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Figure 25: Erec

⌫

distribution for data (black point), the best data fit (red line), and the no
oscillation (blue line). The error bars on data represent the statistical error. Bottom top is
the same as the top but with the number of bins reduced to better see the shape of the data
spectrum.

Table 16: Fit results for several likelihoods

Likelihood Fitted N exp

SK

sin2 ✓
23

�m2

32

(eV2)
L
norm

· L
shape

· L
syst

121.41 0.514 2.51⇥10�3

L
norm

· L
shape

122.39 0.514 2.50⇥10�3

L
norm

· L
syst

120.88 0.514 2.60⇥10�3

L
shape

· L
syst

122.62 0.514 2.50⇥10�3
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FIG. 3. The 68% and 90% C.L. confidence regions for
sin2(✓

23

) and �m2

32

(NH) or �m2

13

(IH). The SK [49] and MI-
NOS [7] 90% C.L. regions for NH are shown for comparison.
T2K’s 1D profile likelihoods for each oscillation parameter
separately are also shown at the top and right overlaid with
light blue lines and points representing the 1D �2� lnL

critical

values for NH at 68% and 90% C.L.

sis employing a binned likelihood ratio gave consistent
results. Also shown are 90% confidence regions from
other recent experimental results. Statistical uncertain-
ties dominate T2K’s error budget.

We calculate one-dimensional (1D) limits using a new
method inspired by Feldman-Cousins [47] and Cousins-
Highland [48] that marginalizes over the second oscilla-
tion parameter. Toy experiments are used to calculate
�2� lnL

critical

values, above which a parameter value is
excluded, for each value of sin2(✓

23

). These toy experi-
ments draw values for �m2

32

or �m2

13

in proportion to
the likelihood for fixed sin2(✓

23

), marginalized over sys-
tematic parameters. The toy experiments draw values
of the 45 systematic parameters from either Gaussian or
uniform distributions. We generate �m2

32

or �m2

13

lim-
its with the same procedure. Figure 3 shows the 1D
profile likelihoods for both mass hierarchies, with the
�2� lnL

critical

MC estimates for NH.
The 1D 68% confidence intervals are sin2(✓

23

) =
0.514+0.055

�0.056 (0.511 ± 0.055) and �m2

32

= 2.51 ± 0.10
(�m2

13

= 2.48 ± 0.10) ⇥10�3 eV2/c4 for the NH (IH).
The best fit corresponds to the maximal possible disap-
pearance probability for the three-flavor formula.

E↵ects of multinucleon interactions.—Inspired by
more precise measurements of neutrino-nucleus scatter-
ing [50–53], recent theoretical work suggests that neu-
trino interactions involving multinucleon mechanisms
may be a significant part of the cross section in T2K’s
energy range and might introduce a bias on the oscilla-
tion parameters as large as a few percent [28–43]. We
are the first oscillation experiment to consider the poten-
tial bias introduced by multinucleon interactions includ-
ing potential cancellation from measurements at the near

 (GeV)true - E
QE
recoE

-1 -0.5 0 0.5

A
rb

it
ra

ry
 U

n
it

s

CCQE

5)×Nieves multinucleon (

5)×-decay (∆pionless 

FIG. 4. The di↵erence between the reconstructed energy
assuming QE kinematics and the true neutrino energy. True
QE events with energies below 1.5 GeV show little bias while
multinucleon events based on [43] and NEUT pionless� decay
(shown scaled up by a factor of 5) are biased towards lower
energies.

detector. At T2K beam energies most interactions pro-
duce final-state nucleons below SK’s Cherenkov thresh-
old, making multinucleon interactions indistinguishable
from quasielastic (QE) interactions. Even if the addi-
tional nucleon does not leave the nucleus, the multi-
nucleon mechanism alters the kinematics of the out-
going lepton, distorting the reconstructed neutrino en-
ergy which assumes QE kinematics (see Fig. 4) in addi-
tion to increasing the overall QE-like event rate.

