— ’ '."

@) Flux Works
] ‘ffEPF',ZOla
Devorahik arris; i '

1_ / !"'rm’ . ol ." |

o




Outline

Simple Toy model of why Cross Sections Matter (2004)

2 Case Studies: T2K and NOvVA (2012)

What about the next generations?

Not covered: nuclear effects (see Jorge’s talk tomorrow)

Conclusion: we need better ways to measure fluxes if

— We are ever going to measure cross sections

— We are ever going to measure CP violation!



v, Appearance analysis, circa 2004

Event Samples
are different

Near to far, so NC
Uncertainties NC 7o
In cross sections y Far Detector
’ M Sy 2
Won't cancel oo 2
13 SI}?&U

Near Detector

If signal is small, worry about backar.ounld
prediction (v, flux and nc xsection) NC
If signal is big, worry about o

signal cross sections and v, flux Far Detector
3



v, Backgrounds by process

* Neutral Currents
— Should scale like total neutrino flux (v, flux)

— Dominant background processes at 2GeV:
* NC coherent
« resonant piO production

* v, Charged Currents
— Are present in near detector, but NOT in far
— Dominant processes that give background at 2GeV
« Deep inelastic scattering
* Intrinsic beam v, events
— Present in near detector, mostly in far also
— Average “baseline” ratio different than v,
— Dominant processes:. Quasi-elastic and Resonance events



Event samples near and far

« Study is for a totally active scintillator detector in off axis beam centered on
2GeV neutrino beam

* Any similarities between this and NOVA are purely coincidental...
« Statistics shown are for 5 year run in neutrino mode only

» Although this study was from a long time ago, you can see that the
processes for each background are very different

Process Events [QE | RES | COH DIS
do/c 20% |40% |100% | 20%
Signal v, 175 55% | 35% | nli 10%
sin220,,=0.1

NC 15.4 0 50% | 20% 30%
v,CC 3.6 0 65% | nli 35%
Beam v, 19.1 50% |40% | nli 10%




How much do cross section errors cancel

near to far? (circa 2004)
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Toy analysis: start with old NOVA detector simulation, which had

Same v, /NC ratio, mostly QE & RES signal events accepted, more v ,CC/NC accepted

Near detector backgrounds have ~3 times higher v cc!
Assume if identical ND, can only measure 1 background number:

hard to distinguish between different sources

1] 2 4 6 8 10 12 14 16 18
Off Axis Angle of Near Detector (mrad)

Assume that now, ¢’s known at:

AQE = 20%, ARES = 40% (CC, NC)

ADIS =20%., ACOH.. = 100%
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Assume in the next few years, ¢’s known at:
AQE =5%, ARES =5, 10% (CC, NC)

ADIS = 5%, ACOH, = 20%



Caveat Emptor

Assume In the next few years, o’s known at:
AQE =5%, ARES =5, 10% (CC, NC)
ADIS = 5%, ACOH,, = 20%

* This assumption about how well cross sections
can be known implies something about how well
FLUXes will be known!

 Above statement assumes <5% absolute flux
uncertainty (at MINERVA, for example)

« Trust but verify...



Fast Forward 8 years...

T2K Experiment NOVA Experiment
* 700MeV v, off axis beam, 295km * 2GeV v, off axis beam, 810km
 Far detector: Water Cerenkov  Far detector: Totally Active
« Near Detector Suite at 280m Segmented Liquid Scintillator
_  Off Axis Detector  Near Detector at ~800m
- Scintillator with water targets — 2m by 3m wide
-« POD for EM final states — Steel muon range stack at the end

* TPC’s for good particle ID — Same segmentation as Far Detector
« Allin Magnetic Field _

— On Axis Detector

- Steel and tracker in a grid to see
neutrino beam center

UA1 Magnet Yoke

" Downstream
POD ECAL ECAL d PVC cells filled with 7

11M liters of scintillator
instrumented with
A-shifting fiber and APDs

NIM A 624, 501 Mahn, NuFact2012 NuFacteo12 ¢ Vahle, 2010 FNAL PAC
(2010) 8



What do you learn from a
Near Detector

« Both T2K and NOVA plan to constrain individual
contributions to Far Detector background from near
Detector measurements

« T2K has the advantage of some data...and a first v,
oscillation result

« NOVA techniqgues are (currently) based on experience
with MINOS v, oscillation search

* If you do separate different backgrounds in a near
detector, then FD uncertainties may depend more on flux
differences between the two, and how well you know
them

* Following slides provide examples from T2K and NOVA

— T2K: slides from Kendall Mahn, NuFact 2012
— NOVA: slides from Mayly Sanchez, NuFact 2012



T2K: Near/Far Detector
Event Samples

* Fraction of events vs process in different event samples

« At the far detector, the fraction of QE events is very
different if it's v, signal or background

Interaction Mode Trkr. v, CCQE Trkr. v, CCnQE SK v, Sig. SK v, Bgnd.

