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W H AT  A M  I  TA L K I N G  A B O U T ?
• “Neutrino beams” 

• “Physics with neutrino beams”
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O V E R V I E W  O F  L E C T U R E S :
• These lectures are about accelerator-based neutrino experiments 

• Lecture 1: Producing neutrinos with accelerators 
• Lecture 2: Detecting neutrinos produced with accelerators 
• Lecture 3: Neutrino oscillation studies with accelerator-based beams 

• relation to other lectures: 

• Boris: neutrino theory 

• We’ll just do a quick review later 

• Jon: sterile neutrinos 

•  Some of these experiments use accelerator-based neutrinos. I won’t cover these topics 

• Dave: neutrino detectors 

•  Will focus here on two particular technologies in Lecture 2 for ~GeV neutrinos 

• Minerba: neutrino interactions 

• accelerator-based beams are used in dedicated study of neutrino interactions. Won’t cover this. 

• very important relation to how we detect the neutrinos. Will cover basics, Minerba will cover in detail 

• Patrick: reactor neutrinos 

• Important interplay between reactor and accelerator-based measurements.
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N E U T R I N O  C R O S S  S E C T I O N S
• Neutrino cross sections are tiny! 

• H. Bethe and R. Peirels: “there is no practically possible way of observing neutrinos” 

• Typical cross section for 1 GeV neutrinos on a nucleon: σ(ν-N)= 10-38 cm2
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F R E D  R E I N E S  
1  D AYA  A G O  AT  N E A R  L O S  A L M O S

Fred Reines 
1 day ago near Los Alamos

Like ∙ Comment ∙ Share

Write a comment . . . 

Wolfgang Pauli likes this

1 min ∙ Like
Hans Bethe: well, you shouldn’t believe everything you read in papers 

Fred Reines: “no practically possible way”, eh? 
30 min ∙ Like

• For normal matter (ρ~1 gm/cm3) 

• 1/L = σ x n → L = 1014 cm 

• Alternatively 

• 1 in 1012 neutrinos passing 
through a meter of matter 
will interact 

• note σ(ν-N) ~ (3-4) x σ(ν-N)

did we hear something like this?



N E U T R I N O  E C O N O M I C S :
• The ability to precisely study neutrino interactions depends heavily on statistics 

• i.e. how many neutrino interactions you observe
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N = φ x σ x V x n x ε

• N = number of neutrino interactions 

• φ =  flux of neutrinos (neutrinos/cm2) 

• σ = neutrino interaction cross section on target (e.g. electron, nucleon, nucleus) 

• V = volume of detector (cm3) 

• n = number of density of targets 

• ε = detection efficiency

Lecture 1: how do we produce large 
number of neutrinos with accelerators

Thanks, Minerba!

Lecture 2: How do we make massive detectors 
that can efficiently detect neutrino interactions



L E C T U R E  1 :   
A C C E L E R AT O R - B A S E D  N E U T R I N O  B E A M S
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in memoriam G.B. Mills (LANL)



I N  A  N U T S H E L L :
• Good news: 

• To first order, existing accelerator-based neutrino beams operate on the same basic principles and components
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1. High energy protons impinge on a target 

• pions are produced 

2. Electromagnets focus pions into a decay region 

• one sign is focussed, the other defocussed 

3. The pions decay in a decay pile 

• muon (anti)neutrinos are produced 

4. Beam absorber stops all other remaining  particles 

• some muons penetrate and can be monitored. 

• neutrinos go on  to the detector

1

2
3 4

• “Bad” news: 

• Each step represents an enormous technical challenge 

• Methods and results vary

symmetry magazine



S A N I T Y  C H E C K  1 :  W H Y  P I O N S ?  W H Y  νµ?
• Pions are mesons 

• they interact strongly .  .  . and therefore are produced copiously by proton-nucleus interactions 

• They are the lightest hadron 

• they cannot decay into other hadrons 

• only lighter particles are leptons (e, μ, ν) 

• Each pion must decay weakly and produce neutrinos 

• They decay 99.9877% of the time to μ + νμ 

• helicity suppression resulting from chiral structure of weak interaction
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S A N I T Y  C H E C K  2 :  A R E  νe,  ντ P R O D U C E D ?
• Recall that every time a pion decays to produce a νμ, a muon is also produced 

• muon decays produce 

• an electron (anti)neutrino 

• a muon neutrino that is the charge conjugate of the muon neutrino produced in the pion decay 

• “wrong sign” muon neutrinos 

• Note: τ(μ±)= 2.2x10-6 sec ≫ τ(π±) = 2.6x10-8 sec 

• Consider the kaon 

• the lightest strange hadron . . . it must decay weakly 

• as with pions, Γ(K+ → μ+ + νμ ) ≫ Γ(K+→ e+ + νe ) (63.6% vs. 0.0016%) 

• but . . . .  because pions are lighter than kaons, we also have “Ke3” and “Km3” which escape helicity suppression 

• K+ → π0+ μ+ + νμ (5.1%) , K+ → π0 + e+ + νe  (3.4%) 

• likewise for neutral kaons 

• Consider the the τ with mass is 1.777 GeV 

• D mesons are the lightest mesons that have enough mass, but can decay to many hadronic states 

• In practice Ds mesons give the largest source of ντ
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µ+ ! e+ + ⌫e + ⌫̄µ
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T H E  TA R G E T

• Considerations: We want 

• a large fraction of the incident protons to interact:  Length > λint (~50 cm) 

• minimize pion reinteraction/absorption in the target: Diameter should be small, possibly limits length of target 

• minimize scattering of the pions: low Z materials have lower λ/X 
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p

π+

π-
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TA R G E T  C H A L L E N G E
• More protons → more pions → more neutrinos 

• we want as intense a proton beam as possible 

• Energy in current beam pulse: 

• 102 GeV/proton  

• 1014 protons-per-spill  

• 1.6x10-19 J/eV =  

• 106 Joules/spill 

• Equivalent to ~200 grams of TNT   

• delivered in ~10 μsec to an area a few mm wide 

• every few seconds . . .  

