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Motivation

Neutrino interaction

Neutrino energy E, ~ 1 GeV (accelerator neutrino experiments)
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(P. Lipari et al, Phys.Rev. Lett.74(1995) 4384)

deep inelastic scattering DIS
Neutrino Reactions at Accelerator Energies, Llewellyn Smith Phys.Rept. 3 (1972)
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Motivation

CCQE

E more precise measurements of -, of the nucleon are needed

m an opportunity for searching for physics beyond the Standard
Model

SPP
m procedures of testing SPP models to reduce model dependency

m studying of resonance and nonresonat background amplitudes, in
particular relative phase between them
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Quasielastic Scattering formalism

Quasielastic scattering formalism
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Quasielastic Scattering formalism

Quasielastic scattering

-, 1t p,n
CCQE channels
vi+n—=17+p )
p+p—=I1T+n
v, U n, p

Vector-axial structure of nucleon vertex

1%

1st class current, 2nd class current (SCC) - nonstandard interaction
SCC were considered theoretically and experimentally. No significant effect was found.

A

)
5

FV [ v F FP H LV
Q) = Y gy oGty — (Pt gy 70

m Time reversal symmetry — real form factors

m Conserved vector current CVC => FY =0
(weak F)/, F) are related to the EM ones)

m Partial conservation of axial current PCAC = Fp ~ F4
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Our goal

m Proposing observables sensitive to the axial form factor

m Proposing observables sensitive to the beyond standard model
contribution

m We propose polarization observables
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Polarization properties of QE

Not discussed yet:
m Polarized target asymmetry
m Double-spin asymmetries
m Triple spin asymmetry

[ authors [

papers

I Nuovo Cimento (1955-1965) 30,
1020 (1963)

[ investigated particle polarisation

S. L. Adler charged lepton and recoil nucleon

C. H. Llewellyn Smith

Phys. Rept. 3, 261 (1972)

charged lepton and recoil nucleon

K. Hagiwara et al.

Nucl. Phys. B668, 364 (2003)

T-lepton

Nucl. Phys. Proc. Suppl. 139,

K. S. Kuzmin et al. 154(2005), Mod. Phys. Lett. A19, T-lepton
2919 (2004)

K. M. Graczyk Nucl. Phys. A748, 313 (2005) T-lepton

M. Valverde et al.
J. E. Sobczyk et al.
N. Jachowicz et al.

Phys. Lett. B642, 218 (2006)
Phys. Rev. C100, 035501 (2019)
Phys. Rev. Lett. 93, 082501 (2004)

Phys. Rev. D98, 033005 (2018)

charged lepton

charged lepton

recoil nucleon

charged lepton and recoil nucleon (T-violation

A. Fatima et al.

and SCC)
S. M. Bilenky et al Phys. Part. Nucl. Lett. 10, 651 recoil nucleon (the axial contribution to the polar-
s Y i (2013), J. Phys. G40, 075004 (2013) ization)

Symmetries in Elementary Particle
Physics (1965) p. 341

charged lepton and recoil nucleon ( proposal of

M. M. Block the measurement)
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Quasielastic Scattering formalism

Channels:

vutn—=u +p , Du+p—ut+n
Angular distribution of the particles, in the laboratory frame
¢, &, x - spin components of the lepton, the nucleon and target

T

Three directions: L (longitiudinal), T (transverse), N (normal)
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Quasielastic Scattering formalism

The differential cross-section
dO' dO'() / N N/ /N v
o = o (14 Pf'sh,+ Tl + Phsh + sl Al

| N v N N’ Hpv | AN N v
+ slsl'Bjy + sl iy, + slslsi Dive )

PR =PlC. AN = Ancle)

Seven spin observables: DXZ — phve XY\ Z

recoil polarization asymmetry P%,

lepton polarization asymmetry P/

polarized target asymmetry 7, A %

lepton-recoil asymmetry Al v S a- b do(acy. bey)

target-lepton asymmetry Bly’ A = Y abt1 do(aCx, bey)

A target-recoil asymmetry Ciy, Xz Saboiia: b o do(aty, by, oxz)

target-lepton-recoil asymmetry Di:> Lapo=t1do(alx by, oxz)
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Quasielastic Scattering formalism

Y

(scattering plane)

TT _ ppv TeT
CNN’ - CNN/X,U.fu

e oxr,€r) + o(=xr, =€) = o(=x1,&7) = o(x7, =€7)
MW (X7 €7) + o(—xT, —€7) + o(—xT, €7) + o(xT, —€7)
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Quasielastic Scattering formalism

Form factors

Axial form factor (dipole
parametrization)

FA(qz) _ ga

(1)
e

* we've checked also non-dipole
parametrisation

ga = 1.2723 +0.0023
My = 1.014 + 0.014GeV

March 16, 2021

Cross-section is dominated by axial
term.

