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s First, a definition...

According to Wikipedia:

Particle physics phenomenology is the part of

theoretical particle physics t
application of theory to hig
physics experiments. Within t

nat deals with the
n energy particle

ne Standard Model,

phenomenology Is the calculating of detailed
predictions for experiments, usually at high
precision (e.g., including radiative corrections).
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Outline

How to measure oscillation probabilities

Experimental Regimes

— Conventional Neutrino Beams
e v, appearance

— Beta Beams
* v, appearance

— Neutrino Factories
* v.and v, appearance

Example from MINOS: v, appearance
“Phenomenology”: making predictions for future
What else will be needed in the future
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o Probabilities

NuFact09

far_¢ G P(V _)V)g far+B

far

¢=flux, o= cross section g=efficiency M=mass
N far B
4, 0, &M

far

P(v, >v,)=

far

B,,= Backgrounds at far detector, from any flux

far Z¢ (P)O-v gIXM far

i=y,e

NulNT matters for Signal and Background
Cross sections, and indirectly for efficiencies!



D. Harris

s Probabilities, continued

P

P 2 . (N far +(6Bfar)2) Nfar o Bfar 2
( j ) (¢V/16VXEXM far)2 ' (¢vﬂ vagx)z [5(¢Vu vagx)]

(épjz . (Nfar+(éBfar)2)+(N —B ) 5¢Vﬂ +{5O-vx }24_(581/)( ]2

P) (4 o, M) 3 o £
2 Regimes:
Problem:
N. >B Don’t always know a priori
far far : : :
which regime you are in
N. =B, ---depends on Am?,

---depends on sin?26,,
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NuFacos Near Detector Strategy
far Z . far (P)Gv ger far

Backgrounds come from several sources

|ye

Build near detector with same ¢

Z . far (P)G & I\/Ifar
B. = i=p,e

far near

|,ue

Simulations better at predicting ratios absolute levels

Z N V far GVi g|x M
f
ar near,i g M

I=p,e V near vi IX near

far
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wme, Near Detector Strategy (cont’d)

](E )[ |x]
« But ratios don’t cancel everything

« Underlying problem: fluxes are different
— Near detector: line source, far detector: point source

— But even if that is solved, still vHCC oscillations for
conventional beam case

 All of these terms are functions of energy

— Uncertainties in energy dependence of cross sections
translate into far detector uncertainties...

far _IdE ZNnearl(E )[ZV o ](E )(

i=p.e v. near
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How low should Uncertainties be?

» Be careful what you wish for: at high 6,5, you are
looking for small differences in probabilities

o Neutrino—AntiNeutrino Asymmetry

P-P|/|P+P|

0.4

O.O_I I'IIIII

0.2

esse d\.w Psolar
N

A32 /2
.

} ém5, = 7.0 x 107° eV® ~

Suppr
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Graphics courtesy S. Parke
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P(Vu, — Ve)

| V atme «(As2+9) + V sol|2

CP Asymmetry Is largest when

V Pa,tfm —V Ps*ol

But small if

V Pa,tfm >\ Ps*ol

Asymmetry could be 20% or
less with matter effects—
Systematics on difference < < 7%!
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Systematic Uncertainties

Neutrino Flux i
— Hadron Production PrObIem'

. 1K ratio uncertainties

» X and p, spectrum of produced Pions/Kaons

_ Pion, Muon or Isotope Beam characteristics @l affect the

. Fo_cusing uncertaint_ies_ near and far

« Alignment Uncertainties
Neulzrino In(}eragtions: | detector both,
Background and Signal! .
— Quasi-elastic Uncertainties yOU can't always
— Resonance (low W) Uncertainties Separate
— DIS (high W)
— Nuclear Effects One from the Other

Event Selection

Event Energy Resolution
— Important especially for measurements versus neutrino energy
— Narrow Band beams: energy resolution is key to background rejection
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NuFacts Near Detector Design

e [Far detector must be massive: the more
Instrumented it is, the more $/kton...

