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Four-Fermi type Neutrino NSI

Neutrino non-standard interactions mediated by heavy particles can be described using
an effective four-Fermi interaction, [Wolfenstein - 1978]

m Charged Current NSI:
Lcc = —V2Gr Z |:V_a)/y (1 - ys) /,5] (eavl;f?y“f' + egg?y“ysf’) ,
f,fa,B
where f # f" and f, f' € {e, p, n}
m Neutral Current NSI

Lnc = —V2Gr Z [V_a)/“ (1 - ys) Vp] (e;/[’;?y“f—k eébf?y“ysf)

f,o,B
where f € {e, p, n}. Both of these interactions involve the vector and axial parts
which are proportional to €T and €, respectively.
The vector part of the Lagrangian can affect the pattern of neutrino oscillation in
matter as well as the Coherent Elastic v Nucleus Scattering (CEvNS). As a result,
there are strong bonds on the values of e(‘x/g.
By comparison, the axial couplings egg are less constrained because these @)
couplings cannot affect the neutrino oscillation pattern or CEvNS. |ﬂm
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The Hadronic Currents in the Presence Of NSI

m The total (SM+NSI) four-Fermi neutrino quark NC interactions can be written as the product
of the leptonic and hadronic currents:

Gr
78 ey (1 =y (fa)es
m The hadronic NC current can be decomposed into vector and axial components:
( had)aﬁ = (Vll\IJC)aﬁ + (Allilc)aﬁ :

m Each of these currents can be expressed as the sum of SM and NSI contributions:

VL

e = Véw + Vet and  AQe = Agy + Al
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The Hadronic Currents in the Presence of NSI
m Where

sin® BW

_ .3
(ViEDap = [(1 — 2sin? BW)Qy“% Oy“O+( sin? By — )sy“s} 8a8

and
4 DM 5T3 1 U5
(ASM)a,B = |-ty ?Q"' ESV V- 50(/3

in which Q = (u d)7 and 73 = diag(1, —1) is a Pauli matrix.
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The Hadronic Currents in the Presence of NSI
m Where

sin® GW

_ .3
(ViEDap = [(1 — 2sin? BW)Qy“% Oy“O+( sin? By — )sy“s} 8a8

and
4 DM 5T3 1 U5
(ASM)a,B = |-ty EQ"' ESY y's 50(/3

in which Q = (u d)7 and 73 = diag(1, —1) is a Pauli matrix.
m The NSI currents can be written as
W Vd W _ vd
(Visop = F "L ayrq+ "B guq desyrs 1)
and

€A eAu _
(Ao = "’3 b Qy°Q + “/3 b5 QST+ elssyy s,
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Existing bounds on NSI couplings

m Neutrino oscillation experiments: Neutrino oscillation pattern in matter is sensitive to eavg

and to egg — egg. As a result, solar, atmospheric, and long baseline neutrino oscillation

experiments can probe these combinations of NSI.

orp
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Existing bounds on NSI couplings

m Neutrino oscillation experiments: Neutrino oscillation pattern in matter is sensitive to eavg »
a:

and to ew — eﬁg. As a result, solar, atmospheric, and long baseline neutrino oscillation
experiments can probe these combinations of NSI.
m High energy neutrino beam scattering experiments: The DIS of neutrinos is sensitive to the
following chiral couplings:
efa = (evq + eAq) /2 and €= (evq — eAq) /2.

The CHARM experiment, utilizing ve and ve beams, was a DIS experiment and was therefore
sensitive to the combinations:

(9 +eed)® + D lestl? + (of +€63) + > lesd
a#e a#e
(9R + €t + > [efelP + (gf + B2+ D 1efd)?
a#e a#e
1 2 . 1 1 . 2 . 1.,
gl = 573 sin? Oy, gf = 5+3 sin? By, go = -3 sin? By and gg = gsm2 Ow.

