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3	
  tracks	
  ,	
  4	
  photon	
  conversions,	
  
many	
  details	
  



•  LArTPC	
  Basics	
  
•  History	
  
•  Technical	
  details	
  

– Cryogenic	
  vessels	
  
– LAr	
  purity	
  and	
  monitors	
  
– TPC	
  

•  Physics	
  reach	
  
– Neutrino	
  physics	
  
– Other	
  topics	
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•  Ioniza>on	
  and	
  scin>lla>on	
  light	
  used	
  for	
  detec>on	
  
•  Low	
  diffusion	
  allows	
  Ioniza>on	
  electrons	
  to	
  be	
  driR	
  over	
  long	
  distances	
  in	
  these	
  liquids	
  
•  Excellent	
  dielectric	
  proper>es	
  allow	
  these	
  liquids	
  to	
  accommodate	
  very	
  high-­‐voltages	
  
•  Argon	
  is	
  rela>vely	
  cheap	
  and	
  easy	
  to	
  obtain	
  (1%	
  of	
  atmosphere)	
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• 	
  LAr	
  ioniza>on:	
  We=23.6±0.5	
  eV	
  -­‐	
  low	
  detec>on	
  thresholds	
  and	
  ~6k	
  ioniza>on	
  electrons/mm/mip	
  
• 	
  1.6	
  mm/µs	
  at	
  500V/cm;	
  60	
  ppt	
  O2	
  -­‐>	
  5	
  ms	
  life>me;	
  σ(mm)=t1/2	
  (ms)	
  

• 	
  Electron	
  affinity	
  >0:	
  does	
  not	
  aeach	
  electrons	
  



•  LAr	
  is	
  an	
  excellent	
  
scin>llator:	
  Wγ =	
  19.5	
  eV	
  

•  Singlet	
  (t	
  =	
  6	
  ns)	
  and	
  
triplet	
  (t	
  =	
  1.6	
  µs)	
  excimers	
  
both	
  give	
  spectrum	
  
peaked	
  at	
  λ=128nm	
  

•  Scin>lla>on	
  light	
  provides	
  
trigger	
  and	
  t0	
  (~ns)	
  
–  ν	
  beam	
  window	
  ~µs	
  
–  Proton	
  decay	
  etc.	
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dE/dx	
  of	
  1	
  MIP:	
  2.1	
  MeV/cm	
  
Electron	
  driR:	
  1.6	
  mm/µs	
  

Ion	
  driR	
  at	
  8mm/s	
  
or	
  2min/m	
  

Slide	
  from	
  Bo	
  Yu	
  (Brookhaven)	
  

PMT	
  

Ioniza>on	
  charge	
  
detected	
  by	
  wire	
  
planes	
  	
  

Scin>lla>on	
  light	
  
detected	
  by	
  PMT	
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•  1968	
  -­‐	
  Alvarez	
  proposed	
  the	
  use	
  of	
  liquefied	
  
noble	
  gases	
  as	
  detector	
  media	
  

•  1970’s	
  
– LAr	
  &	
  LXe	
  calorimeters	
  in	
  use,	
  LAr	
  TPC	
  prototypes	
  
– Willis,	
  Chen,	
  Radeka,	
  Gap,	
  Rubbia	
  contribu>ons	
  

•  1977	
  –	
  Carlo	
  Rubbia	
  proposed	
  the	
  LAr	
  TPC	
  
•  1985	
  –	
  ICARUS	
  (T600)	
  proposal	
  at	
  Gran	
  Sasso	
  

– 1993:	
  Cosmic	
  rays	
  tracked	
  with	
  a	
  3	
  ton	
  LAr	
  TPC	
  
– 2010	
  –	
  2012:	
  T600	
  exposed	
  to	
  CNGS	
  ν	
  beam	
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ICARUS	
  pioneer	
  in	
  LAr	
  TPC	
  technology,	
  NIMA	
  527,	
  329	
  (1990)	
  	
  
The	
  U.S.	
  LAr	
  TPC	
  program	
  uses	
  ICARUS	
  as	
  a	
  founda>on	
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Details	
  of	
  many	
  projects	
  will	
  be	
  discussed	
  as	
  case	
  studies.	
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Russ	
  Rucinski,	
  TIPP	
  2011	
  



•  Cryogenic	
  vessels	
  (cryostat)	
  

•  LAr	
  purity	
  and	
  monitors	
  

•  TPC	
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•  Sufficiently	
  >ght	
  to	
  maintain	
  low	
  impurity	
  level	
  

•  Sufficiently	
  low	
  thermal	
  loss	
  
–  Passive	
  insula>on	
  (vacuum/foam)	
  
–  Ac>ve	
  refrigera>on	
  (LN2)	
  

•  Suitable	
  for	
  underground	
  construc>on	
  and	
  opera>on	
  

•  Safety	
  concerns	
  

•  Scalable	
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ICARUS	
  761	
  t	
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MicroBooNE	
  170	
  t	
  

