’ :
0.10 | . 8 =90° NH i

oscillation peak 6= 270°NH

(event rate)
total cross
section

N

K
OO0 X%
KX X AKX
‘0202&'/

R,
%00
=

0.05 -

1'A'AVA
>
aVaY 4

. ——
> -

X

vam

N\
630
KL
N
2SN

%%

0)
;

X

~ 010N
=
2

%

X
Swas-
3

S
o

0
<5

v
2

From: Diwan et al,Ann. Rev.Nucl. Part. Sci 66 (2016)
P(v, — v,)

Position of the oscillation peak DUNE aims at uncertainties
depends on energy reconstruction < 1% meaning O(25 MeV) precision of
energy reconstruction
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Position of the oscillation peak DUNE aims at uncertainties
depends on energy reconstruction < 1% meaning O(25 MeV) precision of
energy reconstruction

Systematic errors should be small since statistics will be high.



Energy reconstruction

Kinematics Calorimetry

v depends on lepton reconstruction v energy conservation
v relies on identification of interaction v relies on visible energy
channel (for quasi-elastic works well) v hadron masses influence the energy
balance

Nuclear models implemented in Monte Carlo event generators play crucial role.




Motivation

Neutrino energy is
reconstructed in each event
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Motivation

Neutrino energy is
reconstructed in each event
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Why is QE important?
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Motivation
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= Nuclear responses
= Spectral functions
= Optical potentials

Observables

>

Many-body

methods

Motivation
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Motivation

= Nuclear responses
= Spectral functions

>

= Optical potentials
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= Neutrinos challenge ab initio nuclear theory

= Controllable approximations within ab initial nuclear theory

10



Nuclear response
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Electrons for neutrinos

‘0 P N
wdq Uiy \\\‘.4/
do

dwdq |,

v much more precise data

v we can get access to R; and R separately (Rosenbluth separation)

v experimental programs of electron scattering in JLab, MAMI, MESA
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Quasielastic response

Momentum transfer
~hundreds MeV

Upper limit for ab
initio methods

Important mechanism
for T2HK, DUNE

Role of final state
interactions

Role of 1-body and 2-
body currents
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First step: analyse the longitudinal response
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IF,)

Formalism

v Coupled cluster (CCSD) v Electroweak currents

! ] ] Multipole decomposition for 1-
coherent elastic neutrino scattering on 4°Ar
and 2-body EW currents
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v Chiral potentials: NNLOsac and ANNLOGo

A. Ekstrom et al. Phys.Rev.C 91 (2015) §, 051301

W. Jiang at al. Phys.Rev.C 102 (2020) §, 054301
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Coulomb sum rule

o) = |doky(.0) = 3 1081519) = (@130 G- 1 7. o)

f£0
easier to calculate since we do
not need |'¥))

A

1

’

1 ’

' ,"¢

1 o+
/] ",’
1,% >

Degrees of freedom: nucleons
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Coulomb sum rule

o) = |doky(.0) = 3 1081519) = (@130 G- 1 7. o)

easier to calculate since we do
not need |'¥))

f£0

center of mass problem

| %) has 3A coordinates — 3(A-1) coordinates + R =

INtrinsic

—

o | =

With translationally non-invariant operators
we may excite spurious states
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Coulomb sum rule

Project out spurious states:  p|¥) =¥ ) + [ ¥y,

[t has been shown that to good approximation the ground state factorizes:

. center of mass wave
) =17 (¥

G. Hagen, T. Papenbrock, D. Dean
Phys.Rev.Lett. 103 (2009) 062503

We follow a similar ansatz for the excited states:

PIY) =[P Yoo + 1D 1Yy
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Coulomb sum rule

Project out spurious states:  p|¥) =¥ ) + [ ¥y,

[t has been shown that to good approximation the ground state factorizes:

- center of mass wave
) =17 (¥

G. Hagen, T. Papenbrock, D. Dean
Phys.Rev.Lett. 103 (2009) 062503

We follow a similar ansatz for the excited states:

2XC
oM

Spurious

PIE) = W) W) + )
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Coulomb sum rule

T

— = with spurious states

— without spurious states
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J.E.S. B. Acharya, S.Bacca, G. Hagen
Phys.Rev.C 102 (2020) 064312

~100

CoM spurious states dominate for light nuclei
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Coulomb sum rule
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JES, B. Acharya, S.Bacca, G. Hagen Phys.Rev.C 102 (2020) 064312
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4OCa

with spurious states

- W/O spurious states
- CVMC; AV18+UIX
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PRL 127 (2021) 7, 072501 JES, B. Acharya, S. Bacca, G. Hagen