The T2K neutrino interaction generator, NEUT, in-
cludes an e↵ective model (pionless � decay) that models
some but not all of the expected multinucleon cross sec-
tion. In order to evaluate the possible e↵ect on the oscil-
lation analysis, we perform a Monte Carlo study where
the existing e↵ective model is replaced with a multi-
nucleon prediction based on the work of Nieves [43] going
up to 1.5 GeV in energy. We used this modified simu-
lation to make ND280 and SK fake data sets with ran-
domly chosen systematic uncertainties but without sta-
tistical fluctuations, and performed oscillation analyses
as described above on each of them, allowing ND280 fake
data to renormalize the SK prediction. The mean biases
in the determined oscillation parameters are < 1% for
the ensemble, though the sin2(✓

23

) biases showed a 3.5%
rms spread.

Conclusions.—The measurement of sin2(✓
23

) =
0.514+0.055

�0.056 (0.511 ± 0.055) for NH (IH) is consistent
with maximal mixing and is more precise than pre-
vious measurements. The best-fit mass-squared split-
ting is �m2

32

= 2.51 ± 0.10 (IH: �m2

13

= 2.48 ±
0.10) ⇥10�3 eV2/c4. Possible multinucleon knockout in
neutrino-nucleus interactions produces a small bias in the
fitted oscillation parameters and is not a significant un-
certainty source at present precision.

We thank the J-PARC sta↵ for superb accelerator per-
formance and the CERN NA61 collaboration for pro-
viding valuable particle production data. We acknowl-
edge the support of MEXT, Japan; NSERC, NRC, and
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T2K	
  CCQE	
  Signal	
  
•  T2K	
  Signal:	
  charged	
  
current	
  quasi-­‐elas%c	
  

– Dominant	
  interac%on	
  at	
  
T2K	
  energies	
  

–  Look	
  for	
  single	
  muon	
  
events	
  at	
  SK	
  	
  

–  Proton	
  is	
  typically	
  below	
  
Cherenkov	
  threshold	
  

–  Reconstruct	
  neutrino	
  
energy	
  

•  Only	
  depends	
  on	
  muon	
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  (pµ,	
  θµν)	
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  Energy	
  (GeV)	
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νµ disappearance at T2K 

Reconstruct neutrino energy from outgoing  

muon kinemaCcs assuming QE interacCon: 

Extract Δm2, sin22θ
23
 from observed change in overall rate and spectrum 
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E
ν
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2 ′ M n Eµ − [ ′ M n

2
+ mµ

2
− M p

2
]

2[ ′ M n − Eµ + pµ cosθµ ]Write the QE interaction assumed explicitly? 
so that it's easier to understand variables in Enu formula? 

⌫µ + n! µ� + p

•  Largest	
  contribu%on	
  to	
  
background	
  are	
  interac%ons	
  
that	
  produce	
  charged	
  pions	
  

Single	
  Ring	
  Muon	
  Sample	
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m2
p � (mn � Eb)
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•  Signal:	
  	
  

•  Neutral	
  Current	
  1π+:	
  

•  Misiden%fy	
  pion	
  as	
  muon	
  
•  Charged	
  Current	
  1π+:	
  

•  Miss	
  pion	
  and	
  reconstruct	
  as	
  signal	
  
•  Misreconstruct	
  neutrino	
  energy	
  

Pion	
  Backgrounds	
  at	
  SK	


•  Current	
  T2K	
  analyses	
  only	
  
separate	
  electrons	
  from	
  
muons	
  

•  Pion	
  and	
  muon	
  rings	
  look	
  
similar	
  at	
  SK,	
  except	
  for	
  
hadronic	
  interac%ons	
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CC1π+	
  as	
  SK	
  signal	
  

