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Outline

• Introduc-on	
  to	
  cross	
  sec-on	
  calcula-ons

• Focus	
  on	
  charged	
  current	
  quasi-­‐elas-c	
  
scaCering

• Introduc-on	
  to	
  cross	
  sec-on	
  experiments

• Connec-ons	
  to	
  neutrino	
  oscilla-ons

• Focus	
  on	
  CCQE

Lecture	
  1

Lecture	
  2
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• A	
  cross	
  sec-on	
  is	
  a	
  number,	
  with	
  units	
  of	
  area,	
  that	
  gives	
  
the	
  probability	
  for	
  any	
  reac-on	
  to	
  occur.

• Every	
  par-cle	
  physics	
  experiment	
  is	
  centred	
  around	
  
measuring	
  rates	
  and	
  kinema-cs	
  of	
  par-cular	
  reac-ons.

• It	
  is	
  the	
  most	
  basic	
  informa-on	
  we	
  can	
  calculate	
  or	
  
measure	
  about	
  Nature.

• Thus	
  a	
  cross	
  sec-on	
  sits	
  at	
  the	
  core	
  of	
  everything	
  you	
  will	
  
ever	
  do	
  in	
  par-cle	
  physics.

• Ever.

What’s	
  a	
  cross	
  sec-on?
I	
  know	
  I’m	
  supposed	
  to	
  know	
  this	
  already,	
  but
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Disclaimer

• Since	
  cross	
  sec-ons	
  are	
  so	
  fundamental,	
  lots	
  of	
  work	
  has	
  
been	
  done	
  in	
  this	
  area	
  (theory	
  &	
  experiment)	
  by	
  many	
  
people	
  over	
  many	
  years.

• It	
  is	
  simply	
  not	
  possible	
  to	
  cover	
  it	
  all!

• For	
  those	
  who	
  do	
  not	
  work	
  on	
  cross	
  sec-ons,	
  I	
  will	
  try	
  to	
  give	
  
you	
  a	
  flavour	
  for	
  why	
  it	
  is	
  an	
  important	
  topic,	
  why	
  it	
  is	
  a	
  
difficult	
  topic,	
  and	
  why	
  it	
  is	
  interes-ng,	
  by	
  focusing	
  on	
  one	
  
process.

• For	
  those	
  who	
  do	
  work	
  on	
  cross	
  sec-ons,	
  I	
  will	
  include	
  my	
  
own	
  opinions	
  with	
  the	
  aim	
  of	
  giving	
  you	
  some	
  hope	
  and	
  
advice.
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a	
  +	
  b	
  	
  → 	
  c	
  +	
  d

ini-al final

The	
  cross	
  sec-on	
  for	
  this	
  reac-on	
  is	
  defined	
  as	
  the	
  
transi-on	
  rate	
  W	
  per	
  unit	
  incident	
  flux	
  per	
  target	
  par-cle.

 Φ	
  =	
  navi	
  	
  

Φ ≡	
  flux	
  of	
  par-cles	
  per	
  unit	
  -me	
  per	
  unit	
  area
na	
  ≡	
  density	
  of	
  par-cles	
  in	
  the	
  incident	
  beam

vi	
  ≡	
  rela-ve	
  velocity	
  of	
  a	
  and	
  b

c
a b

d

Lab	
  frame
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a	
  +	
  b	
  	
  → 	
  c	
  +	
  d

ini-al final

nb	
  ≡	
  number	
  of	
  par-cles	
  in	
  target	
  per	
  unit	
  area
σ	
  ≡	
  cross	
  sec-onal	
  area	
  of	
  each	
  target	
  par-cle

then,	
  probability	
  to	
  hit	
  a	
  target	
  is	
  σnb	
  and	
  the	
  number	
  of	
  
interac-ons	
  per	
  unit	
  -me	
  per	
  unit	
  area	
  is	
  nanbσvi

So,	
  transi-on	
  rate	
  per	
  target	
  par-cle	
  is

	
  W	
  =	
  σΦ	
  =	
  σnavi

c
a b

d
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a	
  +	
  b	
  	
  → 	
  c	
  +	
  d

ini-al final

Fermi’s	
  “second”	
  Golden	
  Rule:

	
  W	
  =	
  1/h|Mif|2ρf	
  	
  

Mif	
  ≡	
  matrix	
  element	
  =	
  “the	
  physics”
(from	
  perturba)on	
  theory:	
  Mif	
  =	
  ∫ψ*fH’ψidτ)

ρf	
  ≡	
  density	
  of	
  states	
  =	
  “phase	
  space	
  factor”

c
a b

d
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c
a b

d

a	
  +	
  b	
  	
  → 	
  c	
  +	
  d

ini-al final

	
  σ(a+b→c+d)	
  ∝	
  |Mif|2pf2	
  	
  

	
  σ	
  =	
  W/Φ	
  ∝	
  |Mif|2ρf	
  

ρf	
  ≡	
  =	
  dn/dECM	
  ∝	
  p2dΩdp/dECM
(dropped	
  final	
  state	
  spin	
  factors)
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p1

p2 p4

p3

four-­‐
momentum

Mandelstam	
  variables
invariant	
  mass	
  

momentum	
  
transfer

Lorentz	
  invariant	
  quan))es!

CM	
  frame
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p1

p2 p4

p3

42

1 3
s-­‐channel

1 3

42

t-­‐channel

)me
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More	
  defini-ons

=	
  t
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µ+

γ
α α

e-­‐

e+ µ-­‐

1/q2

QED	
  interac-ons

σ(e+e-­‐→µ+µ-­‐)

toy	
  example
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QED	
  interac-ons
toy	
  t-­‐channel

γ
α

α

e+ e+

µ-­‐µ-­‐

1/q2σ(e+µ-­‐→e+µ-­‐)
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QED	
  interac-ons

σ(e+µ-­‐→e+µ-­‐)

toy	
  t-­‐channel

In	
  the	
  muon	
  rest	
  frame

“inelas)city”

γ
α

α

e+ e+

µ-­‐µ-­‐

1/q2
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QED	
  →	
  Weak	
  

• Weak	
  scaCering	
  has	
  the	
  same	
  general	
  form.

• Some	
  details	
  are	
  very	
  different!

• (We’ve	
  also	
  only	
  considered	
  interac-ons	
  between	
  point	
  
par-cles.	
  	
  ScaCering	
  from	
  nucleons	
  adds	
  richness…)
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QED	
  →	
  Weak

massive	
  propagator!	
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QED	
  →	
  Weak

• QED! Weak InteractionQED ! Weak Interaction
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The cross section is proportional to the neutrino energy!The cross section is proportional to the neutrino energy!
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! !
• How is anti-neutrino?

– s!-t

! !
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– At y=(Ee/E!)=1, the cross section is zero.

– The average energy is E!/4.  (Homework?)g gy ! ( )

– Review the QED process

16

Spin	
  effects
An-neutrino	
  scaCering
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Charged+Neutral CurrentCharged+Neutral Current
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NC couplingsNC couplings
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• Detection of anti-neutrinosDetection of anti-neutrinos.

– Is the cross section smaller than !+e!!+e scattering?

( ) 3 ( )• "(!e+e! !e+e ) ~ 3# "(!e+e! !e+e ) 

–We can use a proton in H2O or CH(KamLAND, ..)!

• Inverse beta decay: !p!e+n.

• Native expectation (assuming a proton as a Dirac particle):
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• In reality, the proton is NOT a Dirac particle.
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• For the higher energy anti-neutrinos, we must take into g gy ,
account of the nucleon structure (form factor).

• !"#$%!&'("#%")%(*+%,#"("-.,

– Fourier transformation of the charge distribution.

