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Neutrino Oscillations

rimary Questions
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Neutrinos have BSM interactions that can
modify oscillations ?

» Are there additional light neutrinos ? eV-scale or otherwise ?

mi

<+ Do neutrinos have any additional interactions?
Vo Vi3

f f and much, much more ....
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LArTPC for neutrino physics : planned

Planned @FNAL short baseline MicroBooNE + SBND + ICARUS
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DUNE Overview

The Deep Underground Neutrino Experiment (DUNE) is a leading
edge, international experiment for neutrino science and proton
decay

Features o f DUNE: \ﬁrimaryPhysics goals : \

— 1300 km baseline : “LBL”" .V oscillations

— Most intense neutrino MH, Scp, 6,,

beam : “LBNF”

> Large (40kt) LArTPC — Physics beyond standard
far detector and model

near detector Nucleon decay

<Far detector 1.5 km JESupernova burst neutrino%

underground

DUNEprototype LArTPCdetectors developed at CERN
* protoDUNESingle Phase LArTPC
*protoDUNE Dual Phase LArTPC
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Short Baseline Neutrino (SBN) program: Motivation

+ MiniBooNE anomaly (2007):
(Anti-)vu beam with
200<E [MeV]<1250,
same L/E, 4.70 excess

« LSND anomaly (1998): n

decay at rest with
<E >=30MeV,

L/E~1m/MeV, 3.80 excess

)
1)} [
8 175 o BeamExcess
m L Reactor Prediction Model 1 Uncertainty
5 15F B pfo,-v €N 1,20}k RENO: anxivi1610.04326 (Shape-Only motifed) : il
L : > 4 NEOS anxv:1610.06134 (Shape-Only modified)
8 12.5 _ P e Cc) 1.15}F ==& Daya Bay andv:1607.05378 +_
i B other A —e— Double Chooz ND 4
: Q
10¢ E 1.10
1 )
75F 0 1.05
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Visible Energy (MeV)
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Search for Sterile Neutrino:
Short-baseline neutrino experiment

Detector

Distance from BNB Target

LAr Total Mass

LAr Active Mass

SBND

110 m

220t

112 t

MicroBooNE

470 m

170 t

89 t

600 m

760 t

476 t

_ [TCARUS-T600

ST, ML
MiniBooNE |
TARGET

/ HALL

[—

< Short-baseline neutrino experiment (SBN) designhed to solve anomaly by
looking with the existence (or not) sterile neutrino
<+ Same experimental setup can be used for looking other BSM using fixed

target data
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ICARUS-T600 at SBN Program

*» First IGI"QZ-SCGIZ LAr-TPC ina 1 T600 module | Wire planes (anode.)
heutrino beam © 2016-2018 CERN

‘ﬂ“\ AW
» Two identical module: each module 7 ]// {' t |
size : 196 (L) x 3.6(W) x 39(H) m3(8 § )

; total LAr mass ~760 tons, active
LAr mass 476 tons. 3 . mw‘;!W\
< Drift distance 1.5m, drift field — e\ : S\
500V/cm — drift time ~ Ims. |
< Detector commissioning ongoing, Field cage
will start "physics data” taking with
neutrino beam soon!

Detector
Physics Motivation :
<+ Primary physics motivation of ICARUS Tgetgo D872 g
experiment is search for the existence (or @ |
not)sterile neutrino. 0.43F-
<+ ICARUS is located 103 mrad of f axis from Pe=T % A',-z(;-z

NuMI beam.
% ICARUS Detector with NuMI Off axis
beam will play a key role in BSM search
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Are there any new interactions ?

% Neutrino interactions via the SM W- and Z-bosons have been observed,
but what if there are additional interactions ?

% Neutral current non-standard neutrino interactions in neutrino
propagation can be described as new contributions to the MSW effect.

