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Introduction

2

Neutrino oscillations: where we are

e Global 6-parameter fit (including d¢): ~
Solar: Cl + Ga + SK(1-4) + SNO-full (I+I1+11) + Bx;
Atmospheric: DeepCore;

Reactor: KamLAND + Dbl-Chooz + Daya-Bay + Reno;
— Accelerator: Minos + T2K + NOVA;

e best-fit point and 1o (307) ranges:
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[1] I. Esteban et al., JHEP 09 (2020) 178 [arXiv:2007.14792] & NuFIT 5.1 [http://www.nu-fit.org].
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Introduction 3

===== NO, IO (NuFIT-4.1) NO, IO (NuFIT-5.1)

Open issues in 3v oscillations GISH VY /A | \\ A
— CP violation: tension on d., between T2Kand . "} JF
< L L
NOVA for the case of normal ordering (NO); sf 1k
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. Non-standard neutrino-matter interactions 4

Non-standard neutrino interactions: formalism

Effective low-energy Lagrangian for standard neutrino interactions with matter:

=22 GFZ (76, LE)L FY" L' +h.c.) -2 ‘/EGFZ pVsyuLvgll /¥ P

1B f-PB
where P € {P;, P}, (f, f’) form an SU(2) doublet, and gp is the Z coupling to fermion f:
, 1 : 3 2 . 1 1., 1
gLZE, giZSlnzgw—E, ng—gsm29W+§, gzl=§sm QW—E,
2 1
gr =0, gh = sin® Gy, 8r = -3 sin” Oy , gk = 3 sin” Gy ;

here we consider NC-like non-standard neutrino-matter described by:

L8 = -2V2Gr > &l Ty Lvsll Y P11
f,P,(Y,ﬂ
ordinary matter composed by {e, u, d} = v propagation sensitive to NSI with them;
some experiments sensitive to v — e elastic scattering = NC-like NSI with e affect both
propagation and interactions = require dedicated treatment = ignored for now;

conversely, NC-like NSI's with quarks do not affect processes such as lepton appear-
ance, which involve quarks through CC interactions = only v propagation affected.
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. Non-standard neutrino-matter interactions 5

Non-standard neutrino interactions: formalism

e Conventionally, only NSI with either u or d quarks have been considered;

e still, both cases can appear simultaneously, and produce consequences (e.g., cancella-
tions) which invalidate the u-only or d-only bounds;

however, most general parameter space too large to handle = simplifications needed;

here we assume that the v flavor structure is independent of the charged fermion type:

ey =l e’ = Ll = 2V2G| Y el G Pop)|| Y €T PP
ap fP n
since neutrino propagation is only sensitive to the vector couplings:

L R
ely=el rely=el & with & =&h 4k,

only the direction in the (£*, £%) plane is non-trivial for v oscillations = define an angle n:

5 5
&= T(2c0sn—sinn), &= ?(2sinn—cosn);
special cases: n=+90° (n), n=0(p), n=26.6°(u), n=63.4°(d).
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. Non-standard neutrino-matter interactions

Non-standard interactions and 3v oscillations

e Equation of motion: 6 (vac) + 8 (NSI-v) + 1 (NSl-g) = 15 parameters [2]:

, [
ZE = HV; H = Uvac * Dvac ° j}ac + Vmat; Dvac == 2E dlag (O, Am%l, Am%l) ;
1 0 0 C13 0 S13 C12 5‘126i6°P 0 Ve
Uvac =10 ¢35 s 0O 1 0O |-]-s12 g i0cr C12 of, V= ML
0 —S523 (23 —S513 0 C13 0 0 1 Vr

= Ne(x)’

I+ Eee(x) Eeu(x) Eer(x)
Eoi() Eu(x) Eur(0) |
Err(x) E5(x) Err(X)

e notice that our definition of U, differ by the “usual” one by an overall rephasing, U,sc =

Ny
Sap(X) = Z #(xx; 8£B = \/gszﬂ [cosn + Y,(x)sinn], Y,(x) = )

Vinat = Vam + Vst = V2G N, (x)

@ - U - ®* with ® = diag(e~, 1, 1), which is irrelevant in the standard case of no-NSlI.

[2] I. Esteban et al., JHEP 08 (2018) 180 [arXiv:1805.04530].
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. Non-standard neutrino-matter interactions 7

The generalized mass ordering degeneracy

e General symmetry: H — —H* does not affect the neutrino probabilities;

2 2

we have H = Hyc + Vg For vacuum, Hy,c — —H . occurs if: 01 > /2 -0,
Ocp = T — Ocp
notice how this transformation links together mass ordering and solar octant [3, 4, 5];
[Eee(X) = Eu(X)] = —[Eee(x) = E(0)] = 2,
for matter, Vinat = — Vo requires: { [Eq.(x) — E,,(x)] = —[Erc(x) = Eu(0)],
Eap(X) > =E5(0) (@ #p),
since Vimat = Vsm + Vinsi and Vgy is fixed, this symmetry requires NSI;

in general, &,4(x) varies along trajectory = symmetry only approximate, unless:

— NSI proportional to electric charge (n = 0), so same matter profile for SM and NSI;
— neutron/proton ratio Y,(x) is constant, and same for all the neutrino trajectories.

