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Large Uncertainties in Neutrino Cross Sections

(useful/necessary for some oscillation experiments)
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Neutrino Source
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* Neutrinos come from meson decays in flight
* Mesons come from interactions of protons on thick carbon/beryllium targets

* Sparse measurements of cross sections across the broad range of momenta
and particles that contribute to secondary and tertiary interactions in the target

Jonathan Paley, ANL HEP Division
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Some Motivation...

Fractional uncertainty in Fe cross section
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* Despite recent progress and measurements from hadron production
experiments over the past 10+ years, we’'re still talking about 10-20%
uncertainties in the hadron production off the NuMI target

Jonathan Paley, ANL HEP Division



Main Injector Particle
Production (MIPP) Experiment

Experiment located in MC7 at FNAL
RICH ' * Goal: collect
ToF Detf“"r comprehensive hadron
Detector . .
production cross-section
data set with particle id
EM &

| using various beams and
| | Hadronic . .
TPC - wie  Calorimeters targets (thick and thin).

Ckov
Detector

Rosie ~ Cnambers * These data may then be
Magnet used to tune / validate MC
Ckov JGG Nearly all detectors used in MIPP were event generators.

Magnet  taken from previous experiments.

* Full acceptance spectrometer * Designed for excellent particle ID (PID)
separation (2-30)

* Two analysis magnets deflect in
opposite directions

Jonathan Paley, ANL HEP Division Momentum (GCV/C) 1 10 80




Main Injector Particle
Production (MIPP) Experiment

In Memoriam

Rajendran Raja
1948 - 2014

Co-spokesperson
and driving force
behind MIPP

Jonathan Paley, ANL HEP Division



NuMI Target Data

PMT |

mounting hole

* Collected 1.43 x 10° events of Main Injector 120 &=
GeV/c protons on a spare NuMI target (T2).

plastic
scintillator

* Two interaction length target consists of 47 2-cm |
thick graphite slabs contained in a 90-cm long, 3
cm diameter aluminum vacuum can.

1 2 and 6 mm
J veto holes

“OPMT — -~/ PMT

e MI beam was slow extracted into SY120.

) s
alignment
micrometer

* Pinhole collimator reduce MI proton flux by 10-8

2mm 6mm igna
<4 MIPP
NuMi .,
s Trig_g_er\! 120 GeV/c I I

* Trigger detector used to
guarantee that beam was
centered on target, and to
reproduce ~1 mm2 beam
spot size seen in NuMI
facility
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* Three upstream beam

wire chambers give 0.2
mm resolution of the
iIncident beam track
position at the front face of
the target.

. * Center of circle represents

measured mean position
of reconstructed incident
beam particles in selected
events

* Width of circle represents

air

measured 1mm?2 beam
width




Time Projection Chamber
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Centerpiece of MIPP, originally built for the EOS experiment and used in several other
prior experiments.

Measures track trajectory in 3D: (x,z) position — pad locations, y position — drift time
Active volume of ~1 m3 and a resolution of ~0.5 cm3

PID via <dE/dx> below ~1.5 GeV/c
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MIPP (FNAL E907)

Mom.: 120 GeV/c
Target: NuMI
Run: 15118
SubRun: 0
Event: 33

Sun Jul 24 2005
13:10:30.411046

*e Trigger ***
Beam

Word: 0080
Bits: 80D7

x/y a/b u/t v/s
DC123 Full

Track Reconstruction
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TPC track segments are matched to do

-900

-800

-700

2 U 7000

determined from bend in both magnets.

wnstream drift chamber hits, momentum is
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Resolution vs. Iogm(p)
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* Momentum resolution is < ~5%
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Momentum Resolution and Bias

Momentum Bias vs Logm(pFit)
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Bias < ~2%. Correction is applied and has a very small uncertainty.

Transverse momentum resolution is < 0.02 GeV

Jonathan Paley, ANL HEP Division



Absolute Momentum Scale

NuMi MC NuMI Data Bkg-Subtracted Inv. Mass Distribution, NuMI MC, dz Cut
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* After momentum bias correction, single proton beam data and MC agree.

* Reconstructed KO invariant mass using tracks with p <2 GeV/c indicates
systematic offset of ~-1%.