New measurements of F4 parameters
are still needed

Fa(0) = ga
M, obtained from

m v-deuterium scattering
m CCQE, nuclear targets



Quasielastic Scattering formalism

M, - single spin asymmetry v.p— 1 n
lepton target recoil nucleon
P Ty Pyt
s M»=0.8 GeV 1F ‘ = 1F ‘ 1
M,=0.9 GeV - 1
Ma=1.0 GeV & b
05 Mp=1.1GeV —-—- - E i
Longi_ My=1.2 GeV — !’ ‘
tiudinal I 1T i 1
. ‘ L /:/‘,:’/ | |
pr T Pyt

Trans-
verse

0 0.4 0.8 1.2 0 0.4 0.8 1.2 4
Q% [GeV?] Q% [GeV?] Q% [GeV?]
My=0.8,09,1.0, 1.1, 1.2GeV, F3A = 0, neutrino energy E = 1 GeV.
Normal asymmetry is 0
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Quasielastic Scattering formalism

M, - single spin asymmetry v.p— pn
Pyt — | n
‘ r T " T T 1;’/ I
Sign and 1 ‘
magnitude of il
the compo- ‘ i

nents depend
strongly on
MA -0.5

L L 1 1 1 1 1 L L L L
0 04 08 12 0 04 08 1.2 0 0.4 0.8 12
Q?[GeVd) Q?[GeVY Q?[GeVd)

My =0.8,0.9, 1.0, 1.1, 1.2 GeV, F§* = 0, neutrino energy E = 1 GeV.
Normal asymmetry is 0

March 16, 2021 15



M, - double spin asymmetry %

w
An

xy  2oap—i1 @ b-do(alx, bEy) ¢
Ain = 0

> apti do(alx, béy) L

M . )

0.8,0.9, 1.0, 1.1, 1.2 GeV,

F4 = 0, neutrino energy :

E=1GeV. ol [

Normal asymmetry is O P Ve T Yeeen 0 Veen
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M, - double spin asymmetry

Cl4 - transverse-transverse
target-recoil asymmetry

CkE, - normal-normal target-recoil
asymmetry

Sign and magnitude of the compo-
nents depend strongly on My

Ma = 08,09, 1.0, 1.1, 1.2 GeV,
F§ = 0, neutrino energy
E =1GeV.

Normal asymmetry is O
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Quasielastic Scattering formalism

Axial mass M, establishing

25—
i Mz (Cu"N=0)
s == My (Crw TT=0)
. 2.0 \
Axial mass dependence of the \
roots of the equations: \
=15
[ .
CNN(E=1GeV,Ms,@?)=0 & | "
= 10
(solid line) and
05
ClN(E =1GeV,Ma, Q%) =0
0.0 . x L n L L
(dashed line) obtained for the 0.0 0.2 0.4 0.6 0.8 1.0 1.2
CCQE 7, p scattering. @GeV?]
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M, - triple spin asymmetry v.p— pn

o wr
Dinn Dinne

05 e A4 F 4

XYZ _ Za,b,c:jﬂ a-b-c- do’(aC)(, b§Y7 CXZ) °
INN" —

D

>abc—+1do(alx, by, cxz)

D

L

Mpy e !
0.8,0.9,1.0,1.1, 1.2GeV, o

F{ = 0, neutrino energy |
E =1GeV. Al |
Normal asymmetry is O O™
1 F Ma=b8 GeV/ =9
Mp=0.9 GeV
os | HAI0GY |
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-05 4

0 0.4 0.8 1.2
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M, - triple spin asymmetry v.p— pn

