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Neutrino Non-Standard Interaction
m Charged Curent NSI
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Neutrino Non-Standard Interaction
m Charged Curent NSI

Lec=—V2Gr Y [ayu (1= »°) o] (chpr*r + ciabry™r).
ffa,B

m Neutral Current NSI

Lnc = —V2Gr Z Voyu (1 =y°) vg] <62)3/7ny + e%‘?y“ysf)
f,o,B

A, 2) A, z) @
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Axial NSI

m NuTeV neutrino nucleus scattering experiment — €Ha, eya

€M) < 0.006, €A < 0.018, |ei|, |eA < 0.01,
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Axial NSI

m NuTeV neutrino nucleus scattering experiment — eya’ eya

€M) < 0.006, €A < 0.018, |ei|, |eA < 0.01,

m CHARM Experiment — €24, 49

letd] <1, et < 0.9, |2, €t < 0.5.
m SNO experiment — eag - ea,3
-21< e eee <-1.8
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Deep Underground Neutrino Experiment (DUNE)

m DUNE is a long-baseline next-generation on-axis experiment
situated in Fermilab

m Neutrno beam consists mostly of muon neutrinos of energy around
2.5 GeV

m The experiment consists of a Near Detector (ND) system located a
few hundred meters from the neutrino source at Fermilab and a Far
Detector (FD) system composed of 40 kt LAr
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Neutrinos flux at ND and FD of DUNE

m Flux at ND:

Huge flux of v, or v, *>{ ND of DUNE }—> €nd, €ad, €td, e
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Neutrinos flux at ND and FD of DUNE

m Flux at ND:

Huge flux of v, or v, *>{ ND of DUNE }—> €nd, €ad, €td, e

m Flux at FD: Due to the neutrino oscillation the flux at FD included three neutrino
flavor

Flux included three neutrino flavor —»{ FD of DUNE }—> €nd, €bd, €nd, e
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Standard and Non-Standard Neutral Current
neutrino Interaction

L8 =~ Z vy (1 = ys)ve] [fa (9" + ¢"'ys) 1]
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(=D
T2

Saeed Abbaslu earching for Axial Neutral Current No  6/34



Standard and Non-Standard Neutral Current
neutrino Interaction

L8 =~ Z vy (1 = ys)ve] [fa (9" + ¢"'ys) 1]
ap

LNS = E; 7 [Pay™ (1 — y5) vg] [fy,,, (eaﬁ + 643)’5) ] where f € {e,u,d,s}
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Standard and Non-Standard Neutral Current
neutrino Interaction

L3 = —% > [Far* (1= ys)vg] [Py (97 + 0*'ys) 1]
a,B,f

NC _ Gr _ Z Vi | _Af
Lns = %, ﬁ [Vay“ (1 —ys) Vﬁ] [fyy (eap + eaﬁys) f] where f e {eu,d,s}

Up type quarks Down type quarks Charged leptons  Neutral leptons

(U, c, t) (da S, b) (ea M, T) (V97VH7VT)
9"  1—Z2sin*bw —1 + 3sin® 6w — 3 + sin? By 3
9" —Zsinfbw 1sin® By sin® Bw 0
9"+ %sin® 6w —3 4 Zsin® Oy —3 +2sin® Bw 3
. ! ° . | (@)
9 2 2 2 2 [aeare
LU
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Deep Inelastic Scattering (DIS) in the presence of
NS

Ligt = f £ e (1= ys)va] [aya (1 + 5vs) al

a,B,q

=cl3+9" 6 and 1=+ g5

pi = (p1,P1), where |P1|—P1 E,

Pi = (B3, Bs), where |Ba| = 8 = E/, X

Ps = (3, P2) = (MN,O,O,O), /
q' = (p1 — ps)’, XP2

X = i = @ , /

2p>-q 2Mn(E, — E))
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Neutrino nucleon DIS cross section

1
< x < <y< —
Osx<1 and O<y<i—rmry

(=) (=)
d®onc(va N —vg +X) G2 1 5 My >
dxdy = (MnE) 3 (xy +2x —2xy — EX y)
< DR (| ? 1|l +) R (| ? 1|
N af ap & N afB apB
q q

+2xy (1-%) [Z ROOR [0 ] = D Reon [f!;(f:,;’)*]] }
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Neutrino nucleon DIS cross section

1
< x < <y< —
Osx<1 and O<y<i—rmry

(=) (=)
d®onc(va N —vg +X) _ Gh 1 My
dxdy (M E) (xy +2x —2xy — EX y)

q vg Aq|? 7 vg Aq|?
X [Xq:g,oo(:;,3 + | >+zq:f,\,(x)<faﬁ + | >]
+2xy (1 - %) lz ()R [qu (1 ] Zf,g(x [fqu ()" ]] }
q