We observe a 2* = 16 fold degeneracy between the SM solution €54 = efY = ebd = efid = 0

and the non-trivial cases where one or several of the following relations are satisfied: H
EM

4 2 2
ebi= 14 gsm By, eV = gsm B, €sd =1 — 3 sin? 8y, and 79 = ~3 sin?
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Existing bounds on NSI couplings

m The DIS scattering at NuTeV experiment with the v, and v, There are similar relations and
another 16 fold degeneracy for DIS scattering at NuTeV experiment, replacing e — p.
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Existing bounds on NSI couplings

m The DIS scattering at NuTeV experiment with the v, and v, There are similar relations and
another 16 fold degeneracy for DIS scattering at NuTeV experiment, replacing e — p.

m The CEvNS experiment: The coherent elastic scattering of v, off a nucleus with Z protons
and A — Z neutrons is sensitive to

(295 + (A= 2)g) + (Z + A)ells + (A= 2)e 3P + > [(Z + A)els + (2A— Z)e 32
ap

in which g¥ = —1/2 and gy = 1/2 — 2sin® fy,.
The CEvNS results for arbitrary A and Z is degenerate with the SM provided that

4 .
eVd =1 — 5sm2 By and X =—-1+ gsm2 fw.
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Existing bounds on NSI couplings

The DIS scattering at NuTeV experiment with the v, and v, There are similar relations and
another 16 fold degeneracy for DIS scattering at NuTeV experiment, replacing e — p.

The CEvNS experiment: The coherent elastic scattering of v, off a nucleus with Z protons
and A — Z neutrons is sensitive to
(295 + (A= 2)g) + (Z + Ay + (A= 2)el§P + > [(Z + A)els + (2A — Z)e kg2
a#p

in which g¥ = —1/2 and gy = 1/2 — 2sin® fy,.
The CEvNS results for arbitrary A and Z is degenerate with the SM provided that

4 8 .
eVd =1 — 3 sin?yy and X = -1+ 3 sin? Byy.
The SNO experiment: The Deuteron dissociation at SNO was sensitive to eA‘é - eAg The
SNO NC measurement, along W|th the solution €AY ~ €49, has non-trivial solutions such as

ap — ﬁ’
Au

€ty — ead ~ +2 and/or et — efd = 42 and/or e — el = +2.
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Existing bounds on NSI couplings

m Taking E%Vq o 84 (Or equivalently eégﬂq o 84p), we find that satisfying the relations

L/R .
b = *293/9 automatically ensures:
eld=1—1%sin?y and €% =-1+8sin?6y.

(=D
T2

Saeed Abbaslu Neutrino nucleus Quasi-Elastic and resona 7/31



Existing bounds on NSI couplings

m Taking €Y7 o 8,5 (or equivalently €79 « 85), we find that satisfying the relations
af B af B

L/R .
b = *293/9 automatically ensures:
eld=1—1%sin?y and €% =-1+8sin?6y.

m In other words, there is a non-trivial solution for NSI that avoids bounds from oscillation data,
from CEVNS as well as from DIS experiments, NuTeV and CHARM.
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Existing bounds on NSI couplings

m Taking 62£Vq o 84 (Or equivalently eégﬂq o 84p), we find that satisfying the relations

L/R .
b = *293/9 automatically ensures:
eld=1—1%sin?y and €% =-1+8sin?6y.

m In other words, there is a non-trivial solution for NSI that avoids bounds from oscillation data,
from CEVNS as well as from DIS experiments, NuTeV and CHARM.

= Moreover, the relations €57 = —zgfm imply €44 — 49 = +2 which is one of the
non-trivial solutions of SNO NC measurement.
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Existing bounds on NSI couplings

Taking eﬁévq o 84 (Or equivalently eégﬂq o 84p), we find that satisfying the relations

L/R .
b = fZgZ/R automatically ensures:
eld=1—1%sin?y and €% =-1+8sin?6y.

In other words, there is a non-trivial solution for NSI that avoids bounds from oscillation data,
from CEVNS as well as from DIS experiments, NuTeV and CHARM.

Moreover, the relations €59 = —ZQE/H imply 44 — €A = +2 which is one of the
non-trivial solutions of SNO NC measurement.

If we assume egévS = e’;/éVd, and use the relations 5,9 = —29] g then Ui — —dfq SO
with measuring the scattering cross sections, the two solutions cannot be distinguished.
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Existing bounds on NSI couplings

Taking eﬁévq o 84 (Or equivalently eégﬂq o 84p), we find that satisfying the relations

L/R .
b = fZgZ/R automatically ensures:
eld=1—1%sin?y and €% =-1+8sin?6y.