• Target must withstand 

• thermal shock 

• heating
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N u M I T 2 K L B N F

P R I M A RY  E N E R G Y 1 2 0  G e V 3 0  G e V 6 0 - 1 2 0  G e V

S P I L L  C Y C L E 1 . 8 7  s 2 . 5  ( 1 . 2 )  s 0 . 7 - 1 . 2  s

B U N C H  L E N G T H 3 - 8  n s 8 0  n s  ( 3σ )

B U N C H E S / B AT C H 8 4 8 8 4

B AT C H E S / S P I L L 5 - 6 1 6

E M I T TA N C E 4 0  π  m m - m r 6 0  π  m m - m r

S P I L L  L E N G T H 8 - 1 0  μ s 4 . 7  μ s 1 0  μ s

P R O T O N S / S P I L L 4 x 1 0 1 3 2 . 4 ( 3 . 2 ) x 1 0 1 4 7 . 5 ( 1 5 ) x 1 0 1 3

6 . 4 x 1 0  μC 3 8 ( 5 1 )  μC 1 2 ( 2 5 )  μC

B E A M  S I Z E 1  m m 4  m m ~ 2 . 7  m m

B E A M  P O W E R  ( K W ) 4 0 4  ( 9 0 0 ) 4 7 0  ( 1 3 0 0 )  1 2 0 0  ( 2 4 0 0 )



TA R G E T  E X A M P L E S

• Beryllium/Carbon core, sometimes segmented 

• Helium and/or water cooled, with outer sleeve for circulation 

• Replaceable in case of target failure
!12

T2K

MiniBooNE

NuMI



M A G E N T I C  F O C U S I N G

• Considerations: 

• particles emitted from the target may have significant transverse momentum 

• we want to focus a pions of a particular charge into the decay pipe, defocus the other sign 

• Otherwise: 

• they may not decay before they hit the periphery of the target station/decay pipe 

• the resulting neutrinos will tend to decay away from the axis of the beam .. . and away from the detector.!13

p

π+

π-
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W H AT  M A G N E T I C  F I E L D  D O  W E  WA N T ?

• A toroidal field along the primary beam axis will bend particles towards the axis 

• The amount of bending depends on the momentum transverse to the axis (pT) 

• we want to minimize this component of moment to have particles fly “forward” 

• the optimum magnetic field depends on the pT distribution of the pions 

• One can see: 

• the field that focusses positive particles will defocus negative particles 

• reversing the field will focus negative particles and focus positive particles 

• we can separately make “neutrino” and “antineutrino” beams
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π+

π+
p

⊗ ⊗ ⊗ ⊗ ⊗
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H O W  T O  M A K E  T H E  F I E L D

• How much current is needed? 

• Consider pT ~1 GeV/c: we want to produce enough transverse “kick” to zero out this component 

• Assume: 

• v ~ c 

• magnetic field runs from R = 1 cm to 100 cm 

• Requires 105-6 A of current! 

• Consequences: 

• current must be pulsed (no way to support DC at this level) 

• enormous striplings to handle this current
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π+

π+
p

I

I
⊗ ⊗ ⊗ ⊗ ⊗
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⊙⊙⊙⊙⊙
⊙⊙⊙⊙⊙ I

I

F = qvB ! �pT =

Z
dt qvB
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T H E  H O R N

• Invented by Simon van de Meer in 1961 

• “quiet giant of engineering and physics” 

• 1984 Nobel Prize winner for invention of stochastic cooling

!16



S T R I P L I N E S  F O R  C U R R E N T

• Left: T2K, Right: NuMI  

• Must handle hundreds of kiloamps of current!

!17



H O R N  S Y S T E M S

• Left: single horn FNAL Booster Neutrino Beam system 

• Top: three horn T2K neutrino beam system 

• (left shows first two horns) 

• Aluminum conductor, water cooled
!18



C H A L L E N G E S

• A neutrino target station is a hostile environment! 

• Many things can break 

• Careful engineering/design for longevity and repair in ultra high radiation

!19

Target He Leak Problem
• In-situ leak hunt (Late Jul.~mid. Aug.) 

• A tiny leak found around the target, but not identified the position. 

• Horn1 transferred to Maintenance Area for further inspection (mid. Aug.~late Sep.) 
• He leak hunt in Maintenance Area (from late Sep.) 

• A leak from ceramic break at target U-shape pipe 

• Possibly, deformation by insufficient heat treatment after welding/bending caused sheer 
stress on the ceramic-SUS joint part. 

• U-shape pipe of  spare target also deformed for a couple of  years. 

• Modification/replacement of  the U-shape pipe were needed.

4

https://youtu.be/VWGXz5QHFH4

corrosion mechanical failure leaks

https://youtu.be/VWGXz5QHFH4


D E C AY  A N D  A B S O R P T I O N

• Considerations: 

• we want a beam of neutrinos! 