Isospin symmetry:

(x) = f(x) = u(x), 12(x) = f2(x) = TU(x),
Bx) =) =dx), H(x)=1x) =dx), )
f(x) = f5(x) = s(x), f(x) = f5(x) = 5(x). o
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Neutrino nucleon DIS cross section

o) ) G !
op(Va +p —vp +X) e (MNE,,)/ dx
0

T HIE )
+ [d00) + d)] (1817 +1£817) + [s0x) + 500) (16517 + 1517 ]

1_§Mpx+§ Mpx 2
22E, 2\ 2E

x| w60 + w00 (164 + 12¢1)

2
+ =
3

x| w00 — w01 242

+ [0 — a0 ® B8] + [s00) = s [R5 (1) } }
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Integral u d s

Jlaxx[g(x) +q(x)]  0.349+0.007  0.193+0.007  0.033 + 0.008
Jy dxx%[q(x) +q(x)] 0.090+0.002  0.037+0.001  0.002 + 0.0008
J axx®[q(x) + g(x)] 0.034+0.0009 0.012+0.0007 0.0005 + 0.0005

Jaxx[g(x) —q(x)]  0.290+£0.008  0.120 + 0.003 0.0
J axx®[q(x) —q(x)]  0.084 +0.002  0.030 + 0.001 0.0
Ji dxx®[q(x) —q(x)]  0.033+0.0009 0.010 + 0.0007 0.0

Integral of f()‘ dx x"[g(x) £ g(x)] at Q = 2,GeV for quarks of type u, d, and s with
n=1,2,3. We have computed the quark distribution functions q(x) and q(x) using

the CT18NNLO PDF.
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Neutrinos oscillate on their way to the FD

V() = ZZe'”’?mL/ 2E) (UMY UMllvg) = ZAﬁwﬁ (v mode)

and

e (B)) = ZZ /(E) (UH,) U5,|V,3 = Aplvp) (vmode)
i B B

DA =1 and > [Aff =1.
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Neutrinos oscillate on their way to the FD

V() = ZZe'”’?mL/ 2E) (UMY UMllvg) = ZAﬁwﬁ (v mode)

and

e (B)) = ZZ /(E) (UH,) Uﬁ,|V/3 > " Aplvg) (v mode)
i B B

DA =1 and > [Aff =1.

Thus,

M(Viar +q = va + Q) :ZAﬁM(Vﬁ +qg—va+q),
B

M(Vrar + 9 — Vo + Q) =ZZ,3M(V,3 +q—Va+Q).

? @D
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Neutrinos oscillate on their way to the FD

<VJ_ |Vfar> =

<VJ_|VT> = <VT‘Vfar> =0.
Without loss of generality, we can choose

Viar ..Ae .Ay AT Ve Ve
v |=| 0 —AA A | =u (nd, (1)
1 I P e 1

where A = /| A:]? 4+ |A|?. Similarly, we can define the basis (V¢ar, 7.1, V1) replacing
U — Uin which A, — A,. In the new basis, we can write the couplings as

fa\;?_>?a‘§7_(u.qu.UT)aﬁ:f($ and f:g%?:g’:(u.fAQ.Uf)ap#f;g

COEIDY

O'n/p(Vfar + N = e+ X)7
ac{far, L, T}
in the neutrino mode and
(o-”/P)vfar = Z ‘ ::: '
ac{far, L, T}
in the antineutrino mode.
Saeed Abbaslu
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NC NSI events at near and far detectors

N2 = [ GP(E) [(00) N + (@p), N o,
MNP = / E) [(0n)n Ny + (00)s,Np®] dE,
N = [ GP(E) (@), NE” + (@), NE] .
iG] (on>m,NFD+<ap)y,mNFD] dE,

where g /" are the time-integrated fluxes of neutrinos or antineutrinos at ND or FD in

the absence of oscillation.

NND/FD MND/FD d NND/FD MND/FD
40 My 40 M,
NND ( AQ) — NND NVND and ANND ( Aq) NND _ JV‘VND ’ : :
NFD ( Aq) MFD MFD and ANFD ( Aq) NFD J\/‘VFD )
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Deviation of the total
number of NC DIS
neutrino plus
antineutrino events
from the SM
prediction at the far
detector versus the
NSI parameters,

NTP(eL8) — N™P(ead = 0)
N (= 0)

: I2m
e Ll

Saeed Abbaslu earching for Axial Neutral Current Nosa




Ratio of the difference
of the number of NC
DIS events in the
neutrino and
antineutrino modes in
the presence of NSI at
the far detector to the
SM prediction for the
same difference versus

DNFOIANED

the NSI parameters,
-2 -1 0 1 2 -2 -1 0 1 2
et & FD( _Aq
: : : AN (€qp)
—. .

