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Outline

- LBNF beamline designs.
~ Current flux uncertainties.

- Reducing the flux uncertainties
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LBNF Beamline

- Primary proton beam in 60-120 GeV.
o Initial 1.2 MW beam power, upgradable to 2.4 MW.
- Wide-band beam on-axis with tunable energy spectrum.

- Decay pipe ~ 200 m long, He filled.

- Currently considering two different beamline designs:

- Reference (NuMI-like).
 Optimized (for CP violation).

o Decision regarding which one will go forward to preliminary
design will be made soon.

£ Fermilab
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LBNF Reference Beamline

Two horns, nearly identical to those used in NuMI, run at slightly higher current (230 kA).

1 m long graphite fin target, similar to but not identical to NuMI target

Magnetic horns to
focus pions and
kaons

Hok«

— - N

200 meters long
Decay Pipe

geam

Figures courtesy Amit Bashyal
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LBNF Optimized Beamline

Three horns, not similar to NuMI, run at 300 kA
2 m long graphite fin target, but development of alternative graphite cylindrical target

design is ongoing at RAL

Figures courtesy Amit Bashyal
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LBNF Reference Beamline
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Neutrino Mode at 1300 Km
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LBNF Beamline Options

\ Flux, v Mode

LI DR B S B s LA R N S B S B B B S B S B S B S B R

50 I _:
[ —— Reference ]

— BOTF Final

30}
20f

10}

Neutrino Energy

S —

1300 km
Normal MH

s =2
-
) 8gp =42

w— 0,5 = 0 (solar term)

10" 1 10
Neutrino Energy (GeV

10-16-2017

2= Fermilab

Leonidas Aliaga | Neutrino Flux Requirements for DUNE



LBNF/DUNE Long Baseline Physics

50% CP Violation Sensitivity

Assuming: 9 _
[ DUNE Sensitivity
C No;mal Hierarchy
1. 5% uncertainties on the normalizations i 201 = 0909
of the ve appearance correlated with the 7 oot
vy disappearance. 65_ — -
~  F 5%®3%
2. Additional uncertainties of 1%, 2% or |§ 5:‘ """""""""""""""
3% that are uncorrelated with the v, n af-
spectrum :
3__. ...........................................................
: L - DUNE CDR
- Going from 3% vs 1% uncertainty is 2

equivalent to nearly doubling exposure Using GLOBES

time.

Illﬁd.l*

lllllllllllllllllllllllllll

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

oo
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LBNF/DUNE Long Baseline Physics

50% CP Violation Sensitivity
Flux uncertainties enter:

9 DUNE Sensitivity E CDR Reference Design. »
. . 8 N.o;mal Hierarchy - Optimized Design
1. Directly (after constraint by the near sin’26,, = 0.085

sin®0,, = 0.45

detector) the uncertainty 1, that is
correlated between ve and vy,

5%®1%

] 5%®2%

5%®D3%

2. Indirectly to the uncertainty 2, since
flux uncertainties couple to T
uncertainties in cross sections:

.- LY o O N

DUNE CDR
Using GLoBES

NUE(EV) — (.1'51-’“ X U(Ve) X E(VE) x P(V,u — Ve)

0IIIIlIIIIIIIIIIIIIIIIIIIIIIII

0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

Final uncertainties should include the flux shape uncertainty as well.
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Current Flux Uncertainties
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~ POT counting and water layer are the most significant at the peak.

- Horn current and target longitudinal offset are the most significant at the falling

edge for the reference design.
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HP Uncertainties

o DUNE uses PPFX (Package to Predict the Flux) developed by MINERVA that
uses all relevant HP data (currently it corrects FTFP_BERT G4 model).

o DUNE uses QGSP hadronic model and then only the uncertainties can be
calculated using PPFX.

o PPFX calculates two kind of uncertainties related to the corrections of the HP:

1. Beam attenuation.

2. Hadron production.

2% Fermilab
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1. Beam Attenuation

When the particle interacts in a volume

T | material
. OD _ .NaP(9pata—mc)
correction(r) = ——¢~" A

OMmcC

Ny : Avogadro Number, p: density, A: mass number

When the particle passes through the
volume without interacting the survival
probability is calculated.

