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Neutrino oscillation experiments
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Detected rate of v, events

Event rate Incoming flux

Oscillation probability

Cross section

Rua ~ CDI/H (Ey) X PI/M—WQ ({9}7 EV) X Oy, (Ey) X €det.

Efficiency

Knowledge of neutrino-nucleus cross sections:

— allows to reconstruct neutrino energy
from the detected final states,

— is the crucial uncertainty in oscillation
analyses,

but...
— is an advanced computational problem,
— current precision is not exceeding 20%,
— constraints from ND are not enough.

K. Abe et al., Phys.Rev.Lett. 121 (2018) 171802 (edited)
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Nuclear response
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Dimensionality of the problem

4 four-vectors = 16 variables
K, Pp

- 4 : on-shell relations
-4 : 4-mom. conservation
- 3 : nucleon rest frame

- 2 : neutrino along 2
k., Pn

any binary scattering with on-shell particles 3 independent variables

— we can fix incoming energy (E,)
— the cross section is rotationally invariant (¢,,)

— the final formula is 1-dimensional, e.g. do/dg?
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Dimensionality of the problem

3 independent variables

+ 3 : nucleus rest frame
+ 1 : off-shell nucleon

7 independent variables

scatterings including an off-shell target + 3 : every on-shell particle

— we can fix incoming energy (E,)
— the cross section is rotationally invariant (¢,,)

— the final formula is at least 5-dimensional
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Computing A cross section

( Monte Carlo generator

— generate events

— cover whole phase space
— useful but approximated

_ e-9- NuWro

13em

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016.
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( Detailed calculation

— compute cross sections
— fixed kinematics

— precise but expensive

2p2h Ghent

L9 Ghent group
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o Nucleon wave functions
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o Meson-exchange currents
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T. Van Cuyck, N. Jachowicz, R. Gonzalez-Jiménez et al., Phys.Rev.C 95 (2017) 054611
T. Van Cuyck, N. Jachowicz, R. Gonzalez-Jiménez et al., Phys.Rev.C 94 (2016) 024611
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The MiniBooNE puzzle

An attempt to make a pure CCQE measurement...

Interaction Interaction
Modes Topologies
CCQE i ccom

| (CCQE-like)

\\\y///r/// \\“\\v//’//-cc1n

CCRES ! wl (CCREShke)
IS 5
I o CCOn+Np
2p2h P — /@»< (N>0)
@]
P
S. Dolan
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The MiniBooNE puzzle

An attempt to make a pure CCQE measurement...
— suffered from huge model dependencies

8——T—

7}ccQEon c H%ﬁ Sk __

j'_ JTT P -

Ankowski, SF
Athar, LFG+RPA 1
Benhar, SF 4
GiBUU
Madrid, RMF
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- RFG, M, =135GeV
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1
E, [GeV]

L. Alvarez-Ruso, Nucl.Phys.B Proc.Suppl. 229-232 (2012) 167-173 (Neutrino 2010)
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The theoretical framework:
language of response functions
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Cross section formula

CC vA scattering EM eA scattering

e'(eer, ker) B(Es,pp)

e, k) B(Ep,pp)

— i5% Jiep(@) — i5%5 cosbeTna(q)

A(Ea,p4)

Currents:
TEq) = Gk, s)ILPu(ki, ) = TUlkr, sp)yu(1 + n®)u(ks, )
Trq) = (Wl (v

where h = 0 for (unpolarized) electrons, and h = —(+) for (anti)neutrinos
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Cross section formula

CC vA scattering

1€, k) B(Ep,pp)

Matrix elements:

woo_

v
Mg =

Kajetan Niewczas

'
"5

EM eA scattering

cos 0. T (q)

A(E4,pa)

—I\Cj; Cos ecjiep(q)jnyuc(q)

.e2 le v
71@‘71/ p(q)jnuc(q)
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Cross section formula

CC vA scattering EM eA scattering

(e Foy) B(Ep,pp) v, ko) B(Es,pp)

~ i3 en(4) . — i5v5 005 0eTra(9) — ieTYa(a)

o
A(E4,pa) A(Ea,p4)

The cross section is propotional to the square:

Zif ‘Mmz = ?F cos? 0oL, H
S et
S = St
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Cross section formula

CC vA scattering EM eA scattering

p(ews k) B(Ep,pp)