• allow pions to decay to produce neutrinos 

• minimum amount of interactions  

• stop all other particles

!20
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E X A M P L E S • Left: View down the 100 m-long T2K decay pipe 

• Bottom: 675 m-long NuMI decay pipe

!21

• Helium filled volume to 
minimize interactions 

• Water cooled walls to prevent 
heat damage



P R E D I C T I N G  N E U T R I N O  F L U X E S
• What kind of neutrino result from the beam? 

• We perform a Monte Carlo simulation accounting for each stage of the process

!22

1. High energy protons impinge on a target 

• pions are produced 

2. Electromagnets focus pions into a decay region 

• one sign is focussed, the other defocussed 

3. The pions decay in a decay pile 

• muon (anti)neutrinos are produced 

4. Beam absorber stops all other remaining  particles 

• some muons penetrate and can be monitored. 

• neutrinos go on  to the detector

1

2
3 4

• Until they decay to produce neutrinos, track for each particle  

• potential particle interaction with materials (target, horn, gas, etc.) 

• track additional particles (e.g. muons from pion decay) to see if they produce neutrinos

symmetry magazine



PA RT I C L E  P R O D U C T I O N  O F F  TA R G E T
• While particle production is “known” physics, it is difficult to predict ab initial 

• strong interaction physics is difficult to model 

• “off-the-shelf” models such as GCALOR, Geant4 (FTFP, Binary Cascade, etc.) can vary in their predictions by O(1) 

• without further constraints, this would introduce a large into the flux prediction 

• Dedicated experiments measure the species/spectrum of particles coming off of proton-nucleus interactions 

• I’ll talk about one here . . . .

!23



PA RT I C L E  I D E N T I F I C AT I O N

• In addition to particle momentum, particle identification is 
very important 

• we need to know what kind of particle is produced! 

• In NA61, two systems provide complementary information 

• time-of-flight system  

• dE/dx (ionization density) in the time projection TPCs

!24

7

4.4.2 Data binning

As mentioned in Section 2.1, different longitudinal sections
of the target contribute differently to the final neutrino flux while
the focusing of the horns will affect the particles depending on
their momentum and polar angles. Hence, the analysis of the T2K
replica target will be conducted in (p,q ,z) bins. The longitudinal
z binning was determined by a study performed together with the
T2K beam group. It was found that five longitudinal bins are suf-
ficient to obtain a neutrino flux prediction that matches the non-
binned case, both in terms of shape and overall normalization,
within a known and correctable bias of less than 2%. Hence the
target surface is divided into five bins of 18 cm length and the
downstream face of the target is taken as a sixth longitudinal bin,
as shown in Fig. 2. The chosen (p,q) binning scheme is illustrated
in Fig. 4.

4.4.3 The to f �dE/dx analysis for particle identification

Particle identification (PID) in NA61/SHINE relies on mea-
surements of the energy loss dE/dx in the TPCs and the time-of-
flight that is used to compute the particle mass squared, m

2. The
method is illustrated in Fig. 11 (top panel) which depicts how the
different particles (p, K, p and e) can be separated in the (m2,dE/dx)
plane. A (m2,dE/dx) distribution, separately for positively and
negatively charged tracks, is obtained for each bin (p,q ,z) deter-
mined at the surface of the replica target. The data distributions are
then fitted to joint probability density functions (pdf) for the mass
squared and the energy loss. Due to the independence of the dE/dx

and m
2 variables, the joint pdf reduces to the product of the cor-

responding marginal distributions which are described by Gaus-
sian distributions. The complete pdf is a sum of two-dimensional
Gaussian distributions of four particle species, p, K, p and e. For
the initialization of the fit, the resolution of the mass squared and
the expected energy loss for each particle species is obtained from
parametrizations of the data distributions shown in Figs. 12 and 13
as a function of the track momentum. The resolution of the en-
ergy loss measurement is a function of the number of reconstructed
clusters on the track (1/

p
N). For the topology dependent cuts de-

fined in this analysis the dE/dx resolution can be approximated
by a constant value of 3% due to the sufficiently large number of
clusters on each track. Independent normalization factors are in-
troduced for each particle species. Since the individual pdfs are
normalized to unity, particle yields are given by the normalization
factors which are obtained from a two-dimensional log-likelihood
minimization illustrated in Fig. 11. The projections on the m

2 and
dE/dx variables better illustrate the quality of the fit results (see
Fig. 11, bottom panels).

4.5 Simulation

Simulations were performed to generate events of 31 GeV/c
protons interacting with the T2K replica target. In order to be con-
sistent with the T2K neutrino beam simulation program [11], the
simulation package FLUKA2011 [17–19] is used in NA61/SHINE
to generate the interactions inside the graphite target. The GEANT3
[20] transport code was used to track the particles through the de-
tector and GCALOR [21] handled the interactions in the spectrom-
eter. More details can be found in Ref. [24].
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Fig. 12: Distribution of particles m
2 as a function of momentum

obtained using the ToF-F measurements.

The full simulation chain consists of three parts:

(i) First, a stand-alone FLUKA simulation. The target geome-
try is described as a 90 cm long graphite rod with aluminum
flanges and the S3 counter. The target was positioned at the
location determined by the alignment procedure applied to
the data as explained in Section 4.3. The incident proton beam
profile was simulated following the shape of the distributions
for the positions and divergences given by the data. The mo-
mentum of the beam was set precisely at 30.92 GeV/c to
match the beam momentum measured in the data. Informa-
tion on interactions happening inside the target was stored.
Position, momentum as well as polar and azimuthal angles
of the particles exiting the target were recorded at the surface
of the target and saved as output of the FLUKA simulation.