•  Charged	
  current	
  single	
  pion	
  

–  Second	
  most	
  dominant	
  
interac%on	
  at	
  T2K	
  energies	
  

–  Look	
  for	
  events	
  with	
  µ-­‐	
  and	
  π+	
  

–  Proton	
  or	
  neutron	
  too	
  low	
  
energy	
  to	
  reconstruct	
  

–  Reconstruct	
  neutrino	
  energy	
  
•  Analogous	
  to	
  CCQE	
  reconstruc%on	
  
•  Only	
  depends	
  on	
  muon	
  and	
  pion	
  
kinema%cs	
  

–  Constrain	
  background	
  in	
  single	
  
muon	
  sample	
  

–  Addi%onal	
  oscilla%on	
  signal	
  	
  

Neutrino	
  Energy	
  (GeV)	
  

E⌫ =

m2
l + m2

⇡+ � 2mN (El + E⇡+
) + 2pl · p⇡+

2(El + E⇡+ � |pl| cos ✓⌫l � |p⇡+ | cos ✓⌫⇡+ �mN )

⌫µ + p/n! µ� + ⇡+ + p/n
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Reconstruc%ng	
  π+	
  and	
  CC1π+	
  

•  Charged	
  pions:	
  
–  Kinked	
  track	
  signature:	
  pion	
  
changes	
  direc%on	
  ader	
  hadronic	
  
interac%on	
  

–  Can	
  scaeer	
  below	
  Cherenkov	
  
threshold	
  so	
  abruptly	
  stops	
  
producing	
  light	
  

•  Upstream	
  pion	
  reconstruc%on:	
  
–  Assume	
  below	
  threshold	
  ader	
  
hadronic	
  interac%on	
  

•  Mul%-­‐ring	
  framework,	
  allows	
  
construc%on	
  of	
  CC1π+	
  hypothesis	
  
–  	
  µ-­‐	
  and	
  π+	
  from	
  same	
  vertex	
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76

esis, thus worsening the resolution on the track energy and direction. Instead, the track

hypothesis is altered to allow for the reconstruction of a kinked track trajectory.

To fit a kinked track trajectory, the initial set of seven track parameters must be

expanded to include four new parameters.

• ∆Eup is the amount of energy lost in the track from the moment it is created

until the hadronic interaction takes place. This quantity characterizes the length

of the upstream portion of the kinked track.

• ∆Ekink is the amount of energy lost by the pion in the hadronic interaction.

This parameter allows the fitter to start the downstream portion of the track

at an energy lower than E0 −∆Eup.

• θdown and φdown specify the direction of the downstream (i.e. post-kink) portion

of the track in tank coordinates.

point

kink

Downstream

Track

Anti!Track

Base Track

Figure 5.13: The composition of a kinked track is shown. The base track provides
the charge prediction for the upstream portion of the track. The anti-track charge
prediction is subtracted from each PMT to remove the downstream portion of the base
track. A third track that begins at the kink point provides the charge prediction for the
downstream portion of the track.

A kinked track is built from a set of three standard straight tracks as shown in

Figure 5.13. The “base track” is created at the event vertex, (X0, Y0, Z0, T0), with an

energy and direction given by E0, θ0, and φ0. Above Cherenkov threshold, the distance

traveled as a function of kinetic energy lost is well approximated as a linear relationship.1

L(π+/µ)	
  

True	
  π+	
  
True	
  µ-­‐	
  	
  	
  

L(x) =
NunhitY

i=1

Pi(unhit;x)
NhitY

j=1

Pj(hit;x)fq(qj ;x)ft(tj ;x)

•  Reconstruct	
  kinema%cs	
  of	
  par%cles	
  in	
  SK	
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•  Ability	
  to	
  reconstruct	
  CC1π+	
  

makes	
  it	
  possible	
  to	
  add	
  an	
  
addi%onal	
  sample	
  to	
  oscilla%on	
  
signal	
  

•  Monte	
  Carlo	
  selec%on	
  
–  CC1π+-­‐like:	
  1	
  π+	
  and	
  one	
  µ-­‐	
  ader	
  
final	
  state	
  interac%ons	
  and	
  
before	
  secondary	
  interac%ons	
  

–  CCQE-­‐like:	
  one	
  µ-­‐	
  ader	
  final	
  state	
  
interac%ons	
  

•  ~40%	
  addi%onal	
  events	
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FIG. 1. The momentum and angular distributions for muons
in ND280’s CC-0⇡ selection. The predicted distributions be-
fore and after the ND280 fit are overlaid on both figures.