Jonathan Paley, ANL HEP Division
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TPC <dE/dx> vs. P, Full NuMI Data Set

q*(1/2+log(dE/dx))

TPC PID Performance

TPC <dE/dx> for 0.30 < P < 0.33 GeV/c
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 TPC data are calibrated such that <dE/dx>(m) is 1 for p = 0.4 GeV/c and

give expected Bethe-Bloch functional form.
* <dE/dx> resolution ~10%.

e Clean m, p separation between 0.2 and 1.2 GeV/c.

Jonathan Paley, ANL HEP Division
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ToF PID Performance

ToFAt(n), All Bars, 13625 <= Runs < 15694 * 54 5-cm thick, 5-m tall scintillator bars,

20000— _ = read out on both top and bottom.

e Data-driven corrections improved
timing resolution by about a factor of
Time Resolution, No Corrections,o = 1.079 ns /_/ 25

Time Resolution After Non-time Dependent Corrections, o =

* Allows for proton-tagging up to a few
GeV/c

ToF nt Distribution, p < 1.1 GeVic
1 1 l 1 1 1 1 I I I

10000— Time Resolution &fter All Corrections, o = 416 1

I T TTITI
L1111l

05 10° g_ —§
i p i

1005 E

m? = p? At 1 - :
P AL-2 10 ~

i3 lhi

Jonathan Paley, ANL HEP Division = ! ! l ! ! ‘ ‘E
. -1 1 2

S m? (GeVo/c)



PMT Arra!v

RICH PID Performance
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* Ckov light ring formed on array of ~2300 1/2” PMTs.
* Ring radius ~ Ckov angle ~ velocity.

* Excellent /K and p/K separation up to 80 GeV/c

Jonathan Paley, ANL HEP Division
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Jonathan Paley, ANL HEP Division

The Analysis



NuMI Target Analysis

Measure pion yield off surface of

NuMI target (120 GeV/c p + NuMl). g ?
8

N(7c*)/POT binned in (p,,pr), 150 bins =

defined, yields reported for ~125 bins.

Bin widths chosen such that ]

uncertainty on N(m) ~ 5% but still

much larger than resolution of

spectrometer 05—

Yields are extracted from TPC, ToF and
RICH PID distributions.

Several acceptance and efficiency
corrections must be applied to get the
final yield.

POT is defined as the number of
proton interactions (events) that pass
event selection.

Bin Numbers vs. (pz,pT)

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
! . I I
|
41 47 53 59 : 65 : 71 77 | 83 89 95:101 107,113 119I125:131 137 143:149
1
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

SPURRUREU Wy G SURNIS T g i USRSy S - -

| |
40 | 46 1 52 | 58 | 64 | 70 1 76182 88| 94 100 1061112 118'124 130 136|142 148
T s S U SR R S !

: T
39| 45 1 51 57 | 63 | 69 1 7581 87| 93! 99 105 111 117'123 129 135|141 147
R R T e _=___:__ : - ! -

| | | I T
38| 44 1 50 | 56 : 62 | 68 174180 86I 92:98|104 110l 116:122|128 134:140:146

______________________________

110 4 16'22|28I 34
___E___I__"__ Y -

19 15}21,27|33
___I___:___'__ Y -

1 8 14'20|26I 32

— - - = - =L L -

|
L — L - - - __L______E__ - _|___|__
|

T T I T
61 : 67 I 73 | 79 85I 91 :97:103109| 115:121:127 133:139:145

™= L I T
I 66 I 72 I78 84| 920 : 961102 108l 1|14:1201126 1|32I 1|38:‘|l44

10

Nzx(pz, pT) =

p, (GeV/c)
*\*meas (])z« PT)
spect reco PID PID
accept X Geff X Ga.ccept. X eeff



NuMI Target Analysis

I I Bin Numbers vs. (p_,
Measure pion yield off surface of (P,:p,)