In other words, there is a non-trivial solution for NSI that avoids bounds from oscillation data,
from CEVNS as well as from DIS experiments, NuTeV and CHARM.

Moreover, the relations €59 = —2gfm imply 44 — €A = +2 which is one of the
non-trivial solutions of SNO NC measurement.

If we assume egl/avs = e’;/éVd, and use the relations 5,9 = —29] g then Ui — —dfq SO
with measuring the scattering cross sections, the two solutions cannot be distinguished.

In the following, we will focus on the impact of axial NSI on QE and resonance interactions,
which is the subject of our recent study arXiv:2412.13349v2.
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Existing bounds on NSI couplings

A/Vq

Taking € B * S4p (or equivalently eaﬁ 9 x 64p), we find that satisfying the relations

eé{f 9= —2gL / g automatically ensures:

eld=1—1%sin?y and €% =-1+8sin?6y.

In other words, there is a non-trivial solutlon for NSl that avoids bounds from oscillation data,

from CEVNS as well as from DIS experiments, NuTeV and CHARM.

Moreover, the relations €57 = —2gL g imply €44 — €49 = +2 which is one of the
non-trivial solutions of SNO NC measurement
If we assume eAl/;VS A/éVd and use the relations €549 = —2g,‘_’/H, then Jh — —Jb.q SO

with measuring the scattering cross sections, the two solutions cannot be distinguished.

In the following, we will focus on the impact of axial NSI on QE and resonance interactions,
which is the subject of our recent study arXiv:2412.13349v2.

In our previous work, we discussed how the study of NC DIS at DUNE can improve the
bounds on e’:g. In particular, we demonstrated that the far detector of DUNE can probe ef?
at values well below current bounds [arXiv:2312.12420 [hep-ph]].
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Existing bounds on NSI couplings

A/Vq

Taking € B * S4p (or equivalently eaﬁ 9 x 64p), we find that satisfying the relations

eé{,’q 9= —2gL / g automatically ensures:

eld=1—1%sin?y and €% =-1+8sin?6y.

In other words, there is a non-trivial solutlon for NSl that avoids bounds from oscillation data,

from CEVNS as well as from DIS experiments, NuTeV and CHARM.

Moreover, the relations €57 = —ZQL g imply €44 — €49 = +2 which is one of the
non-trivial solutions of SNO NC measurement
If we assume eAéVS A/éVd and use the relations €549 = —2g,‘_’/H, then Jh — —Jb.q SO

with measuring the scattering cross sections, the two solutions cannot be distinguished.

In the following, we will focus on the impact of axial NSI on QE and resonance interactions,
which is the subject of our recent study arXiv:2412.13349v2.

In our previous work, we discussed how the study of NC DIS at DUNE can improve the
bounds on e’:g. In particular, we demonstrated that the far detector of DUNE can probe ef?
at values well below current bounds [arXiv:2312.12420 [hep-ph]].

Following that, we proposed a toy model leading to e2¥ = e#9 ~ 1 with a dark matter
candidate as a bonus to be tested by the spin-dependent direct dark matter search
experiments, [arXiv:2407.13834 [hep-ph]]. @

IRM
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Quasi-Elastic scattering in the presence of NC
axial NSI