(mb)

absorption

_gMC

data
absorption

(¢

o Example: Absorption cross
section of pion on Aluminum

60
50
40
30
20
10

-10
-20
-30
-405-——-

Cronin et al.
Denisov et al.
Allaby et al.
Allardyce et al.

Longo et al. '
Vlasov et al. -----
Bobchenko et al. :
Carroll et al.

.......... meu

3 Aii— .............. ..... +

Reference (Geantd):
Oabsorption = 344 mbar

o Most of the cross-section discrepancies are
less than 6%.
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2. Hadron Production

For thin target data (NA49 for instance):

_ Jpaa(xF,pr,E = 158GeV) x scale(x,pr,E)

correction(xr,pr,E) = fuc(xp,pr,E)
M F, T7

( f=EdBo/dp?3: invariant production cross
section)

o The scale allows us to use NA49
for proton on carbon in 12-120
GeV (calculated with FLUKA).

o It was checked by comparing with
NA61 at 31 GeV (negligible
difference).

15 10-16-2017

pC ->mX
Contours: 2.5, 10, 25, 50 and 75 % of the T yields.
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(added in quadrature).
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Hadron Production Needs
o m, K and nucleons productions from pC based on data (mainly NA49).

o nucleon-A: quasi-elastics, extension from carbon to other materials, etc.

o No data applied to meson incidents: assuming large uncertainties.
L. Fields ((NA61 Workshop 2017)
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Hadron Production Uncertainties

2 0.2 Totwd
- Same procedure as MINERVA ,% 0 18:— — Other Reference 1
applied to DUNE beam gY- 10 —hek . :
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Hadron Production Uncertainties

Particle production in proton carbon
interactions:

~Pions (pC -> ) > 0.2 L B B :
oKaons (pC -> K) % 0.18F — ,?é“_‘i; Reference ]
~Nucleons (pC -> N) = - —— pCK ;
6 0.16 o ;
All covered by external data (mainly D (). 14F Nucleans | -
(for high energy kaons, a combination O N ]
of NA49 + MIPP k/rt ) Q 0.1:— .
L = -
The magnitude of this uncertainty 0.08 E |
depends both on uncertainties reported 0.06r 7]
by experiments. 0 04:_ _\—\~—~_| | E
S e j
. e I :

The correlations of the datasets are not ~ 0.02 — =

reported by experiments. We assumed

ool T
F

100% for the systematics (conservative 2 4 6 8 10 12
approach from MINERVA). Neutrino Energy (GeV)
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Hadron Production Uncertainties

Extending the data coverage:

oNucleon interactions (NucleonA) > 0.2
c
50.18

Constrain these interactions with pC @ 0.16

adding an additional uncertainty found 8 '

by comparing A dependence of Barton, 2 0.14

Skubic and Eichten. g 0.12
S 0.1

When there is not data coverage, like: ©

o “-0.08

0.06

Guided by the agreement with other

datasets: processes categorized by 0.04

meson and produced particle. 40% error () (02

assigned in 4 xr bins. 0

I t I

Total

= Other

— pC—n

pC—K

nC—on

pc—N

Meson Inc
NucleonA

Target Absorption
Other Absorption

il

Reference

|

<
|

8

10 12

Neutrino Energy (GeV)
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Reference and Optimized Beam

pc—N

Meson Inc
NucleonA

Target Absorption
Other Absorption

Optimized

Neutrino Energy (GeV)

Uncerta

© ooo

o
—h

ractional Uncertainty

F
o
o
00

0.02

inties

N B OO 0N

0.06¢
0.04"

pc—N
Meson Inc i
. NucleonA ]
Target Absorption ]
Other Absorption

0 2 4 6 8 10 12

Neutrino Energy (GeV)

Very similar in focusing peak; Optimized has slightly larger uncertainties at high energy,
primarily due to having more interactions not covered by data
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Far Detector

Near Detector

21

Beam Uncertainty Correlation Matrix for the Optimized beam
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© Fluxes are highly

correlated across most
0.6 bins

0.8

—0.4
- Focusing regions and

02 high energy bins are the
0 exceptions

-0.2
- Depends strongly on

-0.4  correlations of
underlying datasets; in
many cases, we have to
-0.8  guess at these.

