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THE NOMAD DETECTOR

✦ Multi-purpose electronic detector:

I Low-density tracking: ρ ∼ 0.1 g/cm3

=⇒ δp/p ∼3.5% (p<10GeV/c,B = 0.4T );

II Fine-grained calorimeter
=⇒ σ(E)/E = 3.2%/

√

E[GeV]⊕ 1%;

III Excellent lepton identification
& charge measurement

=⇒ Can detect νµ, νe, ν̄µ, ν̄e CC .

Chambers
Muon

Beam
Neutrino

V8

Calorimeter
Hadronic

1 metre

PreshowerModules
TRDDipole Magnet 

Trigger Planes

Electromagnetic
CalorimeterDrift Chambers

Calorimeter
Front

Veto Planes

νµ Charged Current

Neutral Current

Missing transverse momentum

Roberto Petti USC

NOMAD Coll., NIM A 404 (1998) 96

2



THE NOMAD ντ SEARCH

✦ Explicitly designed to search for νµ → ντ oscillations
in the CERN SPS wide band neutrino beam at L ∼ 620 m

✦ APPEARANCE experiment.

ντ is detected by CC interactions ντ +N −→ τ− +X

✦ INDIRECT τ identification throught its

secondary visible decay products:

τ− −→







e−ν̄eντ 17.8%
h−(nπ0)ντ 49.8%
π−π−π+(nπ0)ντ 15.2%

Total 82.8%

✦ The signal is extracted from the tails of the background

distributions by means of KINEMATIC CRITERIA

=⇒ ετ ∼ 1÷ 4%, εBKG ∼ 10−4 ÷ 10−6 .

✦ NOMAD also searched for νµ → νe oscillations

✦ NOMAD is a detector suitable for general neutrino physics
(a kind of “electronic bubble chamber”)
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IDENTIFICATION OF ντ EVENTS

I Rejection of νµ (νe) Charged Current:

✦ LEPTONIC CHANNELS

Main background source:

=⇒ Kinematics based on
momentum balance and angular relations in transverse plane

✦ HADRONIC CHANNELS

Background from events where the leading muon is not identified:

=⇒ Muon & electron veto -
Muon and electron ID in detector, geometrical acceptance;

=⇒ Kinematics in transverse plane (looser).
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• Amount of imbalance:
magnitude of the missing transverse momentum PT/

• Direction of imbalance:
angle between lepton and hadronic jet transverse momenta Φlh

angle between missing and hadronic jet transverse momenta Φmh

ratios of transverse momenta ρi ≡ P i
T/

∑
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√
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|)2 − (P Jet
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II Rejection of νµ (νe) Neutral Current:

✦ HADRONIC CHANNELS

Largest background contribution:

=⇒ Isolation conditions
between the τ visible decay product(s) and the hadronic jet.

✦ LEPTONIC CHANNELS

Wrong particle ID, genuine decays (h− → e−, π0 → γe+e− etc):

=⇒ Lepton identification;

=⇒ Isolation with respect to the hadronic jet (looser).
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• Momentum component of the τ visible decay products perpendicular

to the visible momentum QT =

√

(~Ph−)2 − (~Ph− · ~Ptot)2/P 2
tot

• Opening angle between the τ visible decay products and any other

charged track θiso = arccos (~Pl · ~Phi
/PlPhi

)
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III Signal ντCC has intermediate properties
between CC and NC backgrounds:
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Difficult to reject efficiently both background sources with
simple kinematic criteria =⇒ opposite requirements.
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✦ Final state neutrino(s) =⇒ PT/ (ντCC) > PT/ (νCC)
Visible τ decay product(s) =⇒ PT/ (ντCC) < PT/ (νNC)
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ANALYSIS & EVENT SELECTION

✦ FULL TOPOLOGY of visible final-state particles

=⇒ Exploit complete set of Xi=1,N kinematic variables

✦ Definition of probability density functions, pdf L ,

for the given set Xi, to be signal (LS) or background (LB).

=⇒ approximations to extract LS and LB from MC.