m The cross section of the QE scattering is given by

do®E(Var N VN

aqz
2
G [AN(Qz) + BY(?) (45” - 02> oM@ <4E” - 02> ] ,

o E2 My M My MR

The functions A(Q?), B(Q?), and C(Q?) are defined as follows:
AN(CP) =

e (e ) - (7 ) (i) (3 ) 7]
BN(@?) = —1F,Q’ (RN +FY),

o (R ()" () (B2

ch(e?) =

(=D
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5
(FP)ap = ( — 28,p5sin 9W+2€0{ﬁ+€ap) FP 4 ( ZoB L. /3+25 ﬁ) Fr
54
" (‘Tﬁ +eap +<op “aﬁ) Fr
)
(Fn)aﬁ ( — 28,8 sin? By +2€aﬁ +€aﬁ) FP + (_%ﬁ +el +2€o¢3) FIJ
19
+ (_%ﬁﬂ-f ﬁ"l‘f ﬁ—"_eaﬁ) FS
B <Gp Ag 8 8ap
o o
Fp)aﬁ < 7 > Fat g (Eaﬁ + aﬁ)F( '+ (7 +5aﬁ +€a/3 +5a/3) Fa,
8 Ag b
Q CX
(FR)op = (2 > Fa+ 3 (ecxﬁ + eaﬁ)F ( 2l5 + eaﬁ + eaﬁ + eaﬁ) F3.
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Vector Form factors

f-',.’\’ and vector NSI: The form factors F1N and F2’V are directly related to the electric charge
and magnetic dipole of the nucleon, N. Ff and Fg have been extracted as a function of Q2
with a remarkable precision from the electron proton scattering experiments:

2

U@ = o [(‘&%)G;‘,’,(Qz) - Gﬁ(cf)} ,
am2

1

2
1+ 42
Mz,

F(@) = [ah(e?) - al(@)].

F',.N can also be derived from studying the scattering of neutrino and antineutrino beams.
Within the SM, the knowledge of FN and FN can yield F?.

The v, scattering data from MiniBooNE: —0.09 < F(Q?) < 0.1 for Q* < 1 GeV2.

The lattice QCD predicted: F§(0) = 0, F$(Q?) < 0.004 and F§(0) = —0.017.

F? from global analysis of parity violating electron-proton scattering experiments is
consistent with the lattice QCD results.

While two former methods are not affected by NSI of neutrinos, the derivation of Ff from the
vu scattering off protons in the presence of NSI should be interpreted as

(2eys + e ) FY + (et + 26 )T + (=1/2 + ey F. D)
If future measurements establish Ff(Qz) ~ 0.01, it should be interpreted as nonzero
e/ and/or €. IRM
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Axial Form factors
m Fyis related to (N|Qy*y 513 Q|N). Atlow Q?, Fa(Q?) is usually parametrized as a dipole:
Fa(Q@?) = ga [1 + @2/M3] @

where ga = Fa(0) = 1.27641(55), is called weak axial vector coupling constant and My is
the axial mass.
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Axial Form factors
m Fyis related to (N|Qy*y 513 Q|N). Atlow Q?, Fa(Q?) is usually parametrized as a dipole:

Fa(Q@?) = ga [1 + @2/M3] @

where g4 = Fa(0) = 1.27641(55), is called weak axial vector coupling constant and M, is
the axial mass.

m F5(Q?): Similarly to the case of Fa(Q?), for low @2, F3(Q?) can be parameterized as a
dipole form:

5= g5 [t ] @)

In principle, M3 can be different from M, but within the present experimental uncertainties,
we can set M3 = Ma.

There are four main ways to determine g3: lattice QCD calculations, parity-violating electron
scattering experiments, neutrino-nucleus scattering data, and hyperon beta decays.
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Axial Form factors
m Fyis related to (N|Qy*y 513 Q|N). Atlow Q?, Fa(Q?) is usually parametrized as a dipole:

Fa(Q@?) = ga [1 + @2/M3] @

where g4 = Fa(0) = 1.27641(55), is called weak axial vector coupling constant and M, is
the axial mass.

m F5(Q?): Similarly to the case of Fa(Q?), for low @2, F3(Q?) can be parameterized as a
dipole form:

Fi=gi[1+ /M) " @)

In principle, M3 can be different from M, but within the present experimental uncertainties,
we can set MS = M,.

There are four main ways to determine g3: lattice QCD calculations, parity-violating electron
scattering experiments, neutrino-nucleus scattering data, and hyperon beta decays.

[ 8 (QZ) This form factor is not relevant for the NC interaction within the SM; however, for
aﬁ Y+ eAd # 0, the NC cross section depends on this form factor. F( ) from the lattice QCD:

-2
F(@?) =g [1+ /M) @)
® _ ® _
where g = 0.53 + 0.022 and M) = 1.154(101). IPM
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Axial Form Factors

] ,EAV can be derived by studying the energy dependence of the neutrino scattering cross
section. Within SM, this measurement combined with F4 from beta decay can determine Fj.
This is the idea behind measuring F using atmospheric neutrinos at KamLAND. However, in
the presence of NSI, such a derivation should be revisited.