(ii) A GEANT3-based program used the kinematic parameters
of particles produced by FLUKA at the surface of the target
and propagated them through the NA61/SHINE experimen-
tal setup. The GCALOR model handled all hadronic interac-
tions in the spectrometer. Moreover, a detailed simulation of
various detector effects was included.

(iii) The tracks were finally reconstructed following the same re-
construction procedure as the one applied to the data. All
information from the FLUKA simulation and the simulated
tracks until their reconstruction was stored in the final output
files. This allows to get the full history of the simulation and
to match the reconstructed to simulated tracks.

The simulation was used to calculate corrections for pions re-
sulting from various sources: i) weak decay of heavier particles
producing additional pions, ii) interactions in the detector mate-
rial, iii) track reconstruction efficiency and resolution, iv) decay in
flight. In total, 10 millions of protons on target were simulated.

5 Systematic Uncertainties

Six different sources of systematic uncertainties are consid-
ered. Their contributions to the systematic uncertainty are described
in detail below. Five of them are similar to the thin target p+C@31 GeV/c
analysis [15], only the last one (backward extrapolation) is specific
to the T2K replica target analysis.
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Fig. 13: The dE/dx distributions as a function of momentum for positively (left) and negatively (right) charged particles. The Bethe-Bloch
parametrizations are superimposed.

make a hit in the corresponding slab that can be used later to com-
pute a value of m

2 of the particle. The efficiency was parametrized
as a function of slab position with respect to the beam and the
track momentum. This dependence is small but not negligible. A
constant 2% over the entire phase space is hence assigned as the
systematic uncertainty of the ToF-F reconstruction efficiency.

5.5 p-loss

As mentioned above, the loss of pions can be regarded as tracks
being measured in the TPCs and aiming towards the ToF-F ac-
ceptance but not having a recorded hit in the ToF-F due to de-
cay and due to absorption or interactions of pions with the de-
tector. The corrections related to the decay are computed via the
precisely known pion decay which should be model independent.
Hence, when varying the number of requested measured points
in the MTPCs, one does not expect to see differences in the final
spectra. Any variations would represent an uncertainty due to im-
perfections in the description of the spectrometer which can intro-
duce a difference in the acceptance and reconstruction efficiency
(merging track segments between VTPC-2 and MTPC-L/R) be-
tween simulated and real data. This uncertainty decreases fast with
increasing particle momentum. Below 2 GeV/c this contribution
can be larger than 5% but usually is not larger than 1% at higher
momenta.

5.6 Backward track extrapolation

The uncertainty due to the backward extrapolation procedure
is induced by the uncertainty on relative position of the target and
TPCs, as presented in Section 4.3. The main goal of the backward
extrapolation is to attribute to each track a specific longitudinal z

bin as well as to determine the momentum and polar angle at the
surface of the target. By shifting the target within the uncertain-
ties on the different coordinates, the number of tracks exiting from
each different (p,q ,z) bin will vary. This variation is used as bin-
by-bin systematic uncertainty on the final spectra due to the back-
ward extrapolation. This contribution is the most important one for

the most upstream z bin at low polar angle, and for the most down-
stream bin at high polar angles. It can range up to 10% in these two
specific phase-space regions.

5.7 Summary of systematic uncertainties

The systematic uncertainties are presented in Figs. 14 and 15
for positively charged pions and in Figs. 16 and 17 for negatively
charged pions. They are displayed in z and q bins as a function of
momentum. The numerical values can be found in Ref. [25].

The momentum and angular resolutions are significantly smaller
than the bin sizes, and bin-to-bin correlations are very small. The
only significant bin-to-bin correlation concerns the first and second
longitudinal bins along the target. These correlations were studied
in the context of the systematic errors on alignment and backward
extrapolation.

The dominant contribution for the most upstream and down-
stream z bins is due to the backward extrapolation. This can be
understood by the fact that an uncertainty of the target position
gets translated into a fake track migration between the longitudi-
nal bins at the reconstruction level of the exit point of the tracks
from the target surface. For the central part of the target (longi-
tudinal bins z1 to z5) this effect gets averaged between the bins.
At low momenta, the uncertainties of the feed-down corrections as
well as of the pion loss are significant. In this region the systematic
uncertainty due to particle identification is quite small. This can be
explained by the fact that the to f �dE/dx approach separates well
the particle species, as seen in Fig. 11.

5.8 Statistical uncertainties

Statistical uncertainties of the final corrected pion spectra re-
ceive contributions from the finite statistics of the data as well
as the simulated events used to obtain the correction factors. The
dominating contribution is the uncertainty of the normalisation fac-
tors returned by the maximum likelihood method applied for PID.
The simulation statistics were higher than the data statistics by
more than a factor of 6, hence the related uncertainties are by about
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Fig. 11: Distributions of m
2 and dE/dx for positively charged particles for the second longitudinal bin z2 in the intervals 60< q < 80 mrad

and 2.27 < p < 2.88 GeV/c. The top plot shows the two dimensional spectrum whereas bottom left and bottom right are projections on
the m

2 and dE/dx variables respectively. The lines on the top plot indicates the 1s , 2s and 3s contours of the fitted Gaussian functions
for each particle species. The lines on the bottom plot indicate the Gaussian functions for the four different particle species (solid curves)
and for the total of the four species (dashed curves).

