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® Introduction to cross section calculations

® Focus on charged current quasi-elastic
scattering

® Introduction to cross section experiments

® Connections to neutrino oscillations

® Focus on CCQE
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| know I’'m supposed to know this already, but

What’s a cross section?

® A cross section is a number, with units of area, that gives
the probability for any reaction to occur.

® Every particle physics experiment is centred around
measuring rates and kinematics of particular reactions.

® Itisthe most basic information we can calculate or
measure about Nature.

® Thus a cross section sits at the core of everything you will
ever do in particle physics.

® Ever.

Imperial College Morgan
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Disclaimer

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

® |[tis simply not possible to cover it all!

® For those who do not work on cross sections, | will try to give
you a flavour for why it is an important topic, why it is a
difficult topic, and why it is interesting, by focusing on one
process.

® Forthose who do work on cross sections, | will include my
own opinions with the aim of giving you some hope and
advice.

Imperial College Morgan
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Lab frame

a+b — c+d

I I
initial final

The cross section for this reaction is defined as the
transition rate W per unit incident flux per target particle.

@ = flux of particles per unit time per unit area
na = density of particles in the incident beam
vi = relative velocity of aand b

‘ <I>=navi|
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a+b — c+d
I I

initial final
N, = number of particles in target per unit area
O = cross sectional area of each target particle

then, probability to hit a target is onp and the number of
Interactions per unit time per unit area is naNpOV;

So, transition rate per target particle is

‘ W =0 = onavi|

INSS 2011
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a+b — c+d
I I

initial final
Fermi’s “second” Golden Rule:

‘ W = 1/h“\/|if|zpf|

Mif = matrix element = “the physics”
(from perturbation theory: Mis = \p *iH"pidt)

O = density of states = “phase space factor”

INSS 2011
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a+b — c+d
I I

initial final
0 = W/® x | M| >ps

of==dn/dEcv x p2dQdp/dEcm
(dropped final state spin factors)

‘ o(a+tb—c+d) \Mif\zple
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, "Ill%‘wg: (:qudfk17,77€?
momentum - ~

Mandelstam variables

= (p1 + p2)?® = (p3 + pa)°

«— |Invariant mass

momentum
transfer

Lorentz invariant quantities!

Imperial College Morgan
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e W 2 gl e,
ot : i
p o~ - T

s = (p1+p2)® = (p3 + pa)?
t = (p1 — p3)? = (p2 — pa)?
U = (p1 —p4)2 — (pz —p3)2

s-channel t-channel

time

INSS 2011
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More definitions

I (E; p)

Resonance N*

(Ew pv) (EN"’ pN‘)

g2 : 4 momentum transfer
9= (E-E);- (P - p)* (5-Q°) =t
W : Invariant Mass of N*

W = \/Ef,* — P

INSS 2011
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QED interactions

toy example

e’ v W
o(ete—utw) o o
e/ 1/ q‘z\ u*

M, ="
=7

2 2 rd \
d—o(e e U U )——(1+cos‘9)— [t +qu J
8p° | 5

Aol
3s

olee s>u u)=
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QED interactions

toy t-channel

e’ e’
+ - +, - \a/
o(etw—e*uw) v 3 1/
O(\
Uw i
e 2 (.2, 02
Ceu seu)=—| "
dQ 8p2 \ t2 J
o’ [ 4(

] A7\
= — |1+ COS \U/ 2
8p” sin’ (6?2)l 2)

INSS 2011
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QED interactions

toy t-channel

+ +
. . e\a)
o(e*w—>e*w) Y § 1/9?
@L_ (i......"j--
In the muon rest frame a
| E, 1-cosf
E,=mw(-cosO).E =2ip,y=—F=— “inelasticity”
, 0 1+cosf
COS” — = =1-y
2 2 > <
dQ = 27d(cos 0) = dndy « »
do  _ . o, 27:052;/':}( 2]

> T E e

Imperial College Morgan
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QED — Weak

® \Weak scattering has the same general form.

® Some details are very different!

® (We've also only considered interactions between point
particles. Scattering from nucleons adds richness...)