= Another tool to investigate NSl is flavor. While F3 is a property of nucleon and is independent
of the flavor of neutrinos that scatter off the nucleon, egq depends on the flavor. Therefore, by
comparing the derivation of F'A" at the far and near detectors of long baseline experiments,
one can obtain information on 522 and its flavor structure.

= Another approach to utilize different flavors is studying the energy dependence of the NC
event rates at the far detector as P(va — vg) depends on the energy of the neutrino.

m The upcoming more accurate experiments such as JUNO combined with the prediction of F3
from lattice QCD can help to set significant bounds on e2¥ + €49,

(=D
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Resonance

For energy range 1 GeV < E, < 4 GeV, the resonance cross section dominates both over QE and
DIS. Within the SM, the dominant NC resonance isv + N — v + A(1232).

Lys = % aZ/B [Payu (1 —ys)vp] Ja,
The hadronic current for the reaction is given by
Ja =< AF|JAO)|p >=< A%J4 (0)[n >
= @s(P )3 U(P)-
Here ws(p’) is the Rarita-Schwinger spinor for the A, and u(p) is the Dirac spinor for the nucleon.

Su Su
Ta/24 = [ 3/2 As/z] Y5,
In terms of form factors, the vector and and the axial parts are given by

CV CV CV

S,

v372 = Mi?;v(gsxx/q_ qsyu) + V%(gsuq,p/ — M)+ V%(gauq,p_ qspu) +g5“cg/,
IEM
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Resonance

m The resonances with isospin different from 1/2 cannot receive any contribution from the
isospin invariant operators so the A resonance will not be sensitive to eAV + A9, W 4 VA,
Y5 or ¢#3, The effects of e — ¢A9 and ¢ — ¢V on the cross section of the process
v+ N — v + A can be treated by the following replacements

Cl8op — C\(Bap — i +€28)

C8ap = —(1— 28in 01) C'6gp — — [(1 — 25in O )Bap + € — | CI.
1 1

(1+ QZ/ME,)Z (1+ Q2/4M2)

M,
C{ (@) = ~CJ(P)y
C{(Q%) = C5(Q%) =0,

A2
Cf(Qz) _ _M,
4

CH(Q?) = C3(0)

CY (@) = ¢{(0)

1 1
(1+Q2/M3)° (1+Q2/3M3)"

M2
CH(@P) = CH(P) "
5(@) = ( )02 +m2 @
where W2 = M3 and m; = 135MeV is the pion mass. IEM
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Results

m To compute the cross sections, we use GiBBU 2023 as an event generator that accounts for

nuclear effects implementing the necessary changes to take into account the NC NSI effects.
With the off-diagonal NSI, the scattering can be lepton flavor violating: 4N —>(;),3 +N

and vy 4N —>(;),3 +A with a # B. Since the detectors do not determine the flavor of the
final neutrino at NC scattering, we sum over the flavor of the final neutrino when computing

the NC scattering.

Parameter Value Method
My 0.843 GeV v — N CC QE scattering
Me 1.154 £ 0.101 GeV lattice QCD
Mg 0.999 +0.011 GeV v — N CC QE scattering
9a 1.2695 B-decay
g 0.530 + 0.022 lattice QCD
gz —0.15+0.09 Mominal
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v QE cross sectlon v QE cross sectlon
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do/dQ2x107%8 [cm?/GeV?]

v QE cross section
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v differential QE at E, = 1GeV

T 08 — Agj -
0 05 _ agd-
504 — am®:
o]

L 03 — AM, -
*

o 0.2

8

T 0.1

©

0.0 : : : :
00 0.1 02 03 04 05
@ [GeV?]

