Abstract

In presence of non-standard neutrino interactions the neutrino flavor
evolution equation is affected by a degeneracy which leads to the
so-called LMA-Dark solution. It requires a solar mixing angle in the
second octant and implies an ambiguity in the neutrino mass ordering.
Non-oscillation experiments are required to break this degeneracy. We
perform a combined analysis of data from oscillation experiments with
the neutrino scattering experiments CHARM and NuTeV. We find that
the degeneracy can be lifted if the non-standard neutrino interactions
take place with down quarks, but it remains for up quarks. However,
CHARM and NuTeV constraints apply only if the new interactions
take place through mediators not much lighter than the electroweak
scale. For light mediators we consider the possibility to resolve the
degeneracy by using data from future coherent neutrino-nucleus
scattering experiments such as COHERENT. We find that, for an
experiment using a stopped-pion neutrino source, the LMA-Dark
degeneracy will either be resolved, or the presence of new interactions
in the neutrino sector will be established with high significance.
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Over Constrain the Neutrino Sector

L e e
5\
\B €

0.003

excluded area has CL > 0.95

S

0.002

0.001
%
=50.000 -
-0.001 -
-0.002 |-
: Summer 14
0003 o L APRRRERE |y 1
0.997 0998 0999 1.000 1.001 1.002  1.003
pcu

J. Charles, et. al., 1501.05013
S. Parke, M. Ross-Lonergan, 1508.05095

Peter B. Denton (NBIA) 1701.04828

Normalisations
T

TRows
— a=e
— a=p
— a=r1
Columns
i=1

e
Qo pTToEES
3
10°
2 2 2 2 2 2
1=(|Uatl” +1Ual” +[Uasl”) 0o 1=(|UI" +|U1" +|U")
Rows Columns
. Unitarity Triangle Closures .
TRows T 0y
— af=en ’,,’ !
— ap=er N
]
— af=pr [
6F Columns N /
-- ij=12 oo,
- =13 oy
. ig=13 /|
< LT 20
3k
B S S 1o
1
10° 107 0.5
UaUs” +UatlUp™ +UasUs” | OF  |UU;" +U,U,;" +UU"|
Rows Columns

NUFACT 2017 Uppsala: September 29, 2017

2/36


https://arxiv.org/abs/1501.05013
https://arxiv.org/abs/1508.05095
https://peterdenton.github.io
https://arxiv.org/abs/1701.04828

Not Just Under Constrained

arXiv.org > hep-ph > arXiv:hep-ph/0406280 Search or A

High Energy Physics - Phenomenology

Are solar neutrino oscillations robust?

0. G. Miranda, M. A. Tortola, J. W. F. Valle
(Submitted on 24 Jun 2004 (v1), last revised 7 Sep 2006 (this version, v3))

The robustness of the large mixing angle (LMA) oscillation (OSC) interpretation of the solar neutrino data is considered in a more general framework
where non-standard neutrino interactions (NSI) are present. Such interactions may be regarded as a generic feature of models of neutrino mass. The
766.3 ton-yr data sample of the KamLAND collaboration are included in the analysis, paying attention to the background from the reaction
A3C(\alpha,n) ~60. Similarly, the latest solar neutrino fluxes from the SNO collaboration are included. In addition to the solution which holds in the
absence of NSI (LMA-I) there is a 'dark-side' solution (LMA-D) with sin*2 theta_Sol = 0.70, essentially degenerate with the former, and another light-
side solution (LMA-0) allowed only at 97% CL. More precise KamLAND reactor measurements will not resolve the ambiguity in the determination of
the solar neutrino mixing angle theta_Sol, as they are expected to constrain mainly Delta m*2. We comment on the complementary role of
atmospheric, laboratory (e.g. CHARM) and future solar neutrino experiments in lifting the degeneracy between the LMA-I and LMA-D solutions. In
particular, we show how the LMA-D solution induced by the simplest NSI between neutrinos and down-type-quarks-only is in conflict with the
combination of current atmospheric data and data of the CHARM experiment. We also mention that establishing the issue of robustness of the
oscillation picture in the most general case will require further experiments, such as those involving low energy solar neutrinos.

Comments: 13 pages, 6 figures; Final version to appear in JHEP

“Dark Side” from: A. de Gouvéa, A. Friedland, H. Murayama, hep-ph/0002064
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Best Fit Assuming Standard Neutrino Physics
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Allowing For New Neutrino Interactions
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Allowing For New Neutrino Interactions
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New Physics: Phenomenology
The simplest/clearest phenomenological description of NSI is,

HI/ _ H;/ac + lelnat ’
with
ac __ 2 1
Hy = 5F UpmNs Amy, ) Uppnins
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t t SM t,NSI
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NSI: The Epsilons

20

— fvv N><
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with n
Yr = ’
Ne
» We constrain ourselves to only consider vector NSI.
» Generically, axial-vector NSI may exist as well.
» This doubles the number of free parameters.
» Axial-vector is not constrained by oscillations, only scattering.