Imperial College Morgan
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QED — Weak

g/\2f g

IVI . ~
TP+ ME 2M?

massive propagator!

d_O' . ) _2_7[ 2 , dp dQ 2
dq’ (e v )= My P dE, dq’ (2}

2 g G 2% '
_”(SM;J—? =gz G=1.16639(1)x10°GeV?
do . . G _ LG
—O'(VB —> Ve ):—S, O'(Ve —> Ve ):_S

dy T T

Imperial College Morgan
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QED — Weak

do _ . G _ . G
—o(ve >we )=—szs, o Dw )=—:=
dy T T

_ 2 2 _ 2 - 2 2
Yy =4 /4]? 9 /S S_(pv_I_pe) _2meEv+me szeEV
sdy =dq’

The cross section 1s proportional to the neutrino energy!

Imperial College Morgan
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Spin effects

h¢ e
Antineutrino scattering
—s—-t g g
2 W
99 e s ve) =51 y)
dy T EVA
€
. _ .. G’ 1 _ _
o(ve > ve )=—s=—0o(ve —>ve )
RY/4 3

— At y=(E/E,)=1, the cross section 1s zero.
— The average energy 1s E /4. (Homework?)
— Review the QED process

V > + € 'E' — + e

(a) (b) 16

Imperial College Morgan
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Charged+NeutraI Current

HY =%{ ey, 1=y, ][v yell—y° )e] {vm, —(1- 75)‘/;} (gv—gﬂs)e]}

. 1 .
=T,-2sin’ 6, oQ:—5+2s1n2 g,

g . .2 o 8y =8+ 8z
—i (J, —sin"6,J, )Z“*

1
COSQW g.=8 —&=1=—= sin” 0, =0.223

2
e \Y Ve Vs V; Ves Vis Vs
CC W 70| NC
\ © e e 17
Imperial College Morgan
INSS 2011
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NC couplings

sin® 6, = 0.223

I N

e, U, T -1a+s1n?0yy Sin%0y,

\% 72 0

u,c,t 15-2/3%sin’0y, -2/3*sin’0y,
d,s,b -1o+1/3*sin°0y, 1/3*s1in%0

. g 3 .2 EM
—1 J —sin“8,J Z"
cosHW( a Su )

Imperial College Morgan
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 process in which we 1st discovered NC's! v

* purely-leptonic process, so o calculation is

. ZO
very straightforward
p . wn2p. L1 e e
—_— 2(7.12,-’72(, (gz + g;){)E g g 772.(; qgr = S ()” “jr—r 9
— e r — YLYR . 9
T L 3 l 2 gr = sin” Oy

"+ ois ~ linear with E,, (generic feature of point-like scattering)

some< * o(v, e7) > O(VM €~) (v, can scatter both by NC & CC)
facts
* o is small: 4 orders of magnitude

~ Q = 2 — less likely than scattering
0~S (ECM) zmtargetEV off nucleons at 1 GeV!

.

Imperial College Morgan
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o(vee™ = vee™
o(V.e” — Uee™
o(ve” = v e”
o(ve” = ve”

do/dy

0.6

0.4

0.2

= 0.952 x 1074(F
= 0.399 x 107*(E
= 0.155 x 1073 (E
= 0.134 x 10748

E,/10MeV) cm?
E,/10M&V) cm?
FE,/10MeV) cm?*
E, /10 MéV) cm?

..-"'_""h...-"_""h-...-"'_"\.-"'_ﬂ

Fig. 3.5. Differential cross
section of vee™ and vue”
scattering for £ = 5-10 MeV.
The curve is moving upwards
T B (downwards) slightly with the

0.6 0.8 1  energy of neutrinos for vee

y (vue) scattering.

INSS 2011

Morgan
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* Detection of anti-neutrinos.

— Is the cross section smaller than v+e—v+e scattering?
* o(v,te v.te ) ~3x o(v, e v t+e)
— We can use a proton in H,O or CH(KamLAND, ..)!

* Inverse beta decay: vp—e™n.

