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T2K	Experiment		
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Tokai-to-Kamioka	–	long-baseline	neutrino	experiment	in	Japan	

Neutrino	Source	and	Near	Detectors	in	Tokai	(J-PARC)		Far	Detector	in	Kamioka		

Ø  Various	cross-sec0on	measurements		
Ø  Search	for	CP	viola0on		

Ø  Measure	θ13		νμ	à	νe	appearance		
Ø  Measure	θ23	νμ	à	νμ	disappearance		
Ø  Resolving	octant	of	θ23	

Flux	predic0ons	are	important	for	the	far-to-near	ra0o	and	cross	sec0on	measurements				



T2K	Neutrino	Produc0on	Beamline					
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Muon	Monitor	
measures	the	muon	profile	

aXer	beam	dump		

Proton	Beam	Monitors	
measure	the	proton	beam	

intensity,	direc0on		

+250	kA	(-250	kA	)	for		ν	(an0-ν)	enhanced	mode							 90	cm	long	and	2.6	cm	diameter		

Ø  30	GeV	protons	extracted	from	J-PARC	MR		
Ø  secondary	π,	K	focused	by	3	magne0c	horns		

Ø  reverse	polarity	for	an0-neutrino	beam		

Horn		 Graphite	target		

Ø  Beam	direc0on	is	stable	to	within	1	mrd	à	2%	shiX	of	the	Ev	peak	at	far	detector	SK		
Ø  Stable	beam	opera0on	achieved	at	the	maximum	beam	power	470	kW		

INGRID				
monitors	the	stability	
of	ν	flux	and	direc0on	



The	Off-Axis	T2K	Beam		
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ND280	and	SK	are	placed	at	the	angle	2.50	off	the	target	

Ø  Narrow		spectrum	of	beam	with	peak	~0.6	GeV		

Ø  Energy	peaks	close	to	the	expected	first	oscilla0on	
maximum	at	L	=	295	km	

Ø  Reduces	the	higher-energy	background		

The	off-axis	technique	uses	the	fact	that	the	energy	of	
neutrino	emimed	in	the	2-body	pion	(kaon)	decay	
depends	only	weakly	on	neutrino	parent	momentum				

Super	Kamiokande		



	Neutrino	and	An0-Neutrino	Flux	Predic0ons	
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Ø  Mostly	but	not	only	pions	are	produced	in	the	target		
Ø  Other	ν	parents	–	kaons	as	well	as	muons	produce	a	

background	flux	coming	from:	
Ø  νe	flux		(<	1%	at	the	peak	energy)	-	it	is	an	important	

background	for	the	appearance	analysis		
Ø  “Wrong	sign	neutrinos”	-		a	bigger	contribu0on		for	

the	an0-neutrino	mode		
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Mo0va0on	for	Hadron	Produc0on	Measurements		
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•  The	flux	predic0ons	in	accelerator-based	neutrino	experiments	depend	on	hadron	
produc0on	models	of	ν	parents	

•  Hadron	produc0on	at	present	is	s0ll	one	of	the	dominant	uncertain0es	in	flux	es0mates	

NA61	measurements	replace	model-based	calcula0ons	for	hadron	produc0on	in	ν	flux	
es0mates	thus	reduce	one	of	the	largest	sources	of	uncertainty	

νμ	(an0-νμ)	:	pions	at	low	Eν,	kaons		
at	large	Eν		

νe		:	muons	at	at	low	Eν,	kaons	at	high	Eν	
an0-νe		:	kaons	for	all		Eν	



NA61/SHINE	Experimental	Setup		
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Fixed	target	experiment	at	CERN	SPS	with	the	large	
acceptance	spectrometer		
Ø  	Time	Projec3on	Chambers	:	tracking	and	par0cle	

iden0fica0on	
Ø  	Momentum	resolu0on	σ(p)/p2	≈10-4		(GeV/c)-1	
Ø  		Par0cle	iden0fica0on	:	σ(dE/dx)/	<dE/dx>	≈	4%	

Ø  	Time	of	Flight	:	par0cle	iden0fica0on		
Ø  	ToF-F	array	installed	to	fully	cover	T2K	acceptance		
Ø  	Time	resolu0on	σ(t)ToF-F	≈	120ps,	σ(t)ToF-L/R	≈	80ps	
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p+C	at	31	GeV/c	
upgraded	NA49	detector	

new	FTPC	installed	for	2017	run						 8
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Figure 11: (Color online) Examples of two-dimensional m2–dE/dx plots for positively charged particles in three momentum
intervals indicated in the panels. 2⇥ contours around fitted pion peaks are shown. The left and middle plots correspond to the
dE/dx cross-over region while the right plot is at such a high momentum that the ToF-F resolution becomes a limiting factor.
The combination of both measurements provides close to 100% purity in the pion selection over the whole momentum range.
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Figure 12: (Color online) Polar angle (�) vs azimuthal angle
(⇤) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5.0.

NA49 Collaboration [26]. The minimum bias trigger on
proton interactions, described in Sec. III, allows us to
define a “trigger” cross section which is used both for
the normalization of the di�erential inclusive pion dis-
tributions and for the determination of the inelastic and
production cross sections.

From the numbers of selected interactions, fulfilling the
requirements on BPD signals and reconstruction of the
proton beam particles as detailed in Sec. VA, we com-
pute an interaction probability of (6.022 ± 0.034)% with
the carbon target inserted and of (0.709 ± 0.007)% with
the carbon target removed. These measurements lead
to an interaction probability of (5.351 ± 0.035)% in the
carbon target, taking into account the reduction of the
beam intensity in the material along its trajectory. The
corresponding “trigger” cross section is (298.1 ± 1.9 ±
7.3) mb, after correcting for the exponential beam at-
tenuation in the target. The systematic error on the
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Figure 13: (Color online) Fraction of accepted particles as a
function of momentum and polar angle, after the track accep-
tance cuts (see Sec. VA) for negatively charged tracks (top),
and after an additional ToF-F acceptance cut (see Sec. VE)
for positively charged tracks (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

“trigger” cross section was conservatively evaluated by
comparing this value with the one obtained without any

Combined	dE/dx	+	ToF		

TPC	and		ToF	detectors		provide	very	good	par0cle	iden0fica0on	

K+		

π+	 e+	

p	



										NA61/SHINE	Hadron	Produc0on	Data		
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Status	of	the	analysis:		
Ø  	2007	published,	small	stat.	pilot	runs		
Ø  	2009	published,		large	stat.	for	thin	target		

and	first	results	for	T2K	replica		
Ø  	2010	new	T2K	replica	results	for	π±	

ongoing	analysis	for	K±,	proton		

			

Measurements	with	both	targets	are	important	to	understand	hadron-produc0on	
2009	thin	target	data	used	for	recent	tuning	of	T2K	flux		