The differential cross sections per nucleon for QE NC scattering off Argon at an energy of E, = 1
GeV, taking AU = ¢Ad = 0.5. It disentangles the uncertainty induced by each form factor
parameter, in WhICh each pair of curves show the uncertainty induced by a single form factor
parameter, setting the rest of the parameters equal to their central values. Unlike the case of the
isovector NSI, the uncertainty induced by g is significant. This is because at €44 = €A = £0.5,
the central values of F'ﬁ" and I:';\’ are not opposite to each other and cancellations between t
variations of the proton and neutron contribution do not take place. %
Ll
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v QE cross sectlon v QE cross sectlon
04— T ) 0.4 ———)
— ey e’* =05 Egg_egg--o 5 —SM ! — e':;_ef,‘g_o 5 . e:,‘;-s';g--o 5 —SM

E[GeV] E[GeV]

This figure shows how the QE scattering cross section changes in the presence of lepton flavor
violating NSI. The green/red curves show the sum of the cross sections of v4 + N — vq + N (from
the SM) and of va + N — vg + N (from the lepton flavor violating NSI). The latter is proportional to
|eA |2 and is therefore always positive and independent of the sign of eAg = eAg As aresult, the
red and green curves have complete overlap.
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This Figure shows the impact of €25 = +1 on the cross section. As seen from the figure, the

sensitivity to 60(

(1) The effect is suppressed by the coefficient F3(0) ~
cross sections of neutron and proton are in opposite directions.
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> is too small to be resolvable. There are two reasons for the suppressed sensitivity:
—0.15; (2) The variations due to €#S in the

(=D
T2

20/31



v resonance cross section v resonance cross section
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E[GeV]
A A v v v A
Parameter my my CJ(0) C/(0) Cg(0) C£(0)

Value 0.84 GeV 0.94+0.03GeV  2.13 —1.51 0.48 1.19£0.08
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Conclusion:

m We have reviewed the present bounds on the NSI couplings from various experiments with
special attention to the possible degeneracies.
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Conclusion:

m We have reviewed the present bounds on the NSI couplings from various experiments with
special attention to the possible degeneracies.

m We have pointed out that there is an approximate degeneracy between the SM solution with

e%‘/q = 0 and a non-trivial solution with egévq = eﬁg"qsaﬁ and with values
LA _ ~29 . By adding egém = 40" °6 5 1o the previous relations, the hadronic

u H
current Jp, transforms to —J; ;.
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Conclusion:

m We have reviewed the present bounds on the NSI couplings from various experiments with
special attention to the possible degeneracies.
m We have pointed out that there is an approximate degeneracy between the SM solution with

¢2/V9 = 0 and a non-trivial solution with €779 = ¢4/" 95,5 and with values

apB ap
AL ~29g/ - By adding egévs = 40" °6 5 1o the previous relations, the hadronic
current Ji_; transforms to —Ji_ .

m We have discussed degeneracies in extracting the values of the form factors and NSI
couplings from QE and resonance neutrino scattering off nuclei.
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Conclusion:

m We have reviewed the present bounds on the NSI couplings from various experiments with
special attention to the possible degeneracies.
= We have pointed out that there is an approximate degeneracy between the SM solution with
¢/V9 = 0 and a non-trivial solution with eAévq ¢5," 98,5 and with values

eééﬂ 9= 2gL/R By adding eA/éVS

u
current Ji_; transforms to —Ji_ .

eeévssaﬁ to the previous relations, the hadronic

m We have discussed degeneracies in extracting the values of the form factors and NSI
couplings from QE and resonance neutrino scattering off nuclei.

m We have then discussed how these degeneracies can be solved by employing extra
information on the value of the form factors from the lattice QCD prediction or from the
scattering of charged leptons off nuclei.
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Conclusion:

m We have reviewed the present bounds on the NSI couplings from various experiments with
special attention to the possible degeneracies.