5.1 Particle Identification

The dE/dx distribution for the different particle species in each
of the (p,q ,z) bins is approximated by a single Gaussian. In order
to estimate the uncertainty related to this approximation two Gaus-
sians with the same mean value but different widths were used to
fit the dE/dx distributions. At low momenta, the particle identifi-
cation is constrained by the ToF-F information and hence the mag-
nitude of the uncertainty due to describing the energy loss by a
single Gaussian is expected to be negligible. At higher momenta,
when the resolution of the time-of-flight measurements does not
allow to distinguish the different particle species, using two Gaus-
sians instead of a single Gaussian in the fitting procedure leads to
differences of up to 2% at momenta higher than 10 GeV/c.

5.2 Feed-down corrections

Pions not originating from the target but traversing the spec-
trometer and reconstructed as exiting the target surface represent
the so-called feed-down contribution. The feed-down correction
comes from particles of various origins: (i) interactions of parti-
cles outside the target, (ii) decays in flight of strange particles. The

correction factor for the feed-down contribution is computed based
on simulations produced with FLUKA as primary hadronic gener-
ator. This correction is model dependent and an uncertainty on this
model prediction has to be assigned. As for the thin target analysis,
30% of the correction was assumed as the systematic uncertainty
of the correction [12, 15]. This uncertainty reaches values as large
as 5% of the pion yield for momenta lower than 2 GeV/c. It de-
creases significantly at higher momenta.

5.3 Reconstruction efficiency

Following the thin target analysis, a constant 2% uncertainty
on the efficiency of the reconstruction procedure is assigned [15].

5.4 ToF-F reconstruction efficiency

The correction for the ToF-F reconstruction efficiency is com-
puted based on the procedure described in Ref. [25]. The efficiency
was estimated on a sample of physics events with a strict cut on a
time window around the triggered interaction. In the procedure a
track traversing the ToF-F geometrical acceptance was required to



T H I N  V S  R E P L I C A  TA R G E T
• Two separate measurements (assume target is carbon) 

• what comes out of a proton-carbon interaction? 

• what comes out of a proton interacting with an (extended) carbon target 

• “Thin target” measurement 

• minimize reinteraction of outgoing particles 

• aimed at measuring “primordial” proton-carbon interaction 

• “Thick” target measurement 

• allow outgoing particles (including proton) to reinteract 

• scattering, absorption, additional particle production 

• see what comes out after all this . . . . . 

• use a target as similar as possible to the one we use 

• “replica target” 

• If we model reinteractions correctly, the two should agree

!25

x

T2K replica target at NA61/SHINE



R E S U LT S :
• Thin target: “double differential cross sections” 

• Thick/replica target: “differential multiplicity” 

• longitudinal position (z) where particle emerges

!26
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The muon-neutrino flux in the region of interest for the oscillation
analysis is mainly generated by pion decays. For the oscillation
measurements, the ratio of the flux of neutrinos at the near detec-
tor to the one at the far detector is the most important quantity and
a desirable level of uncertainty is about 1-2%. Another quantity of
interest for the electron neutrino appearance is the ratio between
electron and muon neutrino cross sections, whose measurement in
the near detector will require a knowledge of the electron to muon
neutrino fluxes to better than about 2%. Failing to match this re-
quired precision might limit the precision of the results for the full
expected T2K exposure. Existing data on (anti)neutrino cross sec-
tions in the energy range of interest are very limited, the precision
of measurements ranging typically between 10% and 20%. A pre-
cision on the T2K neutrino flux with a 5% absolute normalization
error would allow considerable improvement in the understanding
of low energy neutrino interactions.

2.3 T2K flux predictions and the T2K replica target
measurements in NA61/SHINE

As already described in Ref. [16], the neutrino fluxes can be
split into secondary and tertiary components. The secondary com-
ponent originates from neutrino parents produced in the primary
interaction of the beam protons in the target. The tertiary com-
ponent refers to neutrino parents produced in interactions of sec-
ondary particles. The latter component is due to re-interactions in
the target and re-interactions taking place in the elements of the
beamline. Secondary and tertiary interactions occurring in the tar-
get are constrained by the measurements of identified hadron spec-
tra from the surface of the T2K replica target.

The nµ and ne spectra around the most probable neutrino en-
ergy in T2K are predominantly produced by pions (see Fig. 1).
Figure 4 shows the phase space (in the kinematic variables p and
q – the momentum and polar angle of particles in the laboratory
frame) of the pions exiting the target surface and contributing to
the nµ flux at SK. The binning of the T2K replica target analysis
is overlaid. The bins in polar angle and in z along the target were
defined to ensure adequate sampling of the T2K beam focusing
efficiency. The binning in momentum was then chosen to obtain
roughly equipopulated bins. As can be seen, the T2K replica target
analysis region covers most of the phase space of interest for T2K.

Figure 5 presents the fractions of the nµ and ne fluxes at SK
that can be constrained by the T2K replica target measurements
presented in this article. The remaining flux originates from par-
ticles produced in interactions of primary protons or secondaries
with the beam line elements, or by other particle species such as
kaon decays, which are not included in the present analysis.