— izt T (a) — iz c0s 0T (q) ~ — ieT%a(q)

A(E4,pa)

Leptonic tensor:
Luar 0 (KoKt + Kty - Gy My = Gk - Kt — ek 7 )
the axial term (—iheuyagkﬁkf) drops down for electrons (h = 0)
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Cross section formula

In such frame of reference:

26,’6f
m;mg

L, WH = veeWee + ver Wer + vie Wi + viWr + vir Wer + vieWre

+vr W+ h (v Wy + vie Wrer + vip W)
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Lepton responses

sinf
Vec =1+ (cosd VTC_—\@qC(E’+Ef)
w m? sin 6
Voo = —(=(1 4+ Ccos ) + — Vi = ——(( — 2 + m?
cL (q( (cost) 6fq) T 2q2<(' F+myp)
2¢je ) ) 2
VLL:1+§c059—q—'2f§25|n29 VT/ZEI—;QU—CCOSQ)—HZ
vT:1—Cc059+%C25in20 e Sir19C
TC = =
€jEf 2 . 2 \/é
VTT:—qQC sin“ ¢ y _wsin@C
TL g2

— dimensionless kinematical factors
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One-nucleon knockout

do
dEydQy

= 410X fod [VocWee + ver Wer + v Wer + v Wr + hvr We/],

with v; and oX containing leptonic information, e.g.

Mott < acos (0 /2) )2 W <G,:cos€cEH>2
o = ———" R o =|—— ,
2E,sin? (0 /2) 2r
and the response functions W; containing the nuclear information

Wee = | Jol?

Jo = (V| I Vi

CL:Q%(joﬂ) 0= ( f|A0(Q)| )

- T = (Vi Ji(q) [Wi)
L= 3’2 , J- = (V| J_(q) |W¥3)

Wr = [J+|" + |T-| = (V¢| Js(q) |W;)

Wrr = |47 — |T-?
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Two-nucleon knockout

do
AE,dQpdT,d0d0, CGrec
x [vecWee + verWer + v Wi + viWr + vir Wrr + vicWre
+ v Wr + h(vr W + vie Wrer + v W),

Wrr = 2R (j-&-jf)
Wro — 2R <j (s — )T) = (V| Jo(q) W)
= (We| Ji(q) [W3)
Wr = 2% (.73 (Jy — )T> j = (V| J+(q) |W;)
Wror =28 (%o (74 + 7)) — (vl Ja(q) V)
WTL’ = 2§R <\73 (j—l- + \7 )T>

— integrate over outgoing nucleons [ dT, dQ, dQp
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The theoretical framework:
nuclear modeling
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Nuclear model: initial state

E
E, (la:1/2, jas 0a, 0a)
E, (16, 1/2, v, Ob, 00)
X
neutrons E protons
ol r

1p1/2 — o o— iﬁé%
1p3/2 000
1s1/2 — oo 1s1/2

e Ground state nucleus is an independent-particle model (IPM)
o Mean-field potential results in a shell model

o Calculated with a Hartree-Fock (HF) approximation using a
Skyrme NN force (SkE2)

o Accounts for binding energies and nuclear structure
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Nuclear model: initial state

— we iteravitely solve a radial Schrédinger equation for R,

0.8 T T T T T T T
| — p, 1s1/2 n, 1s1/2
07PN, e p,1p32 n, 1p3/2 |
0.6 p, 1p1/2 n, 1ip1/2 |
————— p,1d5/2 ----- n, 1d5/2

0.5

0.4

Rnyi(r)

0.3

0.2

0.1

0

-0.1

- n,2s1/2

0.2 1 1 L 1

r [fm]

— carbon wave functions for particular shells
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Nuclear model: final state

e Continuum wave functions are calculated using the same NN
potential

o Orthogonality is preserved between initial and final states

o Distortion effects of the residual nucleus on the ejected
nucleons are incorporated

o Pauli-blocking effects included inherently
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Multipole expansion

— we perform non-relativistic reduction of operators

— simplify integrals with multipole expansion

pla) — RIS (q) = / dr (@) You(@)] A(1)
() > Lig¥a) = - [ ar ¥ Gistan) Yau(@:))] - 90
3u(a) = T3ie(@) = 5 [ [ x Gulan¥lfy (0] - 90
= T5(a) = [ e [ian¥lf, ()] - 90)