✦ The global pdf L is subdivided into n-dimensional partial

pdf’s with n < N and n = 1, 2, 3, 4, chosen among the

most discriminating internal CORRELATIONS of Xi:

● Can use product of the chosen n-dimensional partial pdf’s Pn(Xi):

L =
∏N

i=1
Pn(Xi) Pn(Xi) ≡ [X1, ..., Xn]

● Residual correlations among partial pdf’s can also be considered:

L = [Pn, Xn+1, ..., XN ]

✦ Event classification based on LIKELIHOOD RATIO

between the signal S and background(s) B hypotheses:

ln λ
def
≡ ln

LS

LB
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BACKGROUNDS & EFFICIENCIES

Final estimate corrected by Data Simulator:

✦ The large kinematical suppression and the use of likelihood
ratios exploiting multi-dimensional correlations require a
precise knowledge of the relevant distributions down to a
∼ 10−4 ÷ 10−6 level. Not possible to rely entirely on the
Monte Carlo (LEPTO/JETSET/GEANT) predictions (MC):

TAILS of











nucleon Fermi motion;
hadronic jet fragmentation;
nuclear reinteractions;
instrumental effects.

✦ Use IDENTIFIED νµCC in both Data (DS) and

Monte Carlo (MCS) and replace the leading µ− by:

◦ ν (i.e. nothing) ⇒ ’Fake NC’
◦ e− from MC ⇒ ’Fake νeCC’
◦ τ− → X MC ⇒ ’Fake ντCC’

ν

µ

Jet

✦ The three samples MC, MCS and DS are fully analyzed

and the background and signal efficiencies are estimated

from the DOUBLE RATIO ε
def
≡ ε(MC)× ε(DS)

ε(MCS)

=⇒ essentially LEPTON from MC & JET from DATA.

✦ Final background predictions must agree with data in
τ+ search where no detectable signal is expected. This
comparison validates the Data Simulator corrections.

Roberto Petti USC

9



HiResMν:

Costs and Detector Design

R. Petti
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LBNE Near Detector Workshop

Columbia SC, December 12, 2009
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EXAMPLE: τ− → h−(nπ0)ντ CHANNEL

(π0)

ν
π−

τ
τ

Jet structure
0γ, 1γ, 2γ

}Candidate structure
1γ, 2γ

}
Global kinematics

0γ, 1γ, 2γ

✦ Most sensitive decay channel in NOMAD ντ appearance search:
large inclusive BR 49.8% & additional handles from internal structure of ντ candidate.

✦ Unified approach with 3 different (inclusive) decay topologies:

● 0γ : τ candidate built from single π−;

● 1γ : τ− → ντρ− → ντπ−π0. Single γ reconstructed from π0 (2γ overlap or missed γ);

● 2γ : τ− → ντρ− → ντπ−π0. Both γs from π0 decay are reconstructed.

✦ Kinematic selection requires 4 steps on event-by-event basis:
(i) Choice of the most likely τ decay products;
(ii) Choice of the most likely “leading lepton” candidate;
(iii) Rejection of CC backgrounds;
(iv) Rejection of NC backgrounds.

Roberto Petti USC
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I Choice of τ decay products:

✦ In general, for a given event more than one
choice/combination possible

✦ Define the selection likelihood function:

LS def
≡ [(LIN), RQT

, yBj, θτH ]

LIN
1γ

def
≡ [Mρ, θπ−π0 , Eπ0/Evis], 1γ

LIN
2γ

def
≡ [Mπ0 , θγγ, Emax

γ /Evis],LIN
1γ ], 2γ

✦ Select the combination maximizing the like-
lihood ratio between correct and random
choices in τ decays.

=⇒ Build ντ CC event kinematics
around the selected τ candidate
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II Choice of “leading lepton” candidate:

✦ Select kinematically the track most likely
consistent to be an unidentified µ in νµ CC

✦ Define the tagging likelihood function:

LV def
≡ [RQT

, plT , θνl]

✦ Select the track maximizing the likelihood
ratio between correct and random choices
in unidentified νµ CC events.

