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G U I D A N C E :
• “Should cover the potential near detector technologies for the 

experiments presented in the previous talk, with focuses on the 
challenges of neutrino interactions and systematic error 
constraints.“ 

• Known knowns:  

• near detectors for current and past experiments 

• Known unknowns:  

• near detector concepts for upcoming experiments like DUNE and 
Hyper-Kamiokande 

• Unknown unknowns:  

• will current near detector concepts for DUNE/HK accomplish their 
goals?
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O V E R V I E W
• Near detector design is intimately tied to systematic errors 

• what are the systematic errors? 

• How does one optimize near detector design? 

• Over the year I’ve heard several very general “mantras”, “rules”, 
etc. regarding near detectors  

• Revisit these statements? What motivates them? 

• Are they true? Have things changed? 

• important to know what the ND is supposed to do in order to sensibly 
design one 

• Evaluate current challenges 

• Focus on accelerator-based experiments
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R E M I N D E R :  L B L  P H Y S I C S

• sin22θ13 dependence of leading term 
• θ23 dependence of leading term: “octant” dependence (θ23=/>/<45°?) 
• CP odd phase δ: asymmetry of probabilities P(νµ→νe) ≠ P(νµ→νe) if sin δ ≠ 0 
• Matter effect through x:  νe (νe) enhanced in normal (inverted) B
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N E U T R I N O  F L U X

• (absolute) neutrino flux estimates considered a very 
difficult proposition 

• reflected in large and “unreliable” errors, lots of 
“difficult” physics 

• “neutrino flux cannot be predicted” >30% uncertainty 
typical in the past

from Symmetry Magazine

Bottom line: it’s complicated!5
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FIG. 2. Neutrino flux distribution obtained from the
quasielastic events and the predicted cross section with
MA = 1.05 GeV. The solid curve is obtained from the
best fit to the Qux data for g, ) 30 GeU. The dashed
curve is taken from the Monte Carlo simulation of the
flux.

corrected number of quasielastic events per
gigaelectronvolt obtained in the fudueial volume
of 16.7 m' for the exposure of 4.76&&10"protons
incident on target and v„(E„) is the predicted
quasielastic cross section with MA=1.05 GeV ob-
tained from this experiment. " To obtain the flux
values between adjoining data points, we use the
simulated flux shape ealeulated. by Mori and Grim-
son" multiplied by E =a, + a,E,+a@,' and fitted

to the data for E,)30 GeV with constraint of the
flux being zero at &,=350 GeV. The factor E ac-
counts for the small deviations between the simu-
lated flux and the data; two independent parame-
ters of the a's are determined by the fit. The re-
sults of this fit are shown in Fig. 2 (solid curve)
and in Table I. For comparison, the simulated
flux used for this fit is shown in units of events/
(10 "cm' GeV) (dashed curve). We also show
the absolute neutrino flux, 4 in units of neutrinos/
(GeV m' 10' protons) in Table I. The total neu-
trino flux for E, between 10 and 200 GeV is found
to be (6.15+ 0.36) & 10"/m' in the fiducial volume
of 16.7 m' for the exposure of 4.76& 10"protons
on target. "
The total charged-current cross section per

nucleon on isoscalar target is calculated by

(GeU)

Effective Qux, 4'
events

(10 3 cm' QeV)

Flux, C
neutrinos

(m2 GeV 10~ protons)

TABLE I. Neutrino fluxes, &') 4' and 4.
The factor of 2, representing the number of nu-
cleons in the deuterium nucleus, is included to
ensure that a, is a cross section per nucleon.
The values of the flux, C", are taken from the

14.8
24.4
30.0
40.0
60.0
80.0
100.0
120.0
140.0
160.0
180.0
200.0

22.3 +1.8
10.2 + 1.2
5.87 +0.94
3.15 +0.44
0, 922 ~ 0.111
0.396 + 0.067
0.224 ~ 0.054
0.139+ 0.043
0.086+ 0.034
0.053 + 0.024
0.031+ 0.016
0.017+ 0.010

66.9
30.7
17.6
9.43
2.76 +
1.19 ~
0.671+
0.416 +
0.259+
0.157+
0.091+
0.051+

5 4
3.7
2.8
1.32
0.33
0.20
0.129
0.129
0.101
0.072
0.048
0.031

'The first two points are obtained directly from the
quasielastic data and the other points from the fit.