* Native expectation (assuming a proton as a Dirac particle):

G’ G’
o(Ve »>ve )=—s=o(vp—o>en)~—s
RY/4 RY/4
S = (pv tp e(p)) o 2n/le(zv)EV + Me(p) = 2m€(P)EV

* In reality, the proton is NOT a Dirac particle.

G . cos 0,

H =T ey, 0=y W ooy (=g, H(»)]

Imperial College Morgan
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Parameterising the non-point-like nucleons

* Form Factor of the proton:
— Fourier transformation of the charge distribution.
— In the case of exponential distribution:

p (r)=p(0)exp(-mr)
qu‘2): Nj e—mreié-£d3x :er2dre—mr (27T)J_lld(COS g)ei‘q‘rcosé?

_ 27N e | eilal  nvilg) | 87V
— d _
g [t ) w(Lelaf |

Normalization: N I e " d’x=1=N=m’/8x

1
2)_
4 (q )_ 7 \2
2
m
Imperial College Morgan
INSS 2011
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Energy dependence

galactic or
— atmospheric extra-galactic

supernova < ~ < >

< > accelerator
< >

—+—tt>

10 MeV 50 MeV 100 MeV 1 GeV 100 GeV TeV

» target description is different depending on the v energy

v=NUCleoN > v-quark
elastic scattering Inelastic scattering
(nucleon form factors) can also create (parton density functions)
resonances
(another type of inelastic interaction)
imperial College NSS 2011 Morgan
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Energy dependence

galactic or
| atmospheric extra-galactic
supernova < ~ < >
< > accelerator

—+—tt>

10 MeV 50 MeV 100 MeV 1GeV 100GeV TeV

* also, treatment of nuclear effects is energy dependent ...

shell model,..................... > Iimpulse .. > quark parton
RPA, EFT approximation model

(Fermi Gas, spectral functions, etc.)

Imperial College Morgan

INSS 2011
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I (Ey p)

CCQE scattermg

C.H. Llewellyn Smith, Phys. Rep. 3C, 261 (1972)

2 2 0 d3
do = G cgs C27rL“”WW 4

leptonic tensor /

] . ,
"l‘l‘ [Ar kK "‘-”‘ (] ; A'v.') Y k, A':/‘

- 15

I Jav

easy to calculate, well-known

Imperial College Morgan
INSS 2011
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CCQE scattering

Imperial College

Saturday, 23 July 2011

I (Ey p)

G2, cos? O d3p
do = £ omL**W,,,
4 2 e (9n)3

hadronic tensor

form factors

contains all of
the information

on the target

INSS 2011



I (Ey p)

CCQE scattering

E, p,) — Ewpw)
* FFs are not calculable, need to measure experimentally

vector form factors . °
: o : S ol
» proton is not point-like but is
an extended object with some I
charge distribution P
OS 02
« vector part can be checked 00 f—
in e~ elastic scattering I T T T (R TR T T
Q* [(GeV/e)®) Q* [(GeV/e)¥)
(well known, under control)
J.J. Kelly, Phys. Rev. C70, 068202 (2004)
Imperial College INSS 2011 Morgan
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I (Ey p)

CCQE scattermg

* FFs are not calculable, need to measure experimentally

(Ew P, — (Exn P)

o= [FY(@)* +igF,

- FA(Q )vHy?

pseudoscalar form factor

contribution enters as (m/M)?
small for v, v,

* since Fp is small and know F,, from e~ scattering, o is
then determined at these energies ... except for F, ...

Imperial College Morgan
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CCQE scattermg

* FFs are not calculable, need to measure experimentally

(Ew P, — (Exn P)

" = [FY (@) +isFY (Q%)o" g,

oM
- @ Y+ Fp(Q)g"y°| 7™
. FA(Q2=0)
axial form factor determined from
B decay
( U l
FA(QZ) _ 1 .267 same v?or?Bsg;N earlier

(1+Q2/M ,2)?

