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Neutrino interactions in the GeV regime

v Yull-vs) o,
* Interaction of lepton and quarks

» Described by quantum field theory 7°
»Targets in neutrino experiments are nuclear targets!
© Yull-vs)  ©
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Neutrino (weak) interactions in the GeV regime

wl-vs)
* Interaction with lepton and quarks
» Described by quantum field theory :;i
* Interaction with free nucleon (Hydrogen)
> Elastic or quasielastic scattering R AU ONE

»Inelastic scattering \/

» Neutrino detectors in 60-80’s

q

\
. /
* V and A are vector and axial-vector form-factors /\\
which shows how the scattering reduced from its VulV - Ays)
value for a point-link nucleon. Nucleons have structure
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Bubble Chambers

e Used for neutrino
interaction search in the
60-80’s.

* Now you can find them in
the carparks of national
labs.
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Big European Bubble
Chamber (BEBC)
CERN



v-Nucleon interactions in the GeV regime

Inelastic
scattering
off a

nucleon
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Neutrino interactions in the GeV regime

1 )/5) Vu
* Interaction with lepton and quarks
» Described by quantum field theory
* Interaction with free nucleon (Hydrogen) : Vﬂ(l O
» Elastic of quasielastic scattering
»Inelastic scattering \

* Interaction with nucleus

»Modern neutrino experiments
» Targets are 12C, 10 or 40Ar
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ep — eX cross section
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Elastic peak ep — ep
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Proton excitations ep — epX
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Resonance Mg Iy XE

P3(1232) 1232 117 1

Proton excitations ep — epX P(1440) 1430 350 065

D13(1520) 1515 115 0.60

S11(1535) 1535 150 0.45

These bormbs P33(1600) 1600 320 0.18

: ) E=10' S31(1620) 1630 140 0.25

correspond to ,‘ f b 0=6" g (1650) 1655 140 0.70
baryon ,\' *ﬁ?f MIW Di5(1675) 1675 150 0.40
resonances that o }U ‘M]i Fi5(1680) 1685 130 0.67
decay to mesons, | b, Di3(1700) 1700 150 0.12
oarticularly single 4 D33(1700) 1700 300 0.15
bions. lf P (1710) 1710 100 0.12

! Pi3(1720) 1720 250 0.11

g I ¥ ;r | ; , F35(1905) 1880 330 0.12

|\T/| W (GoV/e) P31 (1910) 1890 280 0.22

Imperial College A P33(1920) 1920 260 0.12
London Minoo Kabirnezhad F37(1950) 1930 285 0.40




Proton excitations ep — epX

Beyond the | ., e 0 Gey
resonance region, K f , 6 =6°
multiparticle states ,\, s"iﬁp MIW
with large invariant i f ﬁﬁ¥
mass result in a . S
Smooth distribution “;‘ ’
in W i 4
- l 2 , | l |
1 T 2 3
MA W(G&V/Cz)
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Differential cross section

pPa = (Ea Pa) pc = (Ec, pPc)

e Differential cross section: —~
| M| |
do = B dQ gl

P = (E,PB)  pp = (Ep,Pp)

Imperial College
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Differential cross section

Pa = (Ea Pa)
* Differential cross section: . S
| M |2
* Fis Incident flux: pg = (Ep, PB)

F = |VA — VBl. ZEA ZEB
= 4(|palEg + |pg|Ea)

1/2
= 4 ((pA_ pp)? — mf\sz) Lorentz invariant
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Differential cross section

pa = (Ea, pa) pc = (Ec, Pc)
e Differential cross section: , \ /
| M|
do = ——dQ / N
P = (Es,PB)  pp = (Ep,Pp)

* dQ is a Lorentz invariant phase space factor:

3 d3
dQ = (21'[)454(1)(; + Pp — — Pg) (2n)32Ec (ZW)ESED

Imperial College
London Minoo Kabirnezhad 14



M |?
F

Phase space factor do =

dQ

* The general expression is:

d4
4Q = (2m)"5* (Z pr— ) pi> | |Gy ot —mb
f ' f

1

* For outgoing particles on their mass sell we can simplify the expression:

2_m2
6(pf o mf) — (2T pC — : \/po — d‘deO

(2n)3 )32p0  (2m)3 2
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CO u ﬂtl ng d eg reeS Of freed O m Also see Raul Gonzalez Jiménez