3 - / : ANFD( Aq _ 0)
;\mz —_— E‘“H/ ‘ — M= g
%
<1

(=D
IEM
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m Right column: Deviation of

the total number of NC DIS
neutrino plus antineutrino
events from the SM
prediction at the ND
detector versus the NSI
parameters,
NP (80— (e =0)
NND(eﬁg:O)

Left column: Ratio of the
difference of the number of
NC DIS events in the
neutrino and antineutrino
modes in the presence of
NSI at the ND detector to
the SM prediction for the
same difference versus the
NSI parameters,
ANND(ejjg)
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THE BOUNDS ON AXIAL NSI

B/ = eceNee ™)y + eresWied ™ o

2
FD( Aq \ FD(, Aq _ FD
|y [EVPEL) AP =0 rorBP] | (o
X & eNED(Aa = 0) + BLD o?, o?

Where € = 90% is the efficiency of detecting the signal.

IRM

Saeed Abbaslu earching for Axial Neutral Current Nosa



CP, 0. =10%, 0,=2%
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| x?versus ¢ for 6.5+6.5
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X2 versus eV = €A for
6.5+6.5 years of data
taking at FD.

T, 0.=10%, 0,=2%
7, 0,=10%, 0,=0

. CP O =10%, 0,=2%
CP, 0:=10%, 0,=0
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N N

« CP, 0.=10%, 0,=2%
CP, 0, =10%, 0,=0
CP,0:=0, 0,=0

. T,0:=10%, 0,=2%
T, 0, =10%, 0,=0
T,0:=0, 0,=0

0.0 0.1 0.2

Ay —ghd
Eee,er, 71 = Eee er, 0

X2 versus Eee erTr = €ee err7 fOr 6.5+6.5 years of data taking
at FD.
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« CP, 0. =10%, 0,=2%
= CP, 0,=10%, 0,=0
e CP,0,=0, 0,=0

T, 0:=10%, 0,=2%
- T, 0:=10%, 0,=0
—_— T,0:=0, 0,=0

102
0.0

r= et

X2 versus r = e /29, The difference /¢

SNO solutions.
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X2 versus e’ for 6.5+6.5
years of data taking at ND.
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Conclusion:

= We have studied how a DUNE-like experiment can determine the axial NC NSI
parameters.
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Conclusion:

= We have studied how a DUNE-like experiment can determine the axial NC NSI
parameters.

m The cross sections of NC DIS was derived in the presence of NSI for a definite
flavor of the incoming neutrinos.

(=D
T2

Saeed Abbaslu earching for Axial Neutral Current Nosa



Conclusion:
= We have studied how a DUNE-like experiment can determine the axial NC NSI
parameters.

m The cross sections of NC DIS was derived in the presence of NSI for a definite
flavor of the incoming neutrinos.

m The cross section of an oscillated flux composed of a coherent combination of all
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Conclusion:

We have studied how a DUNE-like experiment can determine the axial NC NSI
parameters.

The cross sections of NC DIS was derived in the presence of NSI for a definite
flavor of the incoming neutrinos.

The cross section of an oscillated flux composed of a coherent combination of all
three flavors at FD was discussed.

We have studied the variation of the number of NC DIS events with eég.

We have shown that the SNO solution with €2Y — e29 = —1.5 can be ruled out by a
DUNE-like experiment with a high confidence level for 2 /e29 value.
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We have shown that the SNO solution with €2Y — e29 = —1.5 can be ruled out by a
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For the first time, we have examined the possibility of probing the axial NSI of
neutrinos with the s-quark, €.
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Conclusion:

= We have studied how a DUNE-like experiment can determine the axial NC NSI
parameters.

The cross sections of NC DIS was derived in the presence of NSI for a definite
flavor of the incoming neutrinos.

The cross section of an oscillated flux composed of a coherent combination of all
three flavors at FD was discussed.

We have studied the variation of the number of NC DIS events with eég.

We have shown that the SNO solution with €2Y — e29 = —1.5 can be ruled out by a
DUNE-like experiment with a high confidence level for 2 /e29 value.