[38] M.C. Gonzalez-Garcia, M. Maltoni, JHEP 09 (2013) 152 [arXiv:1307.3092]
[4] P. Bakhti, Y. Farzan, JHEP 07 (2014) 064 [arXiv:1403.0744].
[5] P. Coloma, T. Schwetz, Phys. Rev. D 94 (2016) 055005 [arXiv:1604.05772].
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Il. NSI from global fits to neutrino oscillation data 8

Matter potential for solar and KamLAND neutrinos

e One mass dominance (Am3, — o) = P,, = c¢{,Pes + s7; With the probability Pe« deter-
mined by an effective 2v model (as in the SM):

dV [Heff + Heff ] 1—/) _ (Ve) Heff _ An’l%l (— COS 29]2 sin 26126i5cp)
vac mat - s ,

Yar v, V& 4E, | sin260p, e cos20;,
0 —el gl
HE = N2GpN,(r) [( ) + V5[cosn + Y,(x)sinn] ( b gv)] ,
0 g, &
N ©D
877 = C13513 Re (523 86# + Cx3 8 ) (1 + S13)C23S23 Re( )
— (el - i) ]2+ (533 = 813¢33) (€1 — ) [ 25
SUN = c13(ca3 82;1 — s3EL) + 513[S23 SZT - 023 SZ: + coz3s3(el — S,Z,u)];

e solar data can be perfectly fitted by NSI only = solar LMA solution is unstable with
respect to the introduction of NSI;

e KamLAND requires Am;, but only weakly sensitive to NSI = it determines Am;;

e inthe solar core Y,(x) € [1/6,1/2] = approximate cancellation of NSl for n € [-80°, —63°].
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Il. NSI from global fits to neutrino oscillation data
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Oscillation results for solar and KamLAND neutrinos

Generalized mass-ordering degeneracy = new LMA-D solution with 6, > 45° [6];

n = 0 = NSI terms proportional to N,(x) =
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[6] O.G. Miranda, M.A. Tortola, J.W.F. Valle, JHEP 10 (2006) 008 [hep-ph/0406280].
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Matter potential for atmospheric and long-baseline neutrinos

e In Earth matter: ¥, (x) — Y® ~ 1.051 = Sap(x) — sfﬂ becomes an effective parameter:

£hg = V5 [cos n + Y& sin7] Eop
e the bounds on affﬁ are independent of the quark couplings (i.e., of n);

o for i = arctan(—1/Y7) ~ -43.6° ATM+LBL data imply no bound on & ;;

e the NSI parameter space is too big to be properly studied = simplification needed;
e bounds on efﬁ are weakest when V4 oc 6méeﬁ+s§ﬁ has two degenerate eigenvalues [7]

= focus on such case = introduce parameters (&g, , , a1, @») and define:
gi_gfy: &g ( - ) -1,
g —&, = &of - )s
£y, = —€o gl
8397 = —gg plRer+a) ’
sffT = & el

e for definiteness we also assume on CP conservation and set 6., = a1 = a» = 0.

[7] A. Friedland, C. Lunardini, M. Maltoni, Phys. Rev. D 70 (2004) 111301 [hep-ph/0408264].
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Il. NSl from global fits to neutrino oscillation data 11

Impact of NSI on the oscillation parameters

e Once marginalized over n, analysis of solar+KamLAND data shows strong deterioration
of the precision on Am%l and ¢,,, as well as the appearance of the LMA-D solution [6];

e a similar worsening appears in +LBL-app + lceCUBE + MBL-rea analysis;

: AARRERR RN RS RN RERRE RARRA RN I I A B L I
e synergies between solar and » 1 82 E

atmospheric sectors allow to 30 .
recover the SM accuracy on
most parameters (except 6;,);

10 F

©

[10° eV
[10° eV?

e notice that the LMA-D solution
persists also in the global fit;

2

Am21
Iy
2
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m

¢ high-energy atmos. IceCUBE 7
data have no sensitivity to 0s-
cillations (P,, « 1/E?), hence
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they contribute little. s, o,

[6] O.G. Miranda, M.A. Tortola, J.W.F. Valle, JHEP 10 (2006) 008 [hep-ph/0406280].
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Il. NSI from global fits to neutrino oscillation data

