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Standard Model of particle physics
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Are we done? No |

e Gravity is not included
* Matter-antimatter asymmetry?

e Large tuning needed to obtain the
measured low Higgs mass (natural ?)

e Unification of electroweak and strong forces?

5 _Ooa s
* Dark matter and dark energy? V Yoy z\r
!J > ;I - f

« . . \\ 5
 Origin of neutrino masses? ’f

e Additional neutrino states ?

Many scientists and projects addressing these questions
| will discuss neutrinos today, focusing on sterile neutrinos
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Neutrinos

P

e

Freibug Seminar 2019

Rz

(1 + 7))

PAVA

Coupling = small

-~

>
B @
By
: 1,
: L)
L
o
: N\

Neutrino Energy
few MeV

o=10"* cm?

v~ 4
Enrico Fermi Interaction
Probability = 10"
103 cm?2=1"fb
/4
U& W und Z
-~ ¢ Bosons
P =

Photon

Higgs Boson

4



V3

Neutrino oscillations

Mass (eV)

atmospheric

flavor atmospheric cross-mixing solar mass

WVZ
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The PMNS matrix

Two-neutrino approximation

P(n, — n,)=sin’2q; -sin’| 1.27Dny;

E

* Three angles 6,,, 6,;and 6,
* Onephase &
* Two mass-squared differences Am?,; and Am?,,
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A global experimental effort

KamLAND, Double Chooz, Daya Bay, RENO, Go6sgen, SNO, SK,
T2K, MINOS, NOvA, OPERA, ICARUS, IceCube, ANTARES, ...

Parameter hest-fit

Am3, [107° eV 7.37 6.93 — 7.96
Amg oa [1073 eV 7] 2.56 (2.54)  2.45—2.69 (2.42 — 2.66)
sin® 019 0.297 0.250 — 0.354

sin® Ogg, Am32, 0y >0 0.425 0.381 - 0.615

(32) ~
\il 20 . A ’2
SIN™ 023, A5y a1

9 9
sin- 63, '_\‘”'21["%‘7‘ >

sin® 013, Amzy o0 <0 0.0216 0.0190 — 0.0242
ks 1.38 (1.31) 20: (1.0 - 1.9)

(20: (0.92-1.88))

<l (.589 0.384 — 0.636
0 0.0215 0.0190 — 0.0240

PDG update Dec 2017
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The Liquid Scintillator Neutrino Detector
LS N D at Los Alamos National Lab
1993 -- 1998

800 MeV proton beam from
LANSCE accelerator E~40 MeV
L~30 m
2~ 2
Water target Am1ev

Copper beamstop

LSND Detector

Two-neutrino approximation

P(n, —n,)=sin’2g; -sin’ (1.27Dm12. L

E
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4th neutrino mass state Constraints

N =3 from LEP

m-, -

Cosmology
ACDM is sensitive to N,,

(Large scale structures (BAO) and light nuclei abundance.)
Best fit is also consistent with N, =3 active neutrinos.

=» Sterile
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L
P(vgq = vg) = sin®26;; - sin® (1.27Ami2j —)
(over-)simplified schematic 2)
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* Short Base-Line: e pearene
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* Sensitivity to high Am? ﬁ;‘,\’:%ang\es

* High rates, statistics to measure cross sections
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I\/l I n I B OO N E target and horn decay region | | absorber | [ detector
Fermilab (2002-- | ’ . | |
e ( ) \ / L/E~ 1 MeV/m

—gg, : ~
"o Data(stat err) -"EJ 3 E~800 MeV
v, f ¢ - } ~
v 1:22 ;< L~600 m
v, from K’
B ~° misid A

:] A— Ny - . . ~

. it primary beam secondary beam tertiary beam Am?~ 1 eV?