Beam+Target	 p[GeV/c]	 Year	 Ntriggers	[106]	

p+C	 31	 2007	 0.7	

p+T2K	Replica	 31	 2007	 0.2	

p+C	 31	 2009	 5.4	

p+T2K	Replica	 31	 2009	 2.8	

p+T2K	Replica	 31	 2010	 10.0	

Two	different	targets	were	used:	
• 	thin	carbon		(	2	cm,	0.04	λl	):	hadrons	from	primary	
interac0ons	(sensi0ve	to	60%	of	the	flux)		
• 	T2K	replica		(	90	cm,1.9	λl	):	hadrons	from	primary	
and	secondary	interac0ons	(constrains	90%	of	the	
flux)	

The NA61 TargetsThe NA61 Targets

2 different graphite (carbon) targets

Thin Carbon 
Target

T2K Replica 
Target

Thin Carbon Target   
- length=2 cm, cross section 2.5x 2.5 cm2 

- ρ = 1.84 g/cm3

- ~0.04 λint

T2K replica Target
- length = 90 cm, Ø=2.6 cm
- ρ = 1.83 g/cm3

- ~1.9 λint

Important to study hadro-production with replica targets since ~ 30 %
of π, K from secondary interactions, which in general are very difficult to model.
Both targets required to model reliably the ν flux.

2007 pilot run 2009 run
Thin target: ~ 660k triggers ~ 6 M triggers ⇒ 200 k π+ tracks in
Replica target: ~ 230k triggers ~ 2 M triggers T2K phase space

2010 run
Replica target: ~ 10 M triggers

Thin	target		spectra		π±,	K±,	K0S,	Λ,	protons:	
2007	:	Phys.Rev.	C84	(2011),	034604	
												Phys.Rev.		C85	(2012)	035210	
2009	:	Eur.Phys.J.	C76	(2016)	no.2,	84	

Replica	target	spectra	π±		
2007	:	NIM	A701	(2013)	99-114	
2009	:	Eur.Phys.J.	C76	(2016)	no.11,	617	

Data	to	constrain	T2K	flux:		
beam	

beam	

Thin	target	

Long	target	(T2K	replica)	
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Hadron	Measurements	on	Thin	Target	

π-	 π+	

K-	
K+	

p	

K0s	

Λ0	

NA61	provides	good	coverage	of		required	
phase-space		

The	phase	space	contribu0ng	to	the	predicted	neutrino	flux	
at	SK	and	the	NA61	data	coverage.		



Measurements	with	Thin	Target	Data		

10	
Rela0ve	errors	~4%	
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Fig. 30: (Colour online) Comparison of measured p� spectra with model (VENUS, EPOS, GIBUU) predictions. Distribu-
tions are normalized to the mean p� multiplicity in all production p+C interactions. The vertical error bars on the data
points show the total (stat. and syst.) uncertainty. The horizontal bars indicate the bin size in momentum.
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Important	for	νe	and		high-energy	tail	of	νμ	flux		
Rela0ve	errors	~15%	Published:	Eur.Phys.J.C76	(2016)	no.2,	84	

	



Pion	Spectra	Uncertain0es			
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The	largest	contribu0ons	to		sys.	error:	
feed-down	improved	with	studies	of	decay	
of	strange	par0cles	(K0s	and	Λ	),	par0cle	
iden0fica0on	(PID)	and	forward	acceptance			

Improvements	in	2009	compared	to	pilot	run:	
• 	Sta0s0cal	precision	improved	by	factor	2-3	
• 	Systema0c	error	reduced	by	factor	2	
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Fig. 24: (Colour online) Comparison between NA61/SHINE statistical and systematic uncertainties obtained using the 2007 [5] and
the 2009 datasets in a selected angular interval [60,100] mrad for p+.
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Fig. 25: (Colour online) Comparison between NA61/SHINE statistical and systematic uncertainties obtained using the 2007 [5] and
the 2009 datasets in a selected angular interval [60,100] mrad for p�.

proton spectra are in a good agreement with preliminary results
obtained using the 2007 data [58].

5.4 V 0 results

The K0
S and L spectra are shown in Fig. 32 and Fig. 33 and

numerical results are given in Tables 9 and 10, respectively. As
explained in Section 4.4.1, those measurements are used to re-
duce the dominant systematic uncertainties due to the feed-down
correction in the charged hadron analyses. Results are consis-
tent within the quoted systematic uncertainties with previously
published measurements [14] which were obtained with a much
coarser {p,q}binning due to the lower statistics of the 2007
data.

The spectra of K0
S can be cross-checked by measurements of

K± yields, thanks to the unique capability to measure these three
types of kaons simultaneously in the NA61/SHINE experiment.
So far, only a few experiments have been able to perform such
measurements and to test two different theoretical hypotheses
that predict K0

S yields from K± production rates giving incon-

clusive results. The first approach assumes isospin symmetry in
kaon production and predicts (see e.g. Ref. [59]):

N(K0
S ) =

1
2
(N(K+)+N(K�)) . (27)

The second method uses a quark-counting argument [60], with
a simplified quark parton model. The following assumptions are
made on the number of sea and valence quarks:

us = ūs = ds = d̄s, ss = s̄s , (28)
n ⌘ uv/dv . (29)

Taking into account that interactions are with a carbon nucleus
(n = 2 for p+p collisions, n = 1 for p+n), the relation between
mean multiplicity of K0

S , K+ and K� is:

N(K0
S ) =

1
8
(3N(K+)+5N(K�)) . (30)

The second method is currently used to tune K0
L production in

the T2K flux simulation chain [17]. Figure 32 shows a com-
parison of the measured spectra of K0

S to the predictions from
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Fig. 24: (Colour online) Comparison between NA61/SHINE statistical and systematic uncertainties obtained using the 2007 [5] and
the 2009 datasets in a selected angular interval [60,100] mrad for p+.
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Fig. 25: (Colour online) Comparison between NA61/SHINE statistical and systematic uncertainties obtained using the 2007 [5] and
the 2009 datasets in a selected angular interval [60,100] mrad for p�.

proton spectra are in a good agreement with preliminary results
obtained using the 2007 data [58].

5.4 V 0 results

The K0
S and L spectra are shown in Fig. 32 and Fig. 33 and

numerical results are given in Tables 9 and 10, respectively. As
explained in Section 4.4.1, those measurements are used to re-
duce the dominant systematic uncertainties due to the feed-down
correction in the charged hadron analyses. Results are consis-
tent within the quoted systematic uncertainties with previously
published measurements [14] which were obtained with a much
coarser {p,q}binning due to the lower statistics of the 2007
data.