Axial constraints from SNO-NC by O. Miranda, M. Tértola, J. Valle, hep-ph/0406280
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Lagrangian
EFT Lagrangian:

Lasi = —2V2Gr > €l (Bay" PLvg)(FruPF)
f,P,a,B

with A = 1

V2V 2eGE '

Simplified model Lagrangian:

Lnst = &2, 07"'v + ge Z, Fy"

which gives a potential
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Matter Effects in Feynman Diagrams

Vg Vy Ve e
V4 w
f 1 f e Ve
We = ﬂFE\@Gan Voo = £V2Gene
Vo Vg
f f

Wnst = :I:EL’;(\/EGan

(NBIA) 1701.04828 NUFACT 2017 Uppsala: September 29, 2017 9/36


https://peterdenton.github.io
https://arxiv.org/abs/1701.04828

Matter Effects in Feynman Diagrams
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Generalized Mass Ordering Degeneracy (GMOD)

CPT symmetry = that oscillations are invariant under H — —H*.

In vacuum, change:
» Switch mass ordering: Am3; — —Am3,,
> sin 912 —» COS 912,
> > T —9.

In vacuum, this degeneracy is exact.

In matter, the degeneracy can be restored with NSI with changes,
> a3 — —635,
P €ee —> —€ee — 2 = €ee = —2.
This can be broken by varying or different neutron densities.
The degeneracy can be restored by setting 65,@ = —2egﬁ.
Setting €2, = —4/3 and €2, = 2/3 yields an exact degeneracy in
any neutron density.
P. Coloma, T. Schwetz, 1604.05772
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NSI in Scattering Experiments Probe Different NSI Scales

NSI affects:
» Oscillation: g% = 0, the effect is valid for any M.
» Scattering: the NSI potential is suppressed if g> > M3,.

Method | Mg
CHARM/NuTeV (DIS) | =21 GeV
COHERENT (CEvNS) | = 10 MeV

Oscillation Any

Above ~ 1 TeV, € ~ O(1) is no longer perturbative.
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LHC Constraints at High Energy

10t

10°

w 107t

1078

10°

10t

Peter B. Denton (NBIA)

102

10°

Mz [GeV]

10*

. % CHARM (£%) -
1 e N scattering ]
0.100+
\
\
\\
0.010+ - y
NuTeV (&) By,
A Seoe A g
vN scattering \ 7
0.001+
10 50 100 5001000 500010*
my [GeV]

A. Friedland, M. Graesser, |. Shoemaker, and L. Vecchi, 1111.5331
D. Franzosi, M. Frandsen, and |I. Shoemaker, 1507.07574

1701.04828

NUFACT 2017 Uppsala: September 29, 2017 12/36


https://arxiv.org/abs/1111.5331
https://arxiv.org/abs/1507.07574
https://peterdenton.github.io
https://arxiv.org/abs/1701.04828

Oscillations

Global fit of oscillation parameters.
Marginalize over all vacuum parameters and
NSI parameters assuming:

> eo5=0.

» Vector only L+ R (no axial).

» e € R

Solar data from

Chlorine, Gallex/GNO, SAGE, Super-K, Borexino, and SNO.
Atmospheric data from

Super-K, MINQOS, and T2K.
Reactor data from

CHOOZ, Palo Verde, Double CHOOZ, Daya Bay, and RENO.
Short baseline data from

Bugey, ROVNO, Krasnoyarsk, ILL, Goésgen, and SRP.

M.C. Gonzalez-Garcia, M. Maltoni, 1307.3092
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Pre COHERENT Light NSI Constraints
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LMA: blue, LMA-D: red dashed. No absolute diagonal sensitivity
Oscillation data is applicable for any NSI mass scale.
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Constraining the Diagonal NSI Terms
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CHARM

CHARM measured NC and CC v, and 7, cross sections with nuclei.
0(VeX = veX) + 0(DeX — UeX)
o(veX — eX) + o(De X — &X)

CHARM Collaboration, PLB180 (1986)
We can express this ratio in terms of couplings,

Re = (&) + (&5)%,
where effective couplings are SM + NSI,

@)= |(gg +e&"?+ D 1eklP]

q=u,d ate

Re = = 0.406 £ 0.140.

with SM parameters,

1 2 2
gﬁza—gsin20W, gfz—gsin29w,
1 1 1
gdL:—§+§sin29W, g§:§sin20W.
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CHARM
Radiative corrections through two loops give SM values,
gk =0.3457, gR=0.1553,
gh=04288, gf=0.0777,
50 Resm = 0.333 for q° ~ 20 GeV?.