CCQE 76.67% 14.6% 85.8% 45.0%

CClr 15.6% 29.3% 13.7% 13.9%
CC coh. 1.9% 4.2% 0.3% 0.7%
CC other 4.1% 37.0% 0.2% 0.7%
NC 1.5% 5.3% - 39.77
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T2K: Near Detector Constraints
on signal and background processes

. : g T e e
CCQE/CCﬂQE . %1305_ Prediction includes g':H 1uo: { s
— Acceptance is different 3} :qu, rv':i)nciiBooNE =L *
0 140 external) data EZoureor |-
between ND anc! SK £ tuning o |
(forward muons in ND 3.t o e e e
mOStly) g aoi— 0 '
— need external datato ~ *}
get higher angles » 20
Al b T A S 40 p J"“"‘!"'~ N i
(MiniBooNE) O T T 2000 2500 gy e OOy OO i Dor o o0
- WI?jat ND calls CC[:?E Separate sample into two subsamples, CCQE enhanced and CCnQE enhanced
and CCnQE may be
different from what SK s B 1 1
calls CCQE = y Data ]
(acceptance for pions g ° NCn® signal + background
and extra protons very £ s Background only
different) & ol
10— | -
« CCln L % g
- - T .
. 5
— Look for NC n%s in POD /| 14 |
U S | U
( " b Il = Il :..... i
= Target: ND selection is C, SK is O b S0 100 150 200 250 300 350 400 450 300

Invariant Mass (MeV)

= C-O model dependent uncertainties included 11



T2K Intrinsic v, Constraints

« Two detectors, two technigues:
TPC events, and POD events

—

L B L I B I S B 45F

? | b} T T
= \ = i -Signalc
F*': Y - Ve FGD = g 40F ] ;:gg'i s
= 8 misid n = i o o]
= g S 35 S outorbop
g 5 WV, FGD - s RO
= : E 30F : : ]
—~ 6 Out of FGD V¢ selection candidates |
2 s . . 1 25 vs. energy, assuming QF
s V., selection candidates '
. vs. momentum F
2 ]
I |
% 200 400 600 800 1000 1200 1400 160D 1800 2000 : : R A
p {-Prl[e“"r'fc] Roronctriotad H {GcV)
N(v,)/ N(v,) = R(e:) = 1.0% £ 0.7% (statistics) £ 0.3% (systematics) data-bkrd(MC)/sig(MC)=R

R(e:u, data) / R(e:u, MC) = 0.6 £ 0.4 (statistics) £ 0.2 (systematics)
R =1.19 + 0.15(statistics) * 0.26 (systematics)

Lower backgrounds but above signal energy
12

Signal region energies, high backgrounds



T2K: Near Detector Fit

Technique fhad

Put all the near
detector and
external data into
a fitter, and allow
following
parameters to
vary:.

(See A. Marino’s
talk!)

MAQE (GeV)

Axial mass (QE)

MARES (GeV)

Axial mass (1)

QE1 0<E,<1.5 GeV

Normalization

QE2 1.5<E <3.5 GeV

Normalization

QE3 E,>3.5 GeV

Normalization

CCRES1 E,<2.5 GeV

Normalization

CCRES2 E,>2.5 GeV

Normalization

NC1n®

Normalization

pF (MeV/c) Fermi momentum
Spectral Function Model comparison
CC other Normalization

13



T2K: Fit results and

Uncertainties

« Fit allows many things to vary, not just cross

sections

Signal (v, tov_ osc) _|#fevents

@sin226 ,=0.1,6cp=0 7.81

Background | #events

beam v +V, 1.73
vu+?u{mainlv NC) 1.31
background

osc through 0, 0.18

total: 3.22+0.43(sys)

v flux+xsec 18.7% +5.7%
(constrained by

ND280)

v xsec (unconstrained +5.9% +7.5%
by ND280)