The spectra of K0
S can be cross-checked by measurements of

K± yields, thanks to the unique capability to measure these three
types of kaons simultaneously in the NA61/SHINE experiment.
So far, only a few experiments have been able to perform such
measurements and to test two different theoretical hypotheses
that predict K0

S yields from K± production rates giving incon-

clusive results. The first approach assumes isospin symmetry in
kaon production and predicts (see e.g. Ref. [59]):

N(K0
S ) =

1
2
(N(K+)+N(K�)) . (27)

The second method uses a quark-counting argument [60], with
a simplified quark parton model. The following assumptions are
made on the number of sea and valence quarks:

us = ūs = ds = d̄s, ss = s̄s , (28)
n ⌘ uv/dv . (29)

Taking into account that interactions are with a carbon nucleus
(n = 2 for p+p collisions, n = 1 for p+n), the relation between
mean multiplicity of K0

S , K+ and K� is:

N(K0
S ) =

1
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(3N(K+)+5N(K�)) . (30)

The second method is currently used to tune K0
L production in

the T2K flux simulation chain [17]. Figure 32 shows a com-
parison of the measured spectra of K0

S to the predictions from
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Fig. 25: (Colour online) Comparison between NA61/SHINE statistical and systematic uncertainties obtained using the 2007 [5] and
the 2009 datasets in a selected angular interval [60,100] mrad for p�.

proton spectra are in a good agreement with preliminary results
obtained using the 2007 data [58].

5.4 V 0 results

The K0
S and L spectra are shown in Fig. 32 and Fig. 33 and

numerical results are given in Tables 9 and 10, respectively. As
explained in Section 4.4.1, those measurements are used to re-
duce the dominant systematic uncertainties due to the feed-down
correction in the charged hadron analyses. Results are consis-
tent within the quoted systematic uncertainties with previously
published measurements [14] which were obtained with a much
coarser {p,q}binning due to the lower statistics of the 2007
data.

The spectra of K0
S can be cross-checked by measurements of

K± yields, thanks to the unique capability to measure these three
types of kaons simultaneously in the NA61/SHINE experiment.
So far, only a few experiments have been able to perform such
measurements and to test two different theoretical hypotheses
that predict K0

S yields from K± production rates giving incon-

clusive results. The first approach assumes isospin symmetry in
kaon production and predicts (see e.g. Ref. [59]):

N(K0
S ) =

1
2
(N(K+)+N(K�)) . (27)

The second method uses a quark-counting argument [60], with
a simplified quark parton model. The following assumptions are
made on the number of sea and valence quarks:

us = ūs = ds = d̄s, ss = s̄s , (28)
n ⌘ uv/dv . (29)

Taking into account that interactions are with a carbon nucleus
(n = 2 for p+p collisions, n = 1 for p+n), the relation between
mean multiplicity of K0

S , K+ and K� is:

N(K0
S ) =

1
8
(3N(K+)+5N(K�)) . (30)

The second method is currently used to tune K0
L production in

the T2K flux simulation chain [17]. Figure 32 shows a com-
parison of the measured spectra of K0

S to the predictions from
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Fig. 16: (Colour online) Breakdown of systematic uncertainties of p+ spectra from the tof -dE/dx analysis, presented as a function
of momentum for the [20,40] mrad angular interval.
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as a conservative limit to this source of systematic uncer-
tainty.

(vi) Secondary interactions and non-L feed-down corrections.
As in the case of the dE/dx (Section 4.5) and h� (Sec-
tion 4.6) approaches, the important contribution to the sys-
tematic uncertainty at low momenta comes from the uncer-
tainty of the simulation-based correction for secondary in-
teractions and weak decays of strange particles (excluding
L hyperons). Following arguments described in Ref. [5] an
uncertainty of 30% of the correction value was assigned for
both of these sources.

(vii) L feed-down correction. The correction for the feed-down
to pions and protons originating from L decays was cal-
culated separately based on measured L spectra (see Sec-
tion 4.4.1). The uncertainty assigned to this correction was
estimated to be 30% which is an upper limit on the overall
uncertainty of the measured L spectra.

Figures 16 and 17 show a breakdown of the total systematic un-
certainty in the tof -dE/dx analysis for the example of the angu-
lar interval [20,40] mrad.

4.5 The dE/dx analysis method

The analysis of charged pion production at low momentum
was performed using particle identification based only on mea-
surements of specific energy loss in the TPCs. For a large frac-
tion of tracks tof can not be measured since the majority of low-
momentum particles does not reach the ToF-F detector. A reli-
able identification of p+ mesons was not possible at momenta
above 1 GeV/c where the BB curves for pions, kaons, and pro-
tons cross each other (see Fig. 5). On the other hand, since the
contamination from K� and antiprotons is almost negligible for
p� mesons, the dE/dx analysis could be performed for momenta
up to 3 GeV/c allowing consistency checks with the other iden-
tification methods in the region of overlap.

The procedure of particle identification, described below, is
tailored to the region where a rapid change of energy loss with
momentum is observed. This procedure was used already for the
2007 data and more details can be found in Ref. [52]. Here just
the most important steps of the analysis are described.

In order to optimize the parametrization of the BB function,
samples of e±, p±, K±, p, and d tracks with reliable particle
identification were chosen in the bg range from 0.2 up to 100.
The dependence of the BB function on bg was then fitted to
the data using the Sternheimer and Peierls parametrization of
Ref. [53]. This function was subsequently used to calculate for
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in Section 6. Complete comparisons are shown in Ref. [56]. In
order to avoid uncertainties related to the different treatment of
quasi-elastic interactions and to the absence of predictions for
inclusive cross sections, spectra are normalized to the mean par-
ticle multiplicity in all production interactions. For the data, the
normalization relies on the p+C inclusive production cross sec-
tion sprod which was found to be 230.7 mb (see Section 3.5). The
production cross section is calculated from the inelastic cross
section by subtracting the quasi-elastic contribution. Therefore
production processes are defined as those in which only new
hadrons are present in the final state. Details of the cross section
analysis procedure can be found in Section 3 and in Refs. [5, 33,
34].

The experimental measurements are shown with total uncer-
tainties which correspond to the statistical and systematic uncer-
tainties added in quadrature. The overall uncertainty due to the
normalization procedure (discussed in Section 4.2) is not shown.

5.1 p± results

The spectra of p± mesons were obtained using three differ-
ent analysis techniques tof -dE/dx, dE/dx and h� described in
Sections 4.4, 4.5 and 4.6. Within the corresponding systematic
uncertainties, the results of various methods were found to be in
a good agreement as shown in Fig. 22 and Fig. 23 for p+ and
p�, respectively. In order to present a single spectrum for posi-
tively and negatively changed pions, the results were combined.
For p+ mesons, where there is complementarity of acceptance
for different analysis techniques results from the dE/dx analysis
are used for all angular intervals up to 420 mrad in the momen-
tum range below 1 GeV/c. The momentum region above 1 GeV/c
is covered by the tof -dE/dx analysis for angular intervals up to
360 mrad. In case of p� mesons, results of the h� analysis are
used in the full angular range up to 420 mrad since they pro-
vide the smallest total uncertainty in the region of the overlap
between methods. The final spectra are shown for p+ in Fig. 27
and for p� in Fig. 28. Numerical results are given in Tables 4
and 5 for p+ and p�, respectively. Thus, the final results span
a broad kinematic range. When comparing the new p± results

to the previously published measurements based on the 2007
data [5] one should note that the present results are shown in
the form of d2s/(d pdq), while the form ds/(d p) was used in
previous publications Refs. [5, 6]. The deviations between the
two data sets are consistent within the quoted errors and are
distributed uniformly over the phase space. Thus, the new mea-
surements confirm the published 2007 results which were ques-
tioned in Ref. [57]. Both the statistical and the total systematic
uncertainties are considerably smaller for the new 2009 results
as shown for the angular interval [60,100] mrad for p+ in Fig. 24
and for p� in Fig. 25. At low momentum systematic uncertain-
ties dominate whereas at higher momentum the statistical uncer-
tainty gives the largest contribution to the total uncertainty.

