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Mo+va+on	  for	  Hadron	  Produc+on	  Measurements	  
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MC	  

Hadron	  produc+on	  at	  present	  is	  one	  of	  the	  dominant	  uncertain+es	  in	  the	  neutrino	  flux	  
predic+ons	  at	  accelerator	  based	  	  neutrino	  experiments.	  
	  
Example	  T2K	  :	  	  secondary	  	  π	  and	  K	  	  are	  focused	  to	  obtain	  neutrino	  beams	  	  	  

By	  measuring	  	  hadron	  spectra	  in	  experiments	  such	  
as	  NA61/SHINE	  one	  can	  replace	  	  model	  predicted	  	  
hadron	  interac+ons	  rates	  with	  data	  to	  determine	  
the	  neutrino	  flux.	  	  

(SK)	  



The	  NA61/SHINE	  Experiment	  at	  CERN	  SPS	  
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142	  scien+sts	  from	  	  27	  Ins+tu+ons	  	  

NA61/SHINE	  =	  SPS	  Heavy	  Ion	  and	  Neutrino	  Experiment	  
140	  physicist	  from	  28	  ins+tutes	  

Physics	  program	  covers:	  
• 	  Search	  for	  the	  cri+cal	  point	  of	  
strongly	  interac+ng	  ma^er	  
• 	  Study	  of	  proper+es	  of	  the	  onset	  
of	  deconfinement	  in	  nucleus-‐
nucleus	  collisions	  	  
• 	  Hadron	  produc+on	  reference	  
measurements	  for	  cosmic	  ray	  
(Pierre	  Auger	  Observatory,	  
KASCADE)	  
• 	  Hadron	  produc+on	  reference	  
measurements	  for	  accelerator	  
neutrino	  experiments	  (T2K)	  	  
	  

NA61/SHINE	  



NA61/SHINE	  Experimental	  Setup	  	  
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Fixed	  target	  experiment	  at	  CERN	  SPS	  with	  the	  large	  acceptance	  spectrometer.	  
	  
• 	  Time	  ProjecAon	  Chambers	  :	  tracking	  and	  par+cle	  iden+fica+on	  

• 	  Two	  vertex	  TPCs	  located	  between	  coils	  of	  superconduc+ng	  magnets	  (1.14Tm)	  	  
• 	  Momentum	  resolu+on	  σ(p)/p2	  ≈10-‐4	  (GeV/c)-‐1	  
• 	  Par+cle	  iden+fica+on	  :	  σ(dE/dx)/	  <dE/dx>	  ≈	  4%	  

• 	  Time	  of	  Flight:	  par+cle	  iden+fica+on	  	  
• 	  New	  ToF-‐F	  array	  installed	  to	  fully	  cover	  T2K	  acceptance	  	  
• 	  Time	  resolu+on	  σ(t)ToF-‐F	  ≈	  120ps,	  σ(t)ToF-‐L/R	  ≈	  80ps	  
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TPC	  and	  	  ToF	  detectors	  	  provide	  very	  good	  par+cle	  iden+fica+on	  

p+C	  at	  31	  GeV/c	  



NA61/SHINE	  Hadron	  Produc+on	  Data	  	  
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Data	  taken	  to	  constrain	  T2K	  flux	  
predic+ons:	  
• 	  2007	  published,	  pilot	  run	  	  
• 	  2009	  new	  preliminary	  results,	  large	  
sta+s+cs	  for	  thin	  target	  and	  first	  results	  for	  
replica	  
• 	  2010	  	  calibrated,	  to	  be	  analyzed	  

	  	  	  

Targets	  used:	  
• 	  thin	  carbon	  	  (2cm,	  0.04λl):	  hadrons	  from	  
primary	  interac+ons	  	  	  
• 	  T2K	  replica	  	  (90cm,1.9λl):	  hadrons	  from	  
primary	  and	  secondary	  interac+ons	  
	  
Measured	  spectra	  :	  
Thin	  target:	  π±,	  K±,	  K0S,	  Λ,	  protons	  
Replica	  target:	  π±	  	  

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	  

π-‐+C	   158	   2009	   5.5	  

π-‐+C	   350	   2009	   4.6	  

p+p	   13	   2010	   0.7	  

p+p	   13	   2011	   1.4	  

p+p	   20	   2009	   2.2	  

p+p	   31	   2009	   3.1	  

p+p	   40	   2009	   5.2	  

p+p	   80	   2009	   4.5	  

p+p	   158	   2009	   3.5	  

p+p	   158	   2010	   44.0	  

p+p	   158	   2011	   15.0	  

p+Pb	   158	   2012	   4.5	  

p+Pb	   158	   2014	   18	  

2015:	  Ar+Sc:	  13-‐150GeV,	  in	  the	  fall	  of	  2015	  Pb+Pb	  and	  neutrino	  program	  for	  Fermilab	  	  
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The	  phase	  space	  	  contribu+ng	  to	  the	  predicted	  neutrino	  
flux	  at	  SK	  and	  the	  NA61	  data	  coverage.	  	  
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Analysis	  Methods	  for	  Charged	  Hadrons	  
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There	  are	  3	  different	  analysis	  :	  
	  