5 2 e
NuMI target (120 GeV/c p + NuMI). g L i EREREREREE
2L
N(z*)/POT binned in (p;,pr), 150 bins < § HER RN
defined, yields reported for ~125 bins. - | EEEEEREE
Bin widths chosen such that - SRRRENEN
uncertainty on N(st) ~ 5% but still i i EEEREREE
much larger than resolution of i | | o
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RICH PID distributions. 1 10 o, (Gevic)
Several acceptance and efficiency
corrections must be applied to get the
final yield. N )
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POT is defined as the number of

proton interactions (events) that pass . - mined from MC (Fluka v2005 + GEANT3)
event selection.
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Particle ldentification Detectors

High segmentation in the TPC and RICH detectors allow for PID measurements in
the high multiplicity environment of these data

ToF:

* two or more particles traversing the same scintillator bar channel cannot be
untangled

* ~50% of all tracks at lower momenta passing through a ToF bar have another
track passing through the same bar

Cherenkov:

* similarissue: cannot distinguish light from two or more particles traversing the
same central mirror

* Again, ~50% of all tracks passing through this detector have a partner-in-crime

For these reasons, the ToF data are used only in conjunction with TPC <dE/dx>
measurements, and the Cherenkov data are ignored altogether.

Jonathan Paley, ANL HEP Division



Event Selection

Number of Reco Beam Tracks Per Event Reco Beam Track Time (Data) Number of Vertically Displaced Tracks (Data)
_ 1= I T T T I T T T T T ] . 106%— T Tt T TT T —§| % 106; T T T T I T i i i I i i i i H
o — Data s L _ 4 a F
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i ’ : ?‘JLZZ‘:,, per Event . 0 ’ Beamsgrack Time (ns:)o0 ° 0 Nui(:. Out-of-time Trac?((;
Reconstructed Beam Position Offset (From Target Center)
5 —
G107 2 .
E L * Require only one reconstructed
L beam track
* Reject events with multiple incident
10° - beam protons
i * Ensure beam is centered on the
" R RM‘ NuMI target
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Track Selection

Reconstructed Closest (x,y) Track Position To Surface of Target (MC)

Y, (€M)

-10

10

-10

=5 5
xhgt {C ITI]
Track Goodness-of-Fit
gofMC gofData
Entries 1.278777e+08 Entrieg 2.2471243e+07
Mean -0.7002 Mean -0.8218
RMS 1.38 RMS 1.513

1u?:

10%

-2 0
Logm{G oodness-of-fit)

Reconstructed Closest (x,z) Track Position To Surface of Target (MC)

10

Y, (cm)

-10

Reject tracks that do not originate
from the target

Reject tracks that are very poorly
reconstructed

momentum < 150 GeV/c

e “goodness-of-fit" > 1x10-3

22



Efficiency and Acceptance Corrections

PID Geometric Acceptance vs. Momentum, >0

Reconstruction Efficiency x Geometric Acceptance vs. True Momentum, q<0
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* Track selection efficiency (fraction of tracks that pass all track selection criteria) is ~60%.

PID acceptance is the fraction of reconstructed tracks that made it into a PID detector.

* All selected tracks are required to have TPC hits, so acceptance for TPC PID is

100%.

RICH acceptance requires particles to traverse length of spectrometer, so lower

acceptance at lower momenta and higher (relative) pr.



TPC PID Measurements

* log(<dE/dx>) distributions are nearly Gaussian in bins of ptort, and very
nearly Gaussian in most (pz,pT) bins.

e Approach is to fit these distributions to sum of 3 Gaussians

e TPC fits: function is 3-Gaussian sum, kaons are negligible

N(y) = Ars [fHGE (W) + CE@) + -G (v)] + Y F i)

(
- ~ 5 ,where Gi:em(
Agn- _feﬂGe (y) T Gﬂ' (y) T fPWGP (y) |

e y = log(<dE/dx>)
o for = Ae/Axn, Tor = Ap/Ax

« widths are constrained to be “physical”’, means are constrained to be
close to expected values from MC

b



Number /POT

Residual (Data - Fit)

1.5

0.5

o
N

o
-t
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©
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TPC PID Measurements

5 Data TPC <dE/dx> Distribution, 0.50 <= p, < 0.62, 0.10 <= P, < 0.20

x10

u N(7)/POT = 4.51e-02 + 3.82e-04 N(7*)/POT = 4.42e-02 + 5.23e-04

I J‘:

| | * Data

— | — Sum Fit

- |— =t Fit

| |— eFit

— |— Proton Fit

i 1 A\ ) 1

2 1 0 1 2
q x log ] 0(<dE/dx>) (a.u.)

x10™

— = resids(n) = 6.97e-0 > resids(n’) = 7.28e-04

- o resids() = 7.19e-0 m .~ o resids(n’) = 7.13e-05

: ? o " |

A A g

- H ﬁv 1

2 -1 | | 0 | | | |

1 2
q x log ] 0(<dE/dx>) (a.u.)