 Tradeoff between segmentation and far detector
mass

« Near Detector Design options:

— “ldentical” to far detector

» Argue that detector efficiencies and cross sections are the
“same”, you just need independent flux measurements

o Can’treally be identical: different rates, different size detector
» Also doesn’t see the same flux near as far (line source, osc.)
— Much more segmented and fine-grained

* Try to measure fluxes and cross sections as best you can, make
far detector prediction

 |deally, you would do both... 10
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s Remainder of Talk

* Next Generation of accelerator searches for 6,
— T2K and NOVA
— T2KK and LBNE
— High Energy Beta Beam
— Neutrino Factories low and high in energy

* First v, Appearance in a Superbeam: MINOS
» |essons learned
e What the future program will need

11
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wmw The Beamline Options Considered

e Conventional Neutrino Beams
— Pion focusing and decay in long pipe
— Mostly v, few % v,
e Beta Beams
— Collect radioactive isotope and focus and accelerate
— Decay In long storage ring
— All v, or all anti- v, (at given instant in time)
* Neutrino Factories
— Collect muons, focus, accelerate
— Decay In long storage ring
- v,andanti-v, or v.andanti-v,

12
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NOVA and T2K Event Samples

Numbers generated assuming:

sin?(20,,) = 0.10, sin*(26,,) = 1.0, and Am,,*

0.0024 ¢V | no matter effects.

R. Ray, Neutrino 2008

Medium Energy NuMI| Beam Tune =
- R 3500
$ 30 L ratesfor L =810 km aali - I
- . -
~ i i O . 1 3000
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E IP. .. : Zﬁﬂﬂ
R0 i d .o E 2
(NN ] -
N | e * Omrad o 000
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U 5 - . :
o
= [ ] 500
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Neutrine | Antinetrino Total Efficiency
Running Running ﬁquncci:;Jld::n
Ve signal 750 29.0 104 36% Expected number of events at SK (0.75kw beam x 5yr)
Backgrounds: | 14.4 76 22 Backgroun ds
v, NC 6.0 3.6 9.6 0.23% sin22813 Signal
. CC 008 T 583 D004 v, induced | Beamv, | Total
Beam v, 8.4 34 118 14% 01 103
10 13 23
FOM 19.8 105 221 0.01 10

|. Kato, Neutrino 2008

13
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e T2KK and LBNE Event Sample

o Water Cerenkov in T2KK, assume Liquid Argon in LBNE
(assumed in plot below)

e Few Hundred signal events, 5% systematic uncertainties
assumed on signal and background predictions

Significance =47.50

30

1300 km On Axis new WBB | Spectrum at Korea 1.0° OA
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D. Harris

wme  Beta-Beam Event Samples

« Greenfield optimization: pure electron neutrino fluxes
 Signal error assumed: 2.5%, Background error, 5%

1.2 T T T T T T T T 3 I I [ [ I [ [ I [
—_ Vo 18 Ne Magic Baseline — V. 6He i Magic Baseline
|
i 1k - 4
I‘;- :J L] —d
= = 6850
1 -l ]
|= 08 o
,T'l-' —
:'.- {}ﬁ B ;m B
- v
= f)
— 04| = -
o
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A
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I LY l I [ l I
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Agarwalla, Choubey, Raychaudhuri, Winter arxiv: 0802.3621 15
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«me. Neutrino Factory Event Sample

* Gold Channel: v,—v, in magnetized | v—cowve 7
iron+readout (a la MINOS): MIND | 2w
(50 kton)

o Silver Channels: v,—v_in Possible
magnetized OPERA detector (10
Kton) o=

P LOW energy neutrino P N I.-"'-Hl"l _-'\"(_.r,.-"'lﬂ'L N N N4 N 102
factory OptiOﬂ: TASD 0 | 172 75| 107 | 186 | 80.7| 80.9
03 | 150 | or5 | 140 | 174 | 105 | SL7
1kton magnetized OPERA, L | 075 150 | 215 | 147 | 161 | 646
913:50, 0=90°, 732km, Pyt | Nyt /104 | N /10* | N, | Nov | Noo | Ny /102
1021 muon decays 0 87.4 148 | 244 | 99 | 151 | 452
03| 76.1 192 | 317|034 196 | 415
Thousands of events, systematics Bl B N Tl Nl el

assumed vary from 2 to 5% Autiero et al, arXiv: 0305185
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i Phenomenology...

