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v /v induced single pion production(SPP)
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3/ 84



v /v induced single pion production(SPP)

Charged current(CC)

le—>l_p7r+ Dln—>l+n7r_
Vln—>l_nﬂ'+ Dlp—>l+p7r_
Vl’l’L—>l_p7T0 Dlp—>l+n7r0 l=e,u

Neutral current(NC)
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@ Higher Resonances

Resonances Mp [GeV] Fz’)m’ 7N branching
Ry (GeV) ratio (%)
P33(1232) 1.232 0.117 100
P17 (1440) 1.430 0.350 55 — 75
D13(1520) 1.515 0.115 55 — 65
S511(1535) 1.535 0.150 35 — 55
S31(1620) 1.630 0.140 20 — 30
511 (1650) 1.655 0.140 50 — 90
D15(1675) 1.675 0.150 35 — 45
F15(1680) 1.685 0.130 65 — 70
D33 (1700) 1.700 0.150 12
P13(1720) 1.720 0.250 11
F35(1905) 1.880 0.330 9—15
P31 (1910) 1.890 0.280 15 — 30
F37(1950) 1.930 0.285 35 — 45
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Lagrangian of nucleon interacting with a meson field
L=g;¥(p")T;¥(p)®;

6/ 84



Lagrangian of nucleon interacting with a meson field
L=g;¥(p")T;¥(p)®;

For example,
i interaction with a scalar field, o — meson

Ls=gs VTP,

6/ 84



Lagrangian of nucleon interacting with a meson field
L=g;¥(p")T;¥(p)®;

For example,
i interaction with a scalar field, o — meson
Ls=gs WV,
7 interaction with a pseudoscalar field, 7 — meson

Lps = gpsT(p' )7 U (p)Pps

6/ 84



Lagrangian of nucleon interacting with a meson field
L=g;¥(p")T;¥(p)®;

For example,
i interaction with a scalar field, o — meson
Ls=gs WV,
7 interaction with a pseudoscalar field, 7 — meson
Lops = gps¥(p')7°¥(p)®ps
i1 interaction with a vector field, p — meson
Lo = go¥(p" )" (p)Pu
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Interaction among N, A 7 is given by the following Lagrangian l

.

P
~ T
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v /N
& —_ — —
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NrA Lagrangian

triplet(¢s, ¢y, ¢-) of pion fields
Its a quardplet field:1 x 4 matrix related to 7+, 70,

U, =(ATH AT AC A7),

Coupling constant

NrA —

i TP
4

It is a collection of three 4x2
matrices (one matrix for each pion
field) that connects the nucleon
field with the corresponding
Rarita-Schwinger field of the A’s;
each 4x2 matrix is basically a
Clebsch-Gordan array.

—

)Y

x 1 nuckon doublet
_(p
v=(1)
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Interaction of pseudoscalar meson with external field

The complex scalar field ®(z), represents particles with charge ¢ and
antiparticles with charge —g.
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The complex scalar field ®(z), represents particles with charge ¢ and
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Pion fields(¢,, ¢y, ¢, ) in the spherical coordinates:
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Pion fields(¢,, ¢y, ¢, ) in the spherical coordinates: J

annihilates and creates a 7°

annihilates a 7+
creates a T
annihilates a 7~
creates a
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Focusing only on the part of the Lagrangian which is with 0*¢_1:

Lagrangian,
f*

Mmr

L=—

U, Th v oé 4
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Focusing only on the part of the Lagrangian which is with 0*¢_1:

Lagrangian,
I t
L=—"—V,T 0
my, +1¢ ¢ 1
1,3 3|+1,+L 43 1,3 3141,-1 43
f* T, El,i7§l+1’+i’+i; El,i73l+l _i7+i§ 12
L=—-"—0, (1i§|+1+i _i) (1i5|+1_i _i) b0 o1
i 13,13 13 13
(1a§7§|+1 +§a_§) (1a§7§|+1 _ja_i)
after substituting the values of Clebsch-Gordan coefficients:
1 0
f* T 0 -+ L
L=——"T, V3 Mp_
vl 0 % Y 071
0 0
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Focusing only on the part of the Lagrangian which is with 0*¢_1:

