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Pontecorvo — Maki — Nakagawa - Sakata (PMNS) matrix

weak

Neutrino phenomenology

Weak States
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MINOS study area




Neutrino propagation and mixing

Neutrino born as one weak state flavor, turns into a mixture of weak states as

it travels some distance!
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In two flavor mode,
“Survival probability”:
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For a neutrino energy E and
distance L from the source.

AN

P(v,—v, )= \
1 —sin? 20sin(1 .267@@@@)

Probabili

N\

A ST Aapiqeqoag

—

Distance Traveled —»

B re=—=———

A

v,
Q

Pure v_

— Pure v, —» Pure v, — Pure v >

3
Am2,, = 2.3x103 eV?2

Largest mass splitting
Require ~ O(500 km/GeV)

Rashid Mehdiyev

Neutrinos interact as flavor
eigenstates {v,, v, v.}

but propagate as mass
eigenstates {v,, v,, v5}




How we obtain oscillations results?

Look for v, disappearance as a function of neutrino energy.
Use Near Detector to predict un-oscillated spectrum at Far Detector.

Compare predictions with measured spectrum to extract oscillation
parameters.

P(v, —v,)=1sin’ 2§sin2(1.267Am2L/E)
Example: sin220 = 1.0, Am? = 3.35x103 eV?
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MINOS

* Uses intense beam facility at NuMi, M;‘""‘“
Fermilab

Madison

* Two detectors (to mitigate
systematics effects)

Fermilab

* Two parabolic magnetic horns,

Movable target (= Energy spectrum) IL
* Long baseline neutrino oscillation
experiment

Near Detector at Fermilab Far Detector in Soudan, MN
— measure beam composition — search for and study
— energy spectrum neutrino oscillations
Fermiy’f 110 NUdan
735.340 km 735km
12 km \
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¢ Tracking sampling calorimeters
+ steel absorber 2.54 cm thick (1.4 X))
+ scintillator strips 1 cm thick, 4.1 cm wide

¢ 1 GeV muons penetrate 28 layers

MINOS Detectors

(1.1 Moliere radius)

¢ Magnetized

*

¢ Functionally equivalent

*
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*

*
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distinguish p* from -

same segmentation

same materials ¢

same mean B field >
(1.3T1)

massive
ND: 1 kT

FD: 5.4 KT

Sci strips in alternating
¢ muon energy from range/curvature directions allow 3D event
reconstruction




Neutrino mode

L L I B IR L
v, Spectrum

Vv, Spectrum

e 120 GeV protons incident on a

thick, segmented graphite target
Monte Carlo

Horns focus 7, K
v, = 91.7%
v, =70%

v,+Vv, =13%

e Magnetic horns focus 7", K*

enhancing the v flux. 20E-
15E
* |n this neutrino mode we get only 10E

about 7% anti-neutrinos.
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Anti-neutrino mode

* By reversing the current in the
horns we can focus 7 s and K s,
creating an anti-neutrino beam.

 However, due to a smaller cross-
section for anti-vﬂ and less 7 s

off the target, the rate of anti-v
events is smaller. There are lots

of high energy vy ‘s.
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Charged Current Vu event
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MINOS event topologies
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compact EM shower
event
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MINOS Results

v, disappearance in v, beam |
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Beam
content




“ Vu disappearance in MINOS:

Far Detector spectra
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Disfavored decay (at 70)

No Oscillations: and decoherence (at 90)

Observation: Phys Rev Lett.106.181801
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1 Vudisappearance in MINOS:

Fit results

35—
: ® MINOS best fit — MINOS 90%
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MINOS Results

Beam
content

Anti-v, disappearance in anti-v, beam |
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Vi

58.1%

v,+Vv,=2.0%
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What are we trying to answer?

Are survival probability of those are the same or not ?

(127Am" L

27
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v, I VI \_E
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Are atmospheric neutrino oscillation parameters
the same or, indeed, they are different ?

4
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Anti-v results in anti-v beam

1, 71>< 1020 POT MINOSv running, Far Detector
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The data disfavor no oscillations at the
6.3 standard deviation level.
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Comparison to v, results

MINOS Preliminary
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i Head to head

-— MINOS v, 90% —MINOSVH 90% -
MINOSV 68% ----MINOSv, 68% |
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Only ~2% probability of common
parameters

Anti-Vu contours include effects of
dominant systematic uncertainties:
- Normalization -
- NC background
- Shower energy

- Track energy

- Cross-section
MINOS v, running ==

50
- MINOS Preliminary: 1.71 x10?° POT
4.5
Cg E 68% statistical sensitivity
md) 4.0j
'o L
Z [
a_ 3.5
E7r "~
systematic
uncertainties
25 L [ B [ B
0.6 065 07 075 08 085 09 095 1

sin*(20)
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Which way would that go

With increase of statistics of anti-v, running (in analysis now!)