[ other

——— Constr. Syst. Error g (protons) (mesons) (neutnnos)
Best Fit

Events/MeV

=
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Am? (eV?)

v,: 12.84x10”° POT
v,: 11.27x10%° POT
(1., 0.04 eV?) best fit
(0.01, 0.4 eV?

v mode . N vV 4+ Vv mode

Excess Events/MeV

llxulullu'lllllv

[:I LSND 90% CL NN D LSND 90% CL

11111'1111“11111\

DLSND 99% CL B e DLSND 99% CL

T \ll‘l’ll}'l’([n‘III]I¢II7TTI’IIJYTvlllIln
o ' 4

. ’ : . 107 107*
| ‘;0 Sin*2n

E" (GeV) A.A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], arXiv:1805.12028
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More hints, experiments, searches

* Investigations, also with new technologies (liquid argon TPC)
* "Reactor anomaly"”

* Source experiments

* Disappearance analyses at long baseline experiments

* Dedicated reactors neutrino experiments

Freibug Seminar 2019
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I nVGStigati ng LS N D (Antineutrino, Pion Decay At Rest DAR)
JSNS? "/

MLF building (bird’s view) arXiv:1705.08629

>

KARMENZ2 RESULTS

724

_ ./7.1, 7 ll,z,l/'
. Dete tor @.3" floor 7 ES '/”/7_
4

@ (za/,y pom target Hg target = Neutron
g and Neutrino source

50t of Liquid scintillator
(including 17t Gd loaded)
(4.6m diameter x
4.0m height)
193PMTs

Carsten Rott - JSNS2 ICHEP 2018 July 4-11,2018

United approach Also DAESALUS Operation start in 2019
and IsoDAR
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Explore the MiniBooNE excess of events
with a high resolution liquid Argon TPC
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MiniBooNE event

---------

.....

uBOQ;K

neutrino
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LArTPC

Anode wire planes

Cathode
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: Light-detection

by W. Ketchum : (P MTS)
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Electron,
Photon

Cherenkov
(MiniBooNE)

LArTPC
(MicroBooNE)

M. Del Tutto

Freibug Seminar 2019



High-Definition 3D imaging detector and calorimeter

‘ NE
© UBO_LQ‘{
E SIMULATION 1.8 GeV electron neutrino
—
0 - First few cm ...
>
18 cm Wire in a plane
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(detector length)
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ArgoNeut v, CC search
Phys. Rev. D 95, 072005 (2017)
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MBOONE _
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70 cm

UV Laser Run 1306 Event 134. August 10th 2015 11:03
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Run 1147 Event 0. August 6™ 2015 16:59
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200 cm
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MicroBooNE Preliminary
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Towards the low energy oscillation result

5%10'"° POT MicroBooNE

2IpOF = 15114 ¢ Data
" 4+ Fitted model

m Fitted CR bkgd

50 0 50
Vertex y position (cm)

Run 1532, Event 1 e e ——— — ‘ 5x10™ POT MicroBooNE

08/17/2015, 04:03 ?M i / f ‘ r?——-—W‘—.——-———w—?—:—Da—ta—;——_-————_—j!
' uBo@ ; i \i \ 7 4= GENIE Default f
i \ \ oy | s ol —- GENIE+MEC 1
i i \ [ S ---- GENIE+TEM  J
i) J / ; @ (includes muons)
i A i ]
§ E
Charged currentv, B ]
interactions

3 4 5 6

Count tracks attached to vertex Observed Charged Particle Multiplicity
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https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102

CC vV, double differential cross section

B v, CC (signal), 50% B Oirt, 4.3%
B V.. V. CC, 0.054% @ Cosmic, 6.4%
Distributions of selected events v, CC, 0.44% [ Data (Beam-off), 29%
NC, 1.6% 2] Stat. Unc.
B OUTFV, 7.6% —3- Data (Beam-on, stat. only)
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https://arxiv.org/abs/1905.09694
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NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.
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Sterile neutrinos:

more hints, experiments, searches

* Source experiments

* "Reactor anomaly"”

e Dedicated reactors
neutrino experiments

* Disappearance analyses
at long baseline experiments

Freibug Seminar 2019

L 4
1000 km
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Radioactive source experiments

v

Electron
neutrinos
disappearing

Freibug Seminar 2019

Gallium

Cri Cr

GALLEX SAGE o 290

{
!
!
|

GALLEX SAGE |

Cf2 Ar

R=0.84+0.05
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Reactor
experiments:

w Bevguend Gmotts amd bingel

Shieksng

observed speclrum

v, disappearance

Pure v, source .
baseline ~m

produced by fissions
in 235U' 238U’ 239PU,
241Pu

. V SOLID NEUTRINO 4
= » o 6-9m 6-12 m, movable
plastic scintillator 20 segmentation
3D segmentation .
-~

DANSS
g STERED. (@) J
: 9-11m, - NEOS
1 ¥ * PROSPECT 10 segfhentation K 24m
\ 7-12m No segmentation
2D segmentation
Y
\ .