Lagrangian,
I t
L=—"—V,T 0
my, +1¢ ¢ 1
1,3 3|+1,+L 43 1,3 3141,-1 43
f* T, El,i7§l+l’+i’+i; El,i73l+l _i7+i§ 12
L=——V, 1%3 1 i_i 1%5 l_i_i LR
My (7%7§|+ a"‘%a %) (7%7%|+ %7 %)
(1a§7§|+1 +§a_§) (1a§7§|+1 _ja_i)
after substituting the values of Clebsch-Gordan coefficients:

1 0
f*_ 0 L )
L=— v, V3 M
e 0o % Y 0"
0 0

solving further

— 1 - * 1
oL (St ste) - Lo ot e
Uy
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Decay rate of ATt — pr™
Tutorial problemJ
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Decay rate of ATt — pr™
Tutorial problem

\|V
“\

ATT ~

The Lagrangian is:

J
m
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v/v induced charged current single pion production

k — (1! 1! i(1.
v(k)+N(p) = 1" (k) + N'(p') + 7' (kr)
@ quantities in the parenthesis represent four momenta of the
corresponding particle

@ conservation of four momenta: k+p= k' +p' + k;
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Differential scattering cross section

L dE/ dﬁ/ dEW 4 / / S 2
do = 4MEV(27T)5 (2El) (2E1/)) (2Eﬂ-)5 (k-l-p—k -Dp _k7r>22|./\/l| s
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Differential scattering cross section

L dE/ dﬁ/ d];ﬂ 4 / / S 2
do = 4MEV(27T)5 (2El) (2Ez/)) (2E7r)5 (k-l-p—k -Dp _k7r>22|./\/l| s

M = S i) ),




Differential scattering cross section

L dE/ dﬁ/ dEW 4 / / S 2
do = 4MEV(27T)5 (2El) (QEZ/)) (2Eﬂ-)5 (k-l-p—k -Dp _k7r>22|./\/l| s

M= SEJ;SL) w(H),

Fermi coupling constant




Differential scattering cross section

L d];’ dﬁ/ dEﬂ' 4 / / S 2

do = 4AME, (2m)5 (2E)) (2E1/7) (2E7r)5 (k+p—Fk —p = k)X M|,
G L
=G0y

Py

Fermi coupling constant Leptonic Current




Differential scattering cross section

1 Ak’ dp’ dky _
d = 54 k _ k/ o ) 2
= IMB, (0 @B) @B @By PR — P —k)EEIME
_ Gk (L)
i \
Fermi coupling constant Leptonic Current Hadronic Current
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 Leptonic current is

(k" )y (1 £vs)u(k)
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(k" )y (1 £vs)u(k)

« Hadronic current j*H) describes hadronic matriz element for

Wi+ N— N +7
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« Hadronic current j*H) describes hadronic matriz element for

Wi+ N— N +7

Obtained using effective Lagrangian for

CcC: (Wi=w*;i=4)
« NC: (W° ,
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Resonant Contribution

@ Pion production through resonance excitation is
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Resonant Contribution

@ Pion production through resonance excitation is
v, (k) + N(p) = " (K) + R(pr)

L (5t) 4 (k)
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Resonant Contribution

@ Pion production through resonance excitation is
v,(k)+N(p) = I (k') + R(pr)

L w1y 4 m(k)

7,(k)+ N(p) = 1" (K') + R(pr)

L w1y 4 (k)
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Resonant Contribution

@ Pion production through resonance excitation is

v,(k)+ N(p) = I (K)+ R(pr)

L v )

7,(k)+ N(p) = It (k') + R(pr)

L M) e

A Resonance

or Higher
Resonance
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@ For J = % resonance excitation hadronic current is
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@ For J = % resonance excitation hadronic current is

nojeo

Ji = <A@)JZ0)|N(p) >

=




@ For J = % resonance excitation hadronic current is

< AW O)N () >

<~
X
I

Rarita-Schwinger Spinor




@ For J = % resonance excitation hadronic current is

< AW O)N () >

<~
X
I

Rarita-Schwinger Spinor N-A transition vertex




@ For J = % resonance excitation hadronic current is

3

JE = <A@)EOING) >

l\.')ICO

u(p)

N

Rarita-Schwinger Spinor N-A transition vertex Dirac Spinor

v
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@ For J = % resonance excitation hadronic current is

3 3
Ji = <AQ@)JIZ0)IN(p) >
3
JH — 11[}V \x
Rarita-Schwinger Spinor N-A transition vertex Dirac Spinor

4

Transition vertex
@ For Positive Parity states:

9 For Negative Parity states

3 3 43
T2, = Vi, — A2,

22 /84




3 cV C
Vi = _Ms(gwﬁ - Q)+ 742

v |4

’5

(G a2 = @up) + 325 (9uv 4 = @wpp) + 9

Vector Form Factors = CVC — CJ(Q?) =0
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AV OV Vv

3 C. C Cy
Vi = | o7 (v = @) + 515 (9w a9 = awp) + 425

e 777 9ur 4P = Qupp) + g Cg’

Vector Form Factors = CVC — CJ(Q?) =0

2.13 1
V(o2 % 7
J(Q) (1+Q2/M‘Q/)2 1+ Q2
—1.51 1
CV(Q2) = X )
! 0+ @e 17 &
0.48 1
oy (@) x
1 2/ M2)2 _ @
(1+Q*/My) 1+O.776M2V
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/1 A

o4 ¢
(a0 — wp)+ G g + =5 2 | 5

_3(9qu — @)+ —5

M M2
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3 A C«/l @A
2 3
Adp == | 57 Ot — o)+ 5 (g e P —ap))+ Gl g + — 2 | 5

Axial Vector Form Factors = Dominant Contribution from CZ(Q?)
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3 Cé/l /1 @A
Adp == | 57 Gud = @) + 5 (9w a- P — awpl) + Ol guw + =55 2 |

Axial Vector Form Factors = Dominant Contribution from CZ(Q?)

The @2 dependence of C5A(Q2) is parameterized by cAo) (1 aQ?

Schreiner and von Hippel in the Adler’s model and is Ao 5 b+ Q2

given by a = —1.21 and b =2 G5 (@) = (1+Q2/M2 )2
AA
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3 oA 4 %
Ady == | 37 Guvd = @) + 75 (9000 ' = b)) + C5' g + L5 a0 | 75

Axial Vector Form Factors = Dominant Contribution from C£(Q?)

The Q? dependence of CZ'(Q?) is parameterized by Ao (1 aQ?
Schreiner and von Hippel in the Adler’s model and is Ao 5 b+ Q2
given by a = —1.21 and b =2 G5 (@) = (1+Q2/M2 )2
AA
Modified dipole form
C2(0) 1

oM@ =

(1+ @2/ 32, )" 1+ @TGMEL)
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A Resonance

PCAC hypothesis = divergence should vanish in the limit
when m,; — 0.

Axial part of the current

3
<ATHAZl > =VEh() —(guwi Wyu)+
i o
m(guuq o — qupu) + 05 Guv + 5 v dp u(p)
N J
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A Resonance

s p
' ~ OA [
<ATHig Aulp> = V3 (p)au cg Guv + —5 w2 qu:| u(p)

_ " cA
) = wu(p')q” Cs + F(}QQQ u(p)
Pion pole dominance demands that C’A must have a pion pole C’é4(q2) =
f;yéﬂf;' mé‘/f In the limit ¢> — 0 and m,; — 0 one has
<ATHio, Aulp> = V3o (p)g” [OA f”NAf”] u
|i0uAplp Y (p')g” | C5(0) — WY (p)
] L/
& J
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A Resonance

Piqg
IESY

Axial Vector Form

Factors =—

M2
CHM@) = (@) gz
Ay s JANT
05 (O) _f7T2\/§Ma
CH Q%) =—5CLQ?);

PCAC & G-T relation
Adler’s Model

C£(0) = 1.0 GeV
MAA = 1.026 GeV

C(@%) =0.
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Hadronic current for spin % resonance

=\ p3/2 B \ —
(B") Py (PR)TS" (p,9)u(B), PrR=pP+4q

NN Ye 3/ N =
w5 (', —a)P.ly (pr)u(B), pPr=1 —¢q

p%— M2 +iMpl'y
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Hadronic current for spin % resonance

kg N 3/2 8 _
mu@/)&@ (pr)T3* (p, )u(B), PrR=p+q
R A TUIRLR : 2
kl:
p%—]\]ﬁ—&-i]\[pl"ﬁ

— I\ 3/2 —
a(P )™ (', ~ QP22 (pr)u(B), pr=1—4q

@ a = cosf.: the charged current process
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Hadronic current for spin % resonance

kg N 3/2 8 _
mu@/)&@ (pr)T3* (p, )u(B), PrR=p+q
R A TUIRLR : 2
kl:
p%—]\]ﬁ—&-i]\[pl"ﬁ