N(m) = integral of
Gaussian corresponding
to pion peak. Uncertainty
derived from fit parameter
uncertainties.

The extent to which any
non-Gaussian feature(s)
of the distribution effects
the N(mt) can be estimated
by looking at the integral
of the residuals over the
range of the pion peak.
Very small effect
observed.



Number /POT

Residual (Data - Fit)

0.2

x10
N(7')/POT = 3.95e-02 = 6.31e-04 N(:rc*)/rOT = 4.35e-02 + 9.55e-04
— | ¢ Data ¢
| |— Sum Fit :
¢
— nt Fit
| |— e Fit
— Proton Fit
1 1 ._.I 1
2 -1 1 2
q x log ; 0(<dE/dx>) (a.u.)
x10°
| X resids(n) = 3.57e-0 > resids(n’) = -7.04e-04
| o resids(t) = 9.14e-0 Q‘ { o resids(n’) = 8.34e-05
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TPC PID Measurements

5 Data TPC <dE/dx> Distribution, 1.20 <= p, <1.50,0.20 <= p, < 0.30

1 2
q X Iog10(<dE/dx>) (a.u.)

* |n some bins, the proton
peak sits right the pion

peak.



TPC PID Measurements

MIPP ToF vs. TPC

ToF m2 (GeV2/c?)
T

b

1 1.5
TPC logio(<dE/dx>) (a.u.)

Jonathan Paley, ANL HEP Division

In some bins, the proton
peak sits right the pion
peak.

We use the ToF data
where no other
reconstructed track
traverses the ToF
scintillator bar.

Fit <dE/dx> data with
M21oF < 0.5 t0 4 Gaussian
peak function.

“Count” protons (m2oF >
0.5)

Use count and fit to
estimate the p/m fraction.



What About the Kaons?

Kaon Correction, g>0
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We've ignored the kaons in the fit because we can’t see them. But they’re
there.

Use MC to estimate the K/x fraction in each bin, which is then subtracted
from the pion yield.

Assume a 30% uncertainty from MC.



RICH PID Measurements

* mz2 distributions are not very Gaussian. But peaks are generally well
separated.

* Approach is to “cut and count”. Split m?2 distribution in each (pzpT) bin
into three regions: 1 “mostly” signal + 2 “mostly background” sidebands.

N.=>» N o= o2
( (

Data

ey .
N = NBN b=
M

b



Num./POT

0.5

RICH m? Distribution, q <0
6.0<p <=8.0,0.2< p. <= 0.3 GeV/c

x1073

RICH PID Measurements

RICH m? Distribution, q >0
120<p,<=14.0,0.1 < p. <= 0.2 GeV/c

x10°

DT = 3.00e-03 4 7.48e-05

® Data
—— Sum MC
x MC
—eMC
Kaon MC
— Proton MC

Num./POT

® Data
—— Sum MC
x MC
—eMC
Kaon MC
— Proton MC

N(x*)/POT = 1.40e-03 +|3.39e-05

m?2 (GeV%/c?)

0 ~0.05

m?2 (GeV%/c?)

* MC is used to determine ranges for cut-and-count approach, as well as to
estimate backgrounds in the 3 regions defined by the red lines.