Far detector +7.7% +3.9%
Total +13.4% +10.3%

14



NOvVA: Event Samples

1.8x10°' POT FHC, sin®20,,=0.1

- NOVA has developed particle ID algorithm £} .
based on libraries (similar to MINOS
I 3yr+3yr 10_—
technique) e
* Plots below are NC 19 10 |
v, CC 5 <1 i
after a PID cut vee 8 5
tot.BG 32 15
v,ov, 68 32 0  R—a—
E «10? o d PID
_' ] atarr FD
':-._ 1501:-;.'datarr *fﬁj: N D '
=] L L
o0 SC -,
= 100t r Pred -V,
= 5 4 _
8 | : NC
S f
S = 2t “data” has
£ [ M, changed
: : s by 30%
1 2 ' b 1 2 2

Reco Eneray (GeV) Reco Energy (GeV) 15



Accepted Events in NOVA

Low y v, signal events are
accepted in far detector

Highy NC and v, CC events
are accepted

Single pion and multi-pion
events are important NC
backgrounds

Selection Efficiency (%)

Meutral currents

Mumber of a%s

& EIHI =1
) T T T T
e
=
e —
g 0 e T
B - n
i — -
- . . .
2 -
T aof = .
o : _ -
(73] -
20 1_
- ) -~ —*""a-i
| L - T
0.2 0.4 0.6 0.8 1
% .
Hadronic y
CCwv,
= 25 ] — T T T =
e
z t PID>0.7
_E 2_— ++ ]
g T PID>0.9 i
L -|-+
S 15 —
-3 gt
g, ¢
L +
- +
oy
0.5 o y +t
C PO AR "
ettt e Y e - 1
nﬂ 0.2 0.4 0.6 0.8 1
Hadronic y
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Differences In acceptance

contained. Also Up to 10% of the NC lose a n°.

In the NOVA Near Detector 82-87% of neutrino events are

We do not expect these effects to be present in the Far Detector.

1= R T e i — | RN BRRDLEARAR SRR AN s
0.8:— 4 ‘ 's+ _: 0'8:5 ’T
- + t ;
06 o _t 0.6/ :
0.43— < ] 0.4 NC
0.25— 1-2 Gev - 0.2 1-2 GeV
900 350900 0 0 50 100 150 aoo 300 950 900 50 0 50 100 150 200
X (cm) X (cm)
Energy v, CC v, CC NC NC w/lost n°
1-2 GeV 85+ 1% 59 + 1% 87 £ 2% 10 £ 2%
2-3 GeV 85 + 1% 48 + 1% 82 + 3% 8+ 2%
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NC/CC v, Background

Constraint

* EXpect to use
technique a la MINOS
to study hadronic
showers in ND

 Tuned hadronic model
to external data and to
CC events with muon
track removed

:

§
T

=
=

B ——y
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‘
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5 7 8 9
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MINOS Systematic Errors

g}?sfé‘;fg’ﬂ o ANN MINOS PRELIMINARY
mhMIN%S’ ND Decomposition | ; o1
change Calibration :
various =ar/Near Normalization | - i
parameters Hadronization Model | : 4 _
MC one at a v, CC component | _ : )
time Intranuclear Model | : e ]
Beam Model X

* Used Crosstalk | ' 4
Changed Cross Section| : G |
Near/Far ~ : ~
extrapolation Total : RERIRRERR sl
on original o 1 A iy
MC set to -6 -4 -2 0 2 4 6
see how Systematic Uncertainty (%
prediction MINOS 2010 4 v
changed

Note: in MINOS, Near and Far samples dominated by NC
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Systematic error study in NOVA

=10’
SEEH GRS R T | RARE RRRE LF
* The neutrino interaction systematic errors are modified in this study: "°F ':';"ﬂ I
o v“ ]
100~ 1
* Cross-section: MA(QE) and MA(RES) varied by + 20%. [ ]
80/ ) P
+ Hadronization model changes: 3¢ rarDetector 3
> . Near Detector
* The n° selection probability in the hadronization model sof- ]
changed by + 33%. i
20} -
» Change in average P; resulting in broader showers. N AW st cos s e e e
BRI
* Re-weighting P; and X; distributions of hadron distribution. R R B B
0.351 °4
. ~NDv, 3
* Intranuclear formation zone changed by + 50%. 0 :
. 0.25'
» These systematics should mostly cancel, however they can be 5
. b =
affected by Far/Near detector differences. o
0.15f
* We expect the most significant of them to be: ik
energy spectra, light levels and event energy containment. aost




NOVA Preliminary estimate

» We evaluated a set of neutrino interaction
systematic uncertainties on the background
for electron neutrino appearance in NOVA.