• 	  h-‐	  analysis	  :	  no	  PID	  required,	  small	  non-‐pion	  
contribu+on	  is	  subtracted	  using	  Monte	  Carlo	  simula+ons	  
	  Corrected	  spectra	  of	  π-‐	  in	  a	  broad	  kinema+c	  range	  
	  
• 	  dE/dx	  analysis	  at	  low	  p	  :	  yields	  fi^ed	  to	  dE/dx	  
distribu+ons	  at	  low	  momentum	  region	  
	  Corrected	  spectra	  of	  π±,p	  up	  to	  3GeV/C	  	  
	  
• 	  Combined	  dE/dx	  +ToF	  analysis:	  yield	  fi^ed	  to	  2-‐
dimen+onal	  m2	  versus	  dE/dx	  distribu+ons	  
	  Corrected	  spectra	  of	  π±,K±,p	  above	  1GeV/C	  	  
	  

The	  raw	  	  spectra	  are	  corrected	  for	  :	  
• 	  geometrical	  acceptance,	  	  
• 	  reconstruc+on	  efficiency,	  	  
• 	  non-‐pion	  contribu+on	  (h-‐analysis),	  
• 	  secondary	  interac+ons	  and	  weak	  decays	  (feed-‐down)	  

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

p [GeV/c]
5 10 15 20

 [m
ra

d]
!

0

200

400

0

0.2

0.4

0.6

0.8

1

p [GeV/c]
5 10 15 20

 [m
ra

d]
!

0

200

400

0

0.2

0.4

0.6

0.8

1

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
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Deriva+on	  of	  Spectra	  	  
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The	  corrected	  number	  of	  par+cles	  α	  in	  (p,θ)	  intervals	  	  with	  target	  inserted	  ΔnαI	  	  and	  
target	  removed	  ΔnαR	  are	  used	  to	  calculate	  double	  differen+al	  cross	  sec+on:	  
	  	  

Target-‐in	  	  	  	  Out-‐of	  target	  correc+on	  

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	  mul+plicity	  in	  produc+on	  interac+ons:	  

σprod	  =	  233.5±2.8(stat)±2.4(det)	  ±	  3.5(mod)mb	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  σprod	  	  is	  one	  of	  contribu+ons	  to	  systema+c	  
	  flux	  uncertainty	  

σtrig	  	  	  	  	  	  –	  	  trigger	  cross	  sec+on	  gives	  the	  probability	  	  to	  have	  an	  interac+on	  in	  the	  target	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  σtrig	  =	  305.7±2.7(stat)±1.0(det)mb	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
ε	  	  	  	  	  	  	  	  	  –	  the	  	  ra+o	  of	  interac+on	  probabili+es	  for	  removed	  and	  inserted	  target	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ε=0.123±0.004	  
Nl,	  NR	  	  –	  the	  number	  of	  events	  with	  target	  inserted	  and	  removed	  



π±	  Measurements	  with	  Thin	  Target	  Data	  	  
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9	  Rela+ve	  errors	  in	  the	  region	  of	  the	  T2K	  interest	  	  ~4%	  
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Spectra	  Uncertain+es	  :	  π-‐	  example	  
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The	  largest	  contribu+ons	  to	  	  systema+c	  error:	  
feed-‐down	  improved	  with	  studies	  of	  decay	  of	  
strange	  par+cles	  (K0s	  and	  Λ	  ),	  par+cle	  
iden+fica+on	  (PID)	  and	  forward	  acceptance	  	  	  
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• 	  Sta+s+cal	  precision	  improved	  by	  factor	  2-‐3	  
• 	  Systema+c	  error	  reduced	  by	  factor	  2	  
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K±	  Measurements	  with	  Thin	  Target	  Data	  	  
	  Important	  for	  high	  energy	  tail	  of	  νμ	  and	  	  νe	  flux	  in	  T2K	  
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11	  Rela+ve	  errors	  in	  the	  T2K	  region	  of	  interest	  	  ~15%	  
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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	  assump+on:	  

•  the	  quark-‐coun+ng	  argument:	  

	  
	  
Good	  agreement	  of	  K0S	  yields	  predicted	  	  
from	  K±	  measurements	  



Impact	  of	  Hadron	  Produc+on	  on	  Flux	  Predic+ons	  	  	  	  

13	  

Modeling	  of	  T2K	  flux	  :	  
•  Primary	  p+C	  	  interac+ons	  simulated	  with	  FLUKA	  
•  GEANT3+GCALOR	  used	  for	  propaga+on	  in	  the	  

beam	  line	  
	  
To	  tune	  the	  T2K	  flux,	  weights	  are	  calculated	  	  and	  
applied	  to	  the	  simulated	  flux.	  	  
Primary	  pC	  interac+ons	  can	  be	  reweighted	  directly	  
with	  the	  NA61/SHINE	  data.	  