J. Erler, S. Su, 1303.5522

We calculate the x? between an NS I
parameterization and the measurement,

2 .
Re NsI — Re,CHARM) % of

2 _
XCHARM —
OCHARM

1,2,3 o contours for 2 d.o.f.
_9 : : .
=2 -1 0 1 2

u,V
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NuTeV

NuTeV measured NC and CC v, and ¥, cross sections with nuclei.

o(v, X =, X) . ~
v — 2\ pr) _ mly2 Ry2
m U(V,LLX_>NX) (gu) +r(gu) ;

o X = 7 X) L 1.
p7 — T\ uR) _atye . Losry2
w7 (X — iX) (8.)" + (&)

where
_o( X = pX)
(v X = pX)

R oxp = 0.3910 £ 0.0013,

Ry exp = 0.4050 + 0.0027,
with correlation coefficient p = 0.636.
This includes statistical, systematical, and theory uncertainties.
NuTeV Collaboration, hep-ex/0110059
G. P. Zeller PhD thesis
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NuTeV

The correct way to interpret this data is to use fitted effective
couplings,

(8t exp)” = 0.30005 £ 0.00137,  (gf oyp)> = 0.03076 +0.00110,

with correlation coefficient p = —0.017.
G. P. Zeller PhD thesis
We then define the x? with correlation between L and R as,

Xurey = (X = Xexp) Vi (X = Xexp)

where .
< (5)
8eft
' = ( La(geLff,expll2 O-(geLff,expl)?O-(g'fﬁz,exp)p> )
J(geff,exp)a(geff,exp)p U(geff,exp)

This leads to Xlz\TuTeV,SM ~ 9 which is the NuTeV anomaly.
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NuTeV Anomaly

Several corrections to the NuTeV analysis have been applied in an
attempt to understand this anomaly.

Corrections to the measurements are applied because,
» Improved nuclear models,
» |ron is not isoscalar,
» Updated PDF's including the strange quark.
These lead to,

SRY .., =00017, OR” —0.0016,

14,eXP ) [,eXp

where Rexp7true = Rexp,orig +0R. . .
Convert to effective couplings by 6X = J710R.

08ut exp = 000242, 3gf% o, = —0.00155,

leading to a corrected X2NuTeV gm ~ 2.3
NNPDF Collaboration, 0906.1958

W. Bentz, I. C. Cloet, J. T. Londergan, A. W. Thomas, 0908.3198
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NuTeV Constraints
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Pre-COHERENT Heavy NSI Constraints
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Heavy = M, > 1 GeV.

All oscillation experiments, CHARM, and NuTeV.
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COHERENT

Spallation Neutron Source at Oak Ridge National Laboratory in a

7-DAR configuration.

K. Scholberg's plenary yesterday.

K. Scholberg, hep-ex/0511042
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COHERENT

Observed spectrum:

dN,
dE,

do,

dE,

= NtAt/dE,,<ba(Ey) (E),

Neutrino nucleon cross section:

do,  GEQZ, » ME,

Form factors from: C. Horowitz, K. Coakley, D. McKinsey, astro-ph/0302071
Electroweak charge:

1 2
7 Qb = | 2(g) +2et + e )+ Nlgy + et +2¢0))]
2
+> [2(262’5\/ +ed )+ N(ets + 263;3V):| :

BF#o

Z =32, N =44.

v_1 .2 v_ 1
g =35 —2sin“Ow, g/ = —3.
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COHERENT Beam Details
Calculating contamination:
» The v, from the 7" decay forms the prompt signal.
» The v, and 7, form the delayed signal.
Pulse width is 0.695 us.
w lifetime is 't = 2.283 us.

v

v

v

Probability that the muon decays within the pulse width,

1 [t
P, = / dt [1 _ e—(fw—ﬂ/”] —0.138.
tw Jo

v

Prompt and delayed counts:
Np = N,, + Pc(Ny, + Nz, ),

Ng = (1 — Pc)(Ny, + N3, ).
» We expect ~ 113 prompt and ~ 200 delayed.