5.2 K± results

The tof -dE/dx analysis technique was used to obtain the K+

spectra shown in Fig. 29 and the K� spectra plotted in Fig. 30.
The large 2009 dataset allowed for the first measurements of K�

yields in p+C interactions by NA61/SHINE. Large statistics for
K+ made it possible to use narrow {p,q}bins in the analysis
which is important for tuning the neutrino flux predictions in
T2K. Numerical results are given in Tables 6 and 7 for K+ and
K�, respectively. The analysis of K+ was repeated, as a cross-
check, with a coarser {p,q}binning that corresponds to the pre-
viously published measurements based on the 2007 data [6].
Good agreement was found. The total uncertainty for the 2009
data remains dominated by the statistical uncertainty as shown
in Fig. 26 for K+ as an example.

5.3 Proton results

The tof -dE/dx analysis technique was used to extract proton
spectra. These measurements, shown in Fig. 31, cover a wide
kinematic range above 1 GeV/c and are important for T2K since
they provide the possibility to constrain the contributions from
re-interactions in the long carbon target and in the elements of
the beamline. Numerical results are given in Table 8. The new
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where the fitted abundace mK was not larger than 0.1%.
The corresponding relative systematic uncertainty (pmK )
was calculated as:

pmK ⌘
niden,mK ,p±

niden,p±
, (26)

where niden,mK ,p± represents the fitted number of identified
p± with the 0.5% limit set on the fitted relative kaon frac-
tion.
One has to keep in mind that pBB and pmK are correlated.
Therefore the larger value (p f ⌘max[pBB, pmK ]) was taken
as the estimate of the systematic uncertainty p f coming
from the dE/dx identification procedure.

(ii) Forward acceptance. The uncertainties of the acceptance
correction in the forward region were determined as de-
scribed in Section 4.4.2 item (iv) also for low momentum
tracks. A systematic uncertainty of 5% was assigned for
low angle intervals (q < 60 mrad), and 3% for other inter-
vals.

(iii) Feed-down corrections. An uncertainty of 30% was assigned
to the corrections for feed-down from non-L (purely sim-
ulation based) and L (simulation and data based) decays.
This uncertainty is particularly significant in the low mo-
mentum region studied in the dE/dx analysis. For further
information see Section 4.4.1.

(iv) Reconstruction efficiency. For estimating the uncertainty of
the reconstruction efficiency corrected results for p spectra
from the dE/dx analysis using different reconstruction al-
gorithms were compared, see Section 4.4.2 item (iii). For
most q angles this uncertainty is below 2%.

(v) Track cuts. The impact of the dominant track cut in the
dE/dx analysis was studied by changing the selection cut
on the measured number of points by 10% from the starting
value of 30. The change of results is below 1% and thus the
associated systematic uncertainty is mostly negligible.

Figures 19 and 20 show a breakdown of the total systematic
uncertainty in the dE/dx analysis for the example of the angular
interval [20,40] mrad for p+ and p�, respectively.

4.6 The h� analysis method

The h� method utilizes the observation that negatively charged
pions account for more than 90% of primary negatively charged
particles produced in p+C interactions at 31 GeV/c. Therefore
p� spectra can be obtained without the use of particle iden-
tification by correcting negatively charged particle spectra for
the small non-pion contribution calculated by simulations. The
method is not applicable to positively charged hadrons due to
the larger contribution of K+ and protons. The p� spectra ob-
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in Section 6. Complete comparisons are shown in Ref. [56]. In
order to avoid uncertainties related to the different treatment of
quasi-elastic interactions and to the absence of predictions for
inclusive cross sections, spectra are normalized to the mean par-
ticle multiplicity in all production interactions. For the data, the
normalization relies on the p+C inclusive production cross sec-
tion sprod which was found to be 230.7 mb (see Section 3.5). The
production cross section is calculated from the inelastic cross
section by subtracting the quasi-elastic contribution. Therefore
production processes are defined as those in which only new
hadrons are present in the final state. Details of the cross section
analysis procedure can be found in Section 3 and in Refs. [5, 33,
34].

The experimental measurements are shown with total uncer-
tainties which correspond to the statistical and systematic uncer-
tainties added in quadrature. The overall uncertainty due to the
normalization procedure (discussed in Section 4.2) is not shown.

5.1 p± results

The spectra of p± mesons were obtained using three differ-
ent analysis techniques tof -dE/dx, dE/dx and h� described in
Sections 4.4, 4.5 and 4.6. Within the corresponding systematic
uncertainties, the results of various methods were found to be in
a good agreement as shown in Fig. 22 and Fig. 23 for p+ and
p�, respectively. In order to present a single spectrum for posi-
tively and negatively changed pions, the results were combined.
For p+ mesons, where there is complementarity of acceptance
for different analysis techniques results from the dE/dx analysis
are used for all angular intervals up to 420 mrad in the momen-
tum range below 1 GeV/c. The momentum region above 1 GeV/c
is covered by the tof -dE/dx analysis for angular intervals up to
360 mrad. In case of p� mesons, results of the h� analysis are
used in the full angular range up to 420 mrad since they pro-
vide the smallest total uncertainty in the region of the overlap
between methods. The final spectra are shown for p+ in Fig. 27
and for p� in Fig. 28. Numerical results are given in Tables 4
and 5 for p+ and p�, respectively. Thus, the final results span
a broad kinematic range. When comparing the new p± results

to the previously published measurements based on the 2007
data [5] one should note that the present results are shown in
the form of d2s/(d pdq), while the form ds/(d p) was used in
previous publications Refs. [5, 6]. The deviations between the
two data sets are consistent within the quoted errors and are
distributed uniformly over the phase space. Thus, the new mea-
surements confirm the published 2007 results which were ques-
tioned in Ref. [57]. Both the statistical and the total systematic
uncertainties are considerably smaller for the new 2009 results
as shown for the angular interval [60,100] mrad for p+ in Fig. 24
and for p� in Fig. 25. At low momentum systematic uncertain-
ties dominate whereas at higher momentum the statistical uncer-
tainty gives the largest contribution to the total uncertainty.