νμ	  

Ra+o	  of	  reweighted	  flux	  to	  the	  nominal	  	  

2007	  NA61	  data	  used	   2009	  NA61	  data	  included	  

The	  neutrino	  flux	  uncertainty	  reduced	  	  to	  <	  10%	  with	  new	  tuning	  including	  2009	  the	  NA61	  data	  	  	  
600	  MeV	  T2K	  flux	  peak	  	  	  



	  Long	  Target	  Analysis	  	  
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Neutrinos	  are	  coming	  from	  hadrons	  produced	  in	  the	  
primary	  interacAons	  of	  the	  proton	  beam	  	  (~60%)	  
and	  in	  interacAons	  of	  secondary	  parAcles,	  either	  in	  
the	  target	  	  (~30%)	  or	  outside	  the	  target	  (~10%)	  
	  
90%	  of	  the	  flux	  is	  constrained	  with	  the	  replica	  target	  

60%	  

30%	  

The	  flux	  tuning	  method	  tested	  with	  2007	  pilot	  data.	  New	  preliminary	  results	  for	  2009	  dataset	  	  	  

Thin	  to	  replica	  ra+o	  for	  π	  (the	  2007	  pilot	  run)	  The	  2007	  pilot	  run	  	  

N.Abgrall	  et.al.,	  NIM	  A701,	  99-‐114	  (2013)	  

10%	  



π+	  Measurements	  with	  Long	  Target	  	  
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•  Measurements	  of	  	  hadron	  mul+plici+es	  at	  the	  
surface	  of	  the	  T2K	  replica	  target	  (tracks	  
extrapolated	  backwards)	  

•  5	  bins	  along	  beam	  direc+on	  +	  target	  downstream	  
face	  

	  
Example:	  	  Preliminary	  2009	  	  π+	  measurements	  

• 	  Sta+s+cal	  precision	  ~5%,	  systema+c	  error	  ~5%	  (in	  the	  center	  of	  target)	  and	  ~14%	  
(upstream	  and	  downstream	  part	  )	  
• 	  Ongoing	  work	  to	  tune	  T2K	  flux	  simula+on	  using	  pion	  spectra	  	  
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Data	  for	  Fermilab	  Neutrino	  Program	  

•  Data	  will	  be	  taken	  on	  thin	  target	  (	  <	  0.05	  λl)	  	  as	  
well	  as	  NUMI	  and	  DUNE	  replica	  targets	  	  	  

•  Pions	  and	  protons	  beams	  	  
•  Beam	  momentum:	  120,60,30	  GeV/c	  

•  Data	  collec+on	  is	  planned	  in	  the	  fall	  of	  2015	  
•  Full	  program	  is	  expected	  to	  take	  about	  4	  years	  

to	  complete	  
•  A	  set	  of	  runs	  in	  2015	  has	  lower	  energies	  	  to	  

take	  later	  the	  advantage	  	  of	  upgrade	  for	  the	  
far-‐forward	  region	  	  (FTPCs)	  

CERN-‐SPSC-‐2014-‐032/SPSC-‐P-‐330-‐Add-‐714/10/2014	  

Target	   Incident	  proton/pion	  	  beam	  
momentum	  	  	  

120	  GeV/c	   60	  GeV/c	   30	  GeV/c	  

Replica	  NUMI	  	   future	  

Replica	  DUNE	  	   future	  

Thin	  graphite	   future	   2015	   (T2K)	  

Thin	  aluminum	   2015	   2015	  

Thin	  iron	   future	   future	   future	  

Thin	  beryllium	   future	   2015	   2015	  



Summary	  
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• 	  Results	  for	  π±,	  K±,	  p,	  K0S,	  Λ	  spectra	  were	  measured	  with	  full	  thin	  target	  dataset	  (2009+2007)	  
-‐ 	  Wider	  kinema+c	  coverage	  in	  (p,θ)	  phase	  space	  compared	  to	  pilot	  run	  
-‐ 	  Sta+s+cal	  and	  systema+c	  error	  reduced	  by	  factor	  ~2-‐3	  for	  charged	  hadron	  spectra	  	  
-‐ 	  Results	  used	  for	  T2K	  flux	  tuning	  –	  the	  total	  flux	  precision	  is	  below	  10%	  as	  compared	  to	  
12%	  obtained	  with	  the	  pilot	  2007	  data	  
-‐ 	  The	  publica+on	  including	  all	  spectra	  is	  being	  finalized	  	  
	  

• 	  First	  results	  for	  charged	  hadron	  	  spectra	  with	  the	  T2K	  replica	  target	  were	  released	  for	  the	  
2009	  dataset	  	  with	  large	  sta+s+cs	  

-‐ 	  Up	  to	  90%	  of	  flux	  can	  be	  constrained	  as	  compared	  to	  60%	  with	  only	  the	  thin	  target	  
-‐ 	  Ongoing	  work	  to	  implement	  new	  results	  to	  tune	  the	  T2K	  flux	  

	  	  
• 	  	  The	  collec+on	  of	  data	  for	  Fermilab	  neutrino	  program	  is	  planned	  to	  start	  in	  the	  fall	  of	  2015	  
	  
• 	  A	  good	  knowledge	  of	  flux	  is	  important	  for	  T2K	  goals	  but	  became	  mandatory	  for	  future	  
neutrino	  experiments	  



Backup	  Slides	  

18	  



Protons	  

19	  

5 10 15 20

0.2

0.4

0.6  < 10 mradθ0 < 
p

5 10 15 20

0.2

0.4

0.6

0.8  < 40 mradθ20 < 

5 10 15 20

0.2

0.4

0.6  < 100 mradθ60 < 

5 10 15 20

0.2

0.4

0.6  < 20 mradθ10 < 

5 10 15 20

0.2

0.4

0.6

0.8  < 60 mradθ40 < 

5 10 15 20

0.2

0.4

0.6  < 140 mradθ100 < 

2 4 6 8

0.5

1
 < 180 mradθ140 < 

2 4 6 8

0.5

1
 < 300 mradθ240 < 

2 4 6 8

0.5

1

Data 2009

 < 240 mradθ180 < 

2 4 6 8

0.5

1
Venus 4.12
EPOS 1.99
GiBUU 1.6

 < 360 mradθ300 < 

p [GeV/c] p [GeV/c]

p [GeV/c] p [GeV/c]

]
-1

) [
(ra

d.
G

eV
/c

)
θ

n/
(d

pd
2 d

]
-1

) [
(ra

d.
G

eV
/c

)
θ

n/
(d

pd
2 d



Λ	  	  

20	  

5 10 15 20

0.02

0.04

0.06

0.08
 < 40 mradθ0 < 
Λ

5 10 15 20

0.02

0.04

0.06

0.08
 < 100 mradθ60 < 

5 10 15 20

0.02

0.04

0.06

0.08
 < 60 mradθ40 < 

5 10 15 20

0.02

0.04

0.06

0.08
 < 140 mradθ100 < 

5 10

0.02

0.04

0.06

0.08  < 180 mradθ140 < 

5 10

0.05

0.1
 < 300 mradθ240 < 

5 10

0.02

0.04

0.06

0.08  < 240 mradθ180 < 

Data 2009

5 10

0.05

0.1
 < 420 mradθ300 < 

Venus 4.12
EPOS 1.99
GiBUU 1.6

p [GeV/c] p [GeV/c]

p [GeV/c] p [GeV/c]

]
-1

) [
(ra

d.
G

eV
/c

)
θ

n/
(d

pd
2 d

]
-1

) [
(ra

d.
G

eV
/c

)
θ

n/
(d

pd
2 d



K+	  Uncertain+es	  

21	  

5 10 15 20

0.2

0.4
 < 20 mradθ0 < 

+K

5 10 15 20

0.2

0.4
 < 60 mradθ40 < 

5 10 15 20

0.2

0.4
 < 140 mradθ100 < 

5 10 15 20

0.2

0.4
 < 40 mradθ20 < 

5 10 15 20

0.2

0.4
 < 100 mradθ60 < 

5 10 15 20

0.2

0.4
 < 180 mradθ140 < 

2 4 6 8

0.2

0.4
 < 240 mradθ180 < 

2 4 6 8

0.2

0.4
 < 360 mradθ300 < 

2 4 6 8

0.2

0.4
 < 300 mradθ240 < 

stat. error

syst. error

p [GeV/c] p [GeV/c]

p [GeV/c]

p [GeV/c]

U
nc

er
ta

in
ty

U
nc

er
ta

in
ty

2 4 6 8
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Example:	  	  Preliminary	  2009	  	  π+	  measurements	  



Frac+onal	  flux	  error	  
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The	  frac+onal	  flux	  errors	  are	  calculated	  with	  use	  of	  	  π±,	  K+	  measurements	  from	  2007	  pilot	  run	  

(Phys.Rev.	  D87,	  012001,	  2013)	  EV~0.6GeV	  

Breakdown	  of	  Hadron	  Produc+on	  Error	  	  	  Different	  sources	  of	  	  flux	  error	  