* Error shown here is combined statistical and systematic (background

subtraction).



p. (GeV/c)

1.5

0.5

Statistical ® Background Systematic
Uncertainties

Statistical+Bkgd Systematic Uncertainty of x'-Yield vs. Momentum

10

Uncertainty (%)

10



Other Systematics

Momentum Bias Correction
Absolute Momentum Scale
Acceptance and Efficiency Corrections

Resolution and Reconstruction Failures

32



Momentum Bias Correction Systematic

Momentum Bias Correction Systematic Uncertainty, vs. Momentum, g>0 Momentum Bias Correction Systematic Uncertainty, vs. Momentum, q<0

(&) o O
S E =
() > Q
S . £ 8
o £ o
1.5 g 1.5
c
=
1 1
1 1
0.5 , 0.5
|
0 0 0 0
1 10 p. (GeVic) 1 10 p. (GeVic)

S 10(/( (*\T(W)Qxbias L *\T(W)—lxbias>
p—blas —

2

* Apply 200% and -100% of the correction to the data.

* Conservative uncertainty of 10% on the correction itself.

Jonathan Paley, ANL HEP Division
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Momentum Scale Systematic

Momentum Scale Systematic Uncertainty, vs. Momentum, q>0 Momentum Scale Systematic Uncertainty, vs. Momentum, q<0

N
N

o) T B
S I $ 3 I
() > Q
S £ 9
Q_'- 2 g Q-'_ 2
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c
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0.5 | 0.5
0 0 0 0
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. N 2xscale __ N —1 xscale
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* Apply 200% and -100% of the correction to the data.

* Conservative uncertainty of 10% on the correction itself.

Jonathan Paley, ANL HEP Division
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Efficiency and Acceptance Corrections

Track Multiplicity Distribution

imperfections in the geometry model of the
spectrometer (negligible)

ntrkevt mec ntrkevt data
Entries 9588508 Entries 1425427
o.1H Mean 16.71 Mean 21.98

imperfections in the modeling of the performance gyl
of the tracking and PID detectors (2%) I

0.05H

iIncorrect modeling of the particle yields in the I
MC :W

0 20 40

Nrmkf Event

* we know this is true since we see large
discrepancies in the number of e-/e+ pairs at

i - Data/MC Multiplicity Rati
low momenta in the data than we do in the a uftiplicity Ratio

MC EDDE:— _— -p++
 data shows higher multiplicities; high ! B 15ee ;f’
multiplicity events have higher rates of track i 7/
reconstruction inefficiencies 2
Caal e
* to get a handle on this, we re-weight MC = Py
events such that the MC multiplicity  IE—

N,/ Event

distribution matches that of the data and
calculate all efficiency corrections



P, (GeV/c)

-
a

0.5

P, (GeV/c)

-y
a

0.5

Efficiency and Acceptance Correction
Systematics

Reconstruction Efficiency x Geometric Acceptance vs. True Momentum, q<0 Systematic Uncertainty PID Geometric Acceptance vs. Momentum, g>0 Systematic Uncertainty

N

N

- £ & [ £

N < s

. 5 . 5
1 1:_

L 0.5
0 0

1 10 p, (GeVic) 1 10 p, (GeVic)
PID Effici vs. M tum, g>0 Syst ticU taint .
) T AR e Uncertainty on the measurement of the
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Uncertainty (%)

* Take 20% of the difference between
efficiencies determined from nominal
and re-weighted MC as an estimate of
the systematic uncertainty due to
incorrectly modeling the particle yields

P, (GeV/c)



b

Resolution and Reconstruction Failures

Momentum resolution and reconstruction failures
result in migrations across bins of (pz,pr).

Distribution of fractional difference between
number of reconstructed pions and true pions in
each bin has a width ~4%

1% uncertainty estimated due to mis-modeling of
detector noise

Jonathan Paley, ANL HEP Division
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Final Results and
MC Comparisons

Jonathan Paley, ANL HEP Division
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Parameterizing the Yield

& B o DN T ERERERN AR

* Comparison to MINOS’s Ni I I _A_I M. MeSSie"Ii
parameterization of the hadron 8, | N )
production off the NuMI target S b -
(aka SKZP): 2 :
TN (A + Bpr)e-o¥’ S0E E
dpzdpr - ]
A = a(l—x)(1+ azx)z™™ - .