Determination of NSI parameters

e Reduced (g4, v, ©3) parameter space can

be constrained by joint solar+KamLAND and
ATM+LBL analysis;

e bounds can then be recast in term of 8Zﬁ
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lll. Impact of coherent neutrino-nucleus scattering 13

LMA LMA-D

The COHERENT experiment 2t \‘ it |
=% 0 sl ! g B s =
Tn EQ3 | E
2 | ] |
e Observation of coherent neutrino-nucleus i bt
scattering [8] allows to put bounds on NSI ;. , I ;
through the effective charges (Y& ~ 1.407): ™ ;= E ;
> v h v h2 2 Pl S
anc[(gp"‘ero )+ €00 ] +Z(Sfy% ‘ 1F ‘ ]
pra W o0k e 4 F . E
: h he: . 20 | 1F
with 3" = V5 [cos 77 + Y sin 7] Eap I L T T
0-5} T T I T T qF T T I T T 7
e for n = arctan(~1/Y%") ~ —35.4° no bound = opmiffll 1t " ]
on 82’,8 IS Imp“ed’ 70'5;””\” “mHummmmmué ;HHw‘H‘wHmmmmmmm{
e separate bounds on diagonal £, couplings  2¢ i 1 E
=5 0 Pl T T e gy e -

can be placed. M. i
2r 1r ]
[8] D. Akimov et al.[COHERENT], Science 357 (2017) ez~ 4
1123 [arXiv: 17@8@1294] o 0?‘ I L e ? ;7 s i
[9] P. Coloma, I. Esteban et al., JHEP 02 (2020) 023 °2f 4
[aer_v: 1911091@9] 90 -60 30 ?] 30 60 -90 -60 -30 1(‘7| 30 60 90
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lll. Impact of coherent neutrino-nucleus scattering

14

General NSI bounds

e Inclusion of COHERENT data rules
out LMA-D for NSI with u, d, or p, but
not in the general case;

e our general 20 bounds [9]:

OSCILLATIONS + COHERENT (tE Duke)
LMA LMA & LMA-D LMA = LMA & LMA-D

e Lo ~ . [~0.031,+0.476]
e~ iy uggfiggfg *B{ ;g‘i +8 ZT;} et [20.029,+0.068] & [+0.309, +0.415]
7 S TOARL 4 [=0.029,+0.068] @ [+0.309, +0.414]
e [~0.050,+0.020]  [~0.050,+0.059] | €&, [0.048,+0.020]
. [~0.077,+0.098]  [~0.111,+0.098] | &%  [~0.077,+0.095]
A [~0.006,+0.007]  [~0.006,+0.007] | et [~0.006,+0.007)

d
A _d | [_g g ac _ ed,  [-0.034,+0.426]
iR {7833:133?3 ﬂ ;821 +(1] 3?3 e, [-0.027,+0.063] & [+0.275, +0.371]
7 S TOARL T el [-0.027, +0.067) @ [+0.274, +0.372]
ed, [<0.051,40.020]  [~0.051,+0.038] | &2, [~0.050,+0.020]
el [~0.077,+0.098]  [-0.077,-0.098] | 2. [~0.076,+0.097]
el [~0.006,+0.007]  [~0.006,+0.007] | . [~0.006,+0.007]

P
b — b, [~0.190,+0.927) &[—2.927,—1.814] 6;" { 3823 18 Zz(ﬂ E} 3?? E 2(1)[5)}
U R 5 Epp
e =S [F0.001L, 40053 [=0.052,+0.058) | 571 408’ 10.991] @ [+1.063, +1.408]
ER [~0.145,+0.058]  [~0.145,+0.145] | &, [~0.124,+0.058]
<, [—0.238,40.292]  [~0.292,+0.292] | &b [—0.239,+0.244]
ehr [—0.019,+0.021]  [-0.021,40.021] | &h- [-0.013,40.021]

e Argon data add further Ay? ~ 4 [10].
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[9] P. Coloma,

[10] M. Chaves and T. Schwetz, JHEP 05 (2021), 042 [arXiv:2162.11981].

|. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, JHEP 02 (2020) 023 [arXiv:1911.09109].
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Non-standard interactions with electrons: formalism

e Let’s focus here on solar neutrinos. In the presence of NC-like NSI with e, elastic scat-
tering is modified = detection process (e.g., in SK, SNO, Borexino) is affected;

in the SM, v interactions (both CC and NC) are diagonal in the flavor basis. Hence:

Ngy o Z Pygog" with P =1[Sgl* (ve — vg transition probabilities)
B

this expression is only valid in the flavor basis. Unitary rotation U = arbitrary basis:

1y

where p(‘) is the v density matrix at the detector (for a v, at the source). Substituting:

Nevoch(‘)Z Uﬁ,— Tr [p(‘)O' ] with O'SM [Uleag{ }U] o

Jt

SM

here o> is a matrix in flavor space, containing enough information to describe the
ES interaction of any neutrino state without the need to explicitly project it onto the
interaction eigenstates: such projection is now implicitly encoded into o>V
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Neutrino-electron cross-section in the presence of NSI

In the presence of flavor-changing NSI, the SM flavor basis no longer coincides with the
interaction eigenstates. Hence, the general formula Ne, o« Tr [p' oN°'] must be used;

fi<y)]}

where f,, f-, f. are loop functions, y = T./E,, and C;, Cy are 3 X 3 hermitian matrices:

C([;ﬁECLB(SQﬁ-l-é‘é; ith CLr =Cry = gL and CLe:gi‘l'la
wi
CRr = CRy = CRe = gR (at tree level) ;

the cross-section matrix oS!

NSI 2

(EV,T)—ZG;; e{cz[u 2ro|+a-y1+2rm)|- o

is the integral over T, of the following expression:

do
dT,

Csﬁ =Crp 5&,8 + 852

when the NSI terms 852 and ‘952 are set to zero, the matrix doN°'/dT, becomes diagonal
and the SM expressions are recovered;

the cross section for antineutrinos can be obtained by interchanging C; < C¥;

NSI effects on neutrino propagation are the same as in the previous section (for n = 0)
and are accounted by the density matrix p©.
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Bounds on NSI-¢ from Borexino Il

e Ref. [11]: analysis of NSl-e with Borexino. Caveats:

— only diagonal NSI considered;

— only 1 or 2 NSI parameters varied at-a-time;

e in [12] we studied the general case. We found:

— degeneracies strongly weakens the bounds;

— yet a definite O(1) bound is always found.

Allowed regions at 90% CL (Ax? = 2.71)
Vector Axial Vector
1 Parameter | Marginalized 1 Parameter Marginalized
€ee || [-0.09,40.14] | [-1.05,40.17] [—0.05,+0.10] [—0.38,+0.24]
eup || [-0.61,40.35] | [-2.38,4+1.54] | [-0.29,40.19] ® [+0.68,+1.45] | [-1.47,+2.37]
err || [-0.66,+0.52] | [—2.85,+2.04] || [—0.40,+0.36] & [+0.69, +1.44] | [—1.82,+2.81]
€ep || [—0.34,40.61] | [—0.83,+0.84] [—0.30,+0.43] [—0.79,+0.76]
er || [—0.48,40.47] | [—0.90, 40.85] [—0.40,+0.38] [—0.81,+0.78]
eur || [-0.25,40.36] | [-2.07,+2.06] || [-1.10,-0.75] & [—0.13,40.22] | [-1.95,+1.91]

[11] Borexino coll., JHEP 02 (2020) 038 [arXiv:1905.03512]

[12] P.Coloma et al., JHEP 07 (2022) 138 [arXiv:2204.03011]
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NSI-¢ from all solar data n

e Caveat: in this slide we vary only . no}
1 NSI parameter at-a-time;

5;

e other low-E data such as BXi1

07\ L
0

and have little impact; e
e however, SK and SNO contribute significantly:
— SK measures ES events with high statistics;

— SNO is only weakly sensitive to ES, however it
accurately determines the B flux through NC;

— SK+SNO combination yield strong bounds;

e of course, degeneracies among different NSI pa-
rameters will weaken the bounds, but improvement
over -only data still expected;

e global analysis is tough because of the large num-
ber of parameters, but we are working on it.

o

<

-1

BX2-low

BX-low

Cl+Ga+BX-low
Cl+Ga+BX =
Cl+Ga+BX+SK
Cl+Ga+BX+SNO
Cl+Ga+BX+SK+SNO
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Summary 19

e Most of the present data from solar, atmospheric, reactor and accelerator experiments
are well explained by the 3v oscillation hypothesis. The three-neutrino scenario is nowa-
days well proven and robust;

e however, the possibility of physics beyond the 3v paradigm remains open. Here we have
focused on NC-like non-standard neutrino-matter interactions;

e we have extended previous studies by considering NSI with an arbitrary ratio of cou-
plings to up and down quarks (parametrized by an angle ) and a lepton-flavor structure

independent of the quark type (parametrized by a matrix 825);

e we have found that NSI can spoil the precise determination of the oscillation parameters
offered by specific class of experiments, but the 3v precision is recovered once all the
data are combined together — except for 6,, where a new region (LMA-D) appears;

e a degeneracy between LMA-D and the v mass ordering cannot be resolved by oscillation
data alone. Combination with scattering experiments (e.g., COHERENT) is essential;

e NSI with electrons also affect ES interactions in solar data. Interference between oscil-
lation and scattering effects requires careful treatment. A global fit is under way.
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