pected neutrino arrival time, is selected in SK. We re-
quire low activity in the outer detector to reduce en-
tering backgrounds. We also require: visible energy
> 30 MeV, exactly one reconstructed Cherenkov ring, µ-
like particle identification, reconstructed muon momen-
tum > 200 MeV, and  1 reconstructed decay electron.
The reconstructed vertex must be in the fiducial volume
(at least 2 m away from the ID walls) and we reject
“flasher” events (produced by intermittent light emission
inside phototubes). More details about the SK event se-
lection and reconstruction are found in [22].

The neutrino energy for each event is calculated un-
der the quasielastic assumption as in [2] using an aver-
age binding energy of 27 MeV for nucleons in 16O. The
E

reco

distribution of the 120 selected events is shown
in Fig. 2. The MC expectation without oscillations is
446.0 ± 22.5 (syst.) events, of which 81.0% are ⌫µ+⌫̄µ
CCQE, 17.5% are ⌫µ+⌫̄µ CC non-QE, 1.5% are NC and
0.02% are ⌫e+⌫̄e CC. The expected resolution in recon-
structed energy for ⌫µ+⌫̄µ CCQE events near the oscil-
lation maximum is ⇠0.1 GeV.

Systematic uncertainties in the analysis are evaluated
with atmospheric neutrinos, cosmic-ray muons, and their
decay electrons. Correlated selection e�ciency parame-
ters are assigned for six event categories: ⌫µ+⌫̄µ CCQE
in three energy bins, ⌫µ+⌫̄µ CC non-QE, ⌫e+⌫̄e CC, and
NC events. An energy scale uncertainty of 2.4% comes
from comparing reconstructed momenta in data and MC
for cosmic-ray stopping muons and associated decay elec-
trons, and from comparing reconstructed invariant mass
in data and MC simulations for ⇡0’s produced by at-
mospheric neutrinos. Systematic uncertainties in pion
interactions in the target nucleus (FSI) and SK detector
(SI) are evaluated by varying pion interaction probabili-
ties in the NEUT cascade model. These SK detector and
FSI+SI uncertainties produce a 5.6% fractional error in
the expected number of SK events (see Table I).
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FIG. 2. Reconstructed energy spectrum for single-ring
µ-like SK events. Top: The observed spectrum and expected
spectrum with interaction modes for the T2K best fit. Bot-
tom: The ratio of the observed spectrum (points) to the no-
oscillation hypothesis, and the best oscillation fit (solid).

Source of uncertainty (number of parameters) �nexp

SK

/ nexp

SK

ND280-independent cross section (11) 4.9%
Flux and ND280-common cross section (23) 2.7%
SK detector and FSI+SI systematics (7) 5.6%
sin2(✓

13

), sin2(✓
12

), �m2

21

, �CP (4) 0.2%
Total (45) 8.1%

TABLE I. E↵ect of 1� systematic parameter variation on the
number of 1-ring µ-like events, computed for oscillations with
sin2(✓

23

) = 0.500 and |�m2

32

| = 2.40⇥ 10�3 eV2/c4.