D)
@
e B o
on- (@) (@
o o/flo
/
il ([ (000 1+ IR
iz Uy | =55 U () Am%l U ‘) U'ta| € Eup Epr v,
Vr =1 \U 0 Amg Ber BB if | vy

“+ Recent studies show the impact of the NSI parameters on the
measurement of neutrino oscillation parameters at DUNE.
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Effect of NSI on the 06, measurement

SI-NSI degeneracy on appearance probability

0.14F NH 8, Gey € [m:m]; |€y| =0.1(NSI)

8§ € [-m: 7] (SI)

Effect of NSI on the CP Violation sensitivity at DUNE

LI —

8, der € [-m:m]; |€<| =0.1(NSI)

e
DUNE (5 +5)

True |€,, | =0.04

* NSI(true @qp=0)

bl

NSI (true @up € [m:m]) | True [e.o| =004

E [GeV]

011| JIN T N S T S —
-1 -05 0

Trued/m

1-1 -05 0 0.5
Trued/m

“» The effect of nsi parameters (amplitude and phase) on the appearance

probability is significant

% The impact of ¢, (g..) is shown in the left (right) plot. The black solid (dashed)
line depicts the case of SI (NSTI with true values of all the NSI phases set to

zero).

“» Need to resolve the degeneracy in order to conclude about the discovery of

the cp violation.

Similar degeneracy have been studied for other oscillation parameters; one needs
to develop a mechanism to resolve the degeneracy
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Experimental motivation for searching
sub-GeV DMusing Neutrino detectors

107

Direct detection

-40
10" What about here?

]
n
i
il 12)
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e

B

cm”

SMP
&5 Relativistic dark matter
107" for sufficient recoil energy in

10-43 _thc detector

~-44 | i g 5
10 New mediators to satisfy

cosmological constraints

WIMP-nucleon cross section |

B
10743} H
il
1074} J G e 02 & <
Sub-GeV regime: i **200nesivars s SR vese® -
-8 » o LLTT 8 el ot - d
0‘47 kAT e e ] Asymmetric DM % o09%** e .
1 Well motivated, less explored 8 5 magnetic om LN e
Accessible to accelerator beam 8§ [ extra dimensions
il

e 1 WIN W
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I

-

\\
10-50 O L-Bauks; Ploje; DorkUniv. 8 (010 00 STRao ' 1 [astioiph ],

- ) 1 10 100 1000 10*
WIMP Mass [GeV/c?]

% Directdetection ~GeVthresholdIlimit

*» Accelerator based fixed target experiment has experienced
muchrecent theoretical and experimentalactivity below

GV range.
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Benchmark model : vector portal dark matter

[Holdom]
[Pospeloy, Ritz,Voloshin]

SM B BN BN B Bm X [Hooper, Zurek]

EFILWF’“V [Arkani-Hamed, et al]
2

1 1 €
LD |Dux|? - mi|x|2 — Z(F‘,‘”)2 + 5”%24'(14;)2 — §F;LVF“V + ...

¢ Dark photon mediates interaction between DM and SM

% 4 new parameters; My, TN AT, XD, € g

SM
** Can obtain correct relic abundance X' .oV o 7]

¢ Variations in cosmology and phenomenology obtained by
changing mediator, or dark matter properties - important to
explore all options
13
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Sub-GeVY ™ Production and detection

¢ MeV-GeV gauge boson kinetically mixed

* Production of DM beam:

Bremsstrahlung + vector Direct production
meson mixing

X X

A A

v v
e, N N A <7r0

e \NI
Elastic NC nucleon or Inelastic NC neutral pion - D : :
. : . eep Inelastic scattering

electron scattering like scattering

Feb 11,2022|AChatterjee|UPitt
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™ Search with fixed target:
Neutrino detectors

e
en T
I
+ + + toy
T — UV B — e VeV R GEED
I | | 7 % —
proton PP — V" — R | detector]
beam 0, . - . — TN .
w,m — Vy — X0 ¥4

We can use the neutrino (near) detector as a dark
matter detector, looking for recoil, but now with
accelerator based proton beam

MiniBooNE SBN DUNE Near detector
8GeV BNB Beam 8.9 GeV BNB and 120 GeV LBNF Beam
540m to the mineral oil 120 GeV NuMi Multipurpose near
detector Beam, 3 LArTPC detector
detector

15
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Constraints on DMcoupling with SM:
DUNE