D|NN‘LTL = § e P S
. ——— \/ /,
os y
Sign and magnitude A -
of the components N e O
depend strongly on
MA D\"—If sl /
Ma _ s 0‘42 0'82 » S o
0.8,0.9, 1.0, 1.1, 1.2GeV, R B ‘ o
F§ = 0, neutrino energy LA
E=1GeV. ' o
Normal asymmetry is O A ‘
Q%(GeVY Q?[GeVd)
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Second class current

Vertex

(@)
2M

Fp(Q?) | F§(QP
- (m«oz) +q o) :aﬂ”qyﬂﬂ)) 2

M(q) = vFY(QF)+ioc™q,

Conserved vector current CVC = FY =0
Dipole parametrization of F3A:

FA(0)
(8]

A. Fatima, M. Sajjad Athar, S. K. Singh, Phys. Rev. D98, 033005 (2018).

FA(Q?) =
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SCC - double spin asymmetry v,nand v,p

o' o’

o — 3 R
[

4 - &
Wl

1 —
-0
=1

i
20

Sign and magnitude }¥¥ ]
of the components T e T e T e T nar

depend strongly on
3 g R ?;?é;:ni
Fy b
offt /¥,
40 _ Tap-x1d-b-do@cx by) \— |-
N Sab=+1do(alx, béy) ! = =~ o —

F{0) = —1,0,1, Ma =
1.0 GeV, neutrino energy
E =1GeV.

Normal asymmetry is O
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SCC - triple spin asymmetry v,nand v,p

* =
Sign and magnitude "
of the components Ry 0 gt
depend strongly on
Xvz _ 2ab,c—+1a°b-c-do(alx, bly, szl: i T o
Dinne =
2ab,c=+1do(alx, by, exz) — .
FSA(O) = 715 07 11 MA S
1.0 GeV, neutrino energy
E =1GeV.

Normal asymmetry is O
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Single pion production formalism

Single pion production formalism
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SPP formalism

CC SPP channels

v+p—=I"+p+nt, H+n—It+n+a
vi+n—I—4+n+at, p+p—-IT+p+a
vi+n—=1"+p+7n°, m+p—=It+n+a°

Two mechanisms in the pion production:

m resonant (RES) - the nucleon is excited to the &

resonance state

vy - neutrino, / - charged lep-

N — N*
ton
which decays N - initial nucleon, N’ -final
N* — N nucleon
7 - pion

m nonresonant - no N — N* transition
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SPP formalism

Models of SPP HNV: Hernandez, Nieves, Valverde, (Phys. Rev. D 76,

(2007) 033005)
(Non-linear o model)

FN: Fogli, Nardulli, (Nucl.Phys. B 160 (1979))
(Linear ¢ model)

I(K)

the first resonance

region (A(1232) ) g" = k* — k’* 4-momentum transfer
SPP in charged current Nv
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A(1232) resonance

described by Rarita-Schwinger field

Cftq o oL A_ap Céq o "N apig ! N'()
te(97"a Pa —aTPA) + G0 o am a4 v

3/2
N P V3 N2 (pa)TP(p,q)
Jap = 1C%" cos(0c)——k U(p') = R u(p),
My Pa — M3 + iMAT a(pa)
Par=p+q
ook 0p3/2
j# _ I'CCAP COS(@C) \/§f* D(p/)7 It (plv _Q)’Y Nav (pA) kVU(,D)
me P2 M T MaTa(pa) P
pa=p —q
FN HNV
T e v
@4 I: | Crossed !
r**(p, q) = [i(ga“ﬂ— a7+ N 4 Deltapole | ¢ delta !
M :I X pole :
| Np) 1a@'-q9 NG |
! I
v cv | : I
+ [%(g““q - g%+ M—“z(g““q-pA —q%pE) e
cv FN oversimplified
+M—52(g““q “p—q%pH) + cé/g“"] 75 ch=o.ch=0ct=00l=0CY=0
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FN: Nonresonant background