3 NA61/SHINE experimental setup

The NA61/SHINE apparatus is a wide acceptance spectrome-
ter at the CERN SPS. Most of the detector components were inher-
ited from the NA49 experiment and are described in Refs [1, 22].
A more detailed analysis-oriented description of the NA61/SHINE
setup can also be found in Ref. [12]-Sec. II. Only some features rel-
evant for the 2009 running period are briefly mentioned here. The
general layout of the detector is displayed in Fig. 6. The NA61/
SHINE right-handed coordinate system is displayed in the figure
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Fig. 4: NA61/SHINE analysis binning overlaid on the (p,q) dis-
tribution of pion parent particles exiting the target surface and pro-
ducing nµ at SK.

with the z axis along the beam line, the x axis in the horizontal
plane and the y axis pointing upwards. The origin of the coordi-
nate system is placed in the center of the VTPC-2.
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MTPCL
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ToF-F

⇠ 13 m

zy

x

Fig. 6: The NA61/SHINE experimental setup (horizontal cut). The
beam is coming from the left, impinging on the T2K replica tar-
get shown in this figure. The chosen coordinate system is as fol-
lows: its origin lies in the middle of the VTPC-2, on the beam axis.
The nominal beam direction is along the z axis. The magnetic field
bends charged particle trajectories in the x–z (horizontal) plane.
Positively charged particles are bent towards the top of the plot.
The drift direction in the TPCs is along the y (vertical) axis.

The spectrometer is built around five Time Projection Cham-
bers (TPCs): two Vertex TPCs (VTPC-1 and VTPC-2) placed in
the magnetic field produced by two superconducting dipole mag-
nets and two Main-TPCs (MTPC) located downstream symmet-
rically with respect to the beam line. A small additional TPC is
placed between VTPC-1 and VTPC-2, covering the very-forward
region, and is referred to as the GAP-TPC (GTPC).

The experimental setup is complemented by time-of-flight de-
tectors. The ToF-F is located in the forward region, downstream
of the MTPCs. It was used in the analysis presented in this paper.
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Fig. 1: Contribution of different parent particles to the total neu-
trino flux at SK for nµ (top) and ne (bottom), computed with the
T2K beam Monte-Carlo simulation program [11] for the positive
focussing at 250 kA horn current (’p250ka’ configuration).

By choosing the polarity of the horn currents, it is possible to cre-
ate either an enhanced neutrino beam or an enhanced antineutrino
beam. In this article we concentrate on the case of the enhanced
neutrino beam but the results of this paper can also be used for the
prediction of the flux in the enhanced anti-neutrino configuration.
A detailed description of the beam and its properties can be found
in Ref. [11].

The neutrino beam predictions are based on a detailed Monte-
Carlo simulation. The input parameters are given by the values de-
scribing the ellipsoid representing the primary proton beam impact
points on the target upstream face as measured by the beam posi-
tion detectors placed along the proton beam line. The FLUKA2011
[17–19] model is used to simulate the interactions of beam pro-
tons with the long graphite target. The propagation of the par-
ticles emerging from the surface of the target is modeled by a

Z6
Z1 Z2 Z3 Z4 Z5

Fig. 2: A sketch of the longitudinal binning of the T2K replica
target. The aluminum flange at the upstream edge is used in NA61/
SHINE to hold and align the target.
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Fig. 3: Stacked histograms showing the contribution of each of the
6 longitudinal target bins (see Fig. 2) to the muon neutrino flux at
SK.

GEANT3 [20] simulation using GCALOR [21] as hadronic model
for re-interactions in the detector.

During the MC simulation, information on particle production
and decay is stored, so the full history of neutrinos crossing either
the near or far detector is available. This allows to study different
components of the neutrino beam and the origin of the neutrino
species. As shown in Fig. 1, the nµ flux around the beam peak
energy at the SK far detector arises mainly from pion decays, while
it is mainly due to kaons at higher energies. This motivates the
extraction of charged pion yields at the surface of the target, which
is the subject of this paper.

It is important to note that not only the pion angular and mo-
mentum spectra are of interest, but also the longitudinal position
where they exit the target. By dividing the 90 cm long graphite rod
into 5 bins of 18 cm length each and considering the downstream
face of the target as an additional sixth bin, as shown in Fig. 2, it
is possible to study the contribution of each of these bins to the
total neutrino flux. Figure 3 presents these different contributions
as predicted at SK.

2.2 Requirements on the T2K neutrino flux prediction

The T2K experiment pursues three main physics goals [2] with
an off-axis (essentially narrow band) neutrino or antineutrino beam
peaked around the so-called atmospheric oscillation maximum (en-
ergy range from 0.2 to 1.2 GeV). These are:

(i) the muon neutrino disappearance,
(ii) the electron neutrino appearance (nµ ! ne),

(iii) neutrino cross section measurements.
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NA61/SHINE:  p+(T2K RT) @ 31 GeV/c, data taken in 2009
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Fig. 18: Spectra of positively charged pions at the surface of the T2K replica target, in the polar angle range from 0 to 140 mrad, and
for the six longitudinal bins as a function of momentum. The normalization is per proton on target. The prediction from FLUKA2011 is
overlaid.

ysis bins is considered, but no correlation is taken into account
between the different contributions to the systematic uncertainties.
The statistical uncertainties are treated as uncorrelated between the
different analysis bins as well as uncorrelated with the different
components of the systematic uncertainties. Figure 29 shows the
result of the propagation of the systematic and statistical uncertain-
ties to the nµ flux at SK. Each line for the systematic uncertainties
corresponds to a component described in Section 5. It is important
to note that these uncertainties correspond only to the component
of the nµ flux produced by pions exiting the target surface. Hence
it does not represent the full uncertainties. As presented in Fig. 5, it

covers about 87% of the flux at the most probable neutrino energy
but only 10% at 4 GeV. Hence, with the T2K replica target results
around 87% of the nµ flux at SK can be predicted with 3.5% un-
certainty at the most probable energy, while at 4 GeV only 10% of
the flux can be predicted with a 4% uncertainty. The uncertainty
on the remaining part of the flux will have to be estimated from
the production of kaons off the surface of the target and/or the re-
interactions along the beam line. These estimations are out of the
scope of this paper.