D

IF new results would be similar IF new results would be similar

to the anti-v parameters 0 to CC vy oscillation parameters
—~ Am2,=336x10%eV2 sin? 20=0.86 ~ Am 32—232x103eV2 sin2 20=1.0
> 7F 90% MC Sensmvnty = N> 7k " 90% MC Sensitivity —
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WE _ (Jv,. Data90% C.L. : (W'E (v, Data90% C.L. 1
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sin°(20) and sin*(26)

With 4x102° POT of anti-neutrino running,
observed at >30 at the current best fit parameters (green contour above).
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sin°(20) and sin*(20)

av, - antidvM difference could be
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MINOS Results

Beam
content

v, =91.7%

v,+V,=1.3%

Antl-vg disappearance in Vu beam

=39.9%
58.1%

v,+Vv,=2.0%

Vi
Vi
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Anti-vlJL disappearance in MINOS:

MINOS 90% C.L. on vy oscillations, from

Far DEtECtOI‘ SpECtl‘a analysis of the anti-neutrino component
T T T T T In MINOS neutrino beam

301 —4§— MINOS Far Detector Data _| 100 — —— | | —
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8 : Backgrounds (oscillated) _— ma) 20 B N by this |
N Low Energy Beam,v -mode { © measurement
e 7.1x10% POT 1 = 10 =
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3 4 | < 4f v, Neutrino Beam : N
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2 - NE == SUpEr-KV,*

{1 <4 1L ¥ v, Best Fit Neutrino Beam ]

0 - - e v, BestFit Antineutrino Beam ]

O 5 1 0 1 5 20 30 40 5C B * SuperTKamiokande preliminary ]

| (Neutrino 2010) _

Reconstructed v, Energy (GeV o4
9 (GeV) 0 02 04 06 08 1
H H . ' - 2/ 2/AR
No Oscillations: 150 sin“(20) or sin“(26)
Observation: 130 Under the assumption of maximal

- miling, these data constrain
y 4 * Rashid Mehdivev  1AM?| < 3.37 x 103 eV2 (90% C.L.).
»
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Summary

€ MINOS continues providing the important neutrino oscillations parameters:

o most precise neutrino oscillations data (based on 7.25x102° POT).

|Am?| = 2.32700% x107eV?,
sinZ(260) > 0.90

(90% CL)

o first direct anti-neutrino oscillation parameters (based on 1.7x102° POT)
in dedicated anti-neutrino running mode.

‘Am2

=3.36703° (stat) = 0.06(syst) x 10eV?,

sin?(260) = 0.86%1) (star) = 0.01(syst)

(90% CL)

o obtained new anti-neutrino results in a neutrino running mode.
These results are consistent with the other MINOS anti-neutrino results.

€ MINOS observes some tension between neutrino and anti-neutrino oscillation

parameters.

o MINOS is increasing statistics in the anti-neutrino dedicated beam
o Persistence of the difference may be intriguing.

~
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Back up slides
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24 MINOS
Detectors
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Flux x o (Arbitrary Units)

Events / GeV / 1x10"7 POT

In V“ optimized beam

v, Spectrum
Neutrino mode V. Spectrum
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Flux x o (Arbitrary Units)

Events / ton / 1x10'® pot

Two anti-vIJL MINOS studies

In V“optimized beam
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v,+Vv, =2.0%

!
P T T o e e s e e

3

After charge selection: purity 94.3%
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NuMi beam performance

Total NuMI protons to 00:00 Monday 14 February 2011
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2010 vy analysis improvements

> 2x statistics increase

a3 mnos7zairoreensiy 3 3> new event selection to
< 2'7;_ E increase efficiency
o ZOF " > Improved shower energy
T80 L 1 resolution
£ 24— o 1 > Separate fits in the energy
<1 2 3+ resoton i S resolution bins

2 2l e——— 3 Inclusion of events which

sin?2e have origin outside of FD

fiducial volume.

Recovery of “anti-fiducial” events

ue Neutrino Vertex y (m)
Events / m?

