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The 1, time evolution within the NSI hypothesis is:

.d
dt
. . A 2 A
Defining: Ag1 = Am3; /2 E, rA_A:g’ rA:m%l
We can write:
0 0 O 100
H=N03 [U|O ra 0| U +ra|[0 0 0
0 0 1 0 00

Where, A =2E, Voo,  Voc = V2Grne and ne = Nap(Z/A).



The 1/, time evolution within the NSI hypothesis is:

.d

IE|V“> = H|v,) = (H + Hxsi) [v.) a=e T
- Am3 A

Defining: Az = Am§1/2 E,. ra= Améi N — m%l

We can write:

6(‘(‘ 68// EGT
HNSI = A:‘erA €he €up  Cur
€re €rp €7

Where, A =2E, Voo, Voo = V2Grne and ne = Nap(Z/A).



Analytic oscillation formulas — better understanding

Perturbation Theory Through Dyson Series:
sin®013 ~ rp ~ 0.03 — k = 0.03 — small number

In the propagation basis:

7o) = [R(O3)]Tlv)  —  H = [R(023)]THR(023)

And the NSI contribution reads

idas

HNSI = A31rAE; and gag = |€a5\e

is a short for a function of the NSI parameters and 6,3



Splitting H order by order in powers of ()

H=HO 4+ 1@ 4+ 1B 4 7() 4 () 5 plock-diagonal form !

ra 0 0
HO = Az (0 0 0) — O(r?)
0 0 1
0 0 5]_36_'.(SCP
HE = Agy 0 0 0 — O(k'?)
5136'.(SCP 0 0
rA5122 + 5123 ran C12512 0
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0 0 —s2

K. Asano and H. Minakata. JHEP 06 (2011) 022 [1103.4387].
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K. Asano and H. Minakata. JHEP 06 (2011) 022 [1103.4387].



The allowed space for the NSI parameters is not that small!

This fact is not widely known!

—0.65:14 -0.19:0.16 —1.10:0.43
€,4(min : max) < | —0.19: 0.16 —— —0.05 : 0.04
—1.10:0.43 —-0.05:0.04 —0.02:0.50

— The constraints are very asymmetrical!

The bounds are combination of global analysis of oscillation
experiments and the COHERENT results from P. Coloma et.
al. JHEP 04 (2017) 116 [1701.04828]

We acknowledged the table of Ax?x NSI parameters from
Ref.[69] from M. C. Gonzalez-Garcia and M. Maltoni.



To include NSI in the perturbation theory

— One MUST assume an order for the NSI parameters

Our GOAL is to create an hierarchy of €,3 in ItINS,

We assume that €,3 have the same order of
magnitude as the corresponging SO term in H



for the NSI magnitude implies that A =% + Hys

H=HO 4+ H@) 4 {®) 4 [lo) 4 [ld) block-diagonal form !!

B 0 e 0 O
HO = A5 0l +As:a[ 0 0 o0
1 0 0 &

B 0 0 sizefocr 0 0 C
HE) = A5 0 0 0 +Asral 0 0 0

513ei5CP 0 0 e 0 0

o o
o oo

2 2 ~

_ rASi> + Sz  racC12512 0 0 €ep 0
b 2 ~ ~

H® = Az | racizsio racCis 0 | +Azira|€e 0 €4
0 R 0 &, 0



for the NSI magnitude:

NSI | 30 limit on €43 | 30 limit translated to €,z

€ee -0.65 : 1.40 -0.65: 1.40 1.0
€rr -0.02 : 0.50 -0.06 : 0.29 1.0
€er -1.10: 0.43 -0.64 : 0.29 0.17
€ep -0.19: 0.16 -0.14 : 0.46 0.03
€pr -0.05: 0.04 -0.25: 0.01 0.03

> our assumption covers all the allowed domain.
> it is in the same order of magnitude than the current

experimental bound at 3o.

our assumption is only one order of magnitude
below the current limit at 3o.




Our resulting oscillation formulas:

Let us define the quantities:

= | ‘eid) 553[367"(scp + ra€er

Q = |Qle" = raciesiz + racey
1
= — +€rr
ra
[ = (]. +Eee)
n = N-T

Take home message: The final expressions are given in terms
of these special combinations of SO and NSI parameters



Our resulting oscillation formulas:

Let us define the quantities:

| \eid’ = 51367"(SCP + rAEeT

Q = |Q\e"‘z’Q = rpC12512 + ra€ep
= - +€r‘r
ra
= (14 €e)
n = N-T

Take home message: The appearence of these special
combinations of SO and NSI parameters is a direct consequence of
our choice for the NSI intensity hierarchy

These are the quantities that oscillation experiments can effectively
constrain!!



Our resulting oscillation formulas:

= | ‘eid) 55136_"60P + ra€er

Q = |Qle®? = raciasio + racep
1 - ~
= —+&r; = (14 €ee)
ra
n = N-=T

1 | |2 s o (Asx
PO (v, — v,) =4 ) sin < > rA'r/)
A



Our resulting oscillation formulas:

= | |ei¢ = 513e_i6CP + rAEeT
Q = |Q‘ei¢n = racC12512 + ra€ep
1 = ~
= a—’—eTT; rE(1+€ee)
n = N-=T

(1) | |25223 ) A31X
PH (v, = ve) =4 (ran)? sin > ran

8cazsoz| [|€2]sin (%rAI—) sin (%rAﬁ)

P(3/2)(VM — ye) = =
raln

A
X COS < 3;XrA/\ — ¢ + qbQ)




—— S0 == Numerical

— Eq.(46) BEY]
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Conclusions

» We developed a perturbative approach where €., are kept
non-perturbative

> Perturbative parameters: ra, sinfi3 and €5 ; o # 3
» NSI hierarchy: €., ; €ep and €,
> H is block-diagonal — Py, ) (A, T, -, Q)

» The resulting formulas are applicable for a wide range in the
allowed space for the NSI

» We have the previous literature as limit cases of our formalism



Bonus Tracks:

o 5 = = E DA



The impact of NSI until first order in perturbation theory

In the SO case:

VH*)I/e

The impact of NSI:

1 _ l4+a(a+2cos()) ,q).
Ansy = (1+7)2 X AS)
where

ra - ra (€. — €
a= A‘5e7|, V= A( ee) ,

l—rA

)(SO) A(Sl(% X sin?