5.2 K± results

The tof -dE/dx analysis technique was used to obtain the K+

spectra shown in Fig. 29 and the K� spectra plotted in Fig. 30.
The large 2009 dataset allowed for the first measurements of K�

yields in p+C interactions by NA61/SHINE. Large statistics for
K+ made it possible to use narrow {p,q}bins in the analysis
which is important for tuning the neutrino flux predictions in
T2K. Numerical results are given in Tables 6 and 7 for K+ and
K�, respectively. The analysis of K+ was repeated, as a cross-
check, with a coarser {p,q}binning that corresponds to the pre-
viously published measurements based on the 2007 data [6].
Good agreement was found. The total uncertainty for the 2009
data remains dominated by the statistical uncertainty as shown
in Fig. 26 for K+ as an example.

5.3 Proton results

The tof -dE/dx analysis technique was used to extract proton
spectra. These measurements, shown in Fig. 31, cover a wide
kinematic range above 1 GeV/c and are important for T2K since
they provide the possibility to constrain the contributions from
re-interactions in the long carbon target and in the elements of
the beamline. Numerical results are given in Table 8. The new
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in Section 6. Complete comparisons are shown in Ref. [56]. In
order to avoid uncertainties related to the different treatment of
quasi-elastic interactions and to the absence of predictions for
inclusive cross sections, spectra are normalized to the mean par-
ticle multiplicity in all production interactions. For the data, the
normalization relies on the p+C inclusive production cross sec-
tion sprod which was found to be 230.7 mb (see Section 3.5). The
production cross section is calculated from the inelastic cross
section by subtracting the quasi-elastic contribution. Therefore
production processes are defined as those in which only new
hadrons are present in the final state. Details of the cross section
analysis procedure can be found in Section 3 and in Refs. [5, 33,
34].

The experimental measurements are shown with total uncer-
tainties which correspond to the statistical and systematic uncer-
tainties added in quadrature. The overall uncertainty due to the
normalization procedure (discussed in Section 4.2) is not shown.

5.1 p± results

The spectra of p± mesons were obtained using three differ-
ent analysis techniques tof -dE/dx, dE/dx and h� described in
Sections 4.4, 4.5 and 4.6. Within the corresponding systematic
uncertainties, the results of various methods were found to be in
a good agreement as shown in Fig. 22 and Fig. 23 for p+ and
p�, respectively. In order to present a single spectrum for posi-
tively and negatively changed pions, the results were combined.
For p+ mesons, where there is complementarity of acceptance
for different analysis techniques results from the dE/dx analysis
are used for all angular intervals up to 420 mrad in the momen-
tum range below 1 GeV/c. The momentum region above 1 GeV/c
is covered by the tof -dE/dx analysis for angular intervals up to
360 mrad. In case of p� mesons, results of the h� analysis are
used in the full angular range up to 420 mrad since they pro-
vide the smallest total uncertainty in the region of the overlap
between methods. The final spectra are shown for p+ in Fig. 27
and for p� in Fig. 28. Numerical results are given in Tables 4
and 5 for p+ and p�, respectively. Thus, the final results span
a broad kinematic range. When comparing the new p± results

to the previously published measurements based on the 2007
data [5] one should note that the present results are shown in
the form of d2s/(d pdq), while the form ds/(d p) was used in
previous publications Refs. [5, 6]. The deviations between the
two data sets are consistent within the quoted errors and are
distributed uniformly over the phase space. Thus, the new mea-
surements confirm the published 2007 results which were ques-
tioned in Ref. [57]. Both the statistical and the total systematic
uncertainties are considerably smaller for the new 2009 results
as shown for the angular interval [60,100] mrad for p+ in Fig. 24
and for p� in Fig. 25. At low momentum systematic uncertain-
ties dominate whereas at higher momentum the statistical uncer-
tainty gives the largest contribution to the total uncertainty.

5.2 K± results

The tof -dE/dx analysis technique was used to obtain the K+

spectra shown in Fig. 29 and the K� spectra plotted in Fig. 30.
The large 2009 dataset allowed for the first measurements of K�

yields in p+C interactions by NA61/SHINE. Large statistics for
K+ made it possible to use narrow {p,q}bins in the analysis
which is important for tuning the neutrino flux predictions in
T2K. Numerical results are given in Tables 6 and 7 for K+ and
K�, respectively. The analysis of K+ was repeated, as a cross-
check, with a coarser {p,q}binning that corresponds to the pre-
viously published measurements based on the 2007 data [6].
Good agreement was found. The total uncertainty for the 2009
data remains dominated by the statistical uncertainty as shown
in Fig. 26 for K+ as an example.

5.3 Proton results

The tof -dE/dx analysis technique was used to extract proton
spectra. These measurements, shown in Fig. 31, cover a wide
kinematic range above 1 GeV/c and are important for T2K since
they provide the possibility to constrain the contributions from
re-interactions in the long carbon target and in the elements of
the beamline. Numerical results are given in Table 8. The new
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Fig. 20: (Colour online) Breakdown of systematic uncertainties of p� spectra from the dE/dx analysis, presented as a function of
momentum for the [20,40] mrad angular interval.

where the fitted abundace mK was not larger than 0.1%.
The corresponding relative systematic uncertainty (pmK )
was calculated as:

pmK ⌘
niden,mK ,p±

niden,p±
, (26)

where niden,mK ,p± represents the fitted number of identified
p± with the 0.5% limit set on the fitted relative kaon frac-
tion.
One has to keep in mind that pBB and pmK are correlated.
Therefore the larger value (p f ⌘max[pBB, pmK ]) was taken
as the estimate of the systematic uncertainty p f coming
from the dE/dx identification procedure.

(ii) Forward acceptance. The uncertainties of the acceptance
correction in the forward region were determined as de-
scribed in Section 4.4.2 item (iv) also for low momentum
tracks. A systematic uncertainty of 5% was assigned for
low angle intervals (q < 60 mrad), and 3% for other inter-
vals.

(iii) Feed-down corrections. An uncertainty of 30% was assigned
to the corrections for feed-down from non-L (purely sim-
ulation based) and L (simulation and data based) decays.
This uncertainty is particularly significant in the low mo-
mentum region studied in the dE/dx analysis. For further
information see Section 4.4.1.

(iv) Reconstruction efficiency. For estimating the uncertainty of
the reconstruction efficiency corrected results for p spectra
from the dE/dx analysis using different reconstruction al-
gorithms were compared, see Section 4.4.2 item (iii). For
most q angles this uncertainty is below 2%.

(v) Track cuts. The impact of the dominant track cut in the
dE/dx analysis was studied by changing the selection cut
on the measured number of points by 10% from the starting
value of 30. The change of results is below 1% and thus the
associated systematic uncertainty is mostly negligible.

Figures 19 and 20 show a breakdown of the total systematic
uncertainty in the dE/dx analysis for the example of the angular
interval [20,40] mrad for p+ and p�, respectively.