Linear sigma model . § %LJ ,,,,,
(NUC|PhyS B 160 Np)  Np+q | NG) N(p) 35'(,,', 9 NG N(p) ”(k"?\'fl()p’)
(1 979)) TW(M ﬂ(k‘-)v%
. . . p+ag+M 5 2
e = V20w Cue cos(0)UP Vs (5 oy e |V (9F) = A(@)] u()
. , _ ' — g+ M
Fone = iV2gnnxConp cos(6c)u(p’) [Vﬁ(qz) - A‘K/(qz)] P fq)zgi M2 + ,'675U(p)
. , 2k — Q)" _
Jee = —iV2guneCer COS(HC)FPF(qz)mU(P )rsu(p)
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HNV: Nonresonant background

Non-linear sigma model (Phys. Rev. D 76, (2007) 033005)

g § gi__r&—z ,,,,, § v
A‘ir(k,—w Y*’f(u'/
Ne) N wv;ﬂ(:’)w’) AV(:M';W 9 NG N(p) N'() N) ;'W‘,.,)AW/ Nip) ?W;WW
ik _ 9a — p"'g""M A2\ _ AR (A2
j“np = —iCypcos(bc) m“‘” )Km(p+ T [VN(q) A(eP)] u(p)
, . -g+M
» = = u Iz
J'owe = —iConpcos(fo) mr u(p') | Vi(e AN<q2)} ot q) i i Kesu(P)
. . 2k7r - q 2 - ’
e = —'CPFCOS(OC)FPF(QZ)\%f (k( )2 : zU(P )v5u(P)
Fow = —iCom cos(Oo) Ferl (ke — 0)°) - T DB 9U(P)
. , 1 _
Her = —iCcrcos(fc) T u(p’ )’YM(QAFCT(q )vs — Fee((g — k,,)z))u(p)

Different vertices and form factors
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Single pion production formalism

Similar shape - different components

Vern oW+t +n Vytnop+nten
1.4 ; — ; 14 ; i - ;
all diagrams HNV —— all diagrams FN ——
AP and CAP HNV APFN ------
1.2 background HNV 1.2 background FN — - -
h interference terms HNV : interference terms FN - o
= 1
@
>
3
L o8
1=
s
5 06
—
g 04
3
=
&
5 02
o
°
0
0.2
L L el — L el L L L
1 1.1 1.2 1.3 1.4 1 11 1.2 1.3 1.4

W[GeV] W[GeV |

SPP Cross-section in two different models. Solid line - cross-section in two models of SPP. Red line - interference between RES

and NB, dotted - RES, dashed-dotted - NB. E = 0.7 GeV, Q® = 0.1GeV?
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Summary

m There are various models of SPP. Different descriptions of RES
and non-RES background.

m Structure of amplitude is a sum of RES and non-RES amplitudes
with a phase between them

|Ares + € Ang|?

m We assume e =1

m We need to know relative phase between amplitudes.
Experiments have been measured averaged over spin
cross-section data. It makes difficult to distinguish RES and NB
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Summary

m Developing of procedures of testing models is needed, to reduce
model dependency

m Some new observables are needed to study RES and NB, relative
phase between amplitudes

m We propose polarization observables
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Single pion production formalism

Polarization properties of SPP - the other’s results

[ authors [ papers [ subject of investigation |
[ K. Hagiwara et al. [ Nucl. Phys. B668, 364 (2003) [ polarization properties of the T-lepton, only RES |
[_K.S. Kuzmin et al. | Mod. Phys. Lett. A19, 2815 (2004) | polarization properties of the T-lepton, only RES |

Not discussed yet:

m Polarization properties of nonresonant background of SPP
process.

m Polarization properties of the target nucleon in the SPP process.

m Polarization properties of the final nucleon produced in the SPP
process
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Polarization of the final particles

Polarization of the final particles in
SPP
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Polarization of the final particles

Angular distribution of the particles, in the laboratory frame
¢ and ¢ - spin components of the lepton and the nucleon respectively.