Nuclear responses



Longitudinal response

Lorentz Integral Transform + Coupled Cluster
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Uncertainty band: inversion procedure

R,ul/(a)9 q) = i (V| ],j | le)CPfl J, | P)o(Ey + w — Ef)
S
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Longitudinal response 40Ca

Lorentz Integral Transform + Coupled Cluster
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v CC singles & doubles
v varying underlying harmonic

oscillator frequency
v two different chiral Hamiltonians

v’ inversion procedure
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First ab-initio results for

many-body system of

40 nucleons




R (w) [MeV™1]

Chiral expansion for40Ca

(Longitudinal response)
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B. Acharya, S. Bacca, JES et al. Front. Phys. 1066035(2022)

v Two orders of chiral expansion
v Convergence better for lower q (as expected)
v Higher order brings results closer to the data
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‘Transverse response
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‘Transverse response

50 75 100 125 150 175
w [MeV]

= This allows to predict electron-
nucleus cross-section

= Currently only 1-body current

200 225 250

24

1 NNLOsu ]
[2221 ANNLOGo(450)

0.00 25 50 75 100 125 150 175 200 22
w [MeV]

2-body currents important for 4He

— more correlations needed?

— 2-b currents strength depends
on nucleus?




ChEK method

Chebyshev Expansion of integral Kernel

® = Jf(w)R(w)dw R@)

e Sum-rules

e Flux folding o

e Histogram O~ Q= Jf (w’)JK(w’, w)R(w)dwdw’

expansion in Chebyshev I (NI Z c (o) (w)
polynomials .

©- B <

25

A. Roggero Phys.Rev.A 102 (2020) 2, 022409
JES, A. Roggero Phys.Rev.E 105 (2022) 055310



ChEK method

Chebyshev Expansion of integral Kernel

4He photoabsorption

oy(w) [Mmb]

ChEK
351 ® ® Arkatov et al.
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S. Bacca, N. Barnea, G. Hagen, G. Orlandini; Phys.Rev.C 9o (2014) 6

= No assumption about the shape of the response

= Rigorous error estimation

= Convenient when the response has a complicated structure
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Low/high energies

Hlyy) = Elyy)
Many-body problem
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Low/high energies

Hlyy) = Elyy)
Many-body problem
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Low/high energies

VaN
Hl|y,) = Elyy)
Many-body problem
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Low/high energies
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Spectral functions
Coupled Cluster + ChEK method

e 6 o | M |*S(E, p)

q P
— ] Factorized interaction vertex Spectral function -
O | (relativistic, pion nuclear information
(O ) c.7
N production...)

growing  momentum transfer — final state interactions play minor role
>
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28 JES, S. Bacca, G. Hagen, T. Papenbrock Phys.Rev.C 106 (2022) 3, 034310



[nb/sr/MeV]

do
dwdQ

Final state interactions

E=880 MeV; 6=32°; |j|= 466 MeV E=737 MeV; 6=37.1°;  |]| = 445 MeV
. 3o+ :
60 —— CCSD+FSI
25| ---- CCSD -
% :
S 20t
&
o 15+
S
o/ 10}
S|3|
ko] I
5t
o ] 5
0O 50 100 150 200 250 300 350 OO 50 100 150 200 250
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JES et al, in preparation (2022)

How to account for the FSI? Optical potential for the outgoing nucleon

29



Spectral function for neutrinos

v, +°0->u"+X

: Comparison O = rs 10] 0.86 <cos6 <0.934, = e
with T2K long CO S =wnl 2 /
baseline v S L. X ,.
oscillation g f -
experiment g o 207227
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e Spectral function " ;”0_6«056@_75& =5
implemented o : /
into NuWro _ o1 2 /
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JES et al, in preparation (2022)



Outlook

LIT-CC benchmark for electron scattering — ready for neutrino
Role of 2-body currents for medium-mass nuclei

Explore possible applications of the ChEK method

Spectral functions (within Impulse Approximation):

e Relativistic regime

e Semi-inclusive processes

e Further steps: 2-body spectral functions, accounting for FSI

31



Thank you for attention
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Details on inversion procedure

e Basis functions .