For the first time, we have examined the possibility of probing the axial NSI of
neutrinos with the s-quark, €.
In the absence of systematic errors (i.e., o = 0), eg‘ﬁ/d and ef,‘j/d can be

constrained down to O(10~*) but €55 can be constrained only down to O(1072).
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Conclusion:
= We have studied how a DUNE-like experiment can determine the axial NC NSI
parameters.

m The cross sections of NC DIS was derived in the presence of NSI for a definite
flavor of the incoming neutrinos.

m The cross section of an oscillated flux composed of a coherent combination of all
three flavors at FD was discussed.

m We have studied the variation of the number of NC DIS events with eég.

m We have shown that the SNO solution with e2¥ — €A% = —1.5 can be ruled out by a
DUNE-like experiment with a high confidence level for 2 /e29 value.

m For the first time, we have examined the possibility of probing the axial NSI of
neutrinos with the s-quark, €.

m In the absence of systematic errors (i.e., o = 0), eg‘ﬁ/d and ef,‘j/d can be
constrained down to O(10~*) but €55 can be constrained only down to O(1072).

m We improved the CHARM and FASERv bounds on NSI parameter.
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Future Plans

m Considering the energy spectrum of neutrinos in DUNE-like
experiments, which is in the range of 1 — 10 GeV, the effect of
neutrino-nucleon resonance interaction also becomes important in
the energy range of 1 — 2GV. In the following, we will consider the
neutrino resonance interaction.
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experiments, which is in the range of 1 — 10 GeV, the effect of
neutrino-nucleon resonance interaction also becomes important in
the energy range of 1 — 2GV. In the following, we will consider the
neutrino resonance interaction.

m There are also other new physics beyond the Standard Model, such
as sterile neutrinos. We have a plan to study NSI and sterile
neutrinos in long-baseline neutrino experiments.
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Future Plans

m Considering the energy spectrum of neutrinos in DUNE-like
experiments, which is in the range of 1 — 10 GeV, the effect of
neutrino-nucleon resonance interaction also becomes important in
the energy range of 1 — 2GV. In the following, we will consider the
neutrino resonance interaction.

m There are also other new physics beyond the Standard Model, such
as sterile neutrinos. We have a plan to study NSI and sterile
neutrinos in long-baseline neutrino experiments.

m We will utilize the chi-squared test for binned data in energy spectra
to evaluate the model’s goodness of fit to experimental data.
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Future Plans

m We will also study the NC NSl in other Long Base Line (LBL)
neutrino experiments like T2HK, and ESSySB.
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k) +n(p) — 1=(K') +p(p),
v(k)+p(p) — /+(k')+n(p’),} (CCQE) 2)
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vi(k) +n(p) — 1" (K')+ p(p), }
nk)+po) — F(K)+np). | ©C90
m Neutral Current Elastic Scattering
vi/vi(k) + N(p) — w/vi(k")+ N(p') (NC elastic)
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k) +n(p) — 1=(K') +p(p),
v(k)+p(p) — /+(k')+n(p’),} (CCQE) 2)

m Neutral Current Elastic Scattering
vi/oi(k) + N(p) — w/vi(K')+ N(p') (NC elastic) (3)
m Charged Current Resonance Scattering
vi/oi(k) + N(p) — 17 /I"(K') + N(p') + mm(pr) (CC resonance)  (4)
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k)+n(p) — I~ (K')+p(p),
vi(k) +pp) — /+(k’).|_n(p/)7} (CC QE)

Neutral Current Elastic Scattering
vi/vi(k) + N(p) — w/vi(k")+ N(p') (NC elastic)

Charged Current Resonance Scattering

vi/oi(K) + N(p) — 17/ (k') + N(p') + mm(pr) (CC resonance)
m Neutral Current Resonance Scattering
vi/vi(k) + N(p) —  vi/vi(k") + N(p") + mm(p:) (NC resonance)

Charged Current Depp Inelastic Scattering
vi/ii(k) +N(p) — 17 /I"(K)+ X(p') (CC DIS)
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Neutrino Nucleon Scattering

m Charged Current Quasi Elastic Scattering

vi(k)+n(p) — I~ (K')+p(p),
vi(k) +pp) — /+(k’).|_n(p/)’} (CC QE)

Neutral Current Elastic Scattering
vi/vi(k) + N(p) — w/vi(k")+ N(p') (NC elastic)

Charged Current Resonance Scattering

vi/oi(K) + N(p) — 17/ (k') + N(p') + mm(pr) (CC resonance)
m Neutral Current Resonance Scattering
vi/vi(k) + N(p) —  vi/vi(k") + N(p") + mm(p:) (NC resonance)

Charged Current Depp Inelastic Scattering
vi/ii(k) +N(p) — 17 /I"(K)+ X(p') (CC DIS)

= Neutral Current Depp Inelastic Scattering

vi/mi(k) + N(p) — w/vi(k')+ X(p") (NC DIS) @
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Neutrino (antineutrino)cross section
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