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The Atmospheric Neutrino Anomaly
and Pontecorvo's Idea
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e Cosmic rays interact with molecules
in the upper atmosphere producing
cascades of secondary particles.

* The ratio of v.(anti-v)) : ve(anti-v,)
arriving should be 2:1.

* Many experiments have seen a
deficit in the numbers of muon
neutrinos.

* The solution was proposed by Bruno
Pontecorvo in 1967 — that the mass
eigenstates of neutrinos are not the
same as the weak eigenstates and
that neutrinos have mass.
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Neutrino Oscillations

* A neutrino produced in a weak interaction will consist of a superposition
of the mass eigenstates:

h”'u} = Z‘U; ilvi}

* Consideration of the time evolution of this state in a situation where only
two of the mass eigenstates are important results in the following
oscillation equation:

P(v,—>v,) = sin°20 sin’[1.27 am?(ev?) Lkmly,

< 4 « E(GeV)
Oscillation probability Mass splitting I Distance traveled
Mixing angle Neutrino energy
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The MINOS Experiment

* MINOS is a long baseline experiment consisting of a beam of neutrinos
produced at Fermilab whose path takes them through a Near Detector
on-site at Fermilab and a Far Detector 735km away at the Soudan mine.

 Using this value for L, sin’28 = 1 (maximal mixing) and Am?= 0.0025
the survival probability of a muon neutrino looks as follows:

v, Survival Probability
LRI T T L |

e MINOS is sensitive to the effects
of this first dip (~1.5GeV).

* Depending on the exact values of
the oscillation parameters this dip
will move and so in MINOS the
peak of the neutrino energy
spectrum can be moved.

1 10 E, (GeV)
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The MINOS Experiment

* The main physics goals for MINOS are to confirm the phenomena of
neutrino oscillations and make a precision measurement of the
parameters that govern these oscillations.

* The most sensitive method open to MINOS is a spectral comparison:

CC energy distributions — Ph2le, 10 kt.yr., sin®(29)=0.9

250
200
150

100

Am*=0.002 eV*
T T T T | T T T T

250
200
150

100

AM*=0.0035 eV?
T T T T ‘ T T T T

250
200
150

100

Am*=0.005 eV*
T T T T | T T T T

0.4 0.4 + —
0.2 0.2 0.2 +ﬂ+*+ -
1 | 1 1 1 1 ‘ 1 | 1 1 1 1 1 | 1 1
%0 5 T 5 w0 5 10
F e (GEV) E,.eo (GeV) F oo (GeV)

ND spectrum (data)

1° Year Report
June '05

Mark Dorman
UCL/RAL




The MINOS Experiment

* The main physics goals for MINOS are to confirm the phenomena of
neutrino oscillations and make a precision measurement of the
parameters that govern these oscillations.

* The most sensitive method open to MINOS is a spectral comparison:

CC energy distributions — Ph2le, 10 kt.yr., sin®(29)=0.9

250
200
150

100

Am*=0.002 eV*
T T T T | T T T T

250
200
150

100

AM*=0.0035 eV?
T T T T ‘ T T T T

250
200
150

100

Am*=0.005 eV*
T T T T | T T T T

0.4 0.4 + —
0.2 0.2 0.2 +ﬂ+*+ -
1 | 1 1 1 1 ‘ 1 | 1 1 1 1 1 | 1 1
%0 5 T 5 w0 5 10
F e (GEV) E,.eo (GeV) F oo (GeV)

ND spectrum (data)

\

Predicted un-oscillated
FD spectrum (MC)

1° Year Report
June '05

Mark Dorman
UCL/RAL




The MINOS Experiment

* The main physics goals for MINOS are to confirm the phenomena of
neutrino oscillations and make a precision measurement of the
parameters that govern these oscillations.

* The most sensitive method open to MINOS is a spectral comparison:

CC energy distributions — Ph2le, 10 kt.yr., sin®(29)=0.9
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* The main physics goals for MINOS are to confirm the phenomena of

The MINOS Experiment

neutrino oscillations and make a precision measurement of the

parameters that govern these oscillations.