()

1
q)EN)SI) (1+ )‘Dso

EéCP"‘geT:d)



= —2%/43 cosC}

Tr| =

Study of degeneracies: If {ETT = Cee;

E, =25GeV
7

E,=25GeV

; 0 1
d o (rad)

2 Nl 0
C (rad)
Left (right) panel:combinations of ¢ and |é.,| (dcp and |€e;|) that
(NSI)
1%

lead to [PW(v, — )] *7 = [PD (1, = ve)



Degeneracy between NSI and 6,3

[P(l)(VM N ye)(’evag,ex)} (NSI) = [P(l)(yu — Ve)(gag =0, 923)} o0

ra 532 By 2
A |€e7| —|—2—|eeT|cos(()+1 = <> ( — - )
st 513 €rr)

13 53 By + Bora(€ee —

where

B = sinc( )
Az x
(A31x> cos( AX (1 —

B =

(1 - fA))

)) — sinc (A

2 (1- rA))

(*2



Degeneracy between NSI and 63
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Superposition of our iso-probabilities (lines) with the allowed region
(shaded region) reported by P. Coloma et. al. for the DUNE case. Solid
(dashed) red curves are generated using the best-fit point for a3,

s2, = 0.441 and for combined phase ¢ = 47/3 (rad) ( the 30 values

s, = 0.385 — 0.635). The solid (dashed) magenta curves have the same
respective fa3 values but the phase ( is equal to (= 7['/5:]'3 (rad).




Backup slides:

5 = = E DA



Hxsi is function of the effective matter potentials ¢
D Yix)e Y,
f=e,u,d

Here, Yr(x) = n¢(x)/ne(x), and € Y = €' L 4 ¢ ¥ are the coupling
parameters in the non-standard interaction effective Lagrangian

Ll = Z Z P2\/§GF(7 Volvs)(F97XT)

Here X = (L,R) = (1 — %, 1++°)/v2, and ¢ 7 = & are the
neutrino couplings with electrons and quarks due the X exchange.



Hnsr is function of the effective matter potentials €, :

/ ’ /
€ee 6e/l €er
_ r_ / / ’
HNSI = A3er6 = A3er €ue Cup Cur
’ / /
€re 67/1 TT
We remove the global phase ¢, and redefine
/ / / /
€ce €ep €er €oo — 6//// EE‘// €er
/ _ / /
€ — €= A31rA €ue €up €Eur | = A31rA 6/,e 0 6/,7
/ / / /
€re €rp €77 €re € € T €up

We will work for now on with the variables €.



Our resulting oscillation formulas:

2 2 2 (Agx
P(2)(Vu — V) = 4c551Q° sin (%FAF)

(ral')?
2|1E)®  ras?, + 252 _
+ 2 |Z|2 5223 L L - 122 5 13 (A31X) sin (fAﬁA31X)
ran ran
415 2|Zf (ras?, + 252
- 4 223 L z|1 - ( 31§ 13) + |Z| S13 (2rA5122 + 5123)
ran ran
0 A . N
X m(qubz)) x sin’ (312XW7> + 4co3 [€pur |Z[? 53 sin ( zlxrAn)
sin (sz - %ﬁl\)) sin (5H7' — w>
X _
ranl A ran?l

sin (st + %)

-7 ran?A




Our resulting oscillation formulas:

To obtain the anti-neutrino oscillation probabilities we change
U — U*, ra — —ra and € — €*, whose implies in the modifications

in the effective parameters given as

r — T
Y — f = 5136i6CP — rA(Eer)*
Q - Q= rancCi2812 — rA(Eeu)*



Our resulting oscillation formulas for P(v, — v,,):

. A31XI’A/\
PﬁﬁLW = 1—4c3;s3;sin° <2>,
P _Msinz Baxra(l — A
Yu TV r2(F —A)2 2

Y 2
+ 2c2235223 c122rA + L + 5123 sin(A3z1xral)(As1x)
rA(I' — /\)

2|Z’2523C23
ra(l = A)?

8[€ur| 23523 (c223 — 5223) cos(gg,”) in? (A31X/\rA>

[cos(Az1x ral’) — cos(Asz1x ralN)]

A 2



Our resulting oscillation formulas for P(v, — v,,):

p(3/2)

Vp—vpy

+

_ 8rac12812€23523513 (c23 — sk3) cos(dcp) sin2 Agx rah
I’A/\ 2
4|QZ‘C23523 Ccos (¢Z¢Q)
2r(r— A) (chs cos(Asuxral)
G35 + 533) cos(Az1x ra(l — A))

4[Q¥ [ cr353 cos (¢x — ¢a) (c33 cos(Az1x rah) + 1)

Ara(T = A)
419 | cr35y3 Ccos -
1% | co3 2i2r/\(¢>: $a) (533 cos Az1x ral))
A

The muon neutrino probability it is

Pperturbative(l/# N V#) — P(Vﬂ — Vﬂ)(O) + P(V# — I/#)(l)

+ Py, — VH)(3/2)
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