Fermionic DM x, ap = 0.5, My = 3M, Fermionic DM x, ap = 0.5, M, =20 MeV

— ()] — aXis
meme PRISM — 24 m
— [, DMX — Phasel

1

10_143 l Illl”l,, l ||||||||l [ R
10~ | 10~

M, [GeV]  Eur.Phys.).C81(2021) 4,322 My [GeV]

DUNE-PRISM located at 24 m off-axis from the beam will be
very useful, currently under consideration within the
collaboration

1 102 10!
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Sub-GeV DM study: ICARUS@SBN

Fermlonlc DMX (xD_O e M,\ 3M

10";

l
2x102 POT ! :
107 I =
E @6 ! 3
| & ] '
10 EE— &’Q}\' /
;l;/ 107 ,// —;:
a : / ]
S /
= [ /
7/
W 1wy 4 E
1 E // 3
& /
-12 / —
10 3 ”,/’
107k MiniBooNE E
; —=—= [ICARUS (No background) ]
lo-ll - L M g g igiogeipusy N " Y Tt YR T B i M R e gp
10~ 0.01 0.1 1

M, [GeV]

< The ICARUS detector is located 103 mrad off axis from NuMI (120GeV)
beam.

<+ Off axis location and larger fiducial volume of the detector will give better
sensitivity compared to MiniBooNE experiment

<+ ICARUS will start data taking from next month. 17
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Higgs Portal @ICARUS using NuMI beam

‘/ '
K - W 4 6t > § .~
v < ¢/
S A2 | detector
protons e
e - 7 L _—
K", K
target absorber

B. Batell, J. Berger, and A. Ismail. Phys. Rev. D 100, 115039

“» For the SBN experiments the most important production channel will be
through kaon decays
< With the higher energy of the NUMI beam and the angular spread in the
produced scalars, the ICARUS detector @SBN can have significant
sensitivity to scalars produced with the beam .
18
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Higgs Portal at ICARUS NuMI

» The NuMI beam at ICARUS
can probe new parameter
space of the Higgs Portal 102

Le—"m<M< |
) me-m 10N

|

.81

New

=061

parameter
< |
fou K space from

1 2usearch 197

I

021 SN 1987a

J
0.0 . ' /

0.0 01 09 u"; u'l 05 10_5 el This analysis
ms (GeV) o 10‘2 10—1 1 OO

B. Batell J. Berger, and A. Ismail. Phys. Rev. D 100, 115039

<+ There are on-going effort at ICARUS to look both for 2u and e* e

channel
Feb 11,2022|AChatterjee|UPitt

19



Search for Heavy Neutral Lepton

Searches for HNL’s have been 4 RBooNE experiment

studigc for BNBESEN oo . published the result
AN R with the data
IR
107% ' (PhysRevD.101.052001)
6. 10—6
107 - i
o 0O Majorana _
X f X
- 10"5- 8
-
[ © 10-7 4
108 90% C.L sensitviy N = : : N
. SBND/ICARUS 6.6620 POT \\j‘ g \\‘ : gf;:g:g 1
L R it 2o T | MicroBooNE | o Expected 10
001 005 0.10 050 1 = _, | POT: 2.0x10% Expected 20
M,, 300 350 300 350
Mass [MeV] Mass [MeV]

Projected BNB limit for p n final
state (arxiv:1610.08512)

In addition to the Higgs Portal, Heavy Neutral Leptons look like
promising candidate to search @ICARUS 20
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Outlook

“» Over the last twenty years, extraordinary discoveries in neutrino
physics have led to the development of new, intense neutrino sources
and new, very sensitive and very large neutrino detectors.

<» Understanding the degeneracy between the standard neutrino
oscillations and non-standard effects is very crucial for the discovery
of unknown neutrino oscillations parameters.

“» Multiple detectors at the DUNE-ND will be ideal to probe different
neutrino BSM as well as DM searches.

<» SBN program with three LArTPC detector designed for the sterile
neutrino search, will play key role for the BSM searches.

“» ICARUS detector with NuMI off-axis beam will be suitable set-up for
BSM searches.

+» ICARUS will start "physics data” taking soon! Stay tuned

21
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