= -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 10 -5 O 5 10 15 20 25 30
7$ True Neutrino Vertex z (m)
INUIDI I TVITIT I




Event requirements

Anti-neutrinos in the % beam

- 100——mm——————————————— —]
! .
()] B MINOS Preliminary ]
(&) 80 L‘T ) - Y |
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m = —
= a — Selection Efficiency s
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&) 40 ; ‘::-\'J. ....... v, Contamination ]
h "-:“-\...\ v, After Selection 1
. -]

9 - ““'h""'""-'-A....--s.-“,_="d'-..h.--,....f- --------- |
8 20 b LTI R — 2 TR TE T fuannn '
b :
% 5 10 15 20 25

Reconstructed v, Energy (GeV)

90% selection efficiency
95% selection purity.

v, =91.7%

Neutral Current +
Wrong Sign Background
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Events / GeV / 1x10" POT

e Charge cut to

select positively charged u tracks,

e 3 other variables to improve
(efficiency x purity) of the selection.

| T T T T T T T T T |

MINOS Preliminary

—e— Data
== MC expectation
== Total Background

N

Near Detector
529 x 10%° PoT
Neutrino Running
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Minos+ ?

: _ _ Physics Goals:
Using NuMi - NOVA beam (on axis)

* Measure of sin?(20) and Am? with

e | + T H> + ' higher precision.
5 W + + ] The same for sin2(20) and Am?
g CF H H ‘H» + 1 e Study high energy neutrinos
S | HW + + « Search for sterile neutrinos
Z . :
E 0.5 7  Non-standard interactions
% ﬁ+ -~ MINOS (end 2010) 1 Medium Energy Tune
D * MINOS+ (end 2015) | eonaxis  TREEEE R
O + 80 _7 7 mrad off-axis
i l > — 14 mrad off-axi
0 || e T RS S ; 8 I — 21 mrad off-axi
0 5 E\’(Gev)m 15 ey
s |
Would allow to reduce statistical ;
uncertainty from 25% to 5% within =0l Gain:
3 years of more running (2012-2015). S ~3000
5 charged current
é)zo events
N in 4-10 GeV
- _ region
'7‘5 Rashid Mehdiyev -
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) E, (GeV)
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Oscillation parameters reach

0.0026F T T 1 T IL 1 3 0_0026 =T 1 I E— | B — | S R p—
<~0.0024 0.0024-
E E
B < L
< 0.0022}- 0.0022- —— MINOS 2011
NOVA 90% C.L. | | — MINOS+ |
MINOS+NOVAXMINOS+ 90% C.L. | | —— NOvA i
i saior | . — Al |
L L L) , Lo | I I [T B! L I IR T '
0.0025 ¢ 09 095 1 0.0020y g5 0.9 0.95 1
sin?(26) sin’(20)
After one year of MINOS+: After three years of MINOS+ running;:

«  MINOS continues to dominate N_Ov,.A.comp_Iete after first 18 months
* Significant improvements to

2
S gleasurement parameters’ accuracy over 3 years
* NOvVA is 50% complete period due to MINOS+ running.

- MINOS+ would be very supplementary to NOvA and provides
7$ unique opportunity to study medium energy neutrinos.
S
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700 MINOS Data
600 Pions with
eam : -
@500 p=300 MeV/c and
- S0 p=5 GeVic
Optics T
200 p=20 GeVl/c
1005

Low Energy Beam

roton |
P large

Horn 1

High Energy Beam
e

larget Horn 1

proton

Horn 2

Beam energy change achieved by sliding the target in/out of Horn 1
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Predictions from Vu in Vu beam mode

40_I I | I I I I | I I | I | LI I I |I|IIIIIII|IIIIIIIIIlIIIIl[]J_L
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Reconstructed v, Energy (GeV)
-~
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Predictions from Vu in Vu

| I | I 1 | 1 | | | I 1 | |||]|||||||]|||||||||||||
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Far/Near

N
o
o

100

Events/Kton/1x10" POT

matrix

Far Detector Neutrino Energy (GeV)

5 10
True E_ (GeV)
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W *POT

5
True E_(GeV)

10710

0 5 10 15 20 25 30
Near Detector Neutrino Energy (GeV)

Beam Matrix encapsulates the knowledge of
pion two-body decay kinematics & geometry,
relates ND with FD spectrum.
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Anti-vpt event requirements in