Ep range
(GeV)

Slope, 0
10 3'cm'

nucleon GeV

10—20
20—30
30—40
40—50
50—100
100—200
10—200

14.8
24.4
34.5
44.5
66.9
131.1
26.9

0.67+ 0.05
0.67+ 0.08
0.74+ 0.09
0.67+ 0.07
0.71+ 0.09
0.69+ 0.21
0.68+ 0.04

TABLE II. Slope parameter, k, for the total charged-
current cross section.
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T. Kitagaki et al.  
Phys.Rev.Lett. 49, 98 

from MiniBooNE



N E U T R I N O  C R O S S  S E C T I O N :

• At high energies, interactions well understood experimentally and theoretically 

• parton-level deep inelastic scattering dominates the cross section 

• Nature has given us a miracle and a curve ball: 

• neutrino oscillations can be probed with accelerator-based beams on a terrestrial scale 

• oscillation maximum occurs at O(1 GeV) where there is a “rich” mix of nucleon 
(resonance production, etc.) and nuclear effects (multibody effects, etc.).

50. Neutrino Cross Section Measurements 3

and pion production processes, two areas we discuss next.
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Figure 50.1: Measurements of νµ and νµ CC inclusive scattering cross sections
(per nucleon) divided by neutrino energy as a function of neutrino energy. Note the
transition between logarithmic and linear scales occurring at 100 GeV. Neutrino
cross sections are typically twice as large as their corresponding antineutrino
counterparts, although this difference can be larger at lower energies. NC cross
sections (not shown) are generally smaller but non-negligible compared to the CC
scattering case.

50.2. Quasi-elastic scattering

Quasi-elastic (QE) scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1 GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments. Historically, neutrino (antineutrino) quasi-elastic scattering refers
to the process, νµ n → µ− p (νµ p → µ+ n), where a charged lepton and single nucleon
are ejected in the elastic interaction of a neutrino (or antineutrino) with a nucleon in
the target material. This is the final state one would strictly observe, for example, in
scattering off of a free nucleon target. Fig. 50.2 displays the current status of existing
measurements of νµ and νµ QE scattering cross sections as a function of neutrino
energy. In this plot, and all others in this review, the prediction from a representative
neutrino event generator (NUANCE) [46] provides a theoretical comparator. Other
generators and more sophisticated calculations exist which can yield significantly different
predictions [47]. Note that modern experiments have recently opted to report QE
cross sections as a function of final state muon or proton kinematics [17,18,48]. Such

October 1, 2016 19:59

295 km (T2K, HK)
810 km (NOvA)1100-1300 km (DUNE, T2HKK)

Bottom line: it’s complicated! 
and much of it isn’t particle physics!6

from PDG
from G.P. Zeller



D E T E C T O R  S Y S T E M AT I C S :

• top down: systematic for each piece of information you want from your detector 

• kinematics (energy/momentum scale, resolution, sign) and overtaxing 

• particle identification,etc. 

• bottom-up: systematic for each aspect of your detector 

• water transparency, reflectivity, scattering, PMT response . …. 

• alignment, material composition, particle interactions (EM, hadronic interactions, etc.) . 

• drift lifetime, diffusion, etc. 

• efficiency/resolution of active elements 

• etc., etc.
D. J. Griffiths: Introduction to Elementary Particles 

”neutrino experiments are notoriously difficult” 
7



B A S I C  N E A R  D E T E C T O R  S T R AT E G Y

• Systematic uncertainties can be cancelled by measurements 
of the unoscillated neutrinos
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• . . . . need near detectors" 

• Basic idea: 

• as before, detectors observe 

• if there are large uncertainties in  

• it is difficult to make “disappearance measurement” which has 
as its primary signal a deficit of events. 

• If definitive spectral distortions are visible, than one can 
circumvent this “rule”.