Oscillation fits.—We estimate oscillation parameters
using an unbinned maximum likelihood fit to the SK
spectrum for the parameters sin2(✓

23

) and either �m2

32

or �m2

13

for the normal and inverted mass hierarchies
respectively, and all 45 systematic parameters. The fit
uses 73 unequal-width energy bins, and interpolates the
spectrum between bins. Oscillation probabilities are cal-
culated using the full three-flavor oscillation framework.
Matter e↵ects are included with an Earth density of ⇢ =
2.6 g/ cm3 [45], �CP is unconstrained in the range [�⇡,⇡],
and other oscillation parameters are fit with constraints
sin2(✓

13

) = 0.0251 ± 0.0035, sin2(✓
12

) = 0.312 ± 0.016,
and �m2

21

= (7.50 ± 0.20) ⇥ 10�5 eV2/c4 [46]. Figure 2
shows the best-fit neutrino energy spectrum. The point
estimates of the 45 nuisance parameters are all within
0.25 standard deviations of their prior values.

Two-dimensional confidence regions in the oscillation
parameters are constructed using the Feldman-Cousins
method [47], with systematics incorporated using the
Cousins-Highland method [48]. Figure 3 shows 68%
and 90% confidence regions for the oscillation parame-
ters for both normal and inverted hierarchies. The 68%
and 90% expected sensitivity curves are each 0.04 wider
in sin2(✓

23

) than these contours. An alternative analy-

Pion	
  Systema%c	
  Errors	
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•  Exis%ng	
  secondary	
  
interac%on	
  systema%c	
  
error	
  

•  CC1π+	
  will	
  be	
  a	
  new	
  	
  SK	
  
sample	
  
–  Evalua%on	
  of	
  
systema%c	
  errors	
  
required	
  for	
  use	
  in	
  
analysis	
  

•  Studies	
  are	
  especially	
  
important	
  for	
  pions	
  
close	
  to	
  Cherenkov	
  
threshold	
  (160MeV/c)	
  
–  PICCOLO	
  Detector	
  
–  DUET	
  Experiment	
  –	
  See	
  
Elder	
  Pinzon’s	
  talk	
  
tomorrow	
  

π+	
  momentum	
  (MeV/c)	
  

True	
  CC1π+	
  Events	
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PICCOLO	
  Detector	
  	
  
•  Understand	
  amount	
  and	
  proper%es	
  of	
  Cherenkov	
  light	
  produced	
  by	
  pions	
  

close	
  to	
  Cherenkov	
  threshold.	
  	
  
–  May	
  be	
  different	
  than	
  for	
  muons/electrons	
  due	
  to	
  hadronic	
  interac%ons	
  

•  Cylinder	
  filled	
  with	
  water	
  with	
  4	
  PMTs	
  to	
  collect	
  total	
  light	
  

2	
  inch	
  PMTs	
  
with	
  chimney	
  
aeachments	
  1	
  cm	
  beam	
  

window 

PVC	
  pipe	
  
painted	
  with	
  
white	
  reflec%ve	
  coa%ng	
  

5	
  inch	
  
PMT	
  

π+	


12	
  in	
  

1	
  m	
  



•  Data	
  collec%on	
  in	
  TRIUMF	
  M11	
  secondary	
  beam-­‐line	
  
contains:	
  	
  e+,	
  µ+,	
  π+.	
  
–  ~2%	
  momentum	
  resolu%on	
  
–  Scan	
  pion	
  Cherenkov	
  threshold	
  from	
  130-­‐300	
  MeV/c	
  
–  Separate	
  par%cle	
  types	
  with	
  %me	
  of	
  flight	
  

 To	
  study	
  primary	
  pions,	
  remove	
  light	
  from	
  decay	
  electrons	
  
produced	
  

	
  
	
  
	
  

Above	
  Threshold	
  

PICCOLO	
  Data	
  Collec%on	
  &	
  Analysis	
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Peak	
  %mes(µs)	


pπ=180MeV/c	
  pπ=130MeV/c	
  

Below	
  Threshold	
  



•  Mean	
  amount	
  of	
  light	
  produced	
  over	
  the	
  
momentum	
  range	
  (130-­‐300	
  MeV/c)	
  

•  Evidence	
  of	
  the	
  Cherenkov	
  threshold	
  
	
  

PICCOLO	
  Analysis	
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Pion	
  Momentum	
  (MeV/c)	
 Muon	
  Momentum(MeV/c)	


Muons	
  Pions	
  

Ch
er
en

ko
v	
  
	
  L
ig
ht
	
  (p

e)
	
  	
  



Conclusions	
  

•  A	
  CC1π+	
  sample	
  at	
  SK	
  can	
  provide	
  a	
  new	
  signal	
  
sample	
  for	
  T2K	
  oscilla%on	
  analyses.	
  