— summation over J increases the accuracy of our results
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Nuclear currents in the |A

A
pv(n) = > RGO~ 1) ()

A
pa(r) = GzAr(n(zj)Ui ' {5(3)(" — 1)V - V0 - fi)} 7+ (1)

A 2
- Z,: ,:211(77?\,/) [5(3)(r - r;)?, - $i5(3)(l’ - ri)} 7+ (1)
A ) )
+ Z,: Fi(Q )z;;NFz(Q ) (3 y Ui) 5O(r — 1)7e (i)
A
Ia(r) =3~ Ga(@)0®ai(r — r)72(i)
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One-nucleon knockout

— multipoles contribution

=
2" 12¢, €, = 750 MeV, 0, = 15 12C, €, = 750 MeV, 0, = 30° 120, e, = 750 MeV, 0. = 60°
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2 1500 [ 50 £ 1 13 ]
= 40 F 1 osf ]
= 1000 ¢ 30 [ 06 F 3
& 500l 20 | 4 04 ]
g 0 10 1 02¢f ]
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— comparison to electron scattering data
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Short-range correlations

Fat tails in the single-nucleon momentum distribution cannot be explained
within an independent-particle model (IPM)

Log(Momentum distribution)

Mean-field

Fat tail: SRC!

1 2 3p (fm*1)
— Nucleons occur in pairs with high relative momenta and low
center-of-mass momenta (SRC pairs)
— Mean-field: momenta below ks, SRC pairs: momenta above k¢
— A signature of SRC is back-to-back 2N knockout

— SRC also have an effect on 1N knockout

Kajetan Niewczas 2p2h Ghent 06.11.2020
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Short-range correlations

1.2

T T T The correlations have a short range:
08 central - - - f(rj) — 0 atr; >3 fm
= . spin-isospin (x5) —--
= 04 tensor (x5) e Tensor correlation function dominates for
0.0 Finy . ommrmimmms=—| intermediate relative momenta 200 — 400
04 U ] ] MeV/c
0 1 2 3 4
riz (fm) o Central correlation function dominates at

high relative momenta

o Spin-isospin correlation function overall rel-
atively small

.
s vvomd v 3ol

| (kr2) [ (Fm®)

. \ /"\
L+ 1\ /] IR
200 400 600 800
k12 (MeV/c)

o These correlation functions are input

(Gearhart, 1994), (Pieper, Wiringa, and Pandharipande, 1992)
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Short-range correlations

10!
100 F
10|
1072F
103"

nl(p) (fm?)

nl(p) (fm?)

p (fm~1) p (fm~1) p (fm~1)

Single-nucleon momentum distribution

J.Phys.G 42 (2015) 5, 055104
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Short-range correlations
Correlated wave functions |W) are constructed by acting with a many-body
correlation operator G on the uncorrelated Hartree-Fock wave functions |$)

W) ),  with N = ($|GIG|®)

1 -
=—G
VN
The central (c), tensor (t7) and spin-isospin (o7) correlations are responsible for

majority of the strength

~5(1] 1470
i<j

with S the symmetrization operator and
1.4 = ~0e(ry) + e (1) (73 7) + o (1) (51 ) (73 7).
gc(ry), fi-(rj) and £, (ry) are the respective correlation functions

Correlation functions: (Gearhart, 1994), (Pieper, Wiringa, and Pandharipande, 1992)
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Short-range correlations

Transition matrix elements between correlated states |W) can be written as ones
between uncorrelated states |®), with an effective transition operator

AHUC 1 Ae
<\Uf|Ju 1|\Ui> = m<¢f‘JMﬁ‘¢i>’
I
with
Jm=Gramag = (TI[1+T6. 0] | Jme (H [+ 10, m)]) .
J<k I<m

In the IA, the many-body nuclear current can be written as a sum of one-body
operators

A f A A
i =111 [1 +10, k)] S a ) (H [1 0, m)D .
j<k i=1 I<m

Kajetan Niewczas 2p2h Ghent
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Short-range correlations

Use the fact that SRC is a short-range phenomenon
— Terms linear in the correlation operator are retained

— A-body operator — 2-body operator

A
f ijm’ +ZJ[1]’m// ZJmmlj
=

i<j i<j

one—body(1A) two—body(SRC)

where

Iy = (300 + 30| 76, )