N = �⌫ ⇥ �⌫ ⇥ ✏

�⌫ ⇥ �⌫

“ O N LY  D I S A P P E A R A N C E  E X P E R I M E N T S ”
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E X A M P L E S :  D I S A P P E A R A N C E
• K2K, MINOS 

• disappearance experiments with NDs 

• SK atmospheric., KamLAND 

• disappearance experiments without NDs 

• SK is “its own near detector” 

• reactors: better known flux, cross section 

• range of L/E allows shape to be used

10
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E X A M P L E S :  A P P E A R A N C E

• If potential signal can be cleanly extracted with small 
expected background,  large uncertainty are tolerable 

• Last two generations of νµ→ντ appearance 
experiments did not near detectors 

• Recent νµ→νe experiments also did not have near 
detectors 

• We are now beyond the phase of “establishing” 
appearance 

• we are moving into the measurement phase . . . .

11
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• “ . . . and you can do wonderful things. “ 
• sounds obvious, who could disagree? 

• understanding (half) of the initial state of an interaction 
seems beneficial. 

• other kinds of experiments (colliders, etc.) make a 
significant effort to understand initial state (luminosity, etc.) 
even if normalization factors, etc. come from elsewhere 

• However, I have encountered a lot of resistance: 

• there’s a near detector so I don’t care 

• understanding neutrino flux is difficult; is it worth it?

“ U N D E R S TA N D  Y O U R  F L U X  .  . .   ”

12



N E U T R I N O  F L U X  P R E D I C T I O N

• Hadron production from the target  
• usually dominant uncertainty 

• followed by subsequent interactions 

• Precise monitoring of beam 
• accelerator variations (primary protons) 

• beam line variations (horn current, alignment, etc.) 

• more dramatic/drastic changes . . . . 

• “Standard candles” 
• ν-e elastic scattering, inverse muon decay, etc. 

• obvious challenges (statistics, energy range, etc.)

      !-mode POT: 7.57×1020 (50.14%)
      !-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021

2011    2012    2013    2014    2015    2016

NA61/SHINE

MINERvA

T2K
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R E C E N T  E X A M P L E S :

• NOMAD 
• ~4% energy dependent uncertainties with ~4% overall normalization uncertainties 

•  T2K 
• with dedicated effort, 2009 NA61/SHINE thin target measurements, uncertainties reaching ~10% level 

• with NA61/SHINE replica target, uncertainties of ~5% are within reach 

• My opinion: 
• these efforts are important and sometimes under-appreciated (particularly dedicated efforts) 

• something as important as the incident neutrinos should be understood as well as practically possible.
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Fig. 14. Total energy-dependent uncertainties on the yields of each of the four
neutrino species. The energy-independent uncertainties are listed in Table 5.

the νµ flux, 0.8% in the νe flux and 0.5% in the νe/νµ ratio.

7.4 Summary of systematic uncertainties

The overall energy-dependent uncertainties are shown in Fig. 14 for the four
neutrino species and in Fig. 15 for the νe/νµ ratio. The normalization system-
atic uncertainties are summarized in Table 5.

It should be noted that the normalization uncertainties of the νµ and νe com-
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“ T H E  P U R P O S E  O F  T H E  N E A R  D E T E C T O R ”

σν𝜙ν

σν𝜙ν

“prefit”

“postfit”

• “ . . . is to measure the flux.” 
• Neutrino detectors cannot measure the flux directly: 

• if σν is well understood (“standard candle”) can “measure 𝜙ν” 

• However, this appears not to be the case. 

• covariances of 𝜙ν /σν may constrain the flux further 

• in my opinion: 

• not incorrect . .but maybe not relevant to current/next LBL

N = �⌫ ⇥ �⌫ ⇥ ✏

𝜙ν parameters σν parameters
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• “ . . . . should be identical” 
• Obvious strategy when one considers 

• cancel ϵ by maximizing correlation between near and far.

“ N E A R  A N D  FA R  D E T E C T O R   .  .  .  . ”

NND = �⌫ ⇥ �⌫ ⇥ ✏

N
FD

= �
⌫

⇥ �
⌫

⇥ ✏⇥ P
osc

(✓,�m2)

MINOS NOvA
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“ I D E N T I C A L  D E T E C T O R S ”

• What does it mean to be “identical” when 
they cannot be identical? 

• Often the case for LBL: 

• no way to replicate far detector (multi-kT) 

• How to achieve “practically identical”? 