-0.6

-1
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Reducing the flux uncertainties

2= Fermilab
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How can we reduce the a priori uncertainties

More thin target data

= Total HP
— nC-->1 X
2.5 =t pC-->KX
-g -~ nNC-->x X
O
® +=+ pC-->nucleonX Reference
q) .
.E 5 === MESOoNn inc.
— ===: NUCleon-A
o)
5 == Others
o
&
S
-

[3)]

0.5}=.,

) '"-'-"...‘_._l L : T N I i Ll I
8 10 12 14 16 18 2
neutrino energy (GeV)

- Inelastic cross-sections of 1, K and protons in
different materials (C, Fe, Al, He).

_ Differential cross-sections in different materials

* T-> 1t at a wide range 10-60 GeV.
* pA->T11(K) X, where X I=C

- Proton quasi elastic cross-sections

2% Fermilab
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How can we reduce the a priori uncertainties

Replica target data: MINERVA experience.
o~ 5% using MIPP NuMI target data primarily.

Phys. Rev. D 94, 092005 (2016)

NuMI Low Energy Beam, HP Uncertainties, v, NuMI Low Energy Beam, HP Uncertainties, v,
0.14 N meson inc. - target att. -+ absorption 0.14 . ——MIPPNuMI. e MIPP NuMI K ~== meson inc.
[~ o w— pC — 11X pC — nucleonX ---- absorption
012 E_ w— pC — X nC - nX . nucleon-A 0.12 T e pC — KX .-+ nucleon-A — others
8 . - pC - KX pC - nucleonX - others 8 ’ - nC — nX - target att. - total HP
€ o1 == Tolal ¥ € o1 Using MIPP NuMI data
goog—L, | — = - ©0.08—
5 L e — 5 F
§0'06:_— . / ",” ; ..... §006;
S F| v § I lLo——— —
w C..] =" : ™ ol feeer, L ageeeesesmend oo
002_ B T TRUTITD PPN T S baad | g:;fff\_” 002_— T e g e —
peant®t greee = T e
WIPIITTIIIY Eris St ST : NPIILE WPPTIRY LTIV Y S PITTT S A RO PNPTITT AL Ak TTTT WP
8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
v energy (GeV) v energy (GeV)

Checking the consistency with the low-nu measurement, MINERvA decided
to use a prediction based only on thin target corrections

2% Fermilab
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LBNF Flux Spectrometer

A concept to measure hadron production after the horns (See Paul Le Brun’s talk)

£ Fermilab
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Reducing the Focusing Uncertainties

After reducing the HP, the focusing uncertainties

will become dominant. >0.09¢
50.08"

80.07

> -

E 0'065

2 0.05¢

g

- 0'045

0.03]

- POT counting and water layer are 0.02

the most significant at the peak. 0.01:

0

Total
Horn Current
Water Layer

Decay Pipe Radius -
Horn 1 Trans. Offset -

Horn 1 Tilt

Target Long. Offset 1

Beam Size
Beam Position
Target Density
POT Counting
Baffle Scraping

0 2 4 6 8
Neutrino Energy (GeV)

~ Horn current and target longitudinal
offset are the most significant at the
falling edge for the reference design.

26 10-16-2017 Leonidas Aliaga | Neutrino Flux Requirements for DUNE

10

12

2% Fermilab



Conclusions

> Reducing the HP uncertainties is possible with dedicated experiments:

- Replica target data would be the best option but timescale is a challenge
(DUNE expects to receive beam in 2026) and it is likely that no replica will be

available.

- Thin target data would likely to have big impact on DUNE.

2= Fermilab
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backup
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28 10-16-2017 Leonidas Aliaga | Neutrino Flux Requirements for DUNE



LBNF/DUNE Long Baseline Physics
Respect to the shape (flux shape can have a big impact):

MH Significance vs 6cp (NH)
12 l

Shape+Rate
ate only =--===----
Shape only ...........
10 .
8 10 kt LAr -
80 GeV Beam

.........
¢ S

Uncertainty

...........
.