— Effective nuclear current is the sum of a one-body (lIA) and two-body (SRC)
current
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Short-range correlations

Pa h Py h Pa h P h

The 1p1h (top) and 2p2h (bottom) diagrams considered. The top left diagram
shows the 1p1h channel in the IA.
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SRC results - Inclusive 2C(v,,, ™)

do/de,d, (10~*2cm? /MeV)

€y, = T50 MeV, 6, = 15°

e, =750 MeV, 6, = 30°

€, =750 MeV, 6, = 60°

e e - 40
Fi 2p2h SRC k! " 35 F
Ft 4 P ] 30 F
Fi IA+SRC - ] EI
P TA --- ] 1 2
Fia 1 " 1 5t
[ ] ., 4 10 |
; : . 1 st
2 e I L I e 0
0 100 150 200 250 100 150 200 250 300 0
‘ " Iplh SRC 4t 05
B 1 ) . Bl 1
LI P ] 2 ] (] S— s oee——]
b 0= e _(5 | N~ 1
-2 lA /,/‘ B 1 N / ]
—4 L 1 L D 1
Tobfvs 1t N 1
i -8 F 1 25} 1
L L L L L —10 L L L L L -3 L L L L
0 50 100 150 200 25 0 50 100 150 200 250 300 0 100 200 300 400 500
—————— 8 —— 2.5 —
L .—-=2p2h SRC ] ——— . .
P Qp\A\' 6l e ~_] 2 [ / \‘\ ]
b k4 ~d 4 Va vy 15F / N
P/ ] [ 7 1 b/ N
3 /,_-..\_\ ] 20 e 1 05} /~/ il
¥ LT N T 0 i T
0 50 100 150 200 250 0 50 100 150 200 250 300 0 100 200 300 400 500
w (MeV) w (MeV) w (MeV)
— Small decrease of 1p1h channel due to SRCs
— Inclusive 2p2h appears as a broad background to 1p1h
2p2h Ghent 06.11.2020
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Meson-exchange currents

Pa Do Pa Db Pa Py
T T ™
X - - -——- X
h h' h X n h 1%

The seagull and pion-in-flight currents.
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Meson-exchange currents

Pa Po Pa Po Pa Py Pa Py
™
X X - —--
™
A A A A
™ ™
—»— —--
X X

h 14 h n h n h n

Pa Db Pa Py Do Pa Po
™
X X -
N N N
™ ™
—— -t
h 14 h n n h n X

The A currents (top) and correlation currents (bottom).
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MEC results - Inclusive 2C(v,, 1~)

€y, = T50 MeV, 6, = 15°

€, = T50 MeV, 6, = 60°

e, =750 MeV, 6, = 30°

400 —————— —— S 40
350 F §  2p2h MEC ] 1 3t o ]
0L, IATMEC o ] 1 % FEEAN ]
Fid 1 r i \ ]
200 F ;1",‘ 1A --- 4 B 2 i \ ]
150 F 1 & B ] 15 F ; \ 4
100 Fi % ] N 1 1w0F} i A ]
50FE s ] : “ i s5F  F o]
) J) - . . 1)) ST T 0 PR . Mon
0 50 100 150 200 250 0 50 100 150 200 250 300 0 100 200 300 400 500
T T T T 4 0.6
1plh MEC H 3t 7] 0.4 1
2
1 0.2+
_ 0 |
—02} ]
—04} ]
L L L L L _3 L L L L L L L L L
50 100 150 200 25 0 50 100 150 200 250 300 0 100 200 300 400 500
6 T T 3 0.5
5[ 2p2h MEC 1 95 [ 4 04l 1
4 [ ] 2 [ ]
T~ S e 0.3 |
3t RN ~ 1sf e =L
S '~ L 0.2 -
2 [ . o ] 1 - .
las ~ [ .~ lr
1L S R 05 [ D 0.1} 2 |
17 B
0 i I I I I LT ) I I I 0 ad'{ I I I
0 50 100 150 200 250 0 50 100 150 200 250 300 0 100 200 300 400 500
w (MeV) w (MeV) w (MeV)

— Small increase of 1p1h channel due to MECs

— Inclusive 2p2h appears as a broad background to 1p1h
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SRS + MEC
Extend the current model with MECs

A

It = S a0

i=1

one—body(IA)