 The largest systematic error arises from

the P; and X changes at 5%. (hadronic shower model) ~

« All other errors are within 3% for
background, currently limited by the
statistics of the study.

* For the signal the largest uncertainties
correspond to the cross section systematics.

 These are expected to be corrected using
the extrapolation of the v, CC spectrum
from the Near Detector to less than 1%.

« All others systematics on the signal are also
within the statistics of the study.

120
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2
2
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»YYTT'V ™rTr Y LB VIVI\'TY T ]
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ol BRI o e o o e o o o 8 VS PPN s

B 2 4 & B ..
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3 ~FDv, ]
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4 6 8 10 12 14
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Comparison

Experiment

Background
Composition
(intrinsic v, to v,
INC&CC)

Signal v, events

(predicted,
sin26,5=0.1)

Near Detector
Strategy

Systematic error on
Background

Systematic error
estimated on signal

T2K (data
through 6/2012)

1.73/1.31

7.81

Multi-purpose,
forward acceptance,
High resolution

7.7%

3.9%

NOVA (3 years of
v running)

8/24

68

“Functionally

identical” but much
smaller, steel muon
range stack in back

5% hadron shower
model, 3% others

Expect <1% using v,

CC

175

Assume identical

8% “now”/

1.5% “later”
12% “now” /
2.5% “later”
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Sensitivities versus ve/v,,
Cross section ratio

* Should not assume that once you know v, CC cross
sections that the v, CC cross sections are known to
the same level of precision, especially <1GeV!

« See M. Day’s talk at NuFact 2012
(or M. Day & K.S. McFarland, Phys.Rev. D86 (2012))

 Long list of effects * Kinematic Limits
need to bhe incorporated  Axial Form Factor Contributions

g -0.08— __'#ﬁ_ =
: o1l | o ;ﬁ__ﬂ___&__ _—&——__‘:T——H——_!
%-0.145—41{ —E | |
E 015H -+ Second Class Current Contributions
O .0.18} *V .
= H . T2Kv g . :
g _Mg Oeolation 4% E Vector and Axial Form Factors
022 Peak |« Radiative Corrections

Y SR Y W W W R W
Energy(GeYV)
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Trying to understand
next steps

Want to understand what cross sections will be important
for next generations

Asymmetry at 1300km (Total), NH
Flux?

(Degrees)

Cross
sections? 3100

Large ®4;
means
looking for
small
differences

Plot at left
shows LARGEST asymmetry vs d.-r and v Energy for

LBNE (from M. Bishai, plotis w/o matter effects, matter effects will make
this harder in one mode, easier in another) 24
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Cross sections that matter SRS
In the next generation yiay

« T2HK: Water Cerenkov, expect similar
backgrounds as T2K: (NC, v, CC, beam v,)

« LBNE/LBNO: Liquid Argon

— Historically, predict that the backgrounds are
dominated by beam v.'s, because of excellent efy

:,”'D— v, 30107 PoT, 12008m signal + bkg: = ?C: v, A0 107" PaT, 1300km signal + brg:

[ﬂ:'l’  normal hierarchy — &.,=+45(1380) [% - normal hierarchy — d=+d45" (534
w 1205in* 20 - 0.04 | &0 (1321) w 60f sin’ 28,, = 0.04 | &=0 (5000
s | T caesam S | — 45" 1454
2100k | » | background: g 50 background:
5[ i [ San o e Ll (240)
w ' 1% beamw, (452) woor Ty i beamw, (243)
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What cross sections matter Iif all
backgrounds are v,.'s?

« Signal Cross sections matter (QE, Resonance)

— Will also need acceptance over broad range of angles, not
just small muon and electron angles

— Which means that flux predictions for the cross section
experiments matter a lot

* Flux predictions of the oscillation experiment
beamline matter that much more
— v, flux matters for denominator in probability

— v, flux matters for background subtraction

« Would be nice in particular to measure v, cross sections in ND
with a near detector...