=⇒ Build entire CC event kinematics
around the selected “lepton” track
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III Rejection of CC backgrounds:

νµ CC τ → h(0γ)
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θνl Angle between lep-
ton and beam axis;

RpT
Ratio between pT
of lepton and pmT ;

RQT
Ratio between
transverse size of
hadronic system
with and without
lepton;

Evis Total visible energy
in the event;

MT Transverse invari-
ant mass between
pT of τ candidate
and pmT ;

LCC def
≡ [[RQT

, RpT , θνl], Evis, pmT ,MT ]
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IV Rejection of NC backgrounds:

νµ NC τ → h(0γ)
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direction of the in-
cident ν and the
total momentum of
the event;
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mentum;

θiso Minimum opening
angle between the
electron and any
other track in the
hadronic system;

pmT Missing pT .

LNC def
≡ [[[θνT , θνH ], θiso, QT ], pmT , p
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HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009
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HiResMν:

Costs and Detector Design

R. Petti
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HiResMν:

Costs and Detector Design

R. Petti
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Fig. 10. Cumulative lnλCC distributions of data (full circles) and background predictions (open squares) in NC control samples for the 0γ , 1γ , 2γ and
3h (from left to right) topologies: (a) without cuts on lnλNC and lnλIN; (b) with a lnλNC cut reducing the overall background by more than a factor of
10 but without lnλIN cut; (c) with lnλIN > 0.5,0.0,0.0 (signal selection) but without lnλNC cut. The histograms represent the individual NC and CC
contributions to the total background. The vertical lines show the starting point of the signal region (solid) and of the last signal bin (dashed). The region to
the right of the vertical solid lines is used to estimate the systematic uncertainties on the NC sample (region B of Fig. 7).
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HiResMν:

Costs and Detector Design
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Fig. 11. Cumulative lnλIN distributions of data (full circles) and background predictions (open
squares) for the 1γ , 2γ and 3h (from left to right) topologies: (a) without cut on lnλCC; (b) with
lnλCC > 0.0,0.0,0.0 (signal selection). The histograms represent the individual NC and CC
contributions to the total background. The vertical lines show the starting point of the signal region
(solid) and of the last signal bin for 3h events (dashed). The region to the right of the vertical solid
lines is used to estimate the systematic uncertainties.

of the individual steps of Table 1. A similar check is performed in the τ− search for the
initial selection and for events outside the signal region (Fig. 9). Due to the charge bias of
the lepton tagging procedure (Section 5.3) and, consequently, of kinematics (Section 5.5),
the τ+ selection is less effective than the τ− search in rejecting backgrounds (Table 1).
This gives the possibility to check background predictions with larger statistics.
Data events are in good agreement with background predictions for all control samples,

as shown in Table 1, Figs. 9, 10 and 11. This gives confidence in the background estimation
procedures and allows at the same time an evaluation of the systematic uncertainties.

7. Systematic uncertainties

The use of likelihood functions incorporating the full event topology provides a better
estimate of systematic uncertainties with respect to a selection based on the application
of a sequence of cuts. Moreover, the separation between CC and NC backgrounds gives
additional high statistics control samples to constrain background predictions, as described
in Section 6.2. This results, in turn, in a more precise background estimation.

7.1. Background

The systematic uncertainties on the number of background events predicted inside the
signal region can be divided into two contributions, related to the overall normalization and

1�
<latexit sha1_base64="nz4ww+GwEU9fYiM0Iyd/0xUzw28=">AAACLXicbVDLSgMxFM34rOOr6tJNsBVclRld6LKoC5cVbCt0Sslk7kyDSWZIMkIZ+kNu/BURXFTErb9h+kC09cCFwzn3JveeMONMG88bOUvLK6tr66UNd3Nre2e3vLff0mmuKDRpylN1HxINnEloGmY43GcKiAg5tMOHq7HffgSlWSrvzCCDriCJZDGjxFipV74OJm8UiQKQQxyEsa2UR4KYPnaDEBImCwrSgBpit+oHCRGCVN0AZPSj98oVr+ZNgBeJPyMVNEOjV34NopTmws5TTrTu+F5mugVRhlEOQzfINWSEPpAEOpZKIkB3i8mmQ3xslQjHqbIlDZ6ovycKIrQeiNB2jq/Q895Y/M/r5Ca+6BZMZrkBSacfxTnHJsXj6HDEFFDDB5YQqpjdFdM+UYTaELRrQ/DnT14krdOaf1bzbk8r9ctZHCV0iI7QCfLROaqjG9RATUTRE3pBI/TuPDtvzofzOW1dcmYzB+gPnK9vTn+oHg==</latexit>
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no ln�CC cut
<latexit sha1_base64="qS8BM62z38eKmR6alHfEseOMJww="></latexit>