T
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B —
Polarization of the final particles

Three components of P#:
P (longitudinal),

‘Pr (transverse),

Pn (normal)

Polarization of lepton

Pt =P() + Prdr + Pniy

¢ and ¢ - spin components of the lepton and the nu-
cleon respectively. Polarization of nucleon

‘PH - polarization
P . PH = PLef + Prek + Puély
s# - spin of a particle

Degree of polarization

P =\/P?+ P+ P2

March 16, 2021 36
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Polarization of final lepton

v_“+p-)u'+:[‘*p vu+n-)_|(+:r'+n \r“+n-)_u'+:(°+p
e 1 "
05 05 7"‘"_-_ 05 h |
v channels
o 0 0 0
05 05 05

- Red line - FN model
. L Black line - HNV model
o002 . Dotted line - only RES
-0.004 .004 .004 (
05 05
& o  — 0 Degree of polarization

P = /P +P3+ P2

Dependence of the polarization

|
i

1 /_._ 1 ) 1
N P 7
05| A vt

all diagrams HNV
P and CAP HNV ----- 05 05

e B P(d?c/(d6dE’)) on the scat-
%0 0.2x Py 021 odx 0 021 0.4, tering angle 6, w = 0.2GeV ,
drad) olrad] ofad] B = 9@y
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Polarization of final lepton

Vu 40 2 waren YV +p 2w amap Vo +p > uealen
1 1 1
05 05 05
[ 0 0
0.5 0.5 0.5
1 -1 1
0.02 002 0.02 ¢
001 001 0.01 ¢ 7 Channels
n-z o 0 === o
001 001 0.01 4
002 002 0.02 y
! ! ! Red line - FN model
- Black line - HNV model
Dotted line - only RES
1 1 1
1 1 e 1 e .
IS ; Dependence of the polarization
o8 o8 o8 P(d?0/(d6dE’)) on the scat-
0 0 0 tering angle 6, w = 0.2GeV,
Ox 0.2x 04x Ox 0.2x 04z O 0.2x 0.4x°
O[rad) trad] Ylrad] E =1GeV
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Polarization of final lepton

vo+p> wnt+p ve+nd weaten v"+n~)u\.1°+p
'/"—_-.— ! B ’7“"‘———
05 057’—-‘* 05
o« 0 o 0
0.5 0.5
! ! . .
ot o w - a light parti-

s L ' || cle - almost polar-

ootz ized. Partially po-
oot larized at low scat-
lm— tering angle.
' ]
05 0.2n 0.4n
1 O[rad]
" Dependence of the polarization
| osl gy — | s os P(d20/(d6dE')) on the scat-
) i o o tering angle 6, w = 0.2GeV,
or s o4 ‘o = oax Con s Yy
drad] ofrad] ofrad]

E =1GeV
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Polarization of final lepton

vorp>wHatep v+nd waaten vufn-)_u'+.1°+p
1 P ) 1 7’____.__.‘
05 05 7"'-4'— 05
<0 0 [
0.5 0.5
s . 0.004 -
0.004
0.002 4
a4 ¢ Py is given by
-0.002
oo the  RES-NB
‘ ' 10.002 | i interference
05 05
< 0 0
s 4
-0.5 05 0.00 Ox 0.27 0.4x
Dependence of
1 & 6[rad]
the polarization

P(d?c/(d6dE’))  on

05 Pand HNV 05

A amams BN the scattering angle
i
0 0 0 0, w = 0.2GeV,
O 0.2x 04z  Ox 0.2« 04x  Ox 0.2z 0.4n:
Hrad] 6[rad) ofrad] E—1GeV
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Polarization of the final particles

Polarization of final lepton
Py is given by the RES-NB interference

s 8 dagrams
3E4

]
- 264

264

Re(CNP x CNP *)

onp. | —

e
Re(DP x CNP *) ces

00
0

004 o8

- o
Ofead]

Py (d2o/(dE’ dQ) )

0w=0.2GeV, E=1 GeV

-+
VP > W AT +p

/
/
/
/
/
/[
BRI -

‘O 004 008 0.12x0: 004 008r 0.12x0: 004 00Bs 0.12:0x 004z 008x 0126 On 0.04n 0087 0125 0x 0,047 0.08% 0.1250x 004 0.08x 0.12x
0(ad] ol

Diagonal elements - square of amplitudes of diagrams
Non-diagonal elements - interference of diagrams
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Polarization of final nucleon - T2K flux

Vyrpo Wt ep Vernow st en Vernow+rlep

v channels
Red line - FN model
. Black line - HNV model

Dotted line - only RES

all diagrams HNV ——
AP and CAP HNV -
1 all diagrams FN

APFN

Dependence of the polarization
P(d%c/(dQdédE’)) on the
158 2z angle ¢-; w = 0.2GeV, 6 =
5°, T2K flux