* The most sensitive method open to MINOS is a spectral comparison:
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* The dip depth and width
are proportional to the
oscillation parameters.
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Events in MINOS

e MINOS will see both CC and NC events. The CC events may be further
subdivided into several categories:

* Quasi-elastic (QE) — neutrino scatters off an
entire nucleon. Target nucleus is modified
but does not break up. Proton and muon
observed in detectors.
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Events in MINOS

e MINOS will see both CC and NC events. The CC events may be further
subdivided into several categories:

* Quasi-elastic (QE) — neutrino scatters off an
entire nucleon. Target nucleus is modified
but does not break up. Proton and muon
observed in detectors.

 Resonance (RES) — target nucleus does not
break up but a resonance is formed that
subsequently decays to a proton and pion
which are observable in the detectors.
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Events in MINOS

e MINOS will see both CC and NC events. The CC events may be further
subdivided into several categories:

* Quasi-elastic (QE) — neutrino scatters off an
entire nucleon. Target nucleon is modified
but does not break up. Proton and muon

observed in detectors.

 Resonance (RES) — target nucleon does not

hadronic shower

(pions)

break up but a resonance is formed that
subsequently decays to a proton and pion
which are observable in the detectors.

* Deep inelastic scattering (DIS) — large
momentum transfers and the target nucleon
breaks up giving rise to a hadronic shower
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* The following diagram shows the cross sections for QE, RES and DIS

events:

1% Year Report
June '05

Process Cross Sections

a/E, (107 cm¥GeV)

Total Inclusive Cross Section For QE, RES and DIS Events

na [

04 |-

oo L

=#QE

107

E, (GeV)

Mark Dorman
UCL/RAL




Process Cross Sections

* The following diagram shows the cross sections for QE, RES and DIS
events:
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Total Inclusive Cross Section For QE, RES and DIS Events
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To be sensitive to the region of parameter space suggested by
SuperK MINOS must have a neutrino energy spectrum peaked
at a few GeV. In this regime all the processes will contribute
significantly to the observed events.
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Using QE Events for a Flux Estimate

http://hepunx.rlac.uk/-candrecp/generatora/ GENIES

GENIE Universal Object- Oriented Newtrine Generater Collabaration

o (107 emPinucleon)

1

10
E (GeY)

ANL_1ZFT: Mnn eial .; Phy=.Rev.LeH31844, 1973

ANL_12FT: Barizh =l al.; Phys.Rev.D1€:3103,1977

BEBC: Alasia =ial; Wud.Phy= 83332485 1330

BNL 7FT: Batzreia,; Phys Rev.023:2999, 19891

FMAL 1SFT: Kiagakieial,; PhysRev. 023:436, 1953

Gargamelle: 5. Ban=li =i d.; Muawa Cime=rla A3 260, 1997

SERP_A1: Belikaveiad,; Yad Rz 3553, 19832

SERP_A1: Balikaveinl ; 2 Phys A300 €25, 1985

SHKAT: Bruner el d.; Zeil Phy=C45 551, 1930

Shape well known.

Normalisation not
so well known.

1% Year Report
June '05

Mark Dorman
UCL/RAL




Using QE Events for a Flux Estimate

http://hepunx.rlac.uk/-candrecp/generatora/ GENIES

GENIE Universal Object- Oriented Newtrine Generater Collabaration

o (107 emPinucleon)

L~

1

10
E (GeY)

— ANL_12FT: Mmn=fal . Phys.Ree Leii31 88, 1973

e ANL_12FT: Barizh = al; Phy=.Rav.0i€:3103,1977

——f———  HEAC: Alnsia =ial; Mud Phy= 8343285, 1330

BNL 7FT: Batzreia,; Phys Rev.023:2999, 19891

FMAL 1SFT: Kiagaki eial,; PhysRev. 023496, 1953

e Gargamelle: 5. Bas(i =1 d,; Muava Cimema A39 260, 1947

SERP_A1: Belikaveiad,; Yad Rz 3553, 19832

—f—— SERP_A1: Belikavein; Z Phys A320 €25, 1988

——S—— SKAT: Brune e a.; Zei Phy=CAS 551, 1990

Shape well known.