Presentation

* Elastic or quasilastic scattering:

Pa Pc 2X 4-momentum — 8 variables
4-momentum conserv. — — 4 constraints
2% (E? =M?+p?) - —2constaints
Pg Pp Independent variable left: 2

* You can choose your preferred (measurable) variables. Outgoing
lepton kinemtic

Imperial College
London Minoo Kabirnezhad 16


https://events.ift.uni.wroc.pl/event/20/contributions/27/

Exercise 1:

In the center-of —mass frame for the process AB — CD show:

40 = — P 40
412 4+/s
F = 4pi\/S
and therefore:
do _ 1 P 2
dQ lem = 6412s p; M

where d() is the element of solid angle about p: , s = (E, + Eg)?,
Ipal = Ipsl = pi, IPcl = IPp| = Ps,

Imperial College
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Counting degrees of freedom

* Inclusive scattering: we don’t know about individual hadrons

Pa Pc _
2X 4-momentum — 8 variables
4-momentum conserv. — — 4 constraints
1x (E#=M?+p?) — —1constaints
Pr Pp Independent variable left: 3

* You can choose your preferred (measurable) variables. Outgoing
lepton kinemtic

Imperial College
London Minoo Kabirnezhad 18



Counting degrees of freedom

» Single meson production on a free nucleon: v,p — upm™

* The event includes one lepton, one pion and one nucleon

DA D 3X 4-momentum — 12 variables
4-momentum conserv. —» — 4 constraints

Dp 3% (E?2 =M?+p?) - —3constaints

Pg o Independent variable left: 5

Imperial College
LOndon Minoo Kabirnezhad 19



Exercise 2: Counting degrees of freedom

* one lepton and at least one * one lepton and at least two
hadron are detected. we don’t hadron are detected. we don’t
know about the rest of hadron. know about the rest of hadron.

Example 2-nucleon knockout or
1-pion production

\ i:pn p/c/v'p ’
{V p\r §;F

Minoo Kabirnezhad 20
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Answer 2:

3X 4-momentum — 12 variables 4X 4-momentum — 16 variables
A4-momentum conserv. — — 4 constraints A4-momentum conserv. — — 4 constraints
2x (E? = M? + p?) — — 2 constaints 3x (E?=M?+p?) - - 3constaints
Independent variable left: 6 Independent variable left: 9

Minoo Kabirnezhad 21



Differential cross section

* We may write the differential cross section in a symbolic form:

| M |2
do = = dQ

* F and dQ are only related to the kinematics and are not related to
the dynamical models.

* Fis related to the incident particles and not related to the
interaction types, l.e. elastic and inelastic scatterings.

* dQ is related to the outgoing particles and related to the interaction
types.

Imperial College
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Invariant (Mandelstam) variable, s, t, u

e Possible invariant variables out of 4 four-momentum pa Pc
ar€. Pa-Pe, Pa-Pc, Pa-Pp
* Dueto py + pg = pc + pp, only two of them are

S~
independent. / ﬁ\
PB

e It is conventional to use the related Mandelstam

variable:
s = (pa + Pp)>,
t = (pa — Po)?,
u= (pa— pD)Z-

Imperial College
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Exercise 3

Pa Pc
s+t+u—mA+mB+m +mD /v \

Where m; is the rest mass of particle i
2.1fe"e” = e e isinthe s channel process, A+ B = C + D, verify that

s = 4(k? + m?)
t = —2k?(1 — cosO)
u = —2k?(1 + cos8)

Where 6 is the center-of-mass scattering angle and k = |K;| = |Kk¢|. k; and
K¢ are the momentum of incident and scattered electron.

1. Show that:

Imperial College
London



Invariant amplitude do = dQ

¢ |M|? x L,y H*
* Lepton tenson: L, = ZZ]:: Jv
* Hadron tensor: H,, ZZ]H Jv

Lepton
current

* Lepton current: j* = u(k’")y*(1 — ayS)u(k)
( 1, neutrino

q = < O, EM _Hadron
\—1, antineutrino current

e Hadron current J#* =?