The fraction of the SK neutrino flux that is coming from pions
originating from the long target surface becomes very small at low
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B E A M  C O N D I T I O N S
• uncertainties result from understanding of the beam line itself 

• optics of the proton beam 

• what is the location, spread, and emittance of the beam? 

• alignment and geometry? 

• are the components where we think they are and aligned correctly? 

• is the modelling of the material correct? 

• requires precise surveying and detailed materials accounting. 

• horn current  

• how much current is actually passing through the horns? 

• where does the current actually pass?

!27

T2K OTR Monitor                                                                                                                                                                      

OTR I Operation

12

❖ The OTR I system operated stably for 6.6e20 protons on target using 
two of the Ti foils for most of the data

❖ Provided a stable measurement 
of the beam position at the target 
with ~0.5 mm accuracy for each 
spill!

❖ Some discrepancies with the 
upstream SSEM monitors for the 
beam width measurement  
(4 mm RMS vs. 5 mm RMS) still 
to be resolved

(not shown) to which is attached a plate holding the various
monitor components near the beam. At the top, outside the helium
vessel (not shown) is the table holding mirror 4 and the camera. An
extension tube from the lower right of the front plate houses
various monitor components, including cables connecting to com-
ponents near the beam. A rear isometric view of the front plate and
target region in Fig. 5(b) gives another impression of the mirror
tube positioning and the T2K target extending downstream of the
OTR foil. Fig. 5(c) shows a closeup isometric view of the compo-
nents near the beam. Details of the monitor system near the beam
and bottom of the extension tube can be seen in expanded views in
Fig. 6.

4.1. The foil disk system

The OTR foils are mounted on a disk carousel which has eight
foil positions of diameter 50 mm, as shown in Figs. 6–8. With the
disk mounted at 451 to the beam axis, the foils cover the full beam
acceptance defined by the 30 mm diameter hole in the upstream
collimator. Seven hole positions are occupied as described in
Table 1 and the eighth position is empty. Two positions are filled
with a ceramic wafer and an aluminum foil, as discussed in
Section 3.4. Foils of 50 mm thickness were the minimum thickness
available for the desired foil diameter. This amount of material in
the beam path is not a concern since the foil sits downstream
of the 300 mm thick beam window and just upstream of the
target. Having four titanium alloy foils allows for replacement in
case of foil damage at high intensity. A fifth titanium alloy foil has
a pattern of precisely laser-machined holes and is used only for
calibration when there is no beam. Titanium was chosen after
various foil materials were studied using the programs MARS
[10–13] and FemLab, in addition to approximate theoretical
calculations. Although temperature rise is not a problem for
several materials, only titanium alloys have sufficient yield

strength to survive the stresses of the full-intensity T2K beam,
with a safety factor of about four. Based on our studies, the
titanium 15–3–3–3 alloy (15% V, 3% Cr, 3% Sn, 3% Al) was chosen
for the OTR foils.

Each metal foil is stretched by a clamping ring (see Fig. 8) with
a machined ridge which forces the foil edge into a corresponding
circular groove on the disk. The size and shape of the ridge and
groove were determined by iterative design and testing in order
to provide the required tension. Finite element analysis indicated
that a stress of just less than 100 MPa will result from the
expected maximum intensity beam of 3.3!1014 protons per
pulse. In order to keep the foils flat, a tension stress comfortably

6

6

Fig. 6. A larger drawing of the OTR monitor components near the beam, with three expanded views to highlight specific parts described in the text.

Fig. 7. The foil disk (upstream side).

S. Bhadra et al. / Nuclear Instruments and Methods in Physics Research A 703 (2013) 45–58 49

T2K optical transition radiation monitor images 
primary proton beam just upstream of the target



P R E D I C T I O N

• The simulation follows the whole process 

• a proton generated according to the beam parameters hits the target 

• if it interacts, particles are produced based on measurements 

• particles are tracked out of the target,  

• through the horn (or any other material) until they decay 

• any additional particles that are produced are tracked 

• neutrinos that are produced at any point are recorded
!28

predicted neutrino flux at SK from the T2K beam symmetry magazine



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

!29



S A N I T Y  C H E C K :
• While the νµ/νµ “wrong sign” flux contamination is about the same in 

neutrino and antineutrino mode, it is much more of a problem for 
antineutrino mode. 

• Why? 

• The wrong sign νe contamination in antineutrino mode looks larger than 
the corresponding νe contamination in neutrino mode.  

• Why?

!30



U N C E RTA I N T I E S :

• Dominant uncertainty is still hadron interactions  

• these results use “thin target” measurements.  

• Expect large reduction in uncertainty once replica target data is incorporated 

• Next largest uncertainty from primary beam and geometric uncertainties 

• wrong sign flux also has large uncertainty at high energies from forward particle production
!31



VA R I AT I O N S

!32



O F F - A X I S  B E A M :  
• For forward decays (e.g. neutrinos directed in the 

same direction as the pion), Eν scales with Eπ 

• These are the neutrinos that are directed down the 
axis of the neutrino beam 

• broad pion spectrum → broad neutrino energy 
spectrum 

• 1990s: neutrinos directed away from the initial pion 
momentum lose this correlation  

• Eν becomes uncorrelated with  Eπ 

• at an “off-axis” angle, neutrinos pile up at a particular 
Eν despite broad  Eπ spectrum 

• larger off-axis angles result in lower Eν 

• To take advantage of this, one paradoxically points 
the neutrino beam away from the detector 

• “off-axis beam”

!33

z scale is the Eν resulting from a neutrino emitted at angle θν 
relative to the decay of pion of momentum pπ

bottom plot has restricted θν, Eν scale
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• off-axis: maximize flux of neutrinos at the oscillation maximum for a 
particular baseline (and Δm2) 

• e.g. for T2K, at 295 km (Δm2 = 2.5x10-3 eV), Eν ~600 MeV. 