.. N et

Research reactor,

Power reactor, Gd-loaded P~ 50-100 MW, core size ~ 40 cm

* P*3GW, coresize3m @) Highly Enriched 25U
Low Enriched 235U (238U, 233Py, 241Py) S/B~1
S/8>10 Distance to core ™ 10m
WS e -
v
SoLid detector
Freibug Seminar 2019
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At short baselines experiments see fewer
neutrinos than expected (red line)

» :
Bugoy-3 Daya Bay

~  Bugey-4 Double Chooz -+ Krasnoyarsk
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Phys. Rev. D 83, 073006 (2011) -
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G. Mention, M. Fechner, Th. Lasserre, Th. A. Mueller, D.Lhuillier, M. Cribier, and A. Letourneau, Phys. Rev.
D 83, 073006 (2011)
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Experiment Channel Significance |
LSND | | 9,27 CC | 38 |
MiniBooNE SBL accelerator v, = ve CC

MiniBooNE SBL accelerator v, — v, CC 2.80

GALLEX/SAGE | Source - e capture | v, disappearance 2.80

Reactors Beta-decay V. disappearance 3.0o
K. N. Abazajian et al. "Light Sterile Neutrinos: A Whitepaper", arXiv:1204.5379 [hep-ph], (2012)

Taken individually, each anomaly Is not significant
enough to be convincing....

most commonly interpreted as hint for
one or more new “sterile” neutrino.
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The reactor anomaly can be explained

Phys. Rev. Lett. 118, 251801 (2017)

9 1230 days

A Daya Bay
—e— Huber model w/ 68% C.L.

Daya Bay (and RENO) results suggest that the
neutrino flux from 23°U ~3 sigma below what
7 expected from fission models so far

[
2
wn
2
[
~
=
(&)

09239 [10 .

| = Need experiments at Highly Enriched
o35 = (10.1£1.0) x 107* . 5
o211 = (6.04£0.60) x 10 Uranium reactors (20-90% 23°U), i.e. research

#9. B 9A. 08 de reactors to thoroughly test this
aa35 [10° % ¢cm?* / fission]
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>
2,

M

AM:

sin’29,,

Exclusion and sensitivity of PROSPECT with current
data PROSPECT, arXiv:1806.02784

Freibug Seminar 2019

Compact reactors
Highly enriched 235U

Preliminary

= RAA 95% C.L.
- = RAA99%C.L.
* RAA: Best fit

STEREO Phase | & Il
== Exclusion: 90% C.L.
Exclusion Sensitivity: 90% C.L.

STEREO Phase | only

Exclusion Sensitivity: 90% C.L.

3

(eV5)

2
41

Am
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More reactor sterile neutrino searches
D AN | " NI /‘f'w'-!.".'r ,

B

NurTano-4 Laciosos, >3 o

Movmaso-4 Aaccornm, A

ma Hivtamo-4 acornm, 2

XD Mvtemo-4 accernin, b

'DANSS on a lifting platform
A week cycle of
up/middle/down position

— AL AN CALLIM ALY

107

Galium Anomaly

Reactor
Containment
Building

A Observed, 24p, 500keV Arxiv:1809.10561

o AT ;inz(ZO) =0.39

Am’=7.34¢V’, sin’(20) = 0.39 1’ DoF  16.8/25 GoF  0.89
d—-i—q %i

Unity “/DoF  30.15127 GoF 031
F
it e 1 i
| . ,h
[t i |

%\J;%"”. "‘ . ‘ ”“IQ—H -
Am’=7.34eV,sin’(20) = 0.39 ¥ /DoF 10.26/17 GoF 0.89

Unity L/MoF 222919 GoF 0.27

N(L, EYN(L,E),

l

NEOS+DANSS

— G

20

30 L0 LS5

arXiv 1809.10561

Sin“20ee

Phys.Lett. B782 (2018) 13-21
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Sterile Neutrinos and long baseline experiments

Reconstructed energy (GeV)
1 ,N0° 10

P i \ | 2 "
T2K Preliminary | ) | o ‘
—— Data NH 95¢ } / —— LSND |
R » . MiniBooNE ||
=== Data NH 90% t > — :\ng—;l:':lli)N H
~—— Data IH 95% - == Ee I : E"NALRS\B -