Imperial College
London Minoo Kabirnezhad -



Lepton tensor

, ( 1, neutrino
* Lepton current: j* = ﬁ(k )y“(l — ay5)u(k) a=<{ 0, EM
\—1, antineutrino
* Lepton tensor: L, = 1+2|a| ZsiZsfjijv
For NC neutrinos : L, = 4(k.k, + k. k, — gk k — i€, gk P)

* There is no averaging over (anti-)neutrino helicities since they are
(right) left-handed

* Lepton tensor is known!

Imperial College
London



The Structure of nucleon- Form factors

* Experiments to study the interaction of quarks and
gluons are performed with hadrons.

* We need to describe “wavefunctions” that describe
nucleon in terms of its constituent quarks and gluons.

* Form-factors parametrize our ignorance of the f 4

detailed structure of nucleon represented by a blob. Lowest-order lepton-

proton (quasi)elastic

* These form factors can be determines experimentally  _ .icring

by measuring:

do do
—==(32) IF@P
dQ  \dQ/point
Imperial College
London



Quasielastic neutrino scattering

* Lepton and proton transition currents:

it =alk y*(1 —y° u(k)

J¢¥ =u@)r*u(p) = ulp’)(V* — A*)u(p) ’

* The most general form of J#, consistence with Lorentz covariance,
constructed from bilinear covariance, as well as p, p’ and g.

Imperial College
London



Hadron current for Quasielastic scattering

 Hadron current "= u(p )(V” — A" )u(p)
y q"
PH _YP'Tl ‘I‘mﬁu qVTZ + MTS

A =Y'ysGr + ﬁc“ AvYsGz + 37 Y593

* g2 is the only independent scalar variable at the proton vertex

* Form factors are only a function of Q2 = —q2

Fi = Ti(QZ): Gi= gi(Qz)

Imperial College
London



Exercise 4

* Show that p.q is not an independent scalar at the
proton vertex by expressing it in terms of the
variable g?

* Hint: use the four-momentum conservation at the
proton vertex.

Imperial College
London



Answer 4

* Hint: use the four-momentum conservation at the
proton vertex.

(q+p)? =p"

12

I+

q°+2q.p+p*=p
g’ + 2p.qg =0

Imperial College
London Minoo Kabirnezhad 31



Hadron current for Quasielastic scattering

e Hadron current: " =a(p’ )(VlLl — A" )u(p)
q"

Vu—yujfl +m6uvq\,:}:’2+ MTB

A" = YrY5Gy + oMV, y5G, + v593

* These bilinear covariant have certaln definite properties under
discrete transformation like C, P and T as well as the internal
symmetries like the isospin and unitary symmetry.

* We can use symmetry properties to limit the number of independent
form factors.

Imperial College
London



Symmetry properties

* Time reversal invariance holds = the form factors must be real
* G parity (G = Ce!™) invariance - F3(Q?) = G2(Q?) = 0
* Conserved vector current hypothesis: 0, V¥ = 0 - F; (QZ) =0

* Partial conservation of axial current: lim,, _,, d,A" =0

2M2G1(Q?)
m12T+Q2

Goldberger—Treiman relation: G5 (QZ) =

* We end up having 3 independent real form factors:

F1(Q%), F2(Q%) . 61(Q%)

Imperial College
London Minoo Kabirnezhad
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Hadron current for Quasielastic scattering

* Hadron current: ]513(1)' p') = ﬁ(p')(V“ — A" )u(p)
V= YR (Q2) + 5 0"q, Y (Q%)

" 2M2
A = (W + =) Vs6H(QY) ,

* The Hadronic tensor for CCQE scattering, v;N — IN’,
is determined by hadronic current.

1 p ,
Hop = =36, 25 Jor 0,0 )5e (@1

Imperial College
London



Electromagnetic current

* EM current: || = ﬁ(p')Vﬁmu(p)
Vi (p,m) = v, F17(Q%) + oy,

V

(qu) (@)
p

* [sospin property: define a Isospinor u = (u ) under isospin transformation
n

I+ 13 em e LT T3
u, u,V, u, =uV, Tu

u

ey em — Z17€Im
uqu u, = uVH

Implying the isoscalar and isovector current:

- em — 1 em 3 em
Pwu u= ul;,Vu u, + ugvu u,,
utzV,"u = u, VvV, u, — U,V g
Imperial College

London



Exercise 5: [sospin symmetry

* Show that charged weak current is purely isovector current.
Lot = 19CC,, _ =17CC_+ — 19CC,, _ 717CC..—
Hint: show u,V,*u, =ulV,“t"uand u,V, “u, =uVy, 7 u

T11+IT ) ) .. .
Where ’L'i = -1 > 2, are 1sospin raising and Iowerlng operator.