• K2K 1 kTon WČ detector 

• use same overall method, components 

• 20” PMTs, readout electronics, etc/ 

• as far detector (SK) 

• size is an intrinsic aspect for some detectors 

• Further consideration led to: 

• T2K 2km proposal: 5” PMTs 

• NuPRISM: 3” PMTs 

• to achieve greater effective granularity

• K2K 1KT WČ detector 

• miniature version of SK 

• 1/50th size 

• R~ 5 m, H ~ 12 m 

• same 20” PMTs with 40% coverage

G R A N U L A R I T Y

• Granularity/sampling near the wall suffers 

• SK: events must be > 2 m from the wall 

• Reduces “useable” volume  

• 33 kT → 22.5 kT 

• 1kT: “useable” volume similarly defined  

• only 50 tonnes! 

• Finer granularity (smaller PMTs) needed for 
events near the wall, smaller detectors

17



O T H E R  I S S U E S
• Pile up:  

• interaction rates very different in near/far detector 

• near detectors may not be deep underground;  

• significant cosmic ray rate 

• Containment: 

• smaller detectors may not contain muons, photons, etc. 

• need cost-effective means to measure outgoing muons, escaping 
photons over large volume 

• Information: 

• unexpected systematics, data/MC discrepancies may arise 

• complementary/additional capability with far detector may be 
needed to resolve issues (scintillation, magnetization, etc.)

18



E X A M P L E S
• ND280: Tracking near detector 

for T2K (SK far detector) 

• Sign selection, lower particle 
detection threshold, particle 
detection capability. 

• Challenges: planar geometry with 
wide angle particle production.

• K2K 1KT WČ detector 

• miniature version of SK 

• 1/50th size 

• R~ 5 m, H ~ 12 m 

• same 20” PMTs with 40% coverage

G R A N U L A R I T Y

• Granularity/sampling near the wall suffers 

• SK: events must be > 2 m from the wall 

• Reduces “useable” volume  

• 33 kT → 22.5 kT 

• 1kT: “useable” volume similarly defined  

• only 50 tonnes! 

• Finer granularity (smaller PMTs) needed for 
events near the wall, smaller detectors

• DUNE “reference” near 
detector design with straw-
tube tracker 

• magnetized  

• low-density  

19



N E U T R I N O  E N E R G Y  R E C O N S T R U C T I O N
• Kinematic: 

• target reaction hypothesis, e.g. 

• identify events consistent with 
hypothesis 

• e.g. CC events with no pions 

• exclusive selection (e.g. μ+p+(π) ) 

• Calorimetric 
• sum  energy in the event 

• typically: 

•  calorimetric reconstruction of 
hadron shower 

• particle-by-particle

E⌫ = Elep + Ehad

⌫ + n ! `� + p

⌫ + p ! `� + ⇡+ + p

20



E N E R G Y  R E C O N S T R U C T I O N  I S S U E S

• Kinematic: kinematically different channels with 
potentially indistinguishable final states 

• how to measure: predicted final states rely on nuclear 
model (large uncertainty), final state interactions 

• Calorimetric: amount of energy going into 
undetectable particles 

• relies on getting final state content correct through 
underlying reaction, final state interactions, and 
secondary interactions

differently. Indeed, as we observed in Ref. [4], the proce-
dure is completely reversible and can be used in both
directions. Here we calculate the theoretical prediction
for electron events energy distribution for a given value
of the oscillation parameter. We then transform this distri-
bution into one in terms of the reconstructed energy value,
which can be directly compared to the experimental
distribution. In principle, we are then in a situation to
investigate which oscillation parameter best fits the data.
We also apply our smearing procedure to disappearance
effects for the muon neutrinos in the T2K beam.