4.6 The h� analysis method

The h� method utilizes the observation that negatively charged
pions account for more than 90% of primary negatively charged
particles produced in p+C interactions at 31 GeV/c. Therefore
p� spectra can be obtained without the use of particle iden-
tification by correcting negatively charged particle spectra for
the small non-pion contribution calculated by simulations. The
method is not applicable to positively charged hadrons due to
the larger contribution of K+ and protons. The p� spectra ob-

Systema0c	errors	are	dominant	at	low	p	while	
at	high	p	sta0s0cal	errors	s0ll	are	the	largest		
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To	tune	T2K	flux,	for	each	simulated	neutrino	interac0on,	a	weight	is	calculated	for	simulated	
event	to	adjust	MC	to	data	

Ø  Primary	interac0ons	can	be	directly	re-weighted	with	NA61	thin	target	data	for	π±,	K±	
Ø  The	kinema0c	coverage	is	extended	by	using	parameteriza0on	obtained	from	fit	to	data	
Ø  Scaling	is	used	for	secondary	interac0ons	and	interac0ons	on	material	other	than	carbon	

such	as	iron	(decay	volume	walls)	or	aluminum	(horns)		

 [GeV]νE
0 2 4 6 8 10

 T
un

e F
ac

to
r

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6
total tuning pion tuning
kaon tuning  nucl. tuningary2
Int. Rate tuning

 at SK (run1-5b)µν

 [GeV]νE
0 2 4 6 8 10

 T
un

e F
ac

to
r

Total tuning Pion tuning
Kaon tuning  nucl. tuningary2
Int. Rate tuning

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6
 at SK (run5c-7b)µν

	

an0-νμat	SK							νμ	at	SK							



 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rro

r

0

0.05

0.1

0.15

0.2
µ
ν) Mode, νSK: Positive Focussing (

Proton Profile

Off-axis Angle

Abs. Horn Current

Horn Field

Horn Alignment

Target Alignment

Material Modeling

Proton Number

13av2 Error

11bv3.2 Error

µ
ν) Mode, νSK: Positive Focussing (

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rro

r

0

0.1

0.2

0.3
µν) Mode, νSK: Negative Focussing (

Proton Profile

Off-axis Angle

Abs. Horn Current

Horn Field

Horn Alignment

Target Alignment

Material Modeling

Proton Number

13av2 Error

µν) Mode, νSK: Negative Focussing (

 (GeV)νE
-110 1 10

Fr
ac

tio
na

l E
rro

r

0

0.1

0.2

0.3

µν) Mode, νSK: Negative Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
13av2 Error

µν) Mode, νSK: Negative Focussing (
 (GeV)νE

-110 1 10

Fr
ac

tio
na

l E
rro

r

0

0.1

0.2

0.3

µ
ν) Mode, νSK: Positive Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
13av2 Error
11bv3.2 Error

µ
ν) Mode, νSK: Positive Focussing (

Flux	Uncertain0es	at	SK		

14	

Hadron	Modeling	Part																																																	Non-Hadronic	Part		

an0-νμ		

ν μ
	a
t	S

K	
	

an
0-
ν μ
	a
t	S

K	
	

νμ		 νμ		

an0-νμ		

	



Total	Flux	Uncertainty		

15	

νμ	at	SK		 an0-νμ	at	SK		

New	tuning	including	2009	NA61	data	
reduced	the	neutrino	flux	uncertainty	to	
~9%	at	Ev	peak	as	compared		to	11%	
obtained	with	the	previous	tuning		

First	flux	tuning	for	an0-neutrino	
gives	uncertainty	~9%	at	Ev	peak	
based	on	2009	NA61	data	

Hadron	Produc0on	remains	the	largest	contribu0on	to	the	flux	uncertainty		
			à	Uncertain0es	can	be	further	reduced	with	the	replica	target		
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Ø  Mul0plici0es	measured	at	the	surface	of	the	T2K	
replica	target	(tracks	extrapolated	backwards)	
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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].

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 dfetector.

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.

Ø  Measurements	in	bins	of	{p,θ,Z}	
Ø  5	bins	along	beam	Z-direc0on	+	1	bin	target	

downstream	face		
Ø  Shape	of	Ev	depends	on	the	addi0onal	Z-binning		

Neutrinos	are	coming	from	hadrons	produced	in	primary	p+C	interac3ons		(~60%)	and	in	
interac3ons	of	secondary	par3cles	either	in	the	target		(~30%)	or	outside	the	target	(~10%)	
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distance	along	target	[cm]	

Ø  Sta0s0cal	precision	~5%	in	most	of	the	bins		
Ø  Systema0c	errors	vary	from	~5%	in	the	center	of	target	to	~10%		in	the	most	upstream	

and	downstream	bins	(large	contribu0on	from	track	extrapola0on)	
Ø  Ongoing	work	to	tune	T2K	flux	simula0on	using	pion	spectra		à	Poster	by	Tomislav	

Vladisavljevic:	Es0ma0ng	the	T2K	Neutrino	Flux	with	NA61		2009	Replica-Target	Data	

θ	
bi
ns
	[m

ra
d]
		

The	spectra	of	π±		were	measured		(dE/dx+ToF	analysis	method	was	used)	for	the	2009	data	

Example	of		π-	for	θ	[0-60]mrad	
16
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NA61/SHINE:  p+(T2K RT) @ 31 GeV/c, data taken in 2009
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Fig. 20: Spectra of negatively 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.

For each neutrino energy bin i, one can write the contribution
of the re-weighting factors, for each (p,q ,z) bin j, as a linear com-
bination

Eni =

N

Â
j=1

ai j ·w j , where w j =
nNA61

j

nFLUKA
j

(4)

and the coefficients ai j are related to the contribution of each (p,q ,z)
bin to each neutrino energy bin. Propagating the T2K replica target
uncertainties means propagating the uncertainties on the weights
w j.

The propagation is done via computation of covariance matri-
ces for each source of uncertainties

CY = FX ·CX ·FT
X (5)

with

FX =

0

B@
a11 . . . a1n

...
. . .

...
ap1 . . . apn

1

CA and CX =

0

BBB@

s2
x1

. . . sx1,xn

sx2,x1 . . . sx2,xn
...