Imperial College
London



Exercise 6: [sospin symmetry

* If we parametrize the isoscalar (with Ffzform factors) and isovector
(with F}/,form factors) current

urzV,'u =1
ulvVi™u =1u

Show:

F12(Q%) = F1,(Q%)

Imperial College
London

:Y”T1(Q2) + iGuv( 2M) F,(Q )] 73U
_qui(QZ) + 10,y (ZqM) 2 (Q )] u

- F1,(Q%), F3,(Q%) = Flf,z (Q°) + F1,(Q%)

Minoo Kabirnezhad 37



Exercise/: Isospin symmetry

Show the vector form factors for Neutral currents are:

£P,(Q%) = GG — 2sin? 0y) F},(Q?) — 5 F1,(Q%)
f1,(Q%) = G — 2sin? 0y) F1,(Q?) — 5 F},(Q?)

where we ignored the strangeness vector form factor

Imperial College
London Minoo Kabirnezhad
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Isospin relation for vector form factor

* If we know proton and neutron form factors, we know vector CC and
NC form factors.

reaction replace F; in Eq. (4.7) with
(=p—L7p F?
¢ n—{n E’
vn — L7 p FV =F/ —F"

vp —»vp F = (3 —2sin®0w)F’ — 3F' — IF}

vn —vn  F'= (3 —2sin®0y)F" — 3F/ — 3F¢

Imperial College
London Minoo Kabirnezhad
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Dipole Form Factors

* Electromagnetic data show a dipole

form for proton factor factors. L e T B e
Dipole proton form factor 3
* Sachs form factors: G= (1- g i
2 B .
Gr(Q%) = Ff™(Q?) — - FS™(Q%) "
. 2 o ~ _
6u(Q?) = FE™(Q) +F5m(@») % | ;
102 —
10—3—-1 T e A T O BT 1—
0 2.5 5.0 7.5 10.0
-q% (GeV/c)?
Imperial College
40
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Charge distribution and Form facctor

* From a static target form factor is a Furier transform of the charge
distribution

F(q*) = Jp(x)e“"xd%c

* If the charge distribution has an exponential form p(r) = e™™7, the
form factor has a dipole form:

N A
F(q)—(l m2>

Imperial College
London



Inelastic scattering

* By Increasing the Q%= -g? we can take a detailed look
at the structure of nucleon.

* This can be done by requiring a large energy loss of
the bombarding lepton.

* At very large transfer of energy, proton with break
up and looses its identity.

* At modest Q? proton get excited to baryon
resonances such as A resonance. The excited state
promptly decay to a nucleon and mesons.

Imperial College
London



Inelastic scattering

* The main challenge now is that we have more than one hadron in the
final states and it is not straightforward to calculate the hadron
current. Therefore, J* has a more complex structure than Elastic

scattering
Elastic Inelastic
do o LS, H* do o L}, WH
Lepton tenson Lj, = X Zjﬁrt Jv Hadron tensor W,,, = . Z]MT]V
::j;g: ti?:;;;}‘;v;ﬂzégu]” Jv __ There are more than single

hadron in the final state and
Imperial College the current is complicated.
London



Inelastic scattering

* The hadronic tensor W serves to parametrise our total ignorance of
the form of inelastic hadron current.

* The most general form of the tensor W must be constructed from
gt*Vand independent momenta p and q.

“(0)| AVWAJTY S(W?2 — M2 yHis not included as
sz ZW IANALT (0)[p)S(W? — M)

we are parametrizing

W .
_ 137 [T 7P 3 the cross section
=—Wig™ + m2 p p-—e Poq 2m3; which is already
Wy VVN BT il Wet, oo summed and averaged
+—2 ¢“q" + — (P"q" + ¢"p") + i—5(p"q¢" — ¢"p") over spins.
L myy My

Imperial College
London Minoo Kabirnezhad 44



Inelastic scattering

* W. s are function of the Lorentz scalar variables that can be
constructed from four-momenta at the hadronic vertex.

* Unlike elastic scattering, there are two independent variables.