— I\ 3/2 —
a(P )™ (', ~ QP22 (pr)u(B), pr=1—4q

@ a = cosf.: the charged current process
@ a = 1: the neutral current process

@ C%: coupling strength for R — N7
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Hadronic current for spin % resonance

(") P F A , =
Ph—]\'jé"!‘i]\'[ﬁrﬁ PP *(pr)DS(p, @)u(B), PrR=p+4q

8
ki

— oI\ 3/2 =
22— M2+ Ml n 'llr(P')F’;é‘(z)"—q)P(Té (pr)u(P), Pr=1"—q
R~ "R TYIR'R 2

@ a = cosf.: the charged current process
@ a = 1: the neutral current process

@ C%: coupling strength for R — N7

) PO/BQ' spin three-half projection operator
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Hadronic current for spin % resonance

ke

p']zi, - ]\[1';, a4F U\JRFR
k,g

p']zi, — ]\[1';, + U\JRFR

== 3/2 B/ (=
'ur('p')Pag (I)R)Fgll(P‘ Qu(B), pPr=p+4

a5 (0, —q) Py (pR)u(B), pr=1 —4q

@ a = cosf.: the charged current process
@ o = 1: the neutral current process

@ C%: coupling strength for R — N7

) PZ@Q: spin three-half projection operator

2 PaDp L1 PaYB — Pala
3 M2 '3 Mg

P2 = (3f + M) <gaﬂ -
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The hadronic tensor

1
pvo pt
w = 1T
si sf
= QZZ ST (p') W 50 )15 u(p)
S Sf

1 ~
L [(]ﬁ + M)To# p2To
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The hadronic tensor

1
pvo pt
w = 1T
si sf
= QZZ ST (p') W 50 )15 u(p)
S Sf

1 ~
L [(]ﬁ + M)To# p2To

o fau = ’yoFa“T’}/Q

Q Pi/ﬁz is the projection operator
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The hadronic tensor

1
pvo pt
mo= T
Si  Sf
S D) SO ML 2T 10
S Sf

1 ~
= S|+ mrrpiT

o [on = 'yOFO‘“T'yo
Q P3/ % is the projection operator

o For A(1232) CY = ¢}V and C/A = CA
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Linear sigma-model
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Linear sigma-model

This is an effective field theory(EFT).

« EFT is a low energy approximation to some underlying, more
fundamental theory. Low is defined with respect to some enerqgy
scale.

The basic idea consists of writing down the most general possible
Lagrangian, including all terms consistent with assumed
symmetry principles, and then calculating matriz elements with
this Lagrangian within some perturbative scheme.

 Linear sigma-model is the most simple effective chiral model.

It was introduced by Gell-Mann and Levy in 1960 to study chiral
symmetry in the pion-nucleon system. Later the spontaneous
symmetry breaking and PCAC were incorporated.

The Lagrangian is written in such a way that it is a
Lorentz-scalar and invariant under vector(Ay ) and
azial-vector(A 4 Jtransformations.




i oo wodd Losowd

L=i P— ge(Yy57TYT +1hto)
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i oo wodd Losowd

Lagrangian of

free massless fermions

N

L= Pb— gr(pysTYT+ o)

+%8M7r6”7r+ %8M0'8'u0' - % ((r?+0?) —fﬁ)2



i oo wodd Losowd

Lagrangian of Interaction term

free massless fermions between nucleons and mesons

N

L= P b— gr(YysTYT+ o)

+30,m0 T+ 20,00M0 — 3 (72 +0?) —fﬁ)2



i oo aoidl g

Lagrangian of Interaction term

free massless fermions between nucleons and mesons

L= P — gr(Yy5TYT +1hto)

+%8M7r hr+ L0,00t0 — % ((r?+0?) —fﬁ)2

Kinetic energy term

for mesons



i oo aoidl g

Lagrangian of Interaction term

free massless fermions between nucleons and mesons

N

L= P b— gr(YysTYT+ o)

+30,mt T+ 50,00M0 — 3 (72 +02) —fE)Q

Kinetic energy term Pion-sigma
for mesons potential
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Vio, n=0)
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The shape of the potential J

Vio, n=0)

Linear sigma-model has massive o— field, which is not identified with

any existing particle.
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Nonlinear sigma-model

V(o, m=0 \

T [¢]

e To remove o — field, we take an infinitely large coupling A in the
linear o—model.

e Infinitely large coupling results in infinite mass of a o-meson.

e Potential gets infinitely steep in the sigma-direction.

e Minimum of the potential defines a circle(Chiral circle), which
includes