B = b(1—z)%(1+ bsz)z™™ i |

C = —c¢/z°+c¢c3 for £ <0.22 15_ E

C = ¢ felFtealetartets for 7 (.22 P 092 x 1000 ]

- g 0.4<pT<0.5 x 100 —

» MINOS parameters from fit to e E
MC data above a few GeV/c f o e :
= O.1<pT<O.2 x 2 MINOS 1

* Many thanks to Anna Holin! 102 — P<%!x1  parameterization T, -
- I I IIIIIII I I IIIIIII I I IIIIIII:

10" 1 10 107
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Preliminary Fits to Parameterization Function
MIPP Preliminary

* QOur own (very preliminary!) fits
to the MIPP results, starting at

pz=1 GeV/c
A = a(l —x)(1+ azx)z™™
B = bl(l—l)b:’(l-I-b;r)l_b‘
C = —¢/z°+c3 for £ <0.22
C = ¢ /elTH)s+az+es for > (.22

* @Gives quite reasonable fit

results
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Summary

MIPP collected 1.43 x 106 120 GeV protons on an actual NuMI target.

We have measured the pion yield in ~125 bins of (pz,pT) across 2 orders of
magnitude in momentum using data from the tracking detectors and PID data from
the TPC and RICH detectors.

Combined statistical and systematic uncertainties are < 10% in nearly all bins
Data imply that MCs tend to:
e over-estimate pion yields at high momentum.

* slightly over-estimate pion yields in momentum region that contributes most to
the NuMI beam spectrum

Preliminary fits of empirical function used by NuMI experiments to parameterize
hadron production off the target seem to give reasonable results.

These data may be used to re-weight MC predictions of the NuMI flux and reduce
the overall systematic uncertainty on the neutrino flux
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TPC Calibrations
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Inhomogeneous magnetic field
causes drift electrons to deviate from
straight-line path to the pad plane on
the bottom of the TPC. Deviations of
up to 5 cm were observed!

Using a map of the magnetic field
and the Magboltz simulation, were
were able to correct these ExB drift
effects to the level of of 90% (~2 mm
worst case)

Furthermore, the electron drift
velocity was time dependent:
sensitive to the water contamination
In the P10 gas.

Time-dependent corrections to the
drift velocity are made. Dirift velocity
known to better than 1%.
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ToF PID Performance

ATDC Time vs. Temperature

_ Bar 101, Bottom PMT, 13625 <= Runs < 15694 N N =
g : :‘i-:__ f} ndf 112.7 117 L e e T
< 20 e — po -4.16410.136 |© 3 10°
= 0.436410.0051 | I e —
o =0 Jk;
2 . . _  .ToFEX-talk Corrections
- . - S S I A W S
0_ ] ] e} r “t
B _ 1
10— ]
20 35
TempXYdeg. C)

* Measured time affected by temperature fluctuations (At ~ 500 ps/°C)
and amplitude of the signal (At ~ 10 ps/ADC)

* Capacitive cross-talk in all 108 channels shifts measured time
* Data-driven methods to correct for all effects

Jonathan Paley, ANL HEP Division
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Cherenkov (Ckov) Detector

Fraction of Isolated Tracks Above Ckov Threshold
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Ckov PID Performance

Ckov Detector Response

o Since all mirrors have a different
1 -------------------- CoIIIInIeErETIIleel response, eaCh measurement Of Npe iS
- normalized to that of a B=1 particle.

) o Pion “turn-on” clearly visible; proton “turn-
"""" on” also visible in slices of momentum.

qxNpg/ N,
o

o Shape of normalized response dist. in MC
agrees very well with data.

o Data-driven calibration of 96 mirrors found
detector response gives <10 pe/pB=1
p [GeV/c] track.

o Must only
consider
“isolated” tracks
passing through
mirrors; reject
~50% of Ckov
PID data.
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Detector Alignment

Residuals before chamber alignment, run 13428 Mirror 8
;:; ‘: - 16();_""I""I""l""l""I""I""I""_; | | I | ‘—E
S i 140} E g
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20F lli\l E n[J i
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% X ing Xtrk (cm) yring_ytrk (em)
4
RICH alignment - mirrors
aligned to within a few mm
D ) ) Chamber
E Drift chamber alignment - wire chambers
E to within 0.2 wire-spacing.

=
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Vertex Resolutions

NuMI Target Vertex X-position Resolution NuMI Target Vertex Y-position Resolution
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