Wi = LS (| J4(0)| AY(AT (0)|p)S(W? — M)

2 W
= —Wig" + —p"p” — 1" pogr—s
m 2m
Wiy VVN We 5
t 50"+ (pq+qp)+—2(pq—qp)
my mN my

Imperial College
London Minoo Kabirnezhad

45



Exercise &

Unlike elastic scattering, there are two independent scalar variables in
inelastic scattering. Show that p.q is an independent variable in single
pion production:

I(ky) [(k2)
Hint: use four-momentum conservation relation:

q+p:p,+k1'[ q

Imperial College
London



Answer 8

Four-momentum conservation:

(q+p)° =@ +k)?

q° +2p.q +p* = (' + ky)?
Introducing:

W2 =@ +k;)* =@+ q)’

Instead of the nucleon mass we have invariant hadrc
mass (W) which had similar definition in the hadron
rest frame: W = p® + k2

Imperial College
London
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Scalar variables for Hadron tensor in IE

* You can choose different sets of variables:
1. Q? = —qg’=—(k; —ky)?%, v= % = q} in Lab frame

2.) Lorentz invariant W, Q?:
Q, W=p+q=p +kq

Where W? = (p + q)% = M? + 2Mv + g*

3. dimensionless variables:
2

e _p.q
2p.q 2Mv’ 4

X

Imperial College
London



Kinematic region for meson production

* Free nucleon (Hydrogen) 5

\y”(iy

2\zw

YulV {R

Imperial College
London

~ MINERVA,

v. N—=u X
: i DUNE

:

~ MiniBooNE

T2K

Diffractive
scattering

Minoo Kabirnezhad 49



Resonance production

° VlN — lR
* Resonance mass: My
e Resonance width: I'O

* R =1 2;(MR),

S:1=0,
P:1=1,
etc

e Parity: P = —(—1)!

Imperial College
London

[
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R, p™*

Resonance Mgr Ty Xk
P33(1232) 1232 117 I

Py1(1440) 1430 350 0.65
Dq3(1520) 1515 115 0.60
S11(1535) 1535 150 0.45
P33(1600) 1600 320 0.18
§31(1620) 1630 140 0.25
S11(1650) 1655 140 0.70
Dy5(1675) 1675 150 0.40
Fi5(1680) 1685 130 0.67
Dq3(1700) 1700 150 0.12
D33(1700) 1700 300 0.15
Py (1710) 1710 100 0.12
Pi3(1720) 1720 250 0.11
F35(1905) 1880 330 0.12
P31(1910) 1890 280 0.22
P33(1920) 1920 260 0.12
F37(1950) 1930 285 0.40




Meson production in v-Nucleon interaction

Resonant interaction

 A(1232) resonance
e 1-m production

P, (1440), D15(1520)
and 511(1535)

* 2-T, 1, etc. production

Imperial College
London

.

d rgsonange region

v, N—=u X

S}/GSOH cgregion

Diffractive
scattering

£

b
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~ MINERVA,
DUNE

~ MiniBooNE

51



Meson production in v-Nucleon interaction

perturbative 5

) v, N—=u X ~ MINERVA,

— E,=2.0 GeV DUNE

—

uark-hadron ~ MiniBooNE

Non-perturbative
region

uoIIN|oAd ;D

1
Non non-p bative D|ffract.|ve
. scattering
perturbative |, | | | | | | |
[ 5 [ |1 .4| [ 6 W(éBeV) 2 55 2

Imperial College
London Minoo Kabirnezhad 55



Tensions between MiniBooNE and MINERVA

* Tensions between é M.{;}'EE%’UE o
MiniBooNE and >
MINERVA for single s 4|
pion production =
measurements 5 +”{—";.._. .
on CH, and CH PR _i_++
targets in the first = +-Jr+
resonance region. % — +++.+
© 0 I ! L ! ! ! !
0 50 100 150 200 250 300 350 400

TTC (MeV) J. Sobczyk and J. Zmuda

Imperial College Phys. Rev. C 91 (2015)
London Minoo Kabirnezhad o3



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.045501

Meson production in v-Nucleon interaction

* Degree of freedom
at E <1 GeV
(MiniBooNE) is
hadrons

* Degree of freedom
at E > 1 GeV
(MINERVA) is a
mixture of hadrons
and partons

Imperial College
London

Sr
v, N—=uw X

uark-hadron

Diffractive
scattering

Minoo Kabirnezhad

~ MINERVA,
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~ MiniBooNE

perturbative
region
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Resonance rest frame or Adler frame

e Coordinate frame in the N1t center of mass
system is the most suitable for calculating
resonance contribution.