158 2n On  05n 158 2n Ox  05x

1 1 1
@ [rad] @, [rad] @ [rad]
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Polarization of final nucleon

. - v - o )
v +n 3 paaen Ve +p 2w aTep Ve +p > ' alen

FL

v channels

Py

Red line - FN model
Black line - HNV model
Dotted line - only RES

Pr

Dependence of the polarization

P(d%c/(dQdédE’)) on the

angle ¢.; w = 0.2GeV, E =
1GeV, 6 = 5°
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Polarization of final nucleon

Interference RES-NB in the Py - distortion of sinusoidal character:
Pn = ay sin(¢,) (main part) + azsin(2¢,) + az sin®(¢,.)
RERY: ] al ] as - is given by RES-
a1 ! NB interference.
Non-zero after integra-
tion over ¢,

Py(d/(dE'd00E,))

Dependence of the polarization
P(d%0/(dQdé-dE’)) on the
angle ¢; w = 0.2GeV, § = 5° ,
E =1GeV
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Polarized target asymmetry

Polarized target asymmetry in SPP
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Polarized target asymmetry

Angular distribution of the particles, in the laboratory frame
XL, x7(¢) - spin components of the nucleon.

X

XL - spin along the v flux
x7(¢) - spin perpendicularly to the v flux,
¢ - angle between spin and normal to scattering plane
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Polarized target asymmetry

1
do ~ §|Mf,-|2 (1+ A"s,,)

Directions of target polarization

1(K")

Yy
( Target polarized longitudinally to the beam
XL, x7(¢) - spin components of the nucleon. A do(xr) — do(—x1)
A* - asymmetry L= do(xL) + do(—x1)
A,u — AT(¢)XI7L_(¢) + ALXIZ Target polarized perpendicularly to the beam
4, = do(xr) = do(—x7)
s+ - spin of a particle do(xr) +do(—xr)
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Longitudinally polarized target

1 all diagrams HNV ——
Aand CA HNV - - -
0.5
e
< 0 nl SEoes ==
/P
-0.5
g urpow+nt+p Vyrn s+t en vu+n~>u'+n°+p

4[5, 40 ot awen T, +P o TP T, +p o +ln
0 1 2 3 0 1 2 3 0 1 2 3
E [GeV] E[GeV] E[GeV]

Figure: Dependence of A, (o) on the energy of neutrino
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Longitudinally polarized target

For some channels A, is quite model dependent and NB contribution
modifies significantly.

1 all diagrams HNV ——
AandCA HNV - - -
05
< 0
05
ot
4 vutpow+ntep
1
05
< 0
05
A [V #n o e Y +p o amep Verp ot +7%en
0 1 2 3 0 1 2 3 |o 1 2 3
E [GeV] ETGeV] E[GeV]

Figure: Dependence of 4, (o) on the energy of neutrino
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Polarized target asymmetry

Perpendicularly polarized target

Contributions from different diagrams to Ar(do/d¢), ¢ = 0°, only RES-NB

interference contributes

e

00p —————
g 0

oos —————)

e

—
Y

ee

ee

A dageans

Ado/(dg))
¢=0°
v,

“+na.u'+rc0+p

cor

[

Diagonal elements - square of amplitudes of diagrams

Elean

Zlewn

el

Non-diagonal elements - interference of diagrams
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Perpendicularly polarized target

Contributions from different diagrams to Ar(do/d¢), ¢ = 90°, contribution
from all diagrams
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Diagonal elements - square of amplitudes of diagrams
Non-diagonal elements - interference of diagrams
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Perpendicularly polarized target

m A7 has aform

A7(¢) = aicos(¢) + agsin(¢)

m A7(¢) is dominated by the sinusoidal part a,

m for ¢ = 0 only a; contributes - RES interference with NB
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Conclusions

QE

m Sign and magnitude of the polarization observables depend
strongly on M,

m They are promising observables for investigation of SCC in the
neutrino scattering

SPP

m Polarization observables are sensitive to details of the SPP
models

m The normal polarization is dominated by NB-RES interference,
relative phase information

* calculated in the Wroclaw Centre for Networking and Supercomputing, Grant No. 268
** using symbolic programming language FORM
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Thank You
for Your attention
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