Normalisation not
so well known.

DIS x-sec is well
known here.

'Divide out' DIS x-sec
from a DIS sample at
~20GeV to get flux.
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Using QE Events for a Flux Estimate

GENIE Universal Object- Oriented Newtrine Generater Collabaration

——— ANL_12FT: Wann eial . Phy= Rev Leild 184, 1973 Shape WeII knOWnI

http://hepunx.rlac.uk/-candrecp/generatora/ GENIES

3 Normalisation not
§ e ANL_12FT: Barizh = al; Phy=.Rav.0i€:3103,1977
P so well known.
"]g ——f———  HEAC: Alnsia =ial; Mud Phy= 8343285, 1330 :
° DIS x-sec is well
1 HNL_7FT: Habesrai o, Phys. Rev. 023:2994, 1991 kn Own here .

'Divide out' DIS x-sec
from a DIS sample at
~20GeV to get flux.

FMAL 1SFT: Kiagakieial,; PhysRev. 023:436, 1953

= Gargamelle: 5. Ban=ii =i d,; Muava Cimeama A39 260, 1947

Use this to 'pin’ the
normalisation of QE

SERP_A1: Belikaveiad,; Yad Rz 3553, 19832

—
—f—— SERP_A1: Belikavein; Z Phys A320 €25, 1988 X Sec .

Ll 'Divide out' QE x-sec
1 10 ——S—— SKAT: Brune e a.; Zei Phy=CAS 551, 1990
£, (GeV) from QE samples to
get flux as f(E).
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* The method relies on selecting a relatively pure QE sample with
backgrounds that are understood and can be corrected for.

QE Sample Selection

* | searched for variables that could be used to discriminate between QE
events and RES/DIS/NC events. The plots to follow will all correspond to

the following decomposed energy spectrum (from large MC event set):
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Discriminating Variables

* The first 3 variables | found useful are reconstructed quantities that are
added to all MINOS physics ntuples - the numbers of showers and tracks
In an event and the reconstructed invariant mass squared:

I — QE — peak at ~mass of proton *

~ RES — peak at ~mass of delta(1232) *

~ DIS - spread out as depends on
the number of pions produced

53 BE&58 3 8BS

* | then decided to try to use the hit topology and energy distributions near
to the event vertex to derive some discriminating variables.
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Discriminating Variables

QE RES DIS
s _ »
Muon Proton Pion Cross-talk/noise hit

* | remove features common to the three event types.

* First | remove the hits corresponding to the main muon track.
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Discriminating Variables

QE RES DIS
Y <
/

Proton Pion Cross-talk/noise hit

* | remove features common to the three event types.
* First | remove the hits corresponding to the main muon track.

* Then | remove any hits that are further away from the vertex than 2m
as the protons and pions | am looking for will not travel further than

this in the detectors.

Mark Dorman
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Discriminating Variables

QE RES DIS
/ _
Proton Pion Cross-talk/noise hit

* | remove features common to the three event types.
* First | remove the hits corresponding to the main muon track.

* Then | remove any hits that are further away from the vertex than 2m
as the protons and pions | am looking for will not travel further than

this in the detectors.

Finally I try to remove cross-talk and noise hits using a simple pulse
height (hit energy) cut.

Mark Dorman
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Discriminating Variables

QE RES

h /

Proton

(

DIS

Pion

* | remove features common to the three event types.

e First | remove the hits corresponding to the main muon track.

* Then | remove any hits 1
as the protons and piong
this in the detectors.

Now quite
different
topologies.

2r away from the vertex than 2m
y for will not travel further than

height (hit energy) cut.
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Discriminating Variables

e | define some variables based

upon the properties of the remaining hits

In an event:

* The total PH remaining.
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Discriminating Variables

* | define some variables based upon the properties of the remaining hits

In an event:

* The total PH remaining.

e As a fraction of the total
event PH before the hit
removal steps.
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Discriminating Variables

* | define some variables based upon the properties of the remaining hits

In an event:

* The total PH remaining.

e As a fraction of the total
event PH before the hit
removal steps.