• Reduce backgrounds from “feed down" of high energy neutrinos

!34

Left: off-axis beam at T2K: 
Right: off-axis beam at NOvA



S T O P P E D  P I O N  B E A M
• Instead of allowing pions “fly” into a decay region, they 

can be stopped in a thick target 

• Positive pions can then decay at rest 

• monoenergetic νµ 

• emitted µ+ also stops and decays to e+ + νe + νµ  

• very well understood spectrum 

• Stopped negative pions are captured with high 
efficiency by the target and don’t decay 

• some may decay in flight 

• depending on target, for µ- that do get produced, there is a 
large chance that these will capture as well

!35
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FIG. 3: The decay-at-rest neutrino fluxes averaged over the detector.
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Right: Spectra from the LSND experiment 
at Los Alamos



S T O R E D  M U O N  R I N G  ( N E U T R I N O  FA C T O RY )
• “Conventional” neutrino beams produce mainly νµ 

• If we could use muons instead, we could get νµ and νe 

• “Neutrino Factory” 

• capture muons, accelerate them, and store them in a storage ring 

• muons decay in “straight” sections to produce a beam of νµ and νe (for µ+) 

• allows us to study more neutrino oscillation channels 

• storing μ- vs. μ+ allows us to study CP conjugate channels 

• Ambitions that this could be a set towards a muon collider . . . . 

!36
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Figure 133. Di↵erence in expected fluxes at near and far sites: (top) ⌫e flux through a 1 m radius
detector 100 m and 1 km from a 600 m decay straight (left) and at a 7 m radius detector 4000 km from
the Neutrino Factory; (bottom) ⌫µ flux for the same detectors (using unpolarised muon expectation).

sub-detectors could be built with designs based on upgrades to the NOMAD [406] or Minerva [407]

detectors as possible candidates. The studies described below focus on the determination of oscillation

parameters via the Neutrino Factory golden channel using a matrix representation of all aspects of

the set-up and is inspired by the technique used by the MINOS collaboration [408].

Flux projection for non-oscillation prediction

The technique essentially involves three matrices describing the set-up: near detector response, flux

projection and far detector response; in addition to cross-section matrices for the relevant processes

and a parametrisation of the oscillation probability which is ultimately used in the determination of

the sensitivity to oscillation parameters. Through purely mathematical arguments one can prove that

the oscillation probability is related to the two observed signals via the relationship:

Posc = M�1
FDMdatMNDM

�1
nOsc ; (48)
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Flux produced by 25 GeV 
stored muon

νe

νµ



C O N C L U S I O N S
• We covered basics of “conventional neutrino beam” 

• neutrino beams made from pions produced by protons interacting on a target 

• electromagnetic focussing allows muon neutrino or muon antineutrino beams to be made 

• Each step of this “recipe” is an enormous technical challenge 

• enormous radiation, heat, currents, shock, etc. 

• magnified as we go to even higher intensities: 1 MW and beyond . .. 

• A few variations on the theme 

• off-axis beams 

• pion-decay-at-rest 

• “neutrino factories”

!37

symmetry magazine



E P I L O G U E  
N E A R  D E T E C T O R S

!38



N E U T R I N O  O S C I L L AT O N  M E A U R E M E N T

• Measure how many νβ interactions there are in the detector at distance L as a function Eν 

• If we want to measure the oscillation parameters: 

• we have to be able to compute N(να→νβ) as a function of the parameters 

• compare this to the observed number na->nb candidates we have vs. energy via likelihood function to obtain 
estimates of the oscillation parameters 

• We need precise estimates of φ, σ, V, n, ε 
• i.e. small systematic errors

!39

N(να→νβ, L/Eν) =  φα x σ x V x n x ε   
                      x P(να→νβ, L/Eν)



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

• Large systematic errors in neutrino flux and neutrino cross 
sections.

!40



N E A R  D E T E C T O R

• Sufficiently close to the neutrino source, the oscillation probability is ~0 
• we can study φ, σ, V, n, ε prior to neutrino oscillations and constrain the uncertainties 

• “near detector” 

• In practice (for an accelerator-based detector) 
• near detector measurements usually do not constrain φ, σ separately 

• ideally, V, n, ε would be the same (identical detector), but in practice, we usually need a different detector
!41

N(να, L=0)        =  φα x σ x V x n x ε (xδαβ)                   

N(να→νβ, L/Eν) =  φα x σ x V x n x ε 
                           x P(να→νβ, L/Eν)



N A I V E  P I C T U R E

• Far 

• Near: 

• Can’t we just divide the two and obtain P(να→νβ)? 

• That’s a zeroth order way to think about it . .. 

• as you might guess, it gets much more complicated very quickly!

!42

N(να, L=0)        =  φα x σ x V x n x ε                    

N(να→νβ, L/Eν) =  φα x σ x V x n x ε x P(να→νβ, L/Eν)