R;(w) = Z c;w'"e Vi
i=1

o Stability of the inversion procedure:

e Vary the parameters n, ff; and number of basis functions N
(6-9)

e Use LITs of various width I" (5, 10, 20 MeV)



Lorentz integral transform

dw

R(w) J R(w)

o) = [ (w—0) + dea) “J@+e)0+d

1 1
Lo) = |dor 3 Byl 1) ——p | Wi + Ey ~ Ep
f

1
o |‘Pf><lpf| —p|¥)
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E;— Ey+

1
" |le><\Pf| —p| W)

Lo)= ) {(¥ylp’ T

- H-E,+6

(‘P ')

(H — EO + 5) | @) = p | \P> Schrodinger-like equation

We need to solve



Lorentz Integral Transform (LIT)

R//tl/(a)ﬂ q) = i (V| J,j | Tf)(‘{’ﬂ J,|P)o(Ey + w — Ef)

/
continuum spectrum

Integral
transform

Sﬂy(a, q) = Jda)K(a), G)R/w(a), q) = (‘Pl];f K(#Z — Ey,0) J,|'P)

Lorentzian kernel:

I
K-(w,o0) = —
r(@: ) 71?4+ (w - 0)?

5,, has to be inverted to get access to R,
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Longitudinal response 40Ca

hw
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ChEK method

S,.(0,q) = | dwK(w,0)R,,(0,q) = (Y |J K(Z,0) J,|P)

e Expansion in Chebyshev polynomials

N

K(.0) = ) c(0)T(¥)
k=0
* Recursive relations of Chebyshev polynomials

Tyx)=1;, T_(x)=T(x)=x
T, 1(x)=2xT,(x)—T,_{(x)

e Gives error estimate of energy integrals of local density of states R(w)

OR, f) = [dwR(a))f (@)
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Spectral function

Green’s function:

Gn(o, B, E) = (0|a (Be_ I Z,Eaalo)

A-1

mGn(a, B, B) = =7 ¥ (0ab|@a1)(Wa1]aal0)3(E - (Eo - By))

Spectral function:

(9. ) == S {pla)pl5) TG (. 5 2



Analysis of spurious states

(W1p" pI'P)

|

include a

complete sum




Analysis of spurious states

(P1AT D 1A 120 (P | il + D T  feon) o | (FF | 1Y)
f

fCoM

excitation of intrinsic wave

excitation of CoM wave
function (spurious)

function (physical
spectrum)




Analysis of spurious states

— - \\\\
At 0 0 0 0 ¥
<\P ‘/0 |fl> | lIJC0M><‘PC0M| <f]| | T]) |fC0M> <fC0M| <lP] | ‘ \P>
f] fCoM
excitation of intrinsic wave excitation of CoM wave
function (physical function (spurious)
spectrum) -
With our ansatz about |W¥,,) We get numerically spurious states
(Gaussian) we get analytical function for (nonphysical excitations with energy
spurious states close to 0)
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Nuclear Hamiltonian and currents

ar : X |- - ¢ - . ¢ -4
(OZ Y — — - + '* -
o151 I NS R

-
I N
@ ] HIK - SR
1,34 *D *F \/A

(Q/A)+2

1mcep ¢35 2¢4 1 dy
__ Cr L=
4gA/1+3+3 T TR

*Nucleon-structure diagrams and relativistic corrections not shown

Author: Bijaya Acharya



Coupled cluster method

Reference state (Hartree-Fock): |V)

Include correlations through e’ operator

similarity transformed e—T%eT‘ \P> — % ‘ lP) = F ‘ T)

Hamiltonian (non-Hermitian)

Expansion: T = Z tcila;fal. + ff}ﬂ;a;aiaj SR —coefficients obtained

through coupled cluster

equations

47



Coupled cluster method

v Controlled approximation _Scattering on Ar _
through truncation in T v — swueao]
=
v Polynomial scaling with A
(predictions for 1°0Sn, 208Pb)
v Size extensive
107 F
v  Works most efficiently for 5 ol
; . 10" = 07t
doubly magic nuclei
) (b) 020 20 ;O[Mé(\J/] 80 100 |
079020 30 a0 %0
EMeVl C. Payne at al.

48 Phys.Rev.C 100 (2019) 6, 061304



Electroweak currents

4 v, NC

— z: z: 6~ Emso0 4
J = -]i + ]l] + ... | W NNLOyiy ]
[ 1<j ' “
v@)+d->v@)+X ]

v, NC

known to give significant
contribution for neutrino-

nucleus scattering

L v@)+d - ut+X

10—

L

Current decomposition into multipoles i
needed for various ab initio methods: ’ T e 150
CC, No Core Shell Model, In-Medium

Similarity Renormalization Group and 2-body EW currents

B. Acharya, S.Bacca
49 Phys.Rev.C 101 (2020) 1, 015505