= We have pointed out that there is an approximate degeneracy between the SM solution with
¢/V9 = 0 and a non-trivial solution with egévq = 0/ 955 and with values
LA _ —2gf/R. By adding egévs = eéévssaﬁ to the previous relations, the hadronic
current Ji_; transforms to —Ji_ .

m We have discussed degeneracies in extracting the values of the form factors and NSI
couplings from QE and resonance neutrino scattering off nuclei.

m We have then discussed how these degeneracies can be solved by employing extra
information on the value of the form factors from the lattice QCD prediction or from the
scattering of charged leptons off nuclei.

m We have found that an isoscalar axial NSI, A = ¢A9 leads to only an excess in the QE NC
cross section relative to the SM prediction, but the lepton flavor conserving isovector axial
NSI, €44 = —eA2 can lead to both excess or deficit depending on its sign.
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Conclusion:

m Considering the bounds on €A% — eA9, we have shown that the deviation for the isovector
case cannot be larger than 30 %. Therefore, an excess of more than 30 % can be interpreted
as axial isoscalar NSI but not isovector NSI.
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Conclusion:

m Considering the bounds on €A% — eA9, we have shown that the deviation for the isovector
case cannot be larger than 30 %. Therefore, an excess of more than 30 % can be interpreted
as axial isoscalar NSI but not isovector NSI.

= We have found that in the presence of isoscalar axial NSI, the uncertainties of the form
factors (mainly that of F3) induce large uncertainty in the prediction of the QE NC cross
section. However, for the isovector NSI, the uncertainties induced by form factors on the
cross sections of (anti)neutrinos off neutron and proton cancel each other. Observing a
deficit of < 30% in the cross section will allow us to determine a positive value of
€AY = —eAd free from the form factor uncertainties.

(=D
I

Saeed Abbaslu Neutrino nucleus Quasi-Elastic and resona 23/31



Conclusion:

m Considering the bounds on €A% — eA9, we have shown that the deviation for the isovector
case cannot be larger than 30 %. Therefore, an excess of more than 30 % can be interpreted
as axial isoscalar NSI but not isovector NSI.

= We have found that in the presence of isoscalar axial NSI, the uncertainties of the form
factors (mainly that of F3) induce large uncertainty in the prediction of the QE NC cross
section. However, for the isovector NSI, the uncertainties induced by form factors on the
cross sections of (anti)neutrinos off neutron and proton cancel each other. Observing a
deficit of < 30% in the cross section will allow us to determine a positive value of
€AY = —eAd free from the form factor uncertainties.

m The measurement of A resonance cross section can be used as a discriminant between
isovector and isoscalar NSI.
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Conclusion:

m Considering the bounds on €A% — eA9, we have shown that the deviation for the isovector
case cannot be larger than 30 %. Therefore, an excess of more than 30 % can be interpreted
as axial isoscalar NSI but not isovector NSI.

= We have found that in the presence of isoscalar axial NSI, the uncertainties of the form
factors (mainly that of F3) induce large uncertainty in the prediction of the QE NC cross
section. However, for the isovector NSI, the uncertainties induced by form factors on the
cross sections of (anti)neutrinos off neutron and proton cancel each other. Observing a
deficit of < 30% in the cross section will allow us to determine a positive value of
€AY = —eAd free from the form factor uncertainties.

m The measurement of A resonance cross section can be used as a discriminant between
isovector and isoscalar NSI.

= Finally, we have studied the impact of ¢S on the QE cross sections. Even with O(1) values,
its effects on the cross section of neutrinos or antineutrinos off Argon will be buried in the
form factor uncertainties because
(1) its effects are suppressed by F3;
(2) the effects on neutron and protons cancel each other.
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Thanks For Attention
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Vector and axial Non-Standard Interaction

m Because the neutrino propagation in matter as well as Coherent Elastic
neutrino Nucleus Scattering (CEvNS) are sensitive to €'f, the vector NSI
couplings have been extensively studied and there are strong bounds on
this coupling.
arXiv:1805.04530 [hep-ph], arXiv:hep-ph/0508299

= Since 2 couplings do not affect the neutrino oscillation patterns or
CEvNS, obtaining information on the axial NSl is more challenging.

m The high-energy neutrino scattering, such as deep inelastic scattering, is
sensitive to both vector and axial NSI coupling.