1%,5% SIg,BG

¢

CPV Significance vs dqp (NH)

T T

10 kt LAr Shape+Rate ——
80 GeV Beam Sh ate only ...........
1%,5% Sig.,BG ape only
Uncertainty
-0.5 0 0.5
SCP/TC

LBNE Physics
Book

This omission means that systematics likely have an even bigger impact than shown
on previous page (which is already impressive!)
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MINERVA Strategy for Predicting the Flux

Accounting for every optical modeling uncertainty.}

¢ il EEEEEEE NN NN NSNS SN EEEEEEEEENEEENENEENEEEENEEEENEN,

1. Calculate an a-priori flux

Correcting the hadron production in the beam line
to constrain to external hadron production data.

UuEEHR
4EEEEEED®

'.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII’

Checking our results with the low recoil event

rates (low-nu method): flux shape measurement.
2. Use in-situ measurements

Applying an additional constraint from the
neutrino - electron scattering events.

¢ I I N EEEEEEEEE SN EEEEEEEEENEENENEEENEEEEEEEEEEN,

B

o
|
|

_ = [Develop every tool in such a way they can be used
3. Package to Predict the FluX : by any experiment at Numl (PPFX).

| ]
'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII’

2= Fermilab
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Some geometrical improvements

Effect of 1Tmm water layer around the Horn 1
inner conductor

- .

i / \\ 2to45mm ¥ f
Filled of —- ° . pa ¥ 1. mm water layer

Water. ./ ™~ K »
l' . “ r O
B~1/r g ' L
I‘ Horn axi . a A
Beam direction
------- ~Forn axis -

© 4% effect around the LE flux peak.

- More accurate description of the inner
conductor (IC) of Horn 1 designed for LBNF

- Improved segmentation of the IC surface
- Check the neck shape (cylinder).

© 5% (14%) effect in the LE (ME) falling
edge of the flux peak at MINERVA.

v, flux - g4numi v6/v5

Water layer effect

1.1
1.08—
1.06—

water Iayer add:tmn / nommal

v LEatMINERvA

v energy (GeV)

effect of the g4numi v6 horn model

0.15 [

0.05 |-
0.00 F
-0.05 |

-0.10 |

—— low energy beam

—— medium energy beam

r-rrrr -~~~ r+~[r |1 1 rr [ | [ T T T T T T

~0.15 L——
0

20

2 4 6 8 10 12 14 16 18
neutrino energy (GeV)

(Implemented by Paul Le Brun)



External Data? What Sort of Data is Available?
- Hadron production data at the relevant energies for NuMI (references in the

backup slides):
Thin Target Data

Thick Target Data

P K
P

‘~~‘~ \ \ n
s‘ 'r[
4

® |nelastic/absorption
e Belletinni, Denisov, etc. cross sections of pC, nC, nAl etc.

e NA49: pC @ 158 GeV.
e NA61 pC @ 31 GeV.

@ Hadron Production:
e Barton: pC — 71X @ 100 GeV xz > 0.3 .

e NA49: pC — 71X @ 158 GeV xr < 0.5 .

e NA49: pC — n(p)X @ 158 GeV for xr < 0.95 .

e NA49: pC — K*X @ 158 GeV for xr < 0.2 .

e NA61: pC —» X @ 31 GeV .

e MIPP: n/K from pC at 120 GeV for pz > 20GeV /c.

® MIPP: proton on a spare NuMI target at 120 GeV:
@ 7™ up to 80 GeV/c.
@ K/x for pz >20GeV /c.

Checking the consistency with the MINERvVA low-nu measurement, we

decided to use a prediction based only on thin target correction

2= Fermilab
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1. Beam Attenuation

When the particle interacts in a volume

correction(r) =

Opata _
e

- NaP(OData—OmC)

A

OMmcC

Ny : Avogadro Number, p: density, A: mass number

When the particle passes through the
volume without interacting

correction(r) = e

_ NAP(OData—MmC)

r A

Two variables are
important here:
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an?®
““““
.
un?®

et r material

L
a®
a® [ ]
a®

pa(\‘\c\e ...........
e ' material

© The amount of material: INaAp/A .