– In the case of exponential distribution: 

!"(r)=!(0)exp(-mr)
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Parameterising	
  the	
  non-­‐point-­‐like	
  nucleons
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Energy	
  dependence
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Energy	
  dependence
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N*	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CCQE	
  scaCering
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  CCQE	
  scaCering
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N*	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CCQE	
  scaCering
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N*	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CCQE	
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N*	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CCQE	
  scaCering
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N*	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CCQE	
  scaCering
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N*	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CCQE	
  scaCering

Impulse	
  approxima)on	
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CCQE	
  Summary

• Neutrino-­‐nucleus	
  cross	
  sec-ons	
  are	
  complicated	
  by	
  
hadronic	
  vertex

• Use	
  form	
  factors	
  to	
  parameterise	
  distribu-ons	
  of	
  
nucleonic	
  (and	
  nuclear)	
  “charge”

• No	
  theory	
  predicts	
  these,	
  so	
  they	
  must	
  be	
  measured

• We	
  use	
  several	
  approxima-ons	
  in	
  modelling	
  rates	
  and	
  
kinema-cs

• Simplis-c	
  nuclear	
  model

• Impulse	
  approxima-on
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Energy	
  range

DIS

QE

1π

MINOS
K2K, NOvA

MiniBooNE, T2K, SciBooNE
Super-K atmospheric ν

Neutrino oscillation searches drive need for better cross section knowledge

Lipari
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Past	
  Experiments

• Bubble	
  chambers

• First	
  measurements

• Conven-onal	
  neutrino	
  
beams
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Bubble	
  Chambers

• Super	
  heated	
  liquid

• Ionisa-on	
  creates	
  
bubbles

• External	
  trigger

• Cameras

• Very	
  good	
  posi-on	
  
resolu-ons

• Slow	
  reconstruc-on	
  -­‐	
  
human	
  hand	
  scanning

• Extremely	
  limited	
  
sta-s-cs

M
a

g
n

e
t 

c
o

il
s

Camera

Particles

Piston

Magnetic field

Liquid
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Bubble	
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More	
  bubble	
  chamber	
  photos

Argonne	
  Na-onal	
  Lab

FNAL	
  Bubble	
  chamber

GargamelleBEBC

BNL	
  Bubble	
  Chamber
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Bubble	
  Chambers	
  2

• Bubble	
  chambers	
  used	
  
with	
  neutrinos	
  at	
  CERN,	
  	
  
ANL,	
  BNL,	
  FNAL

• Neutrino

• An-neutrino	
  

• Slow	
  data	
  processing	
  
mo-vates	
  use	
  of	
  
electronic	
  readout
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Bubble	
  Chambers	
  2
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Q2(GeV/c)2
dσ

/d
q2

(1
0-­‐
38
cm

2/
(G
eV
/c
)2
)

MA=1.2	
  GeV
MA=1.1	
  GeV
MA=1.0	
  GeV

Shape	
  only

Absolute
Cross-­‐sec-on

(includes	
  normalisa-on)

Effect	
  of	
  MA

MA=1.0	
  GeV
MA=1.1	
  GeV
MA=1.2	
  GeV

Q2(GeV/c)2

R.	
  Gran
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Cheaters!
• Compare	
  shapes	
  of	
  Q2	
  

distribu-ons	
  and	
  find	
  best	
  fit	
  for	
  
MA

• Use	
  LLewelyn-­‐Smith	
  theory	
  to	
  
infer	
  total	
  cross	
  sec-on

• Use	
  total	
  cross	
  sec-on	
  to	
  calculate	
  
total	
  flux

• Use	
  this	
  flux	
  to	
  “measure”	
  cross-­‐
sec-ons!

• Modern	
  experiments	
  are	
  finding	
  
the	
  problems	
  created	
  by	
  this.
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Energy	
  range

DIS

QE

1π

MINOS

K2K, NOvA

MiniBooNE, T2K, SciBooNE

Super-K atmospheric ν

Neutrino oscillation searches drive need for better cross section knowledge

Lipari
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protons

Accelerator	
  ν	
  Experiments

π, π, π, π, Κ
ν, ν, ν, ν 

oscillation?
	