Imperial College Morgan
INSS 2011
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I (Ey p)

CCQE scattering

* in a nucleus, target nucleon
has some initial momentum which
modifies the observed scattering

|

———— W (p,q)
4 Lip| Elp+q]

» simplest: Fermi Gas model
(2 free parameters)

p-=220 MeV/c (12C) P B — ( ) T
Ea =25 MeV rreMm(P; E) 3

Imperial College Morgan

INSS 2011
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I (Ey p)

CCQE scattering

* in a nucleus, target nucleon
has some initial momentum which
modifies the observed scattering

* hadronic tensor now an integral over initial nucleon states

| ™ ‘/”'
W (5, G)

- 4 Ep| Elp+q Q " /
EB \\../ pFI

» simplest: Fermi Gas model ‘
(2 free parameters)

Pr=220 MeVic (12c)  energy transfer > Eg
Ep =25 MeV - final state: p, > pr (Pauli blocking)

Imperial College Morgan

INSS 2011
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CCQE scattering

Imperial College

Saturday, 23 July 2011

N

* in a nucleus, target nucleon
has some initial momentum which | V&

modifies the observed scattering

 hadronic tensor now an integral over initial nucleon states

L/ l
W — = / &p dHP(p, E)}———— WH (5, §)
2 4 Ep| Elpiq |

* simplest: Fermi Gas model

* more realistic: spectral functions
superscaling

INSS 2011

I (Ey p)

10'

goid
RFGM

S
J

n(p)/A (fm’)

—
o

107"
600

p (MeV)

— OXygen

Morgan
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CCQE Summary

® Neutrino-nucleus cross sections are complicated by
hadronic vertex

® Use form factors to parameterise distributions of
nucleonic (and nuclear) “charge”

® No theory predicts these, so they must be measured

® We use several approximations in modelling rates and
kinematics

® Simplistic nuclear model

® Impulse approximation

Imperial College Morgan
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Energy range

Neutrino oscillation searches drive need for better cross section knowledge

I I I|I lll | | IIIlIIJ I | IIIlII| I_.I._
ipari
L 0 CCFRR

g . B T B BNL 7—feet

3 1.00 — T O ANL 12—feet
= T @® ANL 12—feet
N —y—

E [ |

O 0.75 -t ‘
o =
? .

) u
= 0.50 — A

~
Efi u

S 0.25

& s

o

o.o% 1 1 50.0 100.0
: ﬁ T E ((E}e : :
PHBKDS
K2K, NOvA
MiniBooNE, T2K, SciBooNE
- Super-K atmospheric v >
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Past Experiments

® Bubble chambers

® First measurements

® Conventional neutrino
beams

-----
-

5l#g c
l' ‘ L NI
w‘ 8L SR ot

iy T ¥

¢

Q.‘."
A

- .

‘. e
€’
n

Imperial College
INSS 2011
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Bubble Chambers

® Super heated liquid
® [onisation creates
bubbles
® External trigger
® Cameras
® \ery good position
resolutions
® Slow reconstruction -
human hand scanning
® Extremely limited
statistics

Particles

Imperial College

INSS 2011
Saturday, 23 July 2011

OCOO0O0O0O0O0POOOOO

Camera

Liqui

id

\ \

Pi

ton

Magnetic field

OCOO00O0O0O0O0O0OOOO

Magnet coils
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Bubble Chambers

® Super heated liquid
® [onisation creates
bubbles
® External trigger
® Cameras
® \ery good position
resolutions
® Slow reconstruction -
human hand scanning |
® Extremely limited
statistics

Imperial College Morgan

INSS 2011
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More bubble chamber photos
Gargam@lle | ;17 e

\
"

-

S mod

urn‘m’}nnmnn S

PN A
o/

Imperial College Morgan
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Bubble Chambers 2

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

Neutrino

Antineutrino

Slow data processing
motivates use of
electronic readout

INSS 2011



Bubble Chambers 2

r | £
/’\:\J . /' \>

\
o
) I |
£ \/.4
L—

N
'

® Bubble chambers used 5o s

x

e

with neutrinos at CERN, .,

ANL, BNL, FNAL — "
. <0.25

® Neutrino 2
L 0.2

® Antineutrino B
230.15

x
0.