•  A	
  framework	
  exists	
  for	
  iden%fying	
  CC1π+	
  

events.	
  

•  Use	
  of	
  the	
  CC1π+	
  sample	
  will	
  require	
  beeer	
  
understanding	
  of	
  pion	
  light	
  produc%on	
  in	
  
water	
  which	
  can	
  be	
  done	
  using	
  the	
  PICCOLO	
  
beam	
  test	
  data.	
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Appearance	
  Formula	
  

•  Full	
  formula	
  for	
  electron	
  neutrino	
  appearance	
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7 RUN 1+2+3+4 DATA FIT
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Figure 25: Erec

⌫

distribution for data (black point), the best data fit (red line), and the no
oscillation (blue line). The error bars on data represent the statistical error. Bottom top is
the same as the top but with the number of bins reduced to better see the shape of the data
spectrum.

Table 16: Fit results for several likelihoods

Likelihood Fitted N exp

SK

sin2 ✓
23

�m2

32

(eV2)
L
norm

· L
shape

· L
syst

121.41 0.514 2.51⇥10�3

L
norm

· L
shape

122.39 0.514 2.50⇥10�3

L
norm

· L
syst

120.88 0.514 2.60⇥10�3

L
shape

· L
syst

122.62 0.514 2.50⇥10�3

50

T2K	
  νµ	
  Energy	
  Spectrum	
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Ev
en

ts
/0
.1
0G

eV
	
  

Reconstructed	
  Neutrino	
  Energy	
  (GeV)	
  	
  	
  	
  	
  	
  

E=	
  Neutrino	
  Energy	
  
Data	
  
MC	
  with	
  Oscilla%on	
  
MC	
  without	
  Oscilla%on	
  



Super-­‐Kamiokande	
  &	
  Cherenkov	
  Radia%on	

•  Super	
  Kamiokande	
  

–  50	
  kTon	
  cylindrical	
  water	
  Cherenkov	
  
detector	
  

•  Cherenkov	
  light	
  is	
  produced	
  when	
  
charged	
  par%cles	
  have	
  speed	
  of	
  

	
  

•  Minimum	
  momentum	
  to	
  produce	
  
Cherenkov	
  light:	
  

–  Called	
  “Cherenkov	
  threshold”	
  
•  Light	
  is	
  produced	
  in	
  a	
  cone	
  around	
  

trajectory	
  of	
  par%cle	
  
•  See	
  rings	
  of	
  light	
  projected	
  on	
  the	
  

walls	
  

11,129	
  20	
  inch	
  PMTs	


39.3	
  m	


41.4	
  m	


pmin =
mcp
n2 � 1
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Event	
  Reconstruc%on	
  
•  Need	
  to	
  reconstruct	
  kinema%cs	
  of	
  outgoing	
  par%cles	
  
from	
  neutrino	
  interac%ons	
  to	
  calculate	
  the	
  neutrino	
  
energy	
  

•  Event:	
  %mes	
  and	
  charges	
  registered	
  by	
  PMTs	
  
–  Charges	
  are	
  clustered	
  into	
  groups	
  of	
  similar	
  %mes	
  
–  Clusters	
  arranged	
  into	
  “subevents”	
  with	
  one	
  %me,	
  one	
  
charge	
  per	
  PMT	
  

•  Event	
  Reconstruc%on	
  for	
  SK	
  (fiTQun):	
  
– Maximum	
  likelihood	
  algorithm:	
  