. . .
...

sxn,x1 . . . s2
xn

1

CCCA
. (6)

The off-diagonal elements sxi,x j , i 6= j of the matrix CX are the cor-
relation coefficients for the T2K replica target results. The diagonal

Published	:	Eur.Phys.J.	C76	(2016)	no.11,	617;	A.Hasler	PhD	(2015)	Geneva	U.	
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	π±	for	T2K	Replica	Target	for	Largest	Dataset			
Ø  Analysis	of	3x	bigger	sta0s0cs	(2010	dataset)	than	previously	is	ongoing	
Ø  Preliminary	results	(examples)	for	π±	presented	here	
Ø  Extrac0on	of		K±		as	well	as	proton	spectra	is	possible		

																										π-	Mul0plicity	for	Z=5																																			π+	Mul0plicity	for	Z=5	

		
		

	



π±	Systema0c	Uncertain0es		
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																										π-	Mul0plicity																															π+	Mul0plicity		

Ø  Posi0on	of	target	is	
dominant	systema0c	
error	for	most	up-	
and	downstream							
Z-bins	

Ø  Sys.	errors	are	similar	
to	the	ones	obtained	
for	the	previous	long	
target	analysis	

Z=2	

Z=4	
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		Flux	Predic0ons	for	T2K	Replica	Target		
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Ø  NA61-only	specific	errors	only	propagated	
Ø  Precision	of	about	4%	at	T2K	Ev	peak	as	

compared	to	~9%	for	thin	target		
Ø  Only	using	π±	measurements	–	improvement	

of	flux	uncertainty	at	low	Ev	
Ø  K±	measurement	for	long	target		will	be	

important	to	constrain	flux	at	higher	Ev	

22
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Fig. 28: Ratio of the nµ flux at SK re-weighted with the thin target procedure to the p+(T2K RT)@31 GeV/c flux. For the latter pion
spectra presented in this paper have been used in the re-weighting. The dominant part of the nµ spectra at high En comes from kaons and
thus is not affected by the re-weighting of the pion spectra. The left plot shows the ratio calculated using the FLUKA production cross
section, whereas the FLUKA cross section reduced by 20 mb was used to obtain the ratio presented in the right plot. Vertical error bars
show the full uncertainties on the ratio which are dominated by systematical uncertainties.
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Fig. 29: Propagated statistical and systematic uncertainties for the p+(T2K RT)@31 GeV/c replica target results for the nµ flux at SK. The
statistical uncertainties are considered as not being correlated between the different NA61/SHINE analysis bins, while for each component
of the systematic uncertainties the correlation is considered to be maximal. The different components of the systematic uncertainties are
considered as not being correlated between each other.

	T2K	Ev~0.6GeV	

Ø  Up	to	5-10%	difference	between	thin	(+	secondary	interac0ons	modeled	with	
MC)	and	long	target	flux	predic0ons;	however	they	are	consistent	within	errors		

νμ	at	the	far	
detector		

		

Published	:	Eur.Phys.J.	C76	(2016)	no.11,	617;	A.Hasler	PhD	(2015)	Geneva	U.	
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Ø  	T2K	flux	is	predicted	with	the	use	of	the	NA61/SHINE	data		

Ø  The	flux	uncertainty	is	about	9%	at	T2K	Ev	peak	when	using	the	thin	target	data	

Ø  T2K	flux	tuning	with	the	T2K	replica	target	data	is	ongoing	à	See	poster	by	Tomislav	
Vladisavljevic	

Ø  	Measurements	for	π±	with	replica	target	are	expected	to	further	reduces	the	error	on	flux	
to	about	4%	at	T2K	Ev	peak		

	
Ø  	First-0me	spectra	for	K±		are	expected		from	ongoing	analysis	of	the	largest	dataset	with	

T2K	replica		à	reduc0on	of	uncertain0es		for	νe	and	high-energy	tail	of	νμ	flux		
	



Other	T2K	Talks	and	Posters	
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Talks:		
q  Steve	Dennis:	T2K:	Impact	of	Cross	Sec0on	uncertain0es	on	the	oscilla0on	anlaysis	
q  Alfonso	Garcia:	Muon	neutrino	inclusive	CC	cross	sec0on	measurement	on	carbon	and	carbon/

oxygen	ra0o	at	T2K	
q  Sophie	King:	Measurement	of	electron	neutrino	and	an0neutrino	cross	sec0ons	in	the	off-axis	near	

detector	at	T2K	
q  Marcela	Bartkiewicz:	Pion	produc0on	measurements	at	T2K	
q  Stephen	Dolan:	Neutrino	charged	current	pionless	cross	sec0on	measurements	from	T2K	
q  Blair	Jamieson:	J-PARC	Intermediate	Water	Cherenkov	Detector	
	
Posters:		
q  Stephen	Dolan:	Probing	Nuclear	Effects	at	the	T2K	Near	Detector	Using	Transverse	Kinema0c	

Imbalance		
q  Fady	Shaker:	A	New	Framework	To	Extract	The	An0NuE	Cross	Sec0on	At	The	T2K	Off-Axis	Near	

Detector	
q  Tomislav	Vladisavljevic:	Es0ma0ng	the	T2K	Neutrino	Flux	with	NA61/SHINE	2009	Replica-Target	

Data	
q  Andrew	Cudd:	Mul0nucleon	Ex0ca0on	(2p2h)	Model	Comparison	
q  Lucas	Koch:	Muon	neutrino	interac0on	cross	sec0ons	on	argon	gas	in	the	T2K	near	detector	
q  Tomasz	Wąchała:	νμ	CC-0π	Interac0ons	on	Led	in	the	Near	Detector	of		the	T2K	Experiment	
q  Zoya	Vallari:	Neutral	Current	Single	π0	event	rate	on	Water	in	Pi0	detector	at	T2K	
q  Teppei	Katori:	Search	for	NC1gamma	produc0on	in	ND280	
q  Mitchell	Yu	:	Constraining	the	pion	secondary	interac0on	systema0c	uncertain0es	using	ND280	data	
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Beam	Stability	Measurements		
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•  INGRID	is	scin0llator/iron	tracking	detectors	on	the	beam	axis	
•  Event	rate	normalized	to	POT		is	stable	within	1%	
•  Beam	direc0on	is	stable	to	within	1mrd	à	corresponds	to	2%	shiX	of	the	Ev	peak				

Time		



Accumulated	Data	and	Beam	Power							
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Total	collected	data	:		2.25	x	1021	Proton	On	Target	(POT)		
Ø  ν		mode:									1.49	x	1021	POT			
Ø  an0-ν	mode:		0.76	x	1021	POT	

		

Stable	beam	opera0on		
achieved	at	470	kW	

during	Run	8	
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NuMI	 proton	 beam	 of	 80-120GeV/c	
scamers	off	graphite	target	
	
About	 20-40%	 of	 pions	 which	 yield	 νμ	 in	
MINERvA	 and	 MINOS	 were	 are	 not	
created	directly	in	pC	collisions		
	
The	 frac0on	 of	 pions	 from	 reinterac0ons	
grows:		
•  As	the	traget		thinkness	increases		
•  As	the	beam	momentum	increases	(p0)	
•  Pion	momentum	decreases	

Thin	target	

Thick	target	

beam	

beam	

Beam	momentum		

A	good	understanding	of	reinterac0ons	is	important	for		the	precise	flux	determina0on		

Fluka,	the	graphite	target		



Deriva0on	of	Spectra		
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The	corrected	number	of	par0cles	α	in	(p,θ)	intervals		with	target	inserted	ΔnαI		and	
target	removed	ΔnαR	are	used	to	calculate	double	differen0al	cross	sec0on:	
		