Systematics: as beam normalization at 10% and 20% background.
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COHERENT Sensitivity

Recall that €, is poorly constrained.
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Predicted sensitivity measuring SM with 10 kg-yrs of "°Ge.
LHS shape is due to prompt + delayed.
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COHERENT Sensitivity to Exclude LMA-D
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Predicted sensitivity measuring SM with 10 kg-yrs of "°Ge.
Dashed lines are the locations of another exact degeneracy.
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Predicted Light NSI Constraints
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Assume that COHERENT measures SM: € = 0.
Oscillation plus COHERENT (no CHARM or NuTeV).
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New Limits

COHERENT measured CEvNS at 6.70.
14.6 kg Csl (Na doped) for 15 months.

s CHARM

= COHERENT (Csl)

0
dv

eee

COHERENT Collaboration, 1708.01294 Science
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Latest Light NSI Constraints

0.5
0.4
03
Zy 02

1 -08 —06 -04 02 0 02 04 06 08
€’
P. Coloma, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, 1708.02899
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NSI Constraints for All Masses
Oscillations

eV — eV | [~1.19,-0.81] @ [0.00, 0.51]

ol [—0.01,0.01]
%V — eV | [-1.17, —1.03] @ [0.02, 0.51]

e [~0.01,0.01]
90% CL
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NSI Constraints for Heavy Mediators
Oscillations + CHARM + NuTeV

Peter B. Denton (NBIA)

u,V
€ee
u,V

[-0.97,

—0.83] & [0.033, 0.450]
[—0.008, 0.005]
[~0.0015,0.04]

[~0.006, 0.005]

1701.04828

[—0.003, 0.009]
[0.001, 0.05]

[~0.007,0.007]
90% CL

NUFACT 2017 Uppsala: September 29, 2017 32/36


https://peterdenton.github.io
https://arxiv.org/abs/1701.04828

NSI Predictions for Heavy Mediators
Oscillations + CHARM + NuTeV + COHERENT(SM)

u,V
€ee

ey [~0.007,0.005]
eV [—0.006, 0.04]

enY [—0.006, 0.004]

bV [—0.003,0.009]
i [—0.001, 0.05]

edV [—0.007,0.007]
90% CL
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NSI Constraints for Light Mediators
Oscillations + COHERENT (data)

%Y | [-0.01,0.009]

2V | [~0.009,0.008]
90% CL from P. Coloma, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, 1708.02899
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Looking to the COHERENT Future

Interference of different ma

0.4

0.3}

—0.2¢

—0.3}

—-0.4

Peter B. Denton (NBIA)

terials is powerful.

100 kg-yrs Xe with Ei; = 10 keV,
100 kg-yrs Ne with Ei = 10 keV,
1% systematic

1701.04828

202 201 00 01 02 03 04 05 06
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Wrap-up

» NSI parameterizes generic BSM phenomenology in the
neutrino sector.

v

Large NSI O(electroweak) consistent with oscillation data.

v

Scattering experiments are crucial to measure diagonal NSI.
For heavy mediators M’ 2> 1 GeV,

» CHARM and NuTeV apply.
» LMA-D is ruled out for d quarks.
» With COHERENT LMA-D is completely ruled out.

For light mediators M’ 2> 10 MeV,

» CHARM and NuTeV are suppressed, but COHERENT applies.
» With COHERENT LMA-D is completely ruled out.

Anticipate future COHERENT results.
Making progress on constraining BSM v physics.

v

v

v

v

(NBIA) 1701.04828 NUFACT 2017 Uppsala: September 29, 2017 36/36


https://peterdenton.github.io
https://arxiv.org/abs/1701.04828

Backups
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Predicted Heavy NSI Constraints
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Heavy = M’Z 21 GeV. All oscillation experiments, CHARM, and
NuTeV. Assumes COHERENT measures SM: € = 0.
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COHERENT 2

The COHERENT 2,

2
. 14 &)Ninst — N 2
Von=min 3 (L + ENixst — Nieobs | <§> 7
3 \/Nk,obs -+ O-2Nk,obs 0.1

k=p,d

where 20% is the background rate and 10% is a normalization
uncertainty covering various systematics including fast neutrons
and CR and radioactive backgrounds.
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Further LMA-D Degeneracy

There is a further exact degeneracy with scattering.

Ql?va X (Xq - 6(0747\/)27

(03
with
N _ 28 + Ny Zg + Mgy
YT 2Zz4N YT T Z 1N
This leads to an exact degeneracy at
€or = ,  €gd =
* 0.842 e" 0.886

> In this case a scattering experiment cannot break the
degeneracy.

» Multiple materials can break this degeneracy in theory, in
practice this is hard.

> Best fit points seem to be far from these points, so there is no
problem.
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