A. Formalism

The number of charged current events in a target for
neutrinos of energy between E! and E! þ dE!, for an
energy transferred to the nuclear system, !, and a lepton
emission angle ", is related to the double differential cross
section by

gðE!; !; cos"ÞdE!d!d cos"

¼ d2#

d!d cos"
!ðE!ÞdE!d!d cos": (1)

The quantity g is the triple density, in terms of the three
variables, E!,!, and cos". For our problem it is convenient
to switch to another set of variables, E!, El (the energy of
the lepton produced) and the reconstructed neutrino energy
"E!. The relations between the two sets of variables are,
first, ! ¼ E! % El. In addition, cos" is related to the new
variables El and "E! by

"E!Pl cos"þMð "E! % ElÞ % "E!El þ
m2

l

2
¼ 0; (2)

where Pl is the lepton momentum, ml is the charged
lepton mass, and M is the nucleon mass. The modulus of
the Jacobian for these variables transformations is ðMEl%
m2

l =2Þð "E2
!PlÞ%1, and the new density GðE!;El; "E!Þ is

GðE!; El; "E!Þ dE! dEl d "E!

¼ dE! dEl d "E! !ðE!Þ
ðMEl %m2

l =2Þ
"E2
!Pl

&
!

d2#

d!d cos"

"

!¼E!%El; cos"¼cos"ðEl; "E!Þ
; (3)

where cos"ðEl; "E!Þ is the solution of Eq. (2). After inte-
gration over the lepton energy, this density can be used in
both directions: either to extract a distribution in terms of
the real neutrino energy from a distribution in recon-
structed energies, as was done in our previous work [4]
where we had used normalized probabilities; or in the
opposite direction, we start from a theoretical distribution
expressed with real energies then we perform the smearing
procedure to deduce the corresponding distribution of the
events in terms of the reconstructed energy. For this, we
integrate over the lepton energy and over the real neutrino

energy distribution, which provides the distribution,
Drecð "E!Þ, in terms of the reconstructed energy which can
be compared to the data

Drecð "E!Þ ¼
Z

dE!!ðE!Þ
Z Emax

l

Emin
l

dEl
ðMEl %m2

l =2Þ
"E2
!Pl

&
!

d2#

d!d cos"

"

!¼E!%El; cos"¼cos"ðEl; "E!Þ
; (4)

where the quantities Emin
l and Emax

l are the minimum and
maximum values of the charged lepton energy for a given
value of "E!. They are obtained by taking cos" ¼ 1ð%1Þ in
Eq. (2), with the additional restriction, ml < El < E!. The
second integral on the right-hand side of Eq. (4), which
represents the spreading function, depends on E! and "E!;
we denote it as dðE!; "E!Þ. We give in Fig. 1 some examples
of its "E! dependence for several E! values. The np-nh low
energy tail is the counterpart, in these variables, of the high
energy one that we stressed in our previous work [4].

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a
long baseline experiment [10,11] with oscillation mass
parameters already known to a good accuracy. We have
pointed out [4] the interest of the study for T2K of the
muon events spectrum both in the close detector and in the
far detector since the two corresponding muonic neutrino
beams have different energy distributions. The study of the
reconstruction influence on the electron events in the far
SuperKamiokande detector was performed in our Ref. [4];
it is discussed again here in our new reversed perspective.
The two muon beams in the close and far detectors and the
oscillated electron beam at the far detector having widely
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FIG. 1 (color online). The spreading function dðE!; "E!Þ of
Eq. (4) per neutron of 12C in the case of electrons evaluated
for three E! values. The genuine quasielastic (dashed lines) and
the multinucleon (dotted lines) contributions are also shown
separately.

ENERGY RECONSTRUCTION EFFECTS IN NEUTRINO . . . PHYSICAL REVIEW D 87, 013009 (2013)

013009-3

calculated fromtheMonteCarlo simulationswithall detector
effects. Should no energy be missing, the distribution
would be centered at the true value of the neutrino energy,
as thedot-dashedcurve.Acommonwayused in the literature
to parametrize the resolution in neutrino energy in oscil-
lation experiments is by using a Gaussian function with a
simple function for its standard deviation: σðEνÞ ¼
αþ β

ffiffiffiffiffi
Eν

p
þ γEν, where Eν is the true neutrino energy

in GeV. Typical values used in phenomenological studies
of liquid argon detector experiments are σðEνÞ ¼ 0.15

ffiffiffiffiffi
Eν

p
;