©The OpData and OMC disagreement .
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Amount of Material Traversed

> Muon neutrino parent:

LE Mode at MINERVA

20 '
. EF —m-C —K"-C primary p -C
> 18— -—=n=-Al K= - Al others - C
ch'\\ -~ =—75=.Fe K- - Fe others -no C
= 16 T 1= - He K- - He —total
L 14 —r .
o ~
£ 125
® 10
L -
S 8
© _
=
S F .
-§ 4:_ J_’_’_l"_’_" e S P
m —
£ 2
0 h-rs;:.""f— B bl IT T S lebl ot idebor b FebH
0 2 4 6 8 10 12 14 16 18 20

v energy (GeV)
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References:

- C:6 mollcm?2 =40 cm
- Al: 1 mol/lem? = 10 cm

- He: 1 mol/cm? =500 m

2% Fermilab



Data - MC Comparison

o Inelastic cross section o Absorption cross section
Proton on Carbon Pion on Aluminum
2503 605 @® Croninetal. SN I N Longo et al.
240 i 50 g @® Denisov et al. ‘ """"" """ - ' Vlasov et al.
L = 1 @ Allaby et al. Bobchenko et al.
-g - + + + 'g 40 E @ Allardyceetal. | 5= Carroll et al.
5 230:_ + ,§ 30 £_= L V00 00 S SRR UORURROR ORI SUTOR OO SO 0 0% SO .............................................
o = Ty | S O SRV SN SO O Y S IS % S——— R S SR S S
B 220 * ¢ vd E P
g,) B Ebm 10 — S SO ............................
g o : e Bellettini (pC) | oE Lt + [
o 2o e NA61/T2K (pC) § E ? ?
% L e Denisov-QEL (pC) F g | R ) R, S0 9 6 O 0 8 ot AN S .
S s00 e Carroll (pC) L3 =
E B Y NA49 (pC) °ow© _20:_ semansassussuseniunsss oo snsbiusssassss) sunsasegunssse jusnusperssbussgunshesnanasanmsssassassusess .............. ...........
C e Roberts (nC) © =
190k —¥— geant4 inel. (pC) -30 SR 5 O S S S S .............. ...............
: L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I N N | | I I | I| _40 - | I |
50 100 150 200 250 300 1 10
energy (GeV) b (GeVic)
nl
Reference (Geant4): Reference (Geant4):
Oabsorption = 243.2 mbar Oabsorption = 344 mbar
Ototal = Oelastic T Tinelastic T O quasi—elastic
w
Oabsorption
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2. Hadron Production

For thin target data (NA49 for instance):

correction(xp,pr,E) =

_ fpata(xF,pr,E = 158GeV) x scale(xr,pr,E)

fuc(xr,pr,E)

o The scale allows us to use NA49 for proton on carbon in 12-120 GeV

( f=EdBo/dp?3: invariant production cross section)

(calculated with FLUKA).

o It was checked by comparing with NA61 at 31 GeV (negligible difference).

For thick target data (MIPP):

36
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NData (pZ7pT)

correction(pz.,pr) =
(p P ) nMC<pZ7pT)
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Example: NA49 Data/MC comparison (closed circles = statistical error < 2.5%, Open
circles = statistical error 2.5-5.0%, Crosses > 5%).

LE Mode at MINERVA pC ->mX
E,~ 20 50 80 14.0 200 Gev

T L

(DIn/ereq) uonoaliod

6\ B | . i . J | . H ! ' | : K J . | L ' 1 2-0

=~ 10 — + + + + o + + + + —
Contours: 2.5, 10, 25, 50 o - ! 18

. i (D & o} + + o} o] o} — .

and 75 % of the pion yields. ~— 1 !
Q_i_ 0.8 ae_— o o o o o o o o + 4—_ 16
£ S e ] 14
- Systematics are highly £ « o o 0 o H12

correlated bin-to-bin. s e o o o 4
(o) - 1.0

5 - : -
S R . . Q>) fo) [o} .‘."o‘,“_' ] 0.8

- Systematics and statistical @ o s

errors are considered "_E‘ . I 0.6

uncorrelated each other. 02 03 04 0.5

Feynman variable - x
2p7 y F
T = e
Systematic uncertainties = 3.8%
(added in quadrature).
£= Fermilab
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If There is not Direct Data

Extending the data coverage

o Constrain pA interactions with pC adding an additional uncertainty found by
comparing A dependence of Barton, Skubic and Eichten.

o Use theoretical guidance (isospin arguments, quark counting arguments, etc.)