  Gigan'c	
  detector	
  

eνe

p

σ

Φν
near(E)⋅σnear(E)⋅εnear(E)	
  ⇔ Φν

far(E)⋅σfar(E)⋅εfar(E)

Intense	
  beam

µνµ

p

σ

Searching	
  for	
  last	
  mixing	
  angle,	
  θ13,	
  via	
  νµ→νe.
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• 2	
  fundamental	
  parameters

• Δm2	
  ↔	
  period

• θ12	
  ↔	
  magnitude

• 2	
  experimental	
  parameters

• L	
  =	
  distance	
  travelled

• E	
  =	
  neutrino	
  energy

• Choose	
  L&E	
  to	
  target	
  ranges	
  
of	
  Δm2	
  and	
  θ

• Neutrinos	
  disappear	
  and	
  
appear

P(νµ→ νe) = sin2 2θ12 sin2(1.27∆m2
12

L
E

)
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  energy

• Choose	
  L&E	
  to	
  target	
  ranges	
  
of	
  Δm2	
  and	
  θ

• Neutrinos	
  disappear	
  and	
  
appear

P(νµ→ νe) = sin2 2θ12 sin2(1.27∆m2
12

L
E
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CCQE	
  Topology

• Final	
  state	
  par-cles	
  in	
  
detector:

• Outgoing	
  lepton

• Key	
  to	
  measurement

• Muons	
  can	
  be	
  tagged	
  
with	
  penetra-on,	
  PID	
  or	
  
decay	
  electron

• Recoil	
  nucleon

• Usually	
  below	
  
Cherenkov	
  threshold

• Recoil	
  nucleus

• Effec-vely	
  invisible

p

µ
n

eνµ

12C

Main	
  background	
  comes	
  
from	
  CC1π+	
  with	
  
unobserved	
  pion
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Using	
  CCQE	
  events

• Determine	
  flux	
  (in	
  near	
  
detector)

• Reconstruct	
  neutrino	
  
energy	
  using	
  outgoing	
  
lepton

• Energy	
  reconstruc-on	
  is	
  
important	
  for	
  neutrino	
  
oscilla-on	
  measurements
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CC-­‐nonQE	
  and	
  Oscilla-ons

C. Walter, NuInt07
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CC-­‐nonQE	
  and	
  Oscilla-ons

• CC1π+	
  events	
  can	
  create	
  
bias	
  in	
  oscilla-on	
  
parameter	
  extrac-on

• Must	
  reduce	
  
uncertainty	
  in	
  σ(CC1π+)	
  
from	
  20%	
  to	
  5%	
  for	
  T2K

δ(sin2 2θ) δ(Δm2)

Δ
m

2
2
3
 e

rr
o
r

K.	
  Hiraide

    stat. only
    δ(nQE/QE)=  5%
    δ(nQE/QE)=20%

W+

νµ

n
π+

n

µ-,e-
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protons

Iden-cal	
  detectors?

π, π, π, π, Κ
ν, ν, ν, ν 

oscillation?
	
  Gigan'c	
  detector	
  Intense	
  beam

280	
  m
295	
  km

1/r2	
  law	
  means	
  near	
  flux	
  ~1e6	
  -mes	
  bigger	
  than	
  far	
  flux!

Detector	
  occupancy	
  too	
  high	
  for	
  open	
  volume	
  detectors.
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More	
  defini-ons
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• cv = 'gv+1         &ee
- (&(e-: no -1: NC only)

• cA= 'gA+1         &ee
- (&(e-: no -1: NC only)A 'gA e ( ( y)

– cL = !*(cV +cA)=gL+1  for &e

=gL for &(gL (

– cR = !*(cV -cA)=gR 223.0sin2 7W8
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• The matrix element (same as ! decay) isThe matrix element (same as ! decay) is
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Well known process and reliable calculation for the 

339 cos104.01 0<dd

low energy anti-neutrino (~MeV)!
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Many	
  thanks	
  to	
  T.	
  Nakaya,	
  KS	
  McFarland,	
  G	
  Zeller,	
  
from	
  whose	
  slides	
  I	
  borrowed	
  heavily!
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