see e.g. Refs. [43–46]. In our case, we use the migration
matriceswhich have been obtained from the event generator,
and fit the result to a Gaussian with a width in the above
form. In the case of νe DIS events (i.e., the dot-dashed
curve in Fig. 1), the best fit to the matrices is given by a
Gaussian with standard deviation σðEνÞ ¼ 0.158Eν þ
0.13

ffiffiffiffiffi
Eν

p
. Finally, the dashed curve obtained from linear

interpolation between the dot-dashed and solid lines repre-
sents an intermediate situation in which 50% of the missing
energy is accounted for: the two distributions used in the
linear interpolation do have the same width, while their
central value differs due to the impact of missing energy in
the events. It should also be noted that, for each type of
neutrino interaction considered in this work, thewidth of the
distribution obtained when computing the migration matri-
ces is generally different.
Based on Monte Carlo studies, the hadronic energy

uncertainty in the MINOS experiment has been estimated
not to exceed 8.2% [47]. However, in view of the reported
difficulties with the description of nuclear effects in modern
simulations [48], our results are presented for uncertainties
up to 30%.
The allowed confidence regions from the oscillation

analysis are shown in the ðθ13; δÞ plane in Fig. 2. In this

figure, the different contours have been obtained under
different assumptions regarding the ability of the experiment
to determine the missing energy involved in the events. The
shaded area corresponds to the correct result, where all the
missing energy in the events is perfectly estimated in the fit.
The solid, dashed, and dot-dashed lines represent the results
obtained when 90%, 80%, and 70% of the missing energy is
correctly accounted for, respectively. Our results show that
even a 20% underestimation of the missing energy intro-
duces a sizable bias in the extracted δCP value. Should an
experimental analysis suffer from a 30% underestimation
of the missing energy, it would exclude the true value of
δCP at a confidence level between 2σ and 3σ.
The legend in Fig. 2 also shows the values of the χ2 for the

best-fit ðθ13; δÞ points divided by the effective number of
degrees of freedom, i.e. the number of data bins minus the
number of parameters extracted from the data. In an actual
experiment, this ratio would give an additional contribution
to the goodness of fit. A large enough contribution would
indicate that the model used to fit the data is not correct. Our
results indicate that such contributionwould be small enough
that, from a fit to the far detector data alone, it would be
virtually impossible to realize that the energy carried away by
undetected particles is being underestimated in the fit.
In summary, we have analyzed the impact of missing

energy on determination of the CP-violating phase in a
long-baseline neutrino appearance experiment employing
the calorimetric method of energy reconstruction. The main
source of missing energy are neutrons and other hadrons
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FIG. 1 (color online). Reconstructed energy distributions ob-
tained for νe deep-inelastic scattering (DIS) events with true
energy of 2.95 GeV. The distributions neglecting the shift due to
the missing energy (dot-dashed line), and accounting for its 50%
(dashed line) are compared to the full calculations (solid line).
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4 50. Neutrino Cross Section Measurements

distributions are more difficult to compare between experiments but are much less
model-dependent and provide more stringent tests of the theory than cross sections as a
function of neutrino energy (Eν) or 4-momentum transfer (Q2).
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Figure 50.2: Measurements of νµ (black) and νµ (red) QE scattering cross sections
(per nucleon) as a function of neutrino energy. Data on a variety of nuclear
targets are shown, including measurements from ANL [49], BEBC [50], BNL [51],
FNAL [52], LSND [53], T2K [39], MINERvA [12], MiniBooNE [17,18], GGM [54],
NOMAD [31], Serpukhov [55], and SKAT [56]. Shown is the QE free nucleon
scattering prediction from NUANCE [46] assuming MA = 1.0 GeV. This prediction
is significantly altered by nuclear effects in the case of neutrino-nucleus scattering.
Although plotted together, care should be taken in interpreting measurements
performed on targets heavier than D2 due to possible differences in QE identification
and kinematics.