® In the following, we will concentrate on the €',
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k) +n(p) — I~(k') +p(p),
F:(k)+p(p) — /+(k')+n(p/),} (CC QE) (4)
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering
vi(k) +n(p) — 1=(K')+p(p'),
(k) +plp) — (k) +np), J (©CCF “
m Neutral Current Elastic Scattering
v/m(k)+ N(p) — w/7(K')+N(p') (NC elastic) 5)
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

— /
N0 TRe o g | €008 @
m Neutral Current Elastic Scattering

v/m(k)+ N(p) — w/m(K')+ N(p') (NC elastic) ®)
m Charged Current Resonance Scattering

vi/vi(k)+ N(p) — 17 /It (k")+ N(p') + m(pr) (CC resonance) (6)
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Neutrino Nucleon Scattering
m Charged Current Quasi Elastic Scattering
— /
N0 TRe o g | €008
m Neutral Current Elastic Scattering
vi/7(k) + N(p) — vi/vi(K') + N(p') (NC elastic)
m Charged Current Resonance Scattering
vi/vi(k)+ N(p) — 17 /It (k")+ N(p') + m(pr) (CC resonance)

m Neutral Current Resonance Scattering

v /oi(K) + N(p) —  v;/¥)(K') + N(p') + mr(pr) (NC resonance)
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k) + n(p) — I~ (k") + p(p'),
F;(k)—i-p(p) — 1K)+ n(p'), } (CC QE) (4)

Neutral Current Elastic Scattering

v/m(k)+ N(p) — w/m(K')+ N(p') (NC elastic) ®)
m Charged Current Resonance Scattering
vi/vi(k)+ N(p) — 17 /It (k")+ N(p') + m(pr) (CC resonance) (6)

m Neutral Current Resonance Scattering

vi/vi(k) + N(p)  — vi/(K') + N(p') + mm(pr) (NC resonance) @)
m Charged Current Depp Inelastic Scattering
vi/7i(k) + N(p) — 17 /I"(K') +X(p') (CC DIS) 8
IEM
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k) +n(p) — I~ (K') +p(p'),
F;(k)—i-p(p) — 1K)+ n(p'), } (CC QE) (4)

m Neutral Current Elastic Scattering
v/m(k)+ N(p) — w/m(K')+ N(p') (NC elastic) ®)
m Charged Current Resonance Scattering
vi/vi(k)+ N(p) — 17 /It (k")+ N(p') + m(pr) (CC resonance) (6)
m Neutral Current Resonance Scattering
vi/7(K)+ N(p)  — /7K + N(p') + mm(pz) (NC resonance) @)
m Charged Current Depp Inelastic Scattering
vi/Bi(k)+N(p) — I7/I"(K) + X(p') (CCDIS) (®)
= Neutral Current Depp Inelastic Scattering
wfk)+N(p) — w/n(K)+X(P) (NCDIS)
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Axial NSI

m High-energy neutrino experiments, such as the NuTeV and CHARM experiments, have
provided information on ua and ea elements of eA:

m From NuTeV neutrino nucleus scattering experiment [arXiv:hep-ex/0110059]
led] < 0.006, [efd] < 0.018, |ef],efd] < 0.01,
m From CHARM Experiment [Phys. Lett. B 335, 246 (1994)].

leds] <1, lead| < 0.9, [edY] |ead] < 0.5.

From SNO experiment date and neutrino-deuterium NC interaction [ arXiv:2305.07698
[hep-ph]], the combination e’ég - egg is constrained

21 <l <18
16 <efl —efd <19
1<l _14.

= However, the bounds on eﬁ? and e’gf are still very weak and these parameters require more

study.
IRM
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v cross section /E, (10" cm? / GeV)

Neutrino (antineutrino)cross section

e e e e
s8R kB 88

7 cross section / E, (10°° cm2/ GeV)
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Neutrino nucleon DIS cross section

_ _ &2 1
Gp((Va) +p —>(V,3) +X)~ —E (MNEV)/ dx

x {2 [1 :"2”2’( +2 ("2”?) ] [[u(x)+ﬂ(x)] (I8 +12812)

+ [d0x) + d00] (1812 + 17812 + Is(x) +S001 (18517 + 1517 }

+ 1-—

2
3

2 3 (42 ][ - e

+ [d0) = d0a] R [18(48) "] + 100 — SOOI [15 (145 )H}

Using the isospin symmetry, the cross section of scattering off the neutron, o, is obtained with
u(x) + d(x).
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