» These studies include allowances that there are
uncertainties, often categorized as follows:

— “signal’” uncertainties
— “background” uncertainties

* We need to start looking at how to achieve these 2-5%
uncertainties, considering all the factors that go into them

— Neutrino Flux

— Detector Efficiencies for Signal and Backgrounds
— Cross Sections

— Detector Mass (i.e. Fiducial Volume)

* New Case Study since last NuFact:
MINOS search for v —v, 17
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v, Appearance ,

Problem: looking for a v, In a beam of v,’s

o . r rrent even
* Intrinsic beam v, vy, Charged current events

— K decays Vi B> ost
4 K—mrev, ~
— u decays Z
MT—U—€V,V, e

N X
» Neutral Currentevents « y_charged current events

“(Y N X 18
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NuFacd v, Appearance Analysis

Summary:
Event Samples are -
different
NC
Near to far, so NC —
Uncertainties Bar Detector
In cross sections Vi -
’ Sjﬂ 2
Won’t cancel CC 6
13 Sma}}
] ] Near Detector
If signal is small,
Worry about background
- : . : NC
Prediction (v, flux and nc xsection), if signal is
vu cC

Big, worry about signal cross sections Far Detector 19
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v FIrst “Superbeam” v, —v!

e Electron neutrinos

dominated by muon decay

T

—>e'y Ve

e Problem: when analysis

was “done”, the near
detector data and
prediction did

not agree

M. Sanchez, W&C, February 2009

i

MINOS
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e Fixing v, Candidate Discrepancy, |

L D
Run: 9671 Snarl: 8740

Reco Event Energy: 5.3 GeV

s Reco Muon Energy: 3.2 GeV

e Technique #1: Take
v, Charged Current
eventsindataand | [, nadrons
remove muon to -
use “hadron shower”

e
L)
T | T T
|

e

| Trans'vérse Pbéition (m)
T

L

| (=]

dat u.5:— _ g2 Shower Remnant

oo, MINOS PRELIINARY | SR . Fe—
3 T aRme ~_+ Additional

;2000'_ v, Sel. ANN>0.7 | '% 150 i - Removed Events . uncertainty In
& S 4+ 1 translating from
2 | S 1 """ Charged Current
g = 18 o5t 2 hadron shower to
m o3& & 70 Neutral Current

o R0 Reconstructed Energy (GeV) hadron shower 21
Reconstructed Energy (GeV) M, Sanchez, W&C, February 2009
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=miv Batg-Beam and Neutrino Factor

e Question: how will we study hadron showers in beta
beams and neutrino factory era?

o What if we just wait and fix it then?

— Beta beam: will be much harder to “remove the electron” in the
near detector event samples

— Neutrino Factory: will be hard because if the signal will be from
Ve to v, you only have anti-v , in the beam
« What can we do instead (and do now!)?

— Measure hadron showers in fine grained well-understood detectors
with good energy resolution and particle ID:

At the energies of interest
 On the same nuclei as the future far detectors

— Develop better models for effects of nucleus on outgoing hadrons
In the interactions, then test them with data

22
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0x10" POT

Events /1 GeV /1

0 Near Detector

Fixing v, Candidate Discrepancy, Il
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change the near detector
background fractions
3000_Ne_ar_l)etector PRELIMINARY =10
I Horn On Monte Carlo - o
e | Ew
1000: § 400;
| T Ve :cm: 2005
“li__'_'_%"“i‘ 68 G

Reconstructed Energy (GeV)
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wme. Betabeam and Neutrino Factory

« What changes can be made to the muons or radioactive
Isotopes to make changes in the flux?

— Neutrino Factory: have investigated muon polarization to change
relative amounts of v, and v, in the beam

 Does this change the background or signal fractions enough?

o Beta Beams and neutrino factories: can energy of particles

In storage ring be changed enough to do a systematic check
In finite time?

e Aside on Superbeams:

— NOVA will not have the capability to move target
around, will changing horn current be enough?

— T2K: beamline can take several off-axis angles, is this
still a possibility for systematic studies? 2
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wmRredicting Far Detector v, Candidate

* Two strategies for “predicting” near detector v,
candidates agree within errors, total background

error quoted (after millions of ND events taken):
7.3%, statistical error is 23%

o500 NS Detector MINOS PRELIMINARY Total NC | v,CC | v;CC |v.beam
= L B L BB A I
2 e nc ] H":)"ff""/ 27 18.2 5.1
%2000—_ —e— Horn ON/Off v, CC - 1.1 2.2
x —=mrcche 1 | MREC | 28 I Bie

1500 === MRCC v, CC —
;1000_— i .
S == | _
P i i © How can MINOS predict
Q i ] - - . .
= T Signalefficiency when it can’t

0 2 4 6 8

Reconstructed Energy (GeV) See individual v, CC events?