In many of these initial measurements of the neutrino QE cross section, bubble
chamber experiments employed light targets (H2 or D2) and required both the detection
of the final state muon and single nucleon‡; thus the final state was clear and elastic
kinematic conditions could be verified. The situation is more complicated, of course, for
heavier nuclear targets. In this case, nuclear effects can impact the size and shape of
the cross section as well as the final state kinematics and topology. Due to intranuclear
hadron rescattering and the possible effects of correlations between target nucleons,
additional nucleons may be ejected in the final state; hence, a QE interaction on a nuclear
target does not always imply the ejection of a single nucleon. One therefore needs to
take some care in defining what one means by neutrino QE scattering when scattering

‡ In the case of D2, many experiments additionally observed the spectator proton.
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FIG. 7. The neutrino flux (arbitrary normalization) as a function of o↵-axis angle and energy for each neutrino flavor with the
horn in neutrino-mode operation.

TABLE I. The event rates per 2e13 POT for nuPRISM with horn currents at 320 kA.

O↵-axis Angle (�) Entering ID PC ID FC ID OD Contained Entering OD
0.0-0.6 0.4179 0.2446 0.3075 1.2904 0.7076
1.0-1.6 0.1005 0.0550 0.0741 0.3410 0.1939
2.0-2.6 0.0350 0.0198 0.0230 0.1234 0.0635
3.0-3.6 0.0146 0.0092 0.0156 0.0564 0.0291

in the event. For decay electrons originating from muons
produced outside of the ID, a similar spatial likelihood
may be constructed using OD light, ID light, and hits
from scintillator panels (if they are installed between the
OD and ID) from the entering particle. Since the muon
mean lifetime (2.2 µs) is shorter than the spill length
( 5 µs), there will also be statistical power to match de-
cay electrons to their primary vertex based on the time
separation of the decay electron vertex and primary ver-
tex. On the other hand, the muon lifetime may provide
a cross-check for the spatial matching of primary and de-
cay electron vertices since significant mismatching would
tend to smear the time separation distribution beyond
the muon lifetime. Studying the matching of decay elec-

trons to primary interactions is a high priority and work
is underway to address this issue with a full simulation
of nuPRISM and the surrounding rock.

The rate of events producing light in the OD is 0.690
per bunch. Hence, the probability that an FC ID event
will have OD activity in the same bunch is 50%. Ne-
glecting out of time events, the rejection rate of FC ID
events would be 50% if a veto on any OD activity in the
bunch is applied. This rejection rate falls to 21% and
10% in the 2.0-2.6 and 3.0-3.6 degree o↵-axis positions
respectively. Of the OD events, about 30% are enter-
ing from the surrounding earth, and most of those are
muons. The scintillator panels may be used to relax the
veto on these types of pile-up events by providing ad-

• Ideally: measure neutrino interaction final states as a function of neutrino energy 

• However, we use the final state to infer the neutrino energy 

• the neutrino doesn’t tell us its energy other than through its interaction products 

• we can only measure properties inclusively over the entire energy spectrum 

• Several possibilities 

• employ more than one energy reconstruction strategy  

• e.g. both kinematic and calorimetric 

• find other ways to control neutrino energy

nuPIL

14

and Super-K fluxes. An analysis using the free weights
is less dependent on the cross section model assumptions
in the extrapolation to Super-K since the Super-K flux
is more closely matched. On the other hand, the analy-
sis with the smoothed weights is less sensitive to uncer-
tainties on the flux model and nuPRISM detector model
that have an o↵-axis angle dependence since neighboring
bins have similar weight values. The statistical errors are
also smaller for the smoothed weight case since the sum
in quadrature of the weights in a given neutrino energy
bin is smaller when there are less fluctuations in weight
values. In the analysis presented here, the smoothed
weights are used, although the optimization of the level
of smoothness is an area where the analysis will be im-
proved in the future.

FIG. 11. A sample fit of the flux in 30 nuPRISM fluxes to
an oscillated Super-K flux is shown. Good agreement can
be achieved, except at low energies due to the 4� maximum
o↵-axis angle seen by nuPRISM.

The nuPRISM candidate events are events with a sin-
gle observed muon ring and no-other observed particles,
matching the selection applied at Super-K. After the
ci

�
✓23,�m

2
32

�
coe�cients are derived, they are used to

make linear combination of observed candidate event dis-
tributions from each nuPRISM o↵-axis bin. In this case
the observables are the momentum and polar angle of
the scattered muon candidate, and hence the expected
Super-K distribution of these observables is predicted by
the linear combination of observed nuPRISM events.