; : - OPERA

-= Data IH 90%

2
<

0 E.mwpg;;ui_wwp 3

- MINOS & MINOS+
data 90% C.L

— MINOS 90% C.L
— IceCube 90% C.L

— A, = 0.05 eV*
Amj, =050 oV
-Ald.-s.w.w

1 10 10°
L/E (km/GeV)

arXiv:1710.06488

Different oscillation signatures
in near and far detectors

Freibug Seminar 2019

Super-K 90% C.L. . i7 1
- f Combined

CDHS 80% C.L.

CCFR90% C.L
B SciBooNE + MiniBooNE 90% C.L
B Gariazzo et al. (2016) 90% C.L

107
107 107 1072

s 2
arXiv:1710.06488 sin“(6,,) ICHEP2018

r . « T3 o
M T |{..U"f|h = sin” oy cos” 4

[ — 1
] 20
I 3¢

2 A LA

107 10°° 107 10™"

C.A. Ternes . 2 2 2
WIN2019 Sin“20gy, = 4|Ug4|"| Uyl
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T2K Preiiminary

-~ Data NH 55%

=== Data NH 9%0%

Combination and tensions ——

Data IH 90%

All nu-e disappearance arxiv:1803.10661

95%, 99% CL —MINOS
—lceCube
Super-K
CDHS ¢
CCFR
SciBooNE +

Gariazzo et al. (20

[eV?]

N <

e
=
<

nu-e appearance arxiv:1803.10661 M. Dentler et al., arXiv:1803.10661.

99.73% CL
Global fit

Solar

99% CL
2 dof

w/o DiF
Appearance

( w/o DiF)

o

—~

L=
=]

Am? [eV?]

Disappearance
— Free Fluxes
Fixed Fluxes

10~ 1073 1072 107
290 = AllT.AT]...12 4
sin® 26, = 4|C'p.10y:1’

1072
sin® 26,e

M. Weber, SBL neutrino summary
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Neutrino Energy: 700 MeV
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V. appearance

SBN sensstiviies sssume axposures of

6 60x10™ protons on target in ICARUS and SBND

13.2x10™ protons on target in MicroBooNE

v, - v, appearance

"

[ Lsno 9o%
[ Lsno o
[ Giobat 2017 10
[ Giobai 2017 20
Il Giobal 2017 30

+ Global 2017 best it
— SBN 30
==== SBN S50

Global 2017: S. Ganazzo et al | arXwv:1703 008860 [hep-ph)

Freibug Seminar 2019

107

v, disappearance

v, disappearance

[ ] clobal 2017 1o

[ Gioval 2017 20
B Gioval 2017 30

4 Giobal 2017 best it
— SBN 30
wess SBNSo

SBN sensitivibes assume exposures of
6 60x10° protons on target in ICARUS and SBND
13.2x10°° protons on target in MicroBooNE

Global 2017: 8. Ganazzo et al, arXiv: 1703 00860 [hep-ph)
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Neutrinos are interesting

—
-— &
-
-

(known physics BSM) "
Anomalies point to possible additional states "%4:._;~,-__~
(Sterile neutrinos) | i o
Follow up experiments with e | :

new technology underway
Sterile neutrinos are still viable

NEUTRINO EXPEI

(\

RUN 5211 EVENT 1225.

10 ¢cm

BNB DATA :

CP violation in the lepton sector
Sign of Am2,, , “Mass hierarchy”
Majorana or Dirac neutrinos

Absolute neutrino masses

FEBRUARY 29, 2016
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CC nu-mu double differential

Cosmic Ray Rejection for CCQE

Cosmic Ray Tagger
Unfolding the MB

MicroBooNE
15 papers
33 public notes

CC PiO xsec
CCpiO cross section

Inclusive CC cross secti

Deep NN e.m. reco Reconstruction performance

Booster neutrino Flux

Charged particle multiplicity Ar-39 use for calibration
Wire Cell reconstruction

Signal processing | and Il dE/dx calibration

Drift electron |
Noise and filtering

Pandora reconstruction
Space charge

Signal formation

Multiple Coulomb Scattering
Proton ID

Cosmic ray studies Mcc7 Datg(MC
Detector stability
3D shower reconstruction
CC event from 5E19 POT
NC event selection in MC
Cosmic shielding