ln�CC cut
<latexit sha1_base64="fUR0sXRaQdcVj7fMtY5udP9q/Mk="></latexit>

Reduction of background systematics 
from multiple NC & CC control samples (redundancy) 
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Table 4
Summary of backgrounds and efficiencies for all the individual τ searches. The columns labelled
τ− summarize the observed number of τ− candidate events (Obs) and the corresponding predicted
background (Tot Bkgnd) for the sum of all bins in the signal region. The columns labelled τ+ contain
the equivalent numbers for the positive control sample. The corresponding τ− selection efficiencies
(ϵτ ), not including branching ratios, and the N

µτ
τ and Neτ

τ (Sections 7.2 and 8.3) are also listed. For
the LM topologies the quoted ϵτ is the average efficiency for quasi-elastic and resonance events. The
last column shows the overall sensitivity of each individual τ search, based on the combination of all
signal bins

Analysis τ− τ+ ϵτ (%) N
µτ
τ Neτ

τ Sµτ

Obs Tot Bkgnd Obs Tot Bkgnd (×10−4)

ντ ν̄ee DIS 5 5.3+0.7−0.5 9 8.0± 2.4 3.6 4318 88.0 8.0
ντ h

(

nπ0
)

DIS 21 19.5± 3.5 44 44.9± 4.6 2.2 7522 177.4 4.0
ντ 3h

(

nπ0
)

DIS 3 4.9± 1.5 10 9.9± 1.6 1.3 1367 33.3 22.2
ντ ν̄ee LM 6 5.4± 0.9 3 2.2± 0.5 6.3 864 8.8 55.2
ντ h

(

nπ0
)

LM 12 11.9± 2.9 40 44.1± 9.2 1.9 857 16.7 88.9
ντ 3h

(

nπ0
)

LM 5 3.5± 1.2 1 2.2± 1.1 2.0 298 5.2 161.0

Table 5
Summary of background and data events in the low background bins. The corresponding N

µτ
τ and

Neτ
τ , as defined in Sections 7.2 and 8.3, are listed in the last two columns. The quoted background

consists mainly of νe CC events for the ντ eν̄e channel; of a mixture of νe and ν̄e CC events for the
ντ h(nπ0) channel and of νµ CC events for the ντ 3h(nπ0) channel. The errors include contributions
from the remaining sources

Analysis Bin # Tot Bkgnd Data N
µτ
τ Neτ

τ

ντ eν̄e DIS III 0.18+0.18−0.08 0 680 15.0
VI 0.16± 0.08 0 1481 32.7

(Evis < 12 GeV) II+III+VI 0.27± 0.13 0 665 8.7

ντ h
(

nπ0
)

DIS 0γ III 0.05+0.60−0.03 0 288 6.9

0γ IV 0.12+0.60−0.05 0 1345 31.1

1γ III 0.07+0.70−0.04 0 223 5.7

1γ IV 0.07+0.70−0.04 0 1113 26.6

2γ IV 0.11+0.60−0.06 0 211 4.9

1/2γ III 0.20+0.70−0.06 1 707 16.9

0/1–2γ IV 0.14+0.70−0.06 0 1456 34.2

ντ 3h
(

nπ0
)

DIS 3h V 0.32+0.57−0.32 0 675 16.6

Total 1.69+1.85−0.39 1 8844 199.3

Final NOMAD results [NPB 611 (2001) 3-39]
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Table 4
Summary of backgrounds and efficiencies for all the individual τ searches. The columns labelled
τ− summarize the observed number of τ− candidate events (Obs) and the corresponding predicted
background (Tot Bkgnd) for the sum of all bins in the signal region. The columns labelled τ+ contain
the equivalent numbers for the positive control sample. The corresponding τ− selection efficiencies
(ϵτ ), not including branching ratios, and the N