In order to use these nuPRISM measurements to make
an accurate prediction of Super-K muon kinematics, a se-
ries of corrections are required. First, non-signal events
from either neutral current events or charged current
events with another final state particle above Cherenkov
threshold, must be subtracted from each near detector
slice. This is particularly important for neutral current
events, which depend on the total flux rather than the
oscillated flux at Super-K, but depend on the oscillated
flux in the nuPRISM linear combination. This back-
ground subtraction is model dependent, and is a source

FIG. 12. The weights for each o↵-axis bin produced in the
nuPRISM flux fits are shown after requiring that neighboring
bins have similar values (top; as in Figure 13 left column) and
with neighboring bins allowed to vary more freely relative to
each other (bottom; as in Figure 13 right column).

of systematic uncertainty, although neutral current inter-
actions can be well constrained by in situ measurements
at nuPRISM. The di↵erences in detector e�ciency and
resolution must also be corrected. The e�ciency di↵er-
ences are due to di↵erences in detector geometry and are
largely independent of cross section modeling. Detec-
tor resolutions must be well determined from calibration
data, but this e↵ect is somewhat mitigated due to the
fact that the near and far detector share the same de-
tector technology. Finally, for the present analysis, the
two dimensional muon momentum vs angle distribution
is collapsed into a one dimensional Erec distribution us-
ing a transfer matrix, Mi,p,✓ (Erec). This is an arbitrary
choice that does not introduce model dependence into the
final result, and has only been used for consistency with
existing T2K ⌫µ disappearance results. Future analyses
can be conducted entirely in muon momentum and angle
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C H A L L E N G E S  F O R  T H E  F U T U R E :

• Next generation need precision to ensure: 

• systematic errors don’t limit the sensitivity from 
high statistics 

• exploit spectral information
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FIG. 114. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

and antineutrino mode data, are simultaneously fitted.

The �2 used in this study is defined as

�2 = �2 ln L + P, (16)

where ln L is the log likelihood for a Poisson distribution,

�2 ln L =
X

k

��N test

k (1 + fi) + N true

k ln
⇥
N test

k (1 + fi)
⇤ 

. (17)

Here, N true

k (N test

k ) is the number of events in k-th reconstructed energy bin for the true (test)

oscillation parameters. The index k runs over all reconstructed energy bins for muon and electron

neutrino samples and for neutrino and anti-neutrino mode data. The parameters fi represent

systematic uncertainties.

The penalty term P in Eq. 16 constrains the systematic parameters fi with the normalized
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Figure 3.5: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-
beam mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy
and ”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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Figure 3.6: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy and
”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-
beam mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy
and ”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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Figure 3.6: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming a 150 kt · MW · year exposure in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total 300 kt · MW · year exposure. The plots assume normal mass hierarchy and
”CP = 0. The spectra are shown for both the CDR reference beam design and the optimized beam
design as described in Section 3.9.1.
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Hyper-Kamiokande

Hyper-Kamiokande

• Recall: neutrino oscillation are driven by true energy 

• correct Eν spectrum essential to predict oscillation signature (including rate), extract parameters 

• this relies on an accurate understanding of how we reconstruct Eν 

• Large “wrong sign” contribution in antineutrino mode: ~25% in each experiment 

• need measurements in near detector to understand this “background”
23
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C O N C L U S I O N S :
• Near detectors are needed for the next generation of oscillation experiments 

• they are a central aspect of the measurement strategy 

• please don’t do a LBL (or a SBL) neutrino oscillation experiment without one and without a careful 
consideration of its design. 

• as we “up" the game, revisit the “identical detector” strategy 

• Past experience is always valuable 

• however, we are playing a new game 

• don’t accept existing rules-of-thumb/dogma for granted 

• Please support: 

• hadron production measurement and flux estimation efforts 

• neutrino interaction modelling and measurement efforts 

• We should be prepared for surprises 

• there is a very well defined paradigm for the physics . . . . . 

• but it’s very complicated, relies on challenging modelling of ν production, interaction, detection 

• and there is a significant chance for physics beyond this paradigm 
• we should build near detectors that are up for the challenge
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NUINT(INTNU?) 2017 
• 26 June-1 July 

• Fields Institute at the University of Toronto 

• See you there!