* The z-axis is along momentum transfer q
ptq=p +k; =0

lAclxlAcz)xfc

Imperial College
London



Exercise 9

Show lepton energy transfer in terms of invariant variables W and g2

0 _ q2_|_W2_M2 0 _ _q2_M2_|_W2
4 = oW’ L = 2M

Hint: Use four-momentum conservation in the resonance rest frame
and the lab frame.

Imperial College
London



Exercise 10:

* Apart from the energy transfer, It is easier to calculate other
kinematics in the hadron CM frame. Show pion energy and outgoing
lepton energy in terms of invariant mass W:

W2 +m2 — M3

2W '

W2 —m2 + M§
2W

0 0 —

p —

q

Imperial College
London



Inelastic scattering as virtual gauge boson
with nucleon

* The important challenge is to know what
happens below the dash line where a gauge
boson interacts with a nucleon.

* The role of lepton current is that it is responsible
for the presence of the virtual gauge boson.

* This is similar to the scattering a real photon with
energy q’and (transverse) polarisation € off
nucleon target producing final-state particles.

Lowest order diagram for IN — [X

Imperial College
London



Polarization of gauge bosons

* For a virtual virtual gauge boson in lepton scattering, the polarizations
include transverse and longitudinal and lepton current can be written
in terms of 4 polarization: €5 = C; e[ + Cr,eg + (e}, A==

* For electron scattering (m, = 0), €“gq, = 0 and we can have 3
independent polarization.

* For real photon on mass shell g% = 0, we can have two transverse
. a 1 .
polarization: el = \/_E(O 1 —i 0)

eg:%(o —1 —i 0)

Imperial College
London



Polarization of gauge bosons

* For a virtual virtual gauge boson in lepton scattering, the polarizations
include transverse and longitudinal and lepton current can be written
in terms of 4 polarization: €, = Cp, ef + Cg,eg + Cyey, A = +

1

e% — 2 2
N~

0,3
where €,"”are components of lepton current

(& 0 0 &),

* Therefore the invariant amplitudes can be written as:

G
M (VN = uNm) = \/—; cosO.e“(Nm|],|N)

Imperial College
London



Exercise 11:

* For charge current neutrino interaction: v,N — uX

where m, # 0, show :
€e“qy # 0

e Hint: Use €* = t(k")y*(1 — ys)u(k) and q* = k* — k"

Imperial College
London



Answer 11;

€%qq = u(k')y*q,(1 — ys)u(k)
e’q, = u(k’) (X — kD1 —vys)u(k)
€%qe, = m, u(k)(1 —vys)uk) —m; u(k")(1 —ys)u(k)

Imperial College
London



Exercise 12: Components of Lepton current

e Use lepton current in terms of 4X4 Dirac matrices and spinors:

e”= u(k)Dy*(1 —vs)u(k)

And write it in terms of 2X2 Pauli matrices and spinors:

0o %t B c .k, _O'.k1
% = M2 X (1 k02+ml) (1 ko1 ) =

J
&

Where Pauli spinors can be calculated in your frame.

Imperial College
London
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Exercise 12a: Components of Lepton current

e Use lepton current in terms of 4X4 Dirac matrices and spinors:
e“=u(k"Iv*(1 — y:)u(k)

Xs; A
uy (ki si) = Ni ( ok,
B k(),-—i—m,-xsia/l

N; = VE; +m;

And write it in terms of 2X2 Pauli matrices and spinors:

Pmo
|
=
2
=
o —F

=

S i, ¥
[S—
I

P

S| Q

tF

3

b SR

N
l

| Q

Sl_w

g
ey

. %t o .k, : o Kk,
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Exercise 12b: Components of Lepton current

ky

e Use the pauli spinor for lepton in the Adler frame:

. —sin51/2 _
Vv = ( cos 8; /2 ) "

[ co0s8,/2 _ [ sindy/2
4= (—sin62/2)’ 1= (C0s82/2>

* And drive the lepton current elements:

82 = 21A;,V/1—Acoss

—AK
8/{ = ZAAAkOI Al 2|\/1+ACOS8

Where § = m — (01 + 03) K|
2 .
And Az = v/ko1 (koz % |k2|) g = ZlA;L\il-l-/;C;S‘S
8/% = 2AA, o1+ 4| 2|\/1—Acos5,
Imperial College K|
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Helicity amplitudes:

G
Mcc(VN = N'T) = \/—Ficos Oc (N'm| €87, |N)

G
= 2L cosOc (N'm| Cr, el Jp +Cr, e, +CaeyJpIN ).