µτ
τ and Neτ

τ (Sections 7.2 and 8.3) are also listed. For
the LM topologies the quoted ϵτ is the average efficiency for quasi-elastic and resonance events. The
last column shows the overall sensitivity of each individual τ search, based on the combination of all
signal bins

Analysis τ− τ+ ϵτ (%) N
µτ
τ Neτ

τ Sµτ

Obs Tot Bkgnd Obs Tot Bkgnd (×10−4)

ντ ν̄ee DIS 5 5.3+0.7−0.5 9 8.0± 2.4 3.6 4318 88.0 8.0
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(

nπ0
)

DIS 21 19.5± 3.5 44 44.9± 4.6 2.2 7522 177.4 4.0
ντ 3h

(

nπ0
)

DIS 3 4.9± 1.5 10 9.9± 1.6 1.3 1367 33.3 22.2
ντ ν̄ee LM 6 5.4± 0.9 3 2.2± 0.5 6.3 864 8.8 55.2
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(

nπ0
)

LM 12 11.9± 2.9 40 44.1± 9.2 1.9 857 16.7 88.9
ντ 3h

(

nπ0
)

LM 5 3.5± 1.2 1 2.2± 1.1 2.0 298 5.2 161.0

Table 5
Summary of background and data events in the low background bins. The corresponding N

µτ
τ and

Neτ
τ , as defined in Sections 7.2 and 8.3, are listed in the last two columns. The quoted background

consists mainly of νe CC events for the ντ eν̄e channel; of a mixture of νe and ν̄e CC events for the
ντ h(nπ0) channel and of νµ CC events for the ντ 3h(nπ0) channel. The errors include contributions
from the remaining sources

Analysis Bin # Tot Bkgnd Data N
µτ
τ Neτ

τ

ντ eν̄e DIS III 0.18+0.18−0.08 0 680 15.0
VI 0.16± 0.08 0 1481 32.7

(Evis < 12 GeV) II+III+VI 0.27± 0.13 0 665 8.7

ντ h
(

nπ0
)

DIS 0γ III 0.05+0.60−0.03 0 288 6.9

0γ IV 0.12+0.60−0.05 0 1345 31.1

1γ III 0.07+0.70−0.04 0 223 5.7

1γ IV 0.07+0.70−0.04 0 1113 26.6

2γ IV 0.11+0.60−0.06 0 211 4.9

1/2γ III 0.20+0.70−0.06 1 707 16.9

0/1–2γ IV 0.14+0.70−0.06 0 1456 34.2

ντ 3h
(

nπ0
)

DIS 3h V 0.32+0.57−0.32 0 675 16.6

Total 1.69+1.85−0.39 1 8844 199.3

Most of the NOMAD sensitivity from low background regions/bins
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THE NOMAD EXPERIENCE

✦ NOMAD pioneered the use of transverse plane kinematics for the selection of various
exclusive (anti)neutrino processes.

=⇒ Efficient technique with low-density high-resolution detector.

✦ The NOMAD experience demonstrated that the kinematic selection of ντ CC can be
controlled up to the extreme tails of the distributions:

● Need to extract & calibrate all efficiencies and backgrounds with data themselves;
● Optimal use of degrees of freedom with multi-dimensional (correlations) pdfs;
● Definition of multiple control samples to validate each beckground source (redundancy);
● Combination of lepton (µ, e) ID & kinematics.

✦ Kinematic techniques originally developed for ντ appearance search extended to broad
range of analyses including NC indentification, measurement of exclusive cross-sections
& particle production, etc.

[e.g. NOMAD Coll., NPB 700 (2004) 51]

Roberto Petti USC
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OUTLOOK

✦ NOMAD kinematic selection of ντ CC can be useful in DUNE for both FD & ND once
adapted to the different detector and beam conditions.