(a) (b)
(d) (e)

S—
S—
o0

(2) (h)

Kajetan Niewczas

A
)+ > IR, +

ST I )

two—body(SRC)
a a ;
[2],sea,: - J[2],pif /; -
D S (Y R B e ()

two—body(MEC)

&=
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SRC + MEC results - Inclusive 2C(v,,, ™)

E,, =750 MeV, 6, = 15° E,, =750 MeV,, 6, = 30° E,, =750 MeV, 6, = 60°
400 —— L e 40 ; ——
: 2p2h B - 35+ ]
] 120p 30 | 1
Iplh e ] 100} 1 9L ]
IA --- ] 80 | B 2 [ ]
] 60 F B 15 F ]
{1 40r 3 1 1w0f 1
. 1 20! 1 5t S
9 0 L S " 0 P 1 I T 0 L 1 1 T
Z 0 50 100 150 200 250 0 50 100 150 200 250 300 0 100 200 300 400 500
=
< et 1 ——————
% At 1 o5t ]
8 3 1 0 Zivamena]
g 0 f T 05f N Vs ]
L —2f) 10t \ ]
= e 1 15k \ A 1
S gL ] : s
¢ =2t 1
g 8L 1 —25¢} ]
Lﬂ‘ 710 L L L L L 73 L L L L
= 0 50 100 150 200 250 300 0 100 200 300 400 500
3 10 . 3 . . T
L L a5 | —, ]
Ve ~. 8 K ~. LN,
10 - e N 6l S ~. > 2f PN
—- L gpan '~ Va ~d st ; N
5t 4 2p2n MEC I 1 1t/ N
—}Z 2921 ' SRC 2 7 1 o5l // 1
0 il L L L L /\ L L L L 0 L L L L
0 50 100 150 200 250 0 50 100 150 200 250 300 0 100 200 300 400 500
w (MeV) w (MeV) w (MeV)

— Effect of MECs largest for small 6,,, SRCs for larger 6, in 1p1h channel

— Inclusive 2p2h appears as a broad background to 1p1h
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Comparison with MiniBooNE data

30 0.8 < cosf, <0.9 0.4 < cosf, <0.5

o5 [ -+ CRPA 1 “r ]
MEC ( 12 1

do/dT,d cos6,)(10~*2cm? /MeV
1 n

20 —.. SRC 1 w0 \ +

15 + i 8 ‘\‘

10 X A

4 —+
51 1 2 /£ A
o ———— gl s — N
0 ety ) Pl = +H 0 ezt LS
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000

T, (MeV) T, (MeV)

MiniBooNE 'CCQE-like’ data from Phys.Rev.D 81 (2010) 092005

CRPA results are from Phys.Rev.C 94 (2016) 054609
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Comparison with T2K data

@ @ @ @ o

=

= 0.9 < cosf, < 0.94 0.84 < cos b, < 0.9

2 UE 7 crpA ] uaf

g 12r MEC 12

& 10} —.- SRC 10|

5 o8p 8t

= 6 6 I

= 4l 4l

g T

3 2 [ % o [ T

it 0 = q | LIS — 0 g I ) Wy e T
T 0 200 400 600 800 1000 0 200 400 600 800 1000
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Inclusive T2K data from Phys.Rev.D 87 (2013) 092003

CRPA results are from Phys.Rev.C 94 (2016) 054609
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Exclusive A(v,, 1~ NaNp)

do/de,d€,dT,d2,d2 (10~ Bem?/MeV?)

/I
N
S
Gy
OGS

MEC nn + np (initial pairs)

~
RO
R

O

N

X

i

R Rt

e SSS3S

SRC nn + np (initial pairs)

N

M

N

AN

XX

RN

.:......::....&«...........
Xl

part

RN

W=

0.08). The

268 MeV/c, xg =

50 MeV for in-plane kinematics (g

bottom panel shows P;> < 300 MeV/c.

The "2C(v,,, 1~ NaNp) cross section at ¢, = 750 MeV, ¢, = 550 MeV, §,, = 15°
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Summary

— The Ghent group provides a powerful model capable of calculating
various contributions to the 2p2h final states

— The MEC calculation misses A-currents and needs to be further
developed

— Efforts are done to implement such model in Monte Carlo event
generators so it can be used in experimental analyses
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