V2

* Helicity amplitudes can be defined by knowing the helicity of incident
and outgoing nucleons and gauge boson’s polarization. 16 helicity
amplitudes for each vector and axial. i ,

FYr, =(Nnr| e J |N)

(TJ\A _<;\TW ()\k]_l ;\T>

Ao, A1

Imperial College
London
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Helicity amplitudes:

* Dirac equation allows us to have 16 independent Lorentz covariance
* Conservation of vector current reduce the number of O(V,) to six.

* O(V)and O(A) are 4*4 matrices in terms of Dirac matrices and
particle’s 4-momenta.

4X4 matrices 2X2 matrices
7% T ~ e
]/) Ak ' V - , O)\k V , P Ak o . AL
Jy€y = | i lz\f\(l)‘z) ( i,);N(Pl) .]ch = E X 2t
| i | = =
| Ig Dirac Spinors | q i 1'81 Pauli spinors
Pl i | ¢ o N,
P Ak — A. —/ Ak ( \ o Az ? A
Jhek = | E A; an(p2)O (J—l.,,)u,N(pl)li ,]flgpk = | E 9 x5 A* x1
\i=1 \ie1

Imperial College
London

67



Cross section

do(VvN — INm) 1 1
dQ2dwdQ,  (2m)* (4ME,)?

q| 2
s

do(VN—INm) G% 1 |q —k2 {
di?dWdQy; 2 (2m)* 4 (k)2 &

Cr(FsL, (8,9) —GiL, (6,0))+Cr_(FS%, (6,0) — G, (6,6))+C_(Fy, (6,9)— G5y (6,0))

+ CL+(F162LAI(97¢) o G%AI(G,‘P)) +CR+ (Flefll(ea(P) o Gi’;ll(e,(f))) +C+(F;L2,’L (67¢) o G;,;‘Ll (97¢))
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Backup



Four-vector

* Four-vector: Any set of four quantities which transform like (ct, x)
under Lorentz transformations:

ct’ = cosh@ ct — sinh @z,

tanhf = v/c
z’ = —sinh@ct + coshfz, V along 2 axis
* Notation:
E
(ct,x) = (x° x, x%, x°) = x* (-c',l)) = (p° p', p% p’) =p*

o e 242 2 . .
basic invariant 1S ¢“t° — X basic invariant (E2/c?) — p?
Imperial College

London Minoo Kabirnezhad .



Lorentz covariance

* A cornerstone of modern physics is that the fundamental laws have
the same form in all Lorentz frames

* If an equation is a Lorentz covariance we must ensure that all
unrepeated indices (upper and lower separately) balance on either
side of the equation and all repeater indices appear once as and
upper and once as lower.

* A relativistic theory a covariant copy on the non-relativistic
perturbation theory
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Lorentz invariant

* Not changing under Lorentz transformation:
1. Scalar products of two four-vectors

* The rule for forming a Lorentz invariant is to make the upper indices
(contravariant) balance with the lower indices (covariant)

Imperial College
London



Definition of a Free particle

* For a free particle we have p% = m?*.
* We say particle is on its mass shell

Imperial College
London



do G? E’

. 2 v
0dE ~ 1oz 05 Yo lwWVr Ly =Trv.(1 — ) kv K]
1
WHY = — (p|J*(0)|A)(A]J¥(0)|p)d(W? — M)
my
MrT'x 1

2 ar2y _
S(W* —Mz) = 7 (W2— M2)2+ M2T2,  Resonance has an observable width,

(ATH|JY|p) = V395 (p')d* u(p)

8L cY ey e @i cY
2 =g~ [—3 A+ —50'0)+—=2ma) +C§ |5 — ¢ | ="+ —5D" +—=20"| 7
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