What if data is not available?

o Guided by the agreement with other datasets: processes categorized by projectile
and produced particle. 40% error assigned in 4 xr bins.

2% Fermilab
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Average Number of Interactions

LE Mode at MINERVA m, K and nucleons
productions from pC

SE Average Number of Interactions / v, 4 pased on data
)5 - —pCoaX e pC — KX 4 (mainly NA49).

L nC - nX pC — nucleonX -
S = meson inc. ‘nucleon-A i
- —— others — total HP — We assume large
0 1 uncertainties for
-% —| meson incident.
0 l 3 -
Q —
c =
- '-’J—\-\-‘\_\_\-\-\_ granee "

10 15 20 2 30 35 40

Neutrino Energy (GeV)

| ~2.2 for very low E, and ~1.4 for the rest |

* nucleon-A (quasi-elastics, extension from carbon to other materials, production outside
data coverage, etc).

£ Fermilab
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Average Number of Interactions

At NOVA

) Average Number of Interactions / v _:

2 5 — pc - nx ....... pc —> Kx _:

~E nC — X pC — nucleonX -

= oL meson inc. nucleon-A _

\ 2— —— others — total HP ]

~ - N
c B - |

S 1.5 —~— 7

& _ :

E e -

= - N

| 'E E

0.5 __|—'- -"-_M—‘

0O 1 2 3 & 5 6

Neutrino Energy (GeV)
- ~3.0 for low E, and ~1.5-1.6 for the rest |
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A Priori Flux Results for LE MINERVA

* MINERVA published the flux prediction for LE NuMI beam
based on thin target data correction

NuMI Low Energy Beam

100
90; 016 NuMI Low Energy Beam, HP Uncertainties, v,

— - o inc. t att. absorption

— 80— . - meson inc targe

8 705_ Thin Target Flux 0.14— —pConX nC — nX nucleon-A
@o = V].l ) T eeem pC — KX pC — nucleonX —— others

= 60 2 01217 — total HP

> F € [ .

o *F £ 01
NE 40— 8 B — e | l_
= = £0.08—

2, 30— =2 i —

X - e -

T 20E g 0.06

1o 8004 | _i—
o i I 11 1 l 11 1 I 1 I 11 1 [ L1y ) [ e—e—— LL T r
E 1‘21; weighted/unweighted 0 02!_:. T '_I
D gy T TITTON e P LT A ,
% 1E P TTTY s TP EE L AL kk
50.8;— 00 2 4 6 8 10 12 14 16 18 20
0.6 R T LV - TS Neutrino Energy (GeV)

o
N

Neutrino Energy (GeV)

Phys. Rev. D 94, 092005 (2016)
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A Priori Flux Results for NOVA Near Detector

© The same procedure has been fully implemented by NOVA Qo oA
for its a priori flux prediction in NOVA

NOvVA Simulation

100
- NuMI Beam at NOVA ND
0 NOvA Simulation
- 80;— Corrected Flux 0‘22:_ Hadron Production Uncertainties v,
8 - 0.2 —| —— meson inc. — target att. ... absorption
& 70— vV -
9 E 58 w0-18:_ = pC - nX nC - aX ===+ nucleon-A
; 60 E_ fé 0.16 :f ----- pC — KX pC — nucleonX — others
)] - — —
3 50: 'IC:U 0-14: total HP
- a0F 80127~
NE 40— 2V lep
> _F 2 01
£ 30— © -
ER S0.08
w 20— = -
= § 0.06 -
10— L 0.04
j111]1|||||1|11|||||1||11||||l||11||||11||1|i1..1 002--_
2 1.2 weighted/unweighted 0F-o
O R 0
o =
x 0.85H
3 -
i 0.6 ' ‘ . . . . . . .
0O 05 1 15 2 25 3 35 4 45 5
v energy (GeV)
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Conclusions

- For NOvA, MINERVA (and MINOS+) and other experiments it is crucial to have a
precise measurement of the flux with small uncertainties.

> The hadron production is the main source of uncertainties. Applied all relevant existing
data to constrain the flux reduce the uncertainties.