® Slow data processing i
motivates use of Fs

electronic readout 0
Imperial College INSS 2011 Morgan
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Effect of Max

R. Gran

/\ MA=1.1 GeV

MA=1.0 GeV

wh

wh

wh

Absolute
Cross-section
(includes normalisation)

do/dq2(10-38cm2/(GeV/c)2)
@ 9O O

(o] -
N & O 0 <4 N &0 BN

-
---._,-’_;;_ ~-
"'-;»;..'____

MA=1.0 GeV
MA=1.1 GeV

Shape only -

Imperial College Morgan
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Cheaters!

® Compare sha pes of QZ 160 :\\ 1236 WEIGHTED EVENTS j
distributions and find best fit for pe 10T GV |
. -~==My=0.84 GeV |
IVIA | ' Ma= 1.0 GeV |
'203‘ ~{ M;=0.84 Gev |
® Use LLewelyn-Smith theory to s |V e |
> |
infer total cross section 2 | |
o
® Use total cross section to calculate § 80
total flux §
® Use this flux to “measure” cross- ok
sections!
N L
. . . 0 0.6 1.2 1.8 2.4 3.0
® Modern experiments are finding 02 (Gewer?]
the problems Created by thIS FIG. 6. The @’ distribution for selected quasielastic
events, The smooth line shows the best fit for M, =1.07
GeV,
Imperial College
INSS 2011

Saturday, 23 July 2011
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Energy range

Neutrino oscillation searches drive need for better cross section knowledge

] I | ]|l lll | | IIIIIII I | I IIIIII I_Iplarl.-
: 0 CCFRR
g B . T B BNL 7—feet
8 1.00 — -" O ANL 12—feet
g [ @® ANL 12—feet
o2 .
E .
O 0.75 ‘
o — |
C'|'> L
o u
) 0.50 —
S L
=] .
3 0.25
o '
B -
0.00 -
0.1 50.0 100.0
1 TE (%e
MINOS
K2K, NOvA
MiniBooNE, T2K, SciBooNE
Imperial College * > Morgan
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Accelerator v Experiments

Searching for last mixing angle, 013, via vy—Ve.

Intense beam Gigantic detector

oscillation?
V,V,V,V

‘ (I)Vnear(E).O-near(E).Snear(E) P (I)Vfar(E).Ofar(E).Sfar(E) l

Imperial College Morgan
INSS 2011
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—
—d
—
—
—d
—

L
P(v, — V,) = sin“20;, sinz(l.zmm%ZE)

0.8

LT
< =

= o
-

- :

® 2 fundamental parameters

0.6 _
® Am? <> period -
0.4 —
® 0> == magnitude i i
12 g _(\'u>\e) ]
02— —

® 2 experimental parameters .

T T R | i R T
® L = distance travelled

® E = neutrino energy

® Choose L&E to target ranges
of Am? and 6

® Neutrinos disappear and
appear

Imperial College Morgan
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/<N
) ) g) \ -
P(V,—V,) =sin“20,sin (1.27Am125) : :
"8_‘(\/“—»/ ]
® 2 fundamental parameters E )
0.6— —
® Am? <> period ]
04— —
® 012 <= magnitude (v —v,) j
) Eall o]
® 2 experimental parameters N TR I PPN,
0 0.5 1 1.5 2 2.5 3 y
® L =distance travelled T 103
® [ = neutrino energy o™
%ﬁﬂ{lﬂ
® Choose L&E to target ranges t
of Am? and 6
4000
® Neutrinos disappear and
appear o
| 0 025 05 075 1 125 15 175 2
Imperial College INSS 204 J(GeV) Morgan
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_:-
é
—-‘l
—
—
—d
—

@

I
PV, — V) = sin* 20sin’(1.27AmT,—) —
E o.a:_(vu_w\“)_/

{

® 2 fundamental parameters
0.6

® Am? <> period

0.4

® 02 <= magnitude

® 2 experimental parameters

1.5 2 2.5 3

® L = distance travelled

® [ = neutrino energy L E
® Choose L&E to target ranges : }[ }lH
of Am?and 6 1 [ J[
10