MC study of expected events o

Michel electron reconstruction

CNN use for LArTPC

2016
First MC rele

Detector paper

CC-Np cross section

Side piercing tracks with t0

Electron neutrino selection

Electron neutrino selection
1mulp selection and reconstruction

Search for single photon events

2019-2020

* Flagship results with flagship
MC that makes extensive use
of uB data as a constraint

signal

on
PAONRS
* Exploiting MCC8 for 15 physics results
* |dentified limitations in signal processing
and efficiencies
ifetime  1stiteration on calibrations, systematics

- targeted development of

a new MC (MCC9)
2017

* CRT installation

* Converging on a new robust MC (MCC8),
first MC using data as input

* Efforts on modelling, first calibrations, particle
ID, 15t systematics, computing speed up

ase of automated LArTPC

reconstruction (MCC7)

Purity of the LAr
Neutrino identification

HBooN® _
Noise dependence on temperature

/ 2015

Public notes * Detector turn on (October)
— * Cosmic and beam data

8" smySi52E

Bt 121N, Febrary 287, 904

Freibug Seminar 2019

* Performance results and Data/MC discrepancies
* “Open development” phase, investigate novel ideas,
major effort on low level and high level reconstruction

* Immediate identification of neutrinos

39


http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017/meta;jsessionid=DC657D18996F120301114136AE4ABDB3.c3.iopscience.cld.iop.org
http://iopscience.iop.org/article/10.1088/1748-0221/12/03/P03011/meta;jsessionid=1238492A9F6846527EFC3137FF9741FD.c4.iopscience.cld.iop.org
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LArTPC development
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M. Weber, SBL neutrino summary
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Greinacher circuit: 125 stages, input 4 kV AC

COMSOL finite element analysis software to
optimize the geometry of the field-shaping rings

Goal: drift field of 1 kV/cm
Reached 170 kV (0.34 kV/cm)
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MicroBooNE in USA (2015 — )
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Cosmological v

Solar v

Supernova burst (1987A)

/Reactor anti-v

Terrestrial anti-v
Atmosphericv |

v from AGN

Cosmaogenic
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Extra-Galactic
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Overview of KArlsruhe TRItium Neutrino Experiment

Windowless gaseous source Transport section Pre-spectrometer Main-spectrometer Detector




P(v,»v,)~1—cos"(0,,)sin"(20,;)sin°(Am3 L/ 4 E)

—sin“(20,,)sin“(0,,)sin“(Am;, L/ 4 E)
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Interaction regime

G. Zeoller
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Rev. Mod. Phys. 84, 1307-1341 (2012)
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Nucleon State
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3+1 neutrino oscillations

We extend the mixing matrix
/Uel Ue? Ue.‘%
Uin Uu2 Ups
Urs Urs
Uz Us )

APPearance = DISappearance

U(zl U(?'Z Uc3
U/ 1 U; 12 U/ 13 =
UTI UT2 UT3

o3 o

. . o [ Ams, L Am?2, L
; . 92 ? J o Dipe . 92 i
PSBL o 31112(2()(,,3) sin” < a1 PSBL ~ 1 — sin” (26,4 ) sin £

4F 4F

' r
Sinz(?-()nd) = 4|U(1.1|2|Ud~l|2 Si112(20(1(\) - 4|Uﬂ~l|2(1 o |U(\'~1|2)

Uy —F Ve si112(2(),,(,) = 4|U(.4|2|U,,4|2 Ve = Ve : |Ues|? = sin® 014
@Reactors and Gallium

@LSND, Karmen, MiniBooNE,
Opera

9 « 92 2
v, — vy, 2 |Upua|” = sin® 64 cos® 014

@atmospherics and accelerators
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Mixing (rotation) matrix

(Ve) . ( COSHlZ Sinﬁlz) (Vl)
Vy) \—sinb,;, cos6,)\V>
V. (0) > = cosO,, vy > + sinby, - vy, >

Next, introduce time evolution (propagation in space)

Ve (t) > = cosB,, - e Ert|ly; > + sind,, - e"E2t|y, >

P(r1, — n,) =sin”2g; -sin’ (1.27Dm? L)

E

Colloque - UniGE - 12.1.2018 M. Weber
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