A\ optimized beam

T T T T T T

T T T T ] | ! ! L | L ! ! ! T ! L 1]
" Near Detector MINOS Preliminary 10 MINOS Preliminary 2.9x10%° POT
30— Data 2. 9x10° POT — " Low Energy Beam ]
{2 | 555 MC w/ flux error Low E B ] ® 8r 7
c - —— MC background ow Energy Beam | GC) N i
0>) 20__— NC component ] > 6 7
T [ Mis-ID v, CC i L _ N ’
< ] - - ear Detector B
c')o i i 8 4: —— Data ]
T 10 . ol === MC w/ flux error .
% - ‘ﬁ &= MC background ]
(b_—bt:?:lo‘s‘ ' 'II 1_5 0OIII.5IIII1OIIIﬁ15 20
) . . (a/p)o(alp)
CC/NC separation parameter ——————————
C MINOS Preliminary
251 "
- 2.9 x10™ POT
(,) |
+ 20F Low Energy Beam
m -
= 15| Near Detector [ SEEELTEEE :
. Ll N
Besides a charge cut, % 1of " Data
- . — - & MC w/ flux error
three additional selections 5| 5 MC background
used. o : =

abs(Relative Angle - )
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Anti-vu selections in

anti-vu optimized beam
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eO- |} O osclllations | - . .
. — Best oscillation fit- g - S'mUIatedNFCarCDe:eCtpr " -
i ontamination 1
8 rogmand o S 60[ v, Contamination i
E 40_— VM | b Selected 'VM—_ E 40 _ Selection Efficiency _j
4 D_ 1) .
i L [ i
| B« .
. w¥ | g [0, 0111"*— -
okt L Tt » v 5 10 15 20 25

Track Charge Sign / Momentum (1 / GeV) Reconstructed Energy (GeV)

High efficiency and purity
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What MINOS does

High precision measurement of Am?2,; in Charged Current analysis

o Implying that muon neutrino in MINOS disappear into tau neutrino,
MINOS precisely measure flavor oscillation parameters (Vu(_) \/T)

o This provides a solid discrimination against alternative models such as VvV
decay, decoherence etc

Directly compare v vs anti-v oscillation parameters.

Favor or disfavor 4 flavor neutrino theory (with sterile V) in Neutral Current
(NC) analysis.

Study subdominant Vu < Vv, oscillations
o Attempt to set limits on 913

Study V interactions and cross sections using the very high statistics
accumulated in Near Detector for number of years.
o Coherent Neutral Current T® production.

Cosmic Ray Physics with both detectors
Atmospheric Neutrino interactions
Seasonal variation of neutrino fluxes.

Rashid Mehdiyev
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v
V3 NN |

(mass)?

T From max. atm. mixing, v; = -*

sin? 0,
Bounded by reactor exps. with L ~ 1 km

V,+V;
V2

From v (Up) oscillate
— i
atm { but v“(Dow11) don’t

L In LMA-MSW, P_ (v.—v,)
= v, fraction of v,

V2 W/ Kan From distortion of v (solar)
v, NIl } ko] ™ and v_ (reactor) spectra
T T {From max. atm. mixing, v,+v,
includes (v ~v,)/v2

VA v.[1U,,17] RN v, [1U,;12]

7 S Rashid Mehdiyev

| v, [ 10U |%]

From B.Kayser, 2004




Neutrino production cross-sections

% (10°%cm?GeV)
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Red points - MINOS measurements
Phys. Rev. D 81, 072002 (2010)
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Non-standard interactions?

Do we see neutrino B
MINOS: v, and v, Disappearance

non-standard interactions 1.0 pr—— T e
in matter already? 82 = g E
E €= 0.0 E
g: E er=—2.16 3
The amplitude and position — 1.o§ ; e L.L_L_-Ué
of survival probability is St 0.8 T —
different for neutrino and y 08 ST 5 m-_040 3
anti-neutrino? N g-‘z‘ AW / n e — 0.0 =
NOUCE W iE
Modified survival probability E_./ 1.0 1+ L = _I__%_-:._:'L.L-L_'r_-%_%_:
(with maximal mixing): 0.8 F— - -7 —
Am3. 0.6 £ - —
Py, — 1./“_):1—sin")(A —’3L:£._cﬂ__1’L> 04 E GWF_—O.ZLO -
2 Am?L 0.2 E— €rr=—2.16 —g
- l—sm-(l'?‘T:}:ﬂ“‘ L) O:OE AR I I I | I [ I I [ =
0 5 10 15 20
J.Kopp, P.Machado, S.Parke, E G
eV
- arXiv:1009.0014 [hep-ph] v ( )
‘0‘ Rashid Mehdiyev

b



“*  Why those neutrino we observe

do have a mass?

The See-Saw Relation

Familiar
«— { light

neutrino

Very That’s what we can
heavy }—»
neutrino

We can’t observe it (ever)

-
'7$ Rashid Mehdiyev
N