« Other idea around for dedicated v, cross section measurement:
NUSTORM
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Sneak Preview:

many new Iideas for next step

« Signal / background is
very different depending
on what future facility

you have in mind

« See P. Coloma, P.
Huber, J. Kopp, W.
Winter, “Systematic
uncertainties in long-
baseline neutrino
oscillations for large 6,5,
arXiv: 1209.5973 [hep-

ph]

Setups v app v app v dis v dis
. NF10 44880/35  8701/61  159532/19  209577/21
S BB350 | 2447/378  2262/330 93775/~ 106750/
‘g T2HK 4754/2106  2006/2290 33788/544 168685/5502
= WBB 1830/248 147/148  5526/763 1884/515

NF5 11022/4 2016/11 18337/2 32891/2
E BB100 1203/96 1048/81 65926/ 44776/
é SPL 10455/1546 4453/1695 214524/9  93039/4
% LBNEn. | 389/162 63/102  3330/533  941/1419

NOvA™ 752 /590 155/386  7335/1255  3179/2397

See P. Coloma’s talk tomorrow!
015 = 329, foy = 45°. 13 = 9°. § = 0,

Am3, =7 x 1077 eV? and Am3, =3 x 107% (normal hierarchy)




Cross Section Uncertainties:
trust but verify...

* Note: cross section x efficiency at 10% implies flux
known much better for cross section experiments

* No shape uncertainties on Flux or Cross Sections...

SB BB NF
Systematics Opt. Def. Cons. | Opt. Def. Cons. | Opt. Def. Cons.
Fiducial volume ND 0.2% 0.5% 1% | 0.2% 0.5% 1% | 0.2% 0.5% 1%
Fiducial volume FD 1% 2.5% 5% | 1% 2.5% 5% | 1% 2.5% 5%
(incl. near-far extrap.)
Flux error signal v 5% 75%  10% | 1% 2% 25% | 01% 0.5% 1%
Flux error background v | 10% 15%  20% correlated correlated
Flux error signal & 10% 15%  20% | 1% 2% 25% | 01% 0.5% 1%
Flux error background 7 | 20% 30%  40% correlated correlated
Background uncertainty | 5% 7.5% 10% | 5% 7.5% 10% | 10% 15% 20%
Cross secs x eff. QET 10% 15% 20% | 10% 15% 20% | 10% 15%  20%
Cross secs x eff. REST | 10% 15%  20% | 10% 15%  20% | 10% 15%  20%
Cross secs x eff. DIST 5% 75%  10% | 5% 7.5% 10% | 5% 7.5% @ 10%
Effec. ratio v. /v, QE* | 3.5% 11% - [35% 11% — — — -
Effec. ratio v /v, RES* | 27% 5.4% - | 2.7% 54% - - - -
Effec. ratio v, /v, DIS* | 2.5% 5.1% - [25% 5.1% — — — —
Matter density 1% 2% 5% | 1% 2% 5% | 1% 2% 5%
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Future

Wouldn't it be great to do this
study for new detector
capabilities?

Next steps: get the right
energy dependence on
uncertainties in flux and cross
sections...figure out which
energy dependences matter
the most

Get the right detector
acceptance in

LBNE working on this now...

Plot at right shows what
happens if you vary varying
pion absorption in the FSI
model (made by D. Cherdak
and R. Gran, thanks to G.
Zeller)

v beam - rw_inukeabspi
Weighted Spectra
B Sig-CC-v,
B Sig-CC-¥,

] ' Bkg-CC-vV,
B Bkg-CC-v,

Bkg-NC

I Bkg-CC-v,
BN Bkg-CC-v,

10

Illl

|

Events / 125 MeV

Weight / Nom
>
-
-
dll i |




Summary and Conclusions

« Any time you are saying that cross section matters
for oscillation experiments, you are ultimately saying
that flux matters:

— Not just for the oscillation experiments

— But for the cross sections to get to oscillation
measurements...

* No such thing as an “ldentical Near Detector”
* Precious few standard candles

* Need to take advantage of what we have: both for
cross section and oscillation experiments

* Need new/complementary ways to get at the fluxes
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