® Neutrinos disappear and
appear

llllIllllIllllIlllll

0.5 1 1.5

2

Imperial College rec Morgan
INSS 2011 Ev ™ (GeV)
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—
—d
—
—
—d
—

[
P(v, — V,) = sin“20;, sin2(1.27Am%ZE)

0.8

LT
< =

= o
<

- :

® 2 fundamental parameters

llllllllllllllllll

0.6——
® Am? <> period
04—
® U, ="T1magnitude e
8 02_(\u9\e)

® 2 experimental parameters . .
0 0.5 1 1.5 2 2.5 3 y
® L =distance travelled 2. 1[
)

® E = neutrino energy L E
® Choose L&E to target ranges i }[ }lH

of Am? and O P I *

10

® Neutrinos disappear and
appear

i

llllIllllIllllIlllll

0.5 1 1.5

2

Imperial College rec Morgan
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L
P(v, — V,) = sin“20;, sin2(1.27Am%ZE)

0.8

LT
< =

= o
<

o :

® 2 fundamental parameters

llllllllllllllllll

0.6——
® Am? <> period
0.4 —
® 0> <= magnitude .
g 02—(\“?\9)

® 2 experimental parameters . .
0 0.5 1 1.5 2 2.5 3 y
® L =distance travelled 2. 1[
)

® E = neutrino energy L E
® Choose L&E to target ranges i }[ }lH

of Am? and O P I *

10

® Neutrinos disappear and
appear

i

llllIllllIllllIlllll

0.5 1 1.5

2

Imperial College rec Morgan
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Gl E & sl ok & 1 lbel UK Bl X F & Ul ¥ b 8 B Gsg i 3
o, o, o Ly .
P(V,— V,) = sin” 20, sin“(1.27Am{,—) :
U 12E § 3
0.8 Vv =
A ¥l =
® 2 fundamental parameters i )
0.6— _
® Am? <> period -
04— —
® 012 <= magnitude : ]
5 (v,—Ve) g
0.2— —
® 2 experimental parameters 0/\ /._\
0 0.5 1 19 2 2.5 3
. L
® L =distance travelled
. s + Expected Signal+BG
® E = neutrino energy 30 in220°-10
| AM?=0.003eV?
25 — Total BG
® Choose L&E to target ranges ”0 1 — BGfromy,*antiv,
of Am? and 6 J[
15 }’
® Neutrinos disappear and 10 +
appear 5 WL +
0 I | 1'|'|
Imperial College 0 05 1 15 2 25 3 35 4 45 5 gan
INSS 2011 Reconstructed Ev(GeV)
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CCQE Topology

® Final state particlesin

detector:

® Outgoing lepton
® Key to measurement
® Muons can be tagged
with penetration, PID or

decay e

® Recoil nuc

ectron

eon

® Usually below
Cherenkov threshold

® Recoil nucleus
® Effectively invisible

INSS 2011

12C
vy, _’%\M/’ xe
n
p

. J

Main background comes
from CClm+ with
unobserved pion

Morgan
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Using CCQE events

2
EQE_l QMPEH—m#

OF _
2M,—E,+ \/ (E2 —m2) cos,

® Determine flux (in near
detector)

® Reconstruct neutrino
energy using outgoing
lepton

® Energy reconstruction is
important for neutrino
oscillation measurements

, [ 1.27Am?*(eV?*)L(km)
E,(GeV)

Imperial College Morgan

INSS 2011
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CC-nonQE and Oscillations

Non-QE interactions and E

Reconstruction

250 E
: True Energy
-!‘00 I n gmo E
| . E
@ 150 -
_ [ 1 B s
] I £100 T Y
I E o] BT e
%00 | ‘ ] ik 1 e . eeresaal
[ ’ Q :- A A.-‘l 1 Lc:‘fc:;;:-:.':-n:’ f-—\: r.n.--:--’_:':":';.—-’:..’-;—:' a;.\" 3
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Number of Events
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Non-Q E o f e
e Ty | s | | P oo - PP P, Pt ! S Ve i o s o i A BT 2
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True - Reconstructed Energy Non-QE reconstructs at
low-energy in the oscillation dip!