Target-in				Out-of	target	correc0on	

d 2σα

dpdθ
=
σ trig

1−ε
1
N I

Δnα
I

ΔpΔθ
−
ε
NR

Δnα
R

ΔpΔθ
#

$
%

&

'
(

d 2σα

dpdθ
=

1
σ prod

⋅
d 2σα

dpdθ

The	pion	spectra	normalized	to	the	mean	
pion	mul0plicity	in	produc0on	interac0ons:	

σprod	=	233.5±2.8(stat)±2.4(det)	±	3.5(mod)mb	
																																																																				
	σprod		is	one	of	contribu0ons	to	systema0c	
	flux	uncertainty	

σtrig						–		trigger	cross	sec0on	gives	the	probability		to	have	an	interac0on	in	the	target		
														σtrig	=	305.7±2.7(stat)±1.0(det)mb																		
ε									–	the		ra0o	of	interac0on	probabili0es	for	removed	and	inserted	target		
															ε=0.123±0.004	
Nl,	NR		–	the	number	of	events	with	target	inserted	and	removed	
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There	are	3	different	analysis	:	
	
• 	h-	analysis	:	no	PID	required,	small	non-pion	contribu0on	is	subtracted	using	MC	
	Corrected	spectra	of	π-	in	a	broad	kinema0c	range	
	
• 	dE/dx	analysis	at	low	p	:	yields	fimed	to	dE/dx	distribu0ons	at	low	momentum	region	
	Corrected	spectra	of	π±,p	up	to	3GeV/C		
	
• 	Combined	dE/dx	+ToF	analysis:	yield	fimed	to	2-dimen0onal	m2	versus	dE/dx	
distribu0ons	
	Corrected	spectra	of	π±,K±,p	above	1GeV/C		 8
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Figure 11: (Color online) Examples of two-dimensional m2–dE/dx plots for positively charged particles in three momentum
intervals indicated in the panels. 2⇥ contours around fitted pion peaks are shown. The left and middle plots correspond to the
dE/dx cross-over region while the right plot is at such a high momentum that the ToF-F resolution becomes a limiting factor.
The combination of both measurements provides close to 100% purity in the pion selection over the whole momentum range.
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Figure 12: (Color online) Polar angle (�) vs azimuthal angle
(⇤) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5.0.

NA49 Collaboration [26]. The minimum bias trigger on
proton interactions, described in Sec. III, allows us to
define a “trigger” cross section which is used both for
the normalization of the di�erential inclusive pion dis-
tributions and for the determination of the inelastic and
production cross sections.

From the numbers of selected interactions, fulfilling the
requirements on BPD signals and reconstruction of the
proton beam particles as detailed in Sec. VA, we com-
pute an interaction probability of (6.022 ± 0.034)% with
the carbon target inserted and of (0.709 ± 0.007)% with
the carbon target removed. These measurements lead
to an interaction probability of (5.351 ± 0.035)% in the
carbon target, taking into account the reduction of the
beam intensity in the material along its trajectory. The
corresponding “trigger” cross section is (298.1 ± 1.9 ±
7.3) mb, after correcting for the exponential beam at-
tenuation in the target. The systematic error on the
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Figure 13: (Color online) Fraction of accepted particles as a
function of momentum and polar angle, after the track accep-
tance cuts (see Sec. VA) for negatively charged tracks (top),
and after an additional ToF-F acceptance cut (see Sec. VE)
for positively charged tracks (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

“trigger” cross section was conservatively evaluated by
comparing this value with the one obtained without any

Combined	dE/dx	+	ToF	for	π+	
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Fig. 23: (Colour online) Laboratory momentum distributions of p� produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the the statistical and systematic uncertainties added in quadrature. The
overall uncertainty due to the normalization procedure is not shown. Results obtained with three different analysis techniques are
presented: open blue triangles are the dE/dx analysis, open red circles are the h� analysis and full black circles are the to f -dE/dx
analysis.
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.

Rela0ve	errors	in	the	region	of	the	T2K	interest		~4%	



K±	Measurements	with	Thin	Target	Data		
	Important	for	νe	and		high	energy	tail	of	νμ		flux	in	T2K	
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5 10

K0L	->	π-e+νe	is	the	main	source	of	high	energy	νe	at	T2K	 K0s	Invariant	mass	fit	

K0s	yields	can	be	predicted	from	K±	
measurements	using:	
•  the	isospin	symmetry	assump0on:	

•  the	quark-coun0ng	argument:	

	
	
Good	agreement	of	K0S	yields	predicted		
from	K±	measurements	
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Λ0		
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K+	Uncertain0es	
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	Long	Target	Analysis		
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Neutrinos	are	coming	from	hadrons	produced	in	the	primary	interac3ons	of	the	proton	
beam		(~60%)	and	in	interac3ons	of	secondary	par3cles,	either	in	the	target		(~30%)	or	
outside	the	target	(~10%)	
	
																							90%	of	the	flux	is	constrained	with	the	replica	target	

The	flux	tuning	method	was	tested	with		small	2007	pilot	data.		The	method	was	applied	to	
14x	larger	sample	(the	2009	dataset).	

Thin	to	replica	ra0o	for	π	(the	2007	pilot	run)	The	2007	pilot	run		



Systema0cs	for	2009	π-	Measurements	with	Long	Target	
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Fig. 16: Components of the systematic uncertainties for negatively charged pion spectra, in the polar angle range from 0 to 140 mrad, and
for the six longitudinal bins as a function of momentum.

(i) the T2K replica target results are compared with the nominal
FLUKA [17–19] predictions.

(ii) the T2K replica target results are compared with the FLUKA
predictions re-weighted for the hadron multiplicities [15]. As
can be seen, the weighting of the hadron multiplicities has
a small effect which in general does not exceed a few per-
cent. This is expected as the FLUKA predictions reproduce
rather well the differential cross sections of pions measured
by NA61/SHINE in p+C interactions at 31 GeV/c.

(iii) the T2K replica target results are compared with the FLUKA
predictions which are re-weighted for hadron multiplicities
and production cross section [15]. In order to illustrate the
sensitivity of the model predictions to the production cross
section, a re-weighting procedure was applied such that it ef-
fectively decreases by 20 mb the production cross section in
FLUKA 2. As shown in Figs 22-27, this has a visible effect

2At 31 GeV/c the modification corresponds to lowering the value of the
FLUKA prediction from 241 mb to 221 mb. Both values are within two stan-



Ongoing	Analysis	of	Long	Target	Largest	Dataset			
•  Analysis	of	3x	bigger	sta0s0cs	that	previously	is	ongoing		
•  Extrac0on	of	K±		as	well	as	proton	spectra	possible	

38	

Uncorrected spectra of the charged hadrons
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Uncorrected	spectra		
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