ArgoNeuT	
  0.76	
  t	
  
LAPD	
  30	
  t	
  

CAPTAIN	
  10	
  t	
  

LBNE	
  35	
  t	
  prototype	
  



•  MicroBooNE	
  cryostat	
  has	
  
a	
  150”	
  diameter	
  and	
  is	
  
40	
  R	
  long	
  and	
  6/17”	
  
thick	
  

•  Will	
  be	
  insulated	
  with	
  
foam	
  on	
  outside	
  

•  Will	
  hold	
  170	
  t	
  of	
  LAr,	
  
fiducial	
  volume	
  of	
  60	
  t	
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Note:	
  cryostat	
  on	
  its	
  side	
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•  One	
  op>on	
  for	
  future	
  large	
  LAr	
  
vessels	
  
–  Adopted	
  by	
  LBNE	
  

•  Design	
  used	
  in	
  LNG	
  (Liquefied	
  
Natural	
  Gas)	
  tankers	
  

•  Stainless	
  steel	
  membrane	
  (2-­‐3	
  
mm)	
  contains	
  cryogenic	
  liquid	
  

•  Foam	
  insulated	
  

•  Surrounding	
  rock/concrete	
  
provides	
  mechanical	
  support	
  
–  Efficient	
  use	
  of	
  the	
  excavated	
  
cavern	
  volume	
  

T.	
  Yang	
  LArTPC	
   15	
  

35	
  Ton	
  Prototype	
  at	
  FNAL	
  



•  Electro-­‐nega>ve	
  
contaminants	
  
–  Electron	
  affinity	
  <0	
  
–  O2	
  &	
  water	
  

•  If	
  20%	
  signal	
  loss	
  is	
  OK	
  for	
  
2m	
  driR	
  
–  Need	
  5	
  ms	
  electron	
  life>me	
  
~60	
  ppt	
  O2	
  contamina>on	
  

–  LAr	
  supply	
  typical	
  1	
  ppm	
  

•  N2	
  <	
  1	
  ppm	
  for	
  light	
  
collec>on	
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•  Materials	
  Test	
  System	
  (MTS)	
  
– Study	
  materials	
  effects	
  on	
  electron	
  life>me	
  

•  Liquid	
  Argon	
  Purity	
  Demonstrator	
  (LAPD)	
  
– Achieve	
  sufficient	
  electron	
  life>me	
  without	
  
evacua>on	
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Luke (Materials Test System) 

Isola>on	
  Valve	
  (below	
  photo)	
  

Put materials in Sample Cage in the Argon Lock 
Seal the Argon Lock (open in photograph). 
[Evacuate the Argon Lock (or not).] 
Purge with pure argon gas (available from the 

cryostat).  

insertion of materials 
without exposure to vacuum 
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Nucl.Instrum.Meth.	
  A608	
  (2009)	
  251-­‐258	
  
FERMILAB-­‐PUB-­‐09-­‐355-­‐E	
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FR-­‐4	
  based	
  circuit	
  board	
  –	
  from	
  Airlock	
  with	
  purging	
  only	
  

Significant	
  change	
  in	
  H20	
  reading	
  and	
  significant	
  reduc>on	
  in	
  life>me	
  

Water	
  is	
  the	
  dominant	
  contaminant,	
  not	
  O2,	
  for	
  life>mes	
  of	
  5	
  –	
  10	
  msec	
  
Not	
  a	
  contaminant	
  if	
  the	
  materials	
  containing	
  it	
  are	
  in	
  LAr	
  

in	
  liquid	
  

just	
  above	
  liquid	
  

near	
  top	
  



•  Previous	
  experiments	
  (ICARUS,	
  ArgoNeuT	
  etc.)	
  
required	
  evacua>on	
  of	
  the	
  tank	
  as	
  the	
  first	
  step	
  
–  This	
  becomes	
  expensive	
  for	
  large	
  tanks	
  

•  Liquid	
  Argon	
  Purity	
  Demonstrator	
  is	
  designed	
  to	
  
demonstrate	
  sufficient	
  electron	
  life>me	
  can	
  be	
  
achieved	
  without	
  ini>al	
  evacua>on	
  of	
  the	
  tank.	
  

•  Purifica>on	
  in	
  3	
  steps	
  
–  Purge	
  vessel	
  with	
  argon	
  gas	
  
–  Circulate	
  argon	
  gas	
  through	
  filter	
  vessels	
  
–  Introduce	
  and	
  circulate	
  LAr	
  through	
  filter	
  vessels	
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•  The	
  Liquid	
  Argon	
  Purity	
  
Demonstrator	
  (LAPD)	
  serves	
  as	
  a	
  
workhorse	
  test	
  bed	
  for	
  liquid	
  
argon	
  R&D	
  at	
  FNAL	
  

•  First	
  large	
  scale	
  LAr	
  system	
  at	
  
FNAL,	
  invaluable	
  experience	
  

•  Demonstrated	
  purifica>on	
  
without	
  evacua>on	
  of	
  a	
  30	
  ton	
  
cryostat	
  for	
  the	
  first	
  >me	
  

•  High	
  electron	
  life>mes	
  have	
  been	
  
achieved,	
  on	
  the	
  order	
  of	
  5	
  ms	
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•  Pump	
  room	
  temperature	
  
argon	
  gas	
  into	
  the	
  tank	
  	
  