C. Walter, Nulnt07
Imperial College
INSS 2011

Saturday, 23 July 2011
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CC-nonQE and Oscillations

vUu w
- - = stat. only
N — 8(nQE/QE)= 5%
— - — 8(NQE/QE)=20%
8 1 I ' I | " | AP . ssbunndinndanne ,
® CClzm* events can create &,
«»)
bias in oscillation o
. [z :
parameter extraction P
® Must reduce
uncertainty in o(CClnt*) ' I e
from 20% to 5% for T2K e T Aot eV®
Imperial College INSS 2011 Morgan
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ldentical detectors?

Intense beam _ . Gigantic detector
X oscillation? .
\ V,V,V,V

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

Detector occupancy too high for open volume detectors.

I ial Coll M
mperial College INSS 2011 organ

Saturday, 23 July 2011 51



Saturday, 23 July 2011



More definitions

V= % =FE—-FE' Js the l‘cpt(.m's CNnergy 105§ in the nucleon rest k/
: frame (in earlier literature sometimes v = g - ). Here,
E and E’ are the initial and final lepton energies in the

nucleon rest frame, k

2 2 _o(BE TN 2 2 ) -
Q°=—q¢°=2(EE — k - k") — my —my, where my(my ) is the initial

(final) lepton mass. If EE '53112{9,:'2_’) 5> m?. mf,, then P, M—>» = w

N Y . . . .
~ 4FE' sin“(#/2), where @ is the lepton’s scattering angle with
respect to the lepton beam direction.

Q.?
z = 22 where, in the parton model, z is the fraction of the nucleon’s
My .
momentum carried by the struck quark.

g- P Vo, . . )
}: P — — is the fraction of the lepton’s energy lost in the nucleon

Y=
rest frame.

W2 =(P+¢)? = M? + 2Mv — Q¢ is the mass squared of the system
X recoiling against the scattered lepton.

Morgan

| ial Coll
mperial College INSS 2011

Saturday, 23 July 2011
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PERLTY | CRTIAY S VL

1

(1-7 )vz}[(?f‘ (g —g.75 )e]}

G,|_ 1 _
Tg[vﬂ/ﬂ 5(1_7/5 )Vz}[e7/# (CV _CAys)e]
c,= pg, Tl vee (v,e:no-1: NC only)
Ca= PEAT] vee” (v,eno-1: NC only)
— ¢ = /2*(cytcy)=g, +1 for v,
=g, forv,
R 727(Cy-CA)=ER sin® 6, =0.223
Cr, CR C% + %C%_ %CLCR
vee~  1/2+sin?Oy sin?fyy 0.5525  0.0845
Dee™ sin?fw 1/2 +sinfyy  0.2317  0.0845
vue —1/2 +sin29w 5i1126W 0.0901 0.0311
vue” sin?fyy ~1/2 +sin’fy;  0.0775  0.0311

INSS 2011
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* The matrix element (same as 3 decay) 1s

2 2
%‘T‘z _Gr C(;S O 8E6E{(1+,Bcos 6)+ 3gj(1—§cos «9)}
O'(V_p—) e+n)= : j d’p. (27[)5(E —FE +m_ -m )1—|T|2
‘ 2E, " 2E,(2x) ot

 GLE,E,

. c0526C(1+3gj)

42( E jz , No free neutron
~ 9.30 x 10 - m
10 MeV /
—NOTE: G(V_6p — e+n): G(Ven — e‘p)

cos 0. =0.974 , g, =1.267

do/df « 1-0.104 cos 6

Well known process and reliable calculation for the
low energy anti-neutrino (~MeV)!

Imperial College Morgan

INSS 2011
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Many thanks to T. Nakaya, KS McFarland, G Zeller,
from whose slides | borrowed heavily!

Imperial College Morgan

INSS 2011
Saturday, 23 July 2011 56