25
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Combine test beam information
on electrons with neutrino beam
Information on hadron showers

Note: this procedure assumes you
know ratio of signal cross
sections to normalization cross
sections perfectly

Note: this would be much harder
In a near detector in a 3 beam:
can’t simply “remove” an electron
shower and look at the remaining
hadron shower

Also note: In neutrino factory,
the “v ™ Is an antineutrino...

v, Signal efficiency at MINOS

0.5

L v

[=]

« hadrons
(Y ATEL 4
>t

0.2—

0.2

Shower Remnant
w/ electron

M B . s
0.5 1

26
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Need Absolute Flux Measurements!

« MINOS ran with several different horn o N R
currents and target positions to best RN S
understand the far/near ratio (previous o' @Bﬁg E S

- o= - ! LI? 1
NuFact presentations) xMF BN .
. i 5, (w8 ]

» Currently evaluating muon monitor gf "2 ] MINOS j
response versus focusing as well ETOF o |Fluka2005 |
(Loiacono, Tuesday session) o T e Tuned MC ;

« NuMI has flux measurements for 3 et T VUL IO PTTT I

- - 0 2 4 6 8 4 1
different populations of muons Neutrino Energy (GeV)

¢ Planfor L UL U U U UL U [ UL L 100 T T L T 200

1 - uMeonitor 1 1] I uMonitorz_ ) i | uMeonitor 3_ ) 1
Varlable beam 1500_— ST Preliminaw.'élé.i'{ii 800 | E000 Preliminary .,*i 7 1o © LE0OD Preliminary ; b
energy I’unnlng . v LEO10 ~ | vLE00 ?é" ) L L TLE010 g,

. £ 1000 - LE100 T2 ™ Letoo S 12 | Letoo bi o
reSUItEd IN '% = LE150 % ‘mi - LE150 ‘.f. ] -% 100 - LE150 *; ]
much lower =0 |F s = + LE250 “‘
flux - 1
systematics o e | e a il R -

27



e JNAerstanding detector acceptance ¢

Fermilab
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and background rejection

o Totally Active Scintillator
Detector prototyping:
trying to figure out how to
put “MINERVA bars” in a
large magnetic field

— Can understand wrong sign
backgrounds in low energy
neutrino factory experiments

— Need to understand ideal
density for electron charge ,
sign measurements (v,— v, ) e ¥

— Hadron Shower studies in B field = * *

« Liquid Argon Prototyping: "
MicroBooNE
— Can study hadron showers and MiniBooNE low energy excess

A. Bross

28
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Remember, near detector and far detector
Cross section processes are very different
— Conventional beam: v ’s oscillated away

— Beta-beam: there are no vu’s in near
detector to normalize to at all

— Neutrino Factories: only neutrinos of the wrong helicity

Need to Understand Cross Sections’

beamn
+ signal

beam \ar e

2190 v
e y ¢
NC

NC

V,L' CcC
v Far Detector
= P2
cc M
I 3 SDI&] ]

beam
VC

Near Detector

820km
NC

n
Far Detector

or the wrong flavor in the near detector compared to the far detector

From T. Katori Nulnt09 talk

=._._‘_H__‘—‘——u—._
A

MiniBooMNE data with total error
NOMAD data with total error
LSND data with mu“ error

RFG model with ‘\Im—l A3 GeV, k=1.000
RFG model with M, =1.35 GeV, i=1L007

1l

Recall that . x10%
the cross Ng 1 2 =
sections Y }g;:
themselves 8=
are far from 6=
known: ;;:
Quasielastic news: 95

10  E"°(GeV)

See Dave Schmitz’s Talk, Friday 9: 45AM 29
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NuFac0s Help 1s on the way...soon!

« MINERVA: exclusive final
state measurements, 4 nuclear
targets, to run in NuMI
beamline in time for MINOS
and NOVA (and T2K’s) data

o« T2K 280m Off axis detector to
run in T2K beamline: inclusive
70 measurements and some
exclusive states, water target

30
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emib - Conclusions and Homework Assignments

« Many ideas for getting thousands of oscillated events
In search of CP Violation & Mass Hierarchy

* To the Accelerator Physicists

— Design in ability to cross-check the neutrino flux!
e Muon monitoring stations for conventional beams
 Varying polarization for muon storage rings
» Measurements of ion and muon divergence in storage ring

e To the Theoretical Physicists
— Develop/Improve description of neutrino interactions
» Not just Quasi-elastic cross sections

« Secondary particle production spectra: T, !
 Signal and Background processes both important

« To the Experimental Particle Physicists
— Measure your cross sections before you start, figure out hadron showers
— Measure your detector response before you decide to build 100 ktons

— Measure it again when design is final, in a test beam -
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