* The number of high PH
hits remaining.
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Discriminating Variables

* | define some variables based upon the properties of the remaining hits

In an event:

* The total PH remaining.

e As a fraction of the total
event PH before the hit
removal steps.

* The number of high PH
hits remaining.

* The size of the peak in
Hough space when a
Hough transform is
applied to the remaining
hits.
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73

Maximum Likelihood Based Event ID

* | decided to combine these variables into a maximum likelihood analysis
and use the individual histograms for each event type and variable as pdfs.

* All variables will scale with energy with some functional form and so |
decided to perform an independent likelihood analysis in a number of
bins of reconstructed neutrino energy.

The bins range from 0-20GeV but are asymmetric — they get larger with
energy in accordance with the energy resolution of the detectors.

* | define a ID parameter for an event as:

\T Poo=- sqrt(-lcEPQE) + sqrt(-longg)

Compound probability Compound probability
to be a QE event. to be a background event.

Mark Dorman
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Results for the MC Sample

* | used half of the MC sample shown before to fill the pdfs and then ran the
second half of the events though the likelihood analysis.

* The following figure shows some examples of the distributions of the ID
parameter for true QE (black) and true RES+DIS+NC (red) events:
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Results for the MC Sample

* A cut was applied to the ID parameter in each energy bin and these cuts
were tuned to give a flattened efficiency for selecting QE events.

* The following figures show the efficiency and purity of the QE-like sample
and the numbers of QE,RES,DIS and NC events that pass the cuts:
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Flux Extraction

* One possible way of unfolding the flux from this QE sample is to construct
an estimator for the number of true QE events in each reconstructed energy

bin i according to:
n—C(m b)

Number of events
In bin i (from data).

Expected number of
background events in
bin i (from MC).

« Where C is the correction factor (or generalised efficiency) and can be

expressed as:
.—(n/r)‘L\\\\

Number of true QE Number of QE-like
events in the true events in reco'd energy
energy bin i (from MC). bin i (from MC).
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Data and MC Comparisons

* Very exciting time for MINOS — the data is flowing fast! Does our ND MC
describe our ND data?

* | have taken MC and data for the MINOS medium energy beam (peak at
~5GeV) and run them through the QE sample selection. | have then
compared physics quantities for the data and MC QE-like samples using
the number of protons hitting the NuMI target as a normalisation.

«10° Reco Emu for pME Data and MC

T T rrrtr 11 1T1rrJrrrrrrrr1rrrrrj LI B B
mo

014 F Ertries 857

012 w1 Small offset with ND MC
0.10f i rede a little higher than the data.
0.08 | 1 This is a comparable effect
0.06 5 1 to that seen by others in the
ool ] collaboration.

0.02 — _

2 3 4 5 6 7 8 9 10

Reconstructed muon energy (GeV)
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Data and MC Comparisons

* The only other quantity that | shall show here is a plot of the reconstructed
Q ° for data (black) and MC (red).

maReco Q"2 for pME Data and MC (Red)
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Data and MC Comparisons

* The only other quantity that | shall show here is a plot of the reconstructed

Q ° for data (black) and MC (red).
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And what about the thesis...

73

* This is a very exciting time to be a PhD student on MINOS and one of my
tasks for the near future will be to continue to look at comparisons between
ND data and MC and to investigate any discrepancies.

* Knowledge of the flux is crucial for an accurate determination of the neutrino
oscillation parameters and | shall continue to work on this with both MC
events and real data from the ND.

* | shall be beginning some work with the calibration group in the coming
months as an accurate calibration of the detectors is essential for any
physics measurement.

* | am also looking forward to visiting Fermilab and Chicago for both shifts
and my LTA.
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ND data and MC and to investigate any discrepancies.

* Knowledge of the flux is crucial for an accurate determination of the neutrino
oscillation parameters and | shall continue to work on this with both MC
events and real data from the ND.

* | shall be beginning some work with the calibration group in the coming
months as an accurate calibration of the detectors is essential for any
physics measurement.

* | am also looking forward to visiting Fermilab and Chicago for both shifts
and my LTA.

Any guestions?
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