- We develop an open and free computational tool called PPFX to share our result
with other NuMI experiments.

- Currently use by MINERVA and NOVA .

- It has been adapted for DUNE and it is being used by the ND systematics

2% Fermilab
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Conclusions FOR MINERVA

- This work also indicates where additional
data is needed

- t->mnat 30 GeV.

- proton quasi-elastic cross section.

3 - Average Number of Interactions / v, B
25 :_ —pCoaX e pC — KX _:
r nC - X pC — nucleonX
= = meson inc. nucleon-A ]
i 2r- —— others — total HP .
) - ]
c | -
2 15— —
3] u -
@ B ]
) - N
c 1 -
OE,_,_._.,,'___ Lsverttt 1 11 LT Ad-id XX i'..f.:.r':.r.:.:.:.. I A T W A A A e
0 2 4 6 8 1 1 1 16 18 20
Neutrino Energy (GeV)
08 Nucleon-A
f ——total ... inc. mom <12 GeV 1
071 — QELInC -
o [ QEL not in C P(n) = p(n) (no QEL) "4
0.6/ | — P(n) > n(K) X (A = C) — others =
0.5 =
: Vi :
0.4 __J__r-"l_JfE
C —t ]
0.3 —
0.2 "l_{__ —
0.1=

0 2 e

10 1279876 18
v energy (GeV)

2= Fermilab

- pX->11 (K)X (A not C).
0 Meson Incident
' - — total — Ko .
07:_ —T =T = ssssess K- K _:
< 0.6:— ----- T—-K others =
> C -
- F Vu .
A 0.5 =
(%] - -
c — -
.g 04— —]
5 C_ -
@© - -
o 0.3 —
£ F -
V 0.2 -
OM—A—l- ------ Aasnmmans k!s:!!:!:!t:!!!"."tf:f:'::::T""-'-T.T.‘"--lu.._".‘:
0 2 4 6 8 10 12 14 16 18 20
v energy (GeV)
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Advantage to use thick target data

Average Number of Interactions / v, Average Number of Interactions / v,
225 —pC o aX e pC — KX = 2.25 —— MIPP NuMI @ ==eeeee MIPP NuMI K =
25 . = 25 —pConX e pC — KX —
. nC - n?( pC — nucleonX 3 - o X ' bC — nucleonX E
18 C meson inc. v nucleon-A - 1.8 — mesoninc. e nucleon-A -
= 1.6 others — total HP o 1.6— others total HP _—
~ 145 3 1.4F =
g - e s T - -
RS 1.2 = = 1.2 = =
s ERN T
QO 0.8Lf L gnerere 0.8 - o =
.E ! suprund _] o our -
0.6;_!' :;-If::'" = 0.65—'? o —]
04i_ 1l'k'_; D.4:r - R LTl TN . _:
0.2ty - = 02t e _‘-L‘--. ===== o]
0 = - e L A R I T TR L DU G O d o O e o n TR rrrs 0 = ‘-'=;=1'n‘3i7—b—‘4—->--‘='=""§;‘-.ﬁr='=‘:--— STy S OIS R——
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 I8

v energy (GeV) v energy (GeV)
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MIPP NuMI Data/MC comparison (closed circles = statistical error <2.5%, Open circles
= statistical error 2.5-5.0%, Crosses > 5%).

LE Mode On-Axis pNuMI -> X
E,= 20 5.0 8.0 14.0 20.0 GeV
~ o ) ¢ 4 } 5
Contours: 2.5, 10, 25, 50 and § gzzzz
75 % of the pion yields. & 0.98%¢ 1.8
~.0.8
a 07 [ L [ ] (@] —16
- Systematics are highly E 0.6k 44
correlated bin-to-bin. c =
: L. D 0'5 o o + « | 1.2
- Systematics and statistical g 04l
errors are considered 2 036 . ° "
uncorrelated each other. S 02f . *
> * *
e 0.1F o
E . * 'm:"'lfb.. L T ]
= 0 10 20 30 40 50

Longitudinal Momentum - p z(GeV/c)

systemaitic uncertiaintes = 3.8%
(added in quadrature).
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Focusing Components
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