=⇒ Less critical S/B ratio in FD but lower resolution detector

✦ Recent proposal to European Strategy Group for Particle Physics to enhance
LBNF/DUNE physics potential with addition of highly capable ND component:

https://indico.cern.ch/event/765096/contributions/3295805/

● Low-density (ρ ∼ 0.16 g/cm3) high-resolution specrometer based upon NOMAD concept;
● General ND facility for precision tests of fundamental interactions & searches for New Physics;
● Option of LBNF high-energy beam optimized for ντ appearance crucial part of physics program.

✦ Kinematic techniques similar to NOMAD applied to various sensitivity studies in pro-
posed ND addition (e.g. H. Duyang, B. Guo, S. R. Mishra, and RP, arXiv:1809.08752 [hep-ph]).

✦ Proposed ND addition excellent detector option for ντ search in ND (higher segmen-
tation than NOMAD) related to sterile neutrinos (e.g. MiniBooNE), non-standard
interactions, etc.

Roberto Petti USC
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FIG. 3. Distributions of ln�H for the H signal, the C background, and the CH2 plastic (sum) for
the exclusive µ�p⇡+ CC topologies. The multiple peaks are the e↵ect of the binning used to build
L
H . The H and C distributions are normalized to the expected relative abundance in CH2.

this section. However, it provides information complementary to RmH , so that the combined
e↵ect of both these variables improves the overall selection e�ciency.

The use of simple cuts RmH < �0.6 and pH
T? < 0.03 GeV/c provides a clean selection

of ⌫p ! µ�p⇡+ H interactions from the CH2 plastic with an e�ciency of 93% and a purity
of 86%, including non-resonant backgrounds as well as higher order resonances above �.
Similarly, we can select the equivalent ⌫̄p ! µ+p⇡� topology with a purity of 84% and an
e�ciency of 89%. Table I summarizes the results of the kinematic selection.

We can further improve the selection of H interactions by using multivariate techniques
exploiting the complete event kinematics [18–20]. Assuming the two momentum vectors of
the lepton and hadron system, we have in total 3 transverse and 2 longitudinal degrees of
freedom in the event selection, due to the invariance for an arbitrary rotation in the transverse
plane. Since we want to separate the same CC events with and without nuclear e↵ects, we can
further assume that the overall reconstructed energy spectra are similar (up to the nuclear
smearing), thus somewhat reducing the rejection power of one of the longitudinal variables.
As a result, we can define a complete kinematic set as 3 transverse plus one longitudinal
variables. We select this latter as the angle between the total visible momentum vector and
the incident neutrino direction (z axis), ✓⌫T . This variable is expected to be close to zero
in H interactions, up to the tiny beam divergence, while it is much larger in interactions
originated from nuclear targets.

We use a likelihood function incorporating multi-dimensional correlations among kinematic
variables. An optimization of the kinematic selection suggests the following function:

L
H
⌘

⇥
[ RmH , p

H

T?, ✓⌫T ], pm
T
, �lH

⇤
(1)

where the square brackets denote correlations (Fig. 2). The L
H function is over-constrained

in the transverse plane to compensate for the missing correlations, binning, etc. A function
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of 86%, including non-resonant backgrounds as well as higher order resonances above �.
Similarly, we can select the equivalent ⌫̄p ! µ+p⇡� topology with a purity of 84% and an
e�ciency of 89%. Table I summarizes the results of the kinematic selection.

We can further improve the selection of H interactions by using multivariate techniques
exploiting the complete event kinematics [18–20]. Assuming the two momentum vectors of
the lepton and hadron system, we have in total 3 transverse and 2 longitudinal degrees of
freedom in the event selection, due to the invariance for an arbitrary rotation in the transverse
plane. Since we want to separate the same CC events with and without nuclear e↵ects, we can
further assume that the overall reconstructed energy spectra are similar (up to the nuclear
smearing), thus somewhat reducing the rejection power of one of the longitudinal variables.
As a result, we can define a complete kinematic set as 3 transverse plus one longitudinal
variables. We select this latter as the angle between the total visible momentum vector and
the incident neutrino direction (z axis), ✓⌫T . This variable is expected to be close to zero
in H interactions, up to the tiny beam divergence, while it is much larger in interactions
originated from nuclear targets.
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