•  Argon	
  gas	
  acts	
  as	
  a	
  piston	
  
pushing	
  ambient	
  air	
  out	
  
–  	
  O2	
  from	
  21%	
  to	
  6	
  ppm	
  

–  	
  N2	
  from	
  78%	
  to	
  18	
  ppm	
  

–  	
  H2O	
  from	
  200	
  ppm	
  to	
  
1.2	
  ppm	
  

–  	
  Measured	
  using	
  
commercial	
  gas	
  analyzers	
  	
  

!"#$%#&%'()*+%&)#,%-.)%$#%-)*#/%

0%
!"#$%12%3+/$#/%!45"64%
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•  Run	
  gas	
  through	
  filters,	
  same	
  as	
  for	
  the	
  liquid	
  
•  Useful	
  for	
  debugging	
  
•  Aim	
  to	
  bring	
  H2O	
  outgassing	
  rate	
  to	
  match	
  
filtra>on	
  rate	
  

•  O2	
  -­‐>	
  20	
  ppb	
  

•  H2O-­‐>667	
  ppb	
  

•  N2-­‐>13	
  ppm	
  

25	
  

!!"

!"

###"

$$%"

&'!!!"

&'###"

&'$$%"

('!!!"

&!"

&!!"

&!!!"

&!!!!"

!" (!" )!" $!" *!"

!
"#
$%
&'
()

*$
)#
%"
+
()

&,-
-.

/&

0
12
$)

&'
()

*$
)#
%"
+
()

&,-
-.

/&

345-$6&7"8&9(:45$&';")2$8&,<=>?&@(:&*;")2$A6"1&B&C>D&6"18/&

EF3G&H4)&I&H((5&J$5-$%"#4%$&7"8&H$*K%*4:"+()&

+,-./0"123."4562/7" +,-./0"123."4562/7"

869/:"12;0/6:"4562/7"

<696".6=">?/"93"2/6@";0"4-49/A"

+(":/65B/4"(!"==C"

Plot	
  by	
  Terry	
  Tope	
  

Caused	
  by	
  leak	
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•  Molecular	
  sieve	
  removes	
  H2O	
  

•  Cu	
  removes	
  O2	
  

•  LN2	
  driven	
  condenser	
  
reliquefy	
  argon	
  boil	
  off	
  

•  Condensed	
  LAr	
  returns	
  to	
  the	
  
liquid	
  pump	
  

•  Recircula>on	
  started	
  at	
  2.42	
  	
  
vol	
  change/day	
  

•  1	
  millisecond	
  electron	
  life>me	
  
achieved	
  aRer	
  6.6	
  	
  volume	
  
changes	
  

•  Stabilized	
  at	
  5ms	
  aRer	
  60	
  
volume	
  	
  changes	
  (60	
  ppt)	
  	
  

Condenser	
  

Cu	
  filter	
  

Mole	
  sieve	
  

LAr	
  pump	
  

GAr	
  

LAr	
  

26	
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D0	
  LAr:	
  <200	
  ppb	
  O2,	
  8	
  ppm	
  	
  N2,	
  >ny	
  H2O	
  



•  Use	
  purity	
  monitors,	
  
consis>ng	
  of	
  a	
  field	
  
cage,	
  photocathode	
  
and	
  anode	
  

•  Measure	
  electron	
  
signal	
  loss	
  from	
  
cathode	
  to	
  anode	
  to	
  
find	
  life>me:	
  

•  Observed	
  life>mes	
  on	
  
the	
  order	
  of	
  5	
  ms	
  

Qanode =Qcathode ! exp("tdrift / ! )

27	
  PrM	
  scope	
  signal	
  

Purity	
  Monitor	
  –	
  DriR	
  Cell	
  

NIMA	
  292,	
  580	
  (1990)	
  

Cathode	
  

Anode	
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—	
  Select	
  single	
  muon	
  events	
  between	
  
50°	
  <	
  θ <	
  70°	
  and	
  remove	
  δ	
  rays	
  
—	
  Use	
  dQ/dx	
  of	
  muon	
  hits	
  as	
  a	
  func>on	
  
of	
  driR	
  >me	
  to	
  measure	
  charge	
  
aeenua>on	
  
—	
  Less	
  than	
  20%	
  aeenua>on	
  over	
  1	
  m	
  

0

1

2

3

4

5

6

s)µDrift time (
0 200 400 600 800 1000 1200 1400 1600

dQ
/d

x 
(c

ha
rg

e/
cm

)

0
200
400
600
800

1000
1200
1400
1600
1800
2000

LAPD PreliminaryLAPD Preliminary

28	
  

LongBoTPC	
  

Cosmic	
  
ray	
  muon	
  

Wire	
  planes	
  

Can	
  also	
  use	
  ν-­‐induced	
  muons(1205.6702)	
  
and	
  UV	
  laser	
  (1304.6961).	
  T.	
  Yang	
  LArTPC	
  

Low	
  stat	
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ICARUS	
  T300	
  

ArgoNeuT	
  
0.17	
  m3	
  

Ld	
  =	
  0.9	
  m	
  

MicroBooNE	
  
62	
  m3	
  

Ld	
  =	
  2.56	
  m	
  

ICARUS	
  T300	
  x	
  2	
  
85	
  m3	
  x	
  2	
  
Ld	
  =	
  1.5	
  m	
   LongBo	
  

0.1	
  m3	
  

Ld	
  =	
  2	
  m	
  

ARGONTUBE	
  
0.63	
  m3	
  

Ld	
  =	
  5	
  m	
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Flange	
  

HV	
  
Feedthrough	
  

Cathode	
  

160	
  field	
  shaping	
  
rings,	
  100	
  MΩ	
  
between	
  rings	
  

3	
  wire	
  planes	
  

Preamps	
  (cold)	
  

Uniform	
  E	
  field	
  

2m	
  

LAPD	
  

MSU	
  FNAL	
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charged	
  par>cle	
  ionizes	
  argon	
  

ioniza>on	
  electrons	
  move	
  	
  
to	
  wire-­‐planes	
  electron	
  driR	
  lines	
  

E0 

E1 

E2 

E2>E1>E0	
  

drift-time 

E0 

a	
  =	
  cross	
  u	
  
b	
  =	
  cross	
  v	
  
c	
  =	
  cross	
  y	
  

drift-time 

a	
  b	
  c	
  

u	
  

v	
  

y	
  

p	
  

d	
  

p~d~3-­‐5	
  mm	
  

Bunneman,	
  Cranshaw,Harvey,	
  Can.	
  J.	
  Res.	
  27	
  (1949)	
  191	
  

Gap,	
  Padovini,	
  
Quartapelle,Greenlaw,Radeka	
  
IEEE	
  	
  Trans.	
  NS-­‐26	
  (2)	
  (1979)	
  
2910]	
  

FADC	
  

FADC	
  

FADC	
  

• 	
  HV	
  
• 	
  Electronics	
  



•  HV	
  provides	
  a	
  stable	
  and	
  uniform	
  driR	
  
field	
  over	
  extended	
  LAr	
  volumes	
  

•  Higher	
  HV	
  
–  Shorter	
  driR	
  >me	
  
–  Less	
  ioniza>on	
  electrons	
  aeenua>on	
  due	
  

to	
  impuri>es	
  
–  Lower	
  recombina>on	
  
–  Smaller	
  diffusion	
  
–  Require	
  high	
  bias	
  voltage	
  on	
  wire	
  planes	
  

to	
  ensure	
  transparency	
  

•  Typically	
  500	
  V/cm	
  is	
  used	
  

•  ICARUS	
  achieved	
  150	
  kV	
  
–  75	
  kV	
  is	
  needed	
  for	
  1.5	
  m	
  driR	
  

•  ARGONTUBE	
  developed	
  a	
  voltage	
  
mul>plier	
  based	
  on	
  CockcroR-­‐Walton	
  
circuit	
  
–  500	
  kV!	
   T.	
  Yang	
  LArTPC	
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CockcroR-­‐Walton	
  circuit	
  for	
  ARGONTUBE	
  
1304.6961	
  

ICARUS	
  HV	
  Feedthrough	
  

Outer	
  conductor	
  

Insula>on	
  (with	
  grooves)	
  

Inner	
  conductor	
  

NIMA	
  527,	
  329	
  (1990)	
  	
  



•  Tradi>onal	
  preamplifier	
  with	
  a	
  junc>on	
  field	
  effect	
  transistor	
  (jFET)	
  
is	
  located	
  outside	
  cryostat	
  –	
  warm	
  electronics	
  (1205.6747)	
  

•  Large	
  detector	
  (20m	
  x	
  20m)	
  	
  long	
  cables	
  to	
  preamplifiers	
  	
  large	
  
input	
  capacitance	
  	
  high	
  noise	
  	
  need	
  for	
  cold	
  electronics	
  	
  

•  MicroBooNE	
  has	
  developed	
  a	
  180	
  nm	
  CMOS	
  ASIC	
  (Applica>on-­‐
Specific	
  Integrated	
  Circuit)	
  to	
  be	
  operated	
  in	
  LAr	
  in	
  close	
  proximity	
  
to	
  the	
  wire	
  end:	
  reduce	
  cable	
  length	
  and	
  noise	
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  ASIC	
  
Motherboard	
  with	
  12	
  ASIC	
  

H.	
  Chen,	
  JINST	
  7:C12004	
  (2012)	
  



wire 

w
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Raw Data 
Raw Data 

Amps	
  in	
  liquid	
  	
  S/N	
  >30	
  

Drift Time Drift Time 

w
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•  Scin>lla>on	
  light	
  provides	
  trigger	
  and	
  t0	
  measurements	
  (~ns)	
  

•  MicroBooNE	
  uses	
  acrylic	
  plates	
  coated	
  with	
  a	
  solu>on	
  of	
  
tetraphenyl-­‐butadiene	
  (TPB)	
  and	
  polystyrene	
  to	
  shiR	
  the	
  128	
  
nm	
  LAr	
  scin>lla>on	
  light	
  to	
  the	
  visible	
  region	
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UV	
  
photon	
  

Visible	
  
photons	
  

Wavelength	
  
shiEing	
  
plate	
  

MicroBooNE	
  PMTs	
  are	
  installed.	
  

1304.0821,	
  1307.5256,	
  1308.3446	
  
Ben	
  Jones,	
  talk	
  at	
  ICATPP	
  2013	
  



•  List	
  of	
  topics	
  discussed	
  here	
  
– Neutrino	
  physics	
  

•  Mainly	
  results	
  from	
  ArgoNeuT	
  

– Search	
  for	
  proton	
  decay	
  
– Search	
  for	
  dark	
  maeer	
  

•  Not	
  covered	
  
– Supernova	
  ν	


– …	
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•  ArgoNeuT	
  TPC	
  
•  Two	
  wire	
  planes	
  
•  DriR	
  >me	
  vs	
  wire	
  number	
  on	
  each	
  plane	
  

–  Match	
  two	
  views	
  using	
  common	
  driR	
  >me	
  to	
  do	
  3D	
  reconstruc>on	
  
•  Color	
  represents	
  signal	
  amplitude	
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Wire	
  number	
  

D
ri
R
	
  >
m
e	
  

Collec>on	
  plane	
  

Induc>on	
  plane	
  

Induc>on	
  plane	
  

Collec>on	
  plane	
  
J.	
  Spitz	
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De-­‐convolu>on	
  
Wire	
  Signal	
  =	
  F-­‐1	
  {	
  Filter	
  *F(ADC)	
  /	
  (F(Preamp)	
  *	
  F(Shaper)	
  *	
  F(Digi>zer)	
  	
  )	
  }	
  

Remove electronics effects Band filter to remove coherent noise, etc 

B.	
  Baller,	
  B.	
  Page	
  

Time Samples (396 ns/sample)
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Collection Signal

overshoot	
  

MIP	
  signal	
  on	
  one	
  
collec>on	
  wire	
  

ARer	
  deconvolu>on	
  

ArgoNeuT	
  CCQE	
  νe	
  candiate	
  

Time Samples (396 ns/sample)
1400 1600 1800 2000 2200 2400

AD
C

-60

-40

-20

0

20

40

60

80

100
Induction Signal

Raw Signal

Calibrated Signal

Induction Signal

Induc>on	
  



T.	
  Yang	
  LArTPC	
   39	
  

Raw	
  Data	
  	
   Hits	
   Clusters	
  

3D	
  Tracks	
  

heps://cdcvs.fnal.gov/redmine/projects/larsoRsvn	
  
LArSoR	
   More	
  sophis>cated	
  tracking	
  

algorithms	
  are	
  being	
  developed	
  
for	
  MicroBooNE	
  

DBScan	
  
Houghline	
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MINOS	
  ND	
  
(magne>zed)	
  

ArgoNeuT	
  

T.	
  Yang	
  LArTPC	
  

Nucl.	
  Inst.	
  &	
  Meth.	
  A	
  596,	
  190	
  (2008)	
  

•  ArgoNeuT	
  was	
  placed	
  in	
  front	
  of	
  the	
  MINOS	
  Near	
  Detector	
  

•  MINOS	
  ND	
  is	
  magne>zed	
  and	
  can	
  measure	
  muon	
  momentum	
  and	
  
charge	
  

•  Match	
  ArgoNeuT	
  track	
  with	
  MINOS	
  track	
  to	
  get	
  the	
  muon	
  
momentum	
  and	
  charge	
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Muon	
  p	
  determinaMon	
  
by	
  MS	
  is	
  possible	
  with	
  
a	
  resoluMon	
  ≈	
  10%	
  in	
  
the	
  momentum	
  range	
  
of	
  interest	
  for	
  future	
  
LAr	
  TPCs	
  

From	
  calorimetry	
  

Fr
om

	
  M
S	
  

Paola	
  Sala	
  (ICARUS),	
  NuFact	
  2013	
  



•  Interac>on	
  vertex	
  in	
  fiducial	
  volume	
  

•  Track	
  matched	
  to	
  muon	
  in	
  MINOS	
  ND	
  

•  Nega>vely	
  charged	
  muon	
  in	
  MINOS	
  
43	
  

“First	
  Measurements	
  of	
  Inclusive	
  Muon	
  Neutrino	
  Charged	
  Current	
  Differen>al	
  Cross	
  Sec>ons	
  on	
  Argon	
  “	
  PRL	
  108	
  (2012)	
  161802	
  (1111.0103)	
  

ArgoNeuT	
  

Muon	
  angle	
  

Muon	
  momentum	
  

T.	
  Yang	
  LArTPC	
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•  Area	
  normalized	
  
•  Need	
  to	
  improve	
  flux	
  predic>on	
  
•  Paper	
  in	
  prepara>on	
   44	
  

µ-­‐(ν)	
   µ+(ν)	
  

T.	
  Yang	
  LArTPC	
  

Preliminary	
   Preliminary	
  

Preliminary	
   Preliminary	
  

_	
  

µ-­‐(ν)	
   µ+(ν)	
  
_	
  



•  Wire	
  space:	
  4	
  mm	
  

•  Measurement	
  of:	
  
–  dE/dx	
  vs.	
  residual	
  range	
  

along	
  the	
  track	
  	
  
–  kine>c	
  energy	
  vs.	
  track	
  

length	
  

T.	
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stopping	
  point	
  
Contained	
  proton	
  

residual	
  range	
  
	
  (from	
  the	
  track	
  stopping	
  point)	
  

proton	
  threshold:Tp>21	
  MeV	
  

Preliminary	
  Preliminary	
  

χ2	
  PID	
  



•  Conven>onal	
  measurement	
  of	
  exclusive	
  channels:	
  quasi-­‐elas>c	
  (QE),	
  resonance	
  
pion	
  produc>on	
  (RES)	
  etc.	
  

•  Nuclear	
  effects	
  play	
  a	
  key	
  role	
  in	
  neutrino-­‐nucleus	
  interac>ons	
  in	
  nuclear	
  targets.	
  	
  

•  Due	
  to	
  intra-­‐nuclear	
  re-­‐sca-ering	
  (FSI)	
  and	
  possible	
  effects	
  of	
  correla5on	
  
between	
  target	
  nucleons,	
  a	
  genuine	
  QE	
  interac>on	
  can	
  oRen	
  be	
  accompanied	
  by	
  
addi>onal	
  par>cles	
  (nucleons,	
  de-­‐excita>on	
  γ's	
  and	
  soR	
  pions)	
  in	
  the	
  Final	
  State.	
  

•  ArgoNeuT	
  developed	
  the	
  first	
  topological	
  analysis	
  
–  Cross	
  sec>on	
  measurements	
  based	
  on	
  final	
  state	
  topology	
  (eg	
  1µ+Np+0π)	
  

T.	
  Yang	
  LArTPC	
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Short	
  Range	
  Correla>on	
  (SRC)	
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νµ	
  –	
  anMneutrino	
  mode	
  run	
  
_	
  

νµ	
  –	
  anMneutrino	
  mode	
  run	
  

ArgoneuT	
  data	
  	
  
GENIE	
  

ArgoneuT	
  data	
  	
  
GENIE	
  

proton	
  threshold:Tp>21	
  MeV	
  

Preliminary	
   Preliminary	
  

•  Analysis	
  steps	
  
–  automated	
  reconstruc>on	
  	
  
–  visual	
  scanning	
  	
  
–  calorimetric	
  reconstruc>on	
  

•  Background	
  (pion)	
  removed	
  

O.	
  Palamara,	
  K.	
  Partyka	
  



interaction vertex"

p2"

p1"

    p2	
  proton:	
  	
  
calorimetric	
  reconstruc>on	
  and	
  PId	
  

• p1: θ1=1230"

      L1=12 cm  ----> p1=513±31 MeV/c"
• p2: θ2=590"
      L2=17 cm  ----> p2=566±34 MeV/c"

Angle between two    !
       protons  γ=1830"

p2"

µ-	



back-­‐to-­‐back	
  protons	
  	
  
p1"

590	
  

1230	
  

µ	



Candidate	
  for	
  nucleon	
  
correla>ons	
  effects	
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•  Separa>ng	
  electrons	
  from	
  γs	
  is	
  important	
  for	
  future	
  ν	
  experiments	
  

•  e.g.	
  understanding	
  whether	
  the	
  MiniBooNE	
  anomaly	
  is	
  an	
  effect	
  of	
  oscilla>on	
  or	
  
background	
  
–  e/g	
  separa>on	
  

•  Long	
  baseline	
  measurements	
  e.g.	
  CP	
  viola>on	
  etc.	
  
–  νe	
  appearance:	
  e/π0	
  separa>on	
  

•  The	
  dE/dx	
  at	
  the	
  beginning	
  of	
  a	
  shower	
  can	
  be	
  a	
  powerful	
  discrimina>on	
  tool	
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ICARUS	
  νe	
  CC	
  candidate	
  

1307.4699	
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K+-­‐>µ++ν	



There	
  are	
  two	
  favored	
  and	
  benchmark	
  decay	
  modes:	
  
e+π0	
  (gauge	
  mediated)	
  and	
  νK+	
  (SUSY	
  D=5)	
  
good	
  for	
  water 	
   	
  	
  	
  	
  	
  	
  good	
  for	
  LAr	
  

MicroBooNE	
  can	
  study	
  entering	
  K0	
  
background	
  from	
  cosmic	
  ray	
  interac>on	
  

High	
  efficiency,	
  low	
  background	
  

LBNE	
  underground	
  

1307.7335	
  

_	
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Liquid	
  ac>ve	
  volume	
  
with	
  small	
  driR	
  field	
  
Gas	
  mul>plica>on	
  
volume	
  	
  

Primary	
  interac>on	
  
creates	
  scin>lla>on	
  
(S1)	
  

Ionized	
  electrons	
  
driR	
  toward	
  gas	
  
region	
  

High	
  field	
  in	
  gas	
  makes	
  
secondary	
  scin>lla>on	
  
(S2)	
  
(light-­‐gain	
  only)	
  

Ben	
  Loer,	
  LArTPC	
  R&D	
  
Workshop	
  2013	
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•  Nuclear	
  recoils	
  have	
  high	
  dE/dx	
  
compared	
  to	
  electrons	
  

•  High	
  dE/dx	
  =>	
  high	
  ioniza>on	
  
density	
  =>	
  high	
  ion	
  
recombina>on	
  

•  High	
  dE/dx	
  =>	
  higher	
  singlet	
  
excita>on	
  	
  

•  Therefore:	
  
–  NRs	
  have	
  faster	
  scin>lla>on	
  pulses	
  

(S1)	
  than	
  ERs	
  
–  NRs	
  have	
  lower	
  ioniza>on	
  to	
  

scin>lla>on	
  ra>o	
  (S2/S1)	
  than	
  Ers	
  

•  DarkSide	
  1204.6218	
   Ben	
  Loer,	
  LArTPC	
  R&D	
  
Workshop	
  2013	
  



•  LArTPC	
  is	
  a	
  mature	
  technique	
  that	
  has	
  many	
  
applica>ons	
  in	
  physics.	
  

•  Development	
  of	
  reconstruc>on	
  is	
  important	
  
for	
  taking	
  advantage	
  of	
  the	
  detailed	
  
informa>on	
  provided	
  by	
  LArTPC.	
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•  Alberto	
  Marchionni:	
  arXiv:1307.6918	
  
•  Many	
  thanks	
  to	
  Brian	
  Rebel,	
  Stephen	
  Pordes,	
  
Michelle	
  Stancari,	
  Ornella	
  Palamara,	
  Mitch	
  
Soderberg,	
  Bruce	
  Baller	
  and	
  Carl	
  Bromberg	
  for	
  
useful	
  sugges>ons	
  and	
  discussions.	
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kv/cm	
  

charge	
  (Q)	
  and	
  light	
  (L)	
  yield	
  vs	
  electric	
  field	
  

mechanism	
  of	
  light	
  produc>on	
  

5000	
  e/mm	
  and	
  2000	
  phot./mm	
  at	
  0.5	
  kV/cm	
  

dE/dx	
  =	
  2.1	
  MeV/cm	
  
ρ =	
  1.4	
  g/cm3	
  

S.	
  Pordes	
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Time	
  distribu>on	
  of	
  light*	
  output	
  
from	
  Liquid	
  Argon	
  for	
  	
  

γs,	
  αs	
  and	
  neutrons	
  

2	
  components:	
  
τ(fast)	
  =	
  7	
  ns	
  
τ(slow)	
  =	
  1600	
  ns	
  

I(fast)/I(slow)	
  	
  

	
  =	
  0.3(γ)	
  
	
  =	
  1.0(α)	
  
	
  =	
  3.0(neutrons)	
  

*convolved	
  with	
  waveshiRer	
  
and	
  PMT	
  response	
  

from	
  T.	
  Pollman	
  
S.	
  Pordes	
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Russ	
  Rucinski,	
  TIPP	
  2011	
  



•  A	
  prototype	
  of	
  the	
  
membrane	
  cryostat	
  for	
  
LBNE	
  exists	
  right	
  next	
  
to	
  LAPD	
  

•  Capitalize	
  on	
  exis>ng	
  
infrastructure	
  at	
  LAPD	
  

•  Two	
  runs	
  in	
  mind:	
  
–  Phase	
  1	
  is	
  to	
  prove	
  
required	
  purity	
  can	
  be	
  
achieved	
  (>	
  1.4	
  ms)	
  

–  Phase	
  2	
  will	
  introduce	
  
two	
  TPCs	
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•  Use	
  high	
  vacuum	
  standards	
  in	
  construc>on	
  and	
  cleaning	
  
–  Is	
  this	
  needed?	
  	
  

•  Evacuate	
  the	
  cryostat	
  to	
  <	
  10-­‐3	
  mbar	
  to	
  remove	
  
contaminants	
  
–  Expensive	
  for	
  a	
  large	
  cryostat	
  

•  Cool	
  quickly	
  and	
  fill	
  with	
  LAr	
  to	
  minimize	
  outgassing	
  
–  Expensive	
  for	
  a	
  large	
  cryostat	
  

•  Re-­‐liquefy	
  gaseous	
  argon	
  (GAr)	
  boil-­‐off	
  and	
  purify	
  before	
  
returning	
  to	
  the	
  main	
  volume	
  

•  Recirculate	
  and	
  purify	
  the	
  main	
  LAr	
  volume	
  if	
  there	
  is	
  
significant	
  contamina>on	
  at	
  filling	
  or	
  due	
  to	
  an	
  upset	
  
condi>on	
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•  LAr	
  con>nuously	
  filtered	
  
•  Electron	
  life>me	
  >	
  5	
  ms	
  for	
  most	
  of	
  the	
  runs.	
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Paola	
  Sala,	
  NuFact	
  2013	
  



•  No	
  published	
  results	
  on	
  materials	
  effects	
  on	
  
electron	
  life>me	
  from	
  ICARUS	
  or	
  other	
  exps	
  
– Materials	
  Test	
  Stand	
  

•  ICARUS	
  experience:	
  pollu>on	
  of	
  the	
  LAr	
  is	
  
mainly	
  due	
  to	
  outgassing	
  of	
  the	
  inner	
  surfaces	
  
in	
  contact	
  with	
  the	
  GAr,	
  while	
  contamina>on	
  
from	
  objects	
  immersed	
  in	
  the	
  liquid	
  is	
  
negligible	
  
– Materials	
  Test	
  Stand	
  reached	
  the	
  same	
  conclusion	
  
–  Iden>fied	
  H2O	
  to	
  be	
  the	
  main	
  contaminant	
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Cold pre-amp 

Cables & Cable ties 

T962DecouplingBoard  
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FR-­‐4	
  based	
  circuit	
  board	
  –	
  from	
  Argonlock	
  with	
  evacua;on	
  

Liele	
  change	
  in	
  H20	
  reading	
  and	
  liele	
  change	
  in	
  life>me	
  
Evacua>on	
  removes	
  H20	
  contaminant	
  

in	
  liquid	
  

just	
  above	
  liquid	
  

near	
  top	
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PrM drawing 

PrM photograph 

cathode gnd grid 

anode grid 
quartz fiber 

anode 

Benton	
  Pahlka	
  



•  A	
  large	
  sample	
  of	
  neutrino	
  
induced	
  through-­‐going	
  muons	
  are	
  
useful	
  for	
  detector	
  calibra>on	
  

•  Test	
  geometric	
  and	
  calorimetric	
  
reconstruc>on	
  in	
  the	
  ArgoNeuT	
  
detector	
  

•  JINST	
  7	
  (2012)	
  P10020;	
  arXiv:
1205.6702	
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  ArgoNeuT Track Vertical Angle (Degrees)
-40 -20 0 20 40

# 
Tr

ac
ks

0

500

1000

1500

2000

2500

Positive Tracks
Entries  2607
Mean   -3.007
RMS     12.14

Negative Tracks
Entries  14322
Mean   -2.631
RMS     12.29

Negative Tracks

Positive Tracks

<dE/dx>=2.3±0.2	
  MeV/cm,	
  in	
  good	
  agreement	
  
with	
  theore>cal	
  expecta>ons	
  for	
  <Eµ>=7.0	
  GeV	
  



•  Study	
  the	
  recombina>on	
  of	
  
electron-­‐ion	
  pairs	
  produced	
  
by	
  ionizing	
  tracks	
  using	
  
stopping	
  protons	
  and	
  
deuterons	
  

•  Results	
  in	
  agreement	
  with	
  
ICARUS	
  with	
  extended	
  dE/dx	
  
range	
  and	
  smaller	
  
uncertain>es	
  

•  Also	
  study	
  the	
  dependence	
  of	
  
recombina>on	
  on	
  the	
  track	
  
angle	
  

•  JINST	
  8	
  (2013)	
  P08005,	
  arXiv:	
  
1306.1712	
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Dependence	
  on	
  
angle	
  is	
  small.	
  



Kinetic Energy (MeV)
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+Np events (after calo)+Muon Momentum for mu
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νµ	
  –	
  anMneutrino	
  mode	
  run	
  
_	
  

Proton	
  KE	
  

Data	
  <KE>=60	
  MeV	
  	
  
GENIE	
  <KE>=66	
  MeV	
  

Preliminary	
  

•  Neutrino	
  Energy	
  Eν=Eµ+ΣTp	
  

•  Not	
  just	
  muon	
  informa>on,	
  
model	
  independent	
  

•  Other	
  kinema>c	
  quan>ty	
  
reconstruc>on	
  (Q2	
  etc.)	
  in	
  
progress	
  

Muon	
  Momentum	
  

Data	
  
GENIE	
  

Neutrino	
  Energy	
  

Preliminary	
  

Preliminary	
  