–  Track	
  parameters	
  x:	
  posi%on,	
  %me,	
  direc%on,	
  momentum	
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L(x) =
NunhitY

i=1

Pi(unhit;x)
NhitY

j=1

Pj(hit;x)fq(qj ;x)ft(tj ;x)



Event	
  Reconstruc%on	
  
•  Charge	
  PDF:	
  

•  Determining	
  what	
  
happened	
  in	
  an	
  event:	
  
– Number	
  of	
  rings	
  
– Kinema%cs	
  of	
  each	
  ring	
  
– PID	
  of	
  ring	
  

•  Unify	
  these	
  ques%ons	
  by	
  
comparing	
  likelihood	
  ra%os	
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Simulated	
  charge	
  distribu%on	
   Reconstructed	
  charge	
  predic%on	
  

True	
  Electrons	
  

True	
  Muons	
  

ln
(L

e/
L µ
)	
  

Momentum	
  



Toy	
  Study	
  Contours	
  

•  CCQE	
  is	
  
comparable	
  to	
  T2K	
  
result	
  for	
  current	
  
data	
  set	
  
–  Note	
  different	
  
scales	
  

•  No	
  systema%c	
  
errors	
  included	
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90%	
  CL	
  
68%	
  CL	
  

Best	
  Fit	
  Values	
  

Sin2(2θ23)	
  

Mode	
   ∆m2
32	
  	
  (eV2)	
   Sin2(2θ23)	
  

CCQE	
   0.00242	
   1	
  

CC1π+	
   0.00240	
   1	
  

CCQE+	
  
CC1π+	
  

0.00240	
   1	
  

Toy	
  CCQE	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

CC1π+	
  
CCQE+CC1π+	
  



PICCOLO	
  Data	
  Collec%on	
  

•  TRIUMF	
  M11	
  beam	
  
–  Secondary	
  beamline	
  

–  Contains:	
  e+,	
  µ+,	
  π+	
  
•  Select	
  momenta	
  in	
  a	
  range	
  

from	
  130	
  –	
  300	
  MeV/c	
  

•  Collected	
  PMT	
  waveform	
  
on	
  an	
  oscilloscope	
  

Decay	
  Electron	
  

Time	
  	
  

Vo
lta

ge
	
  

Full	
  5	
  µs	
  Waveform	
  

0.5	
  µs	
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Beam	
  
Pulse	
  

20	
  



Par%cle	
  Iden%fica%on	
  
•  Beam	
  contains	
  e+,	
  µ+,	
  π+	
  so	
  need	
  to	
  separate	
  par%cles	
  for	
  analysis	
  
•  Par%cles	
  travel	
  at	
  different	
  speeds	
  because	
  of	
  different	
  masses	
  
•  Dis%nguish	
  par%cles	
  using	
  different	
  flight	
  %mes	
  from	
  produc%on	
  to	
  

detector	
  

21	
  

Time	
  of	
  Flight	
  (ns)	
  

220	
  MeV/c	
  190	
  MeV/c	
  

130	
  MeV/c	
   160	
  MeV/c	
  

π	
  

π	
  π	
  

π	
  

µ	
  

µ	
  

µ	
  

µ	
  

e	
  

e	
  

e	
  

Time	
  of	
  Flight	
  (ns)	
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Muon	
  Life%me	
  
•  Muons	
  decay	
  as:	
  	
  
•  Par%cle	
  Data	
  Group	
  µ+	
  life%me:	
  ~2.197	
  µs	
  	
  

–  Ran	
  beam	
  with	
  posi%ve	
  par%cles	
  so	
  expect	
  life%me	
  measurement	
  without	
  
any	
  muon	
  capture	
  effect	


•  Extract	
  life%me	
  as	
  a	
  check	
  of	
  the	
  data	
  
•  Iden%fy	
  muons	
  and	
  look	
  for	
  a	
  decay	
  electron	
  peak	
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Life%me	
  =	
  2.24±0.06	
  µs	
  

Decay	
  Time	
  (µs)	
  

µ+ ! e+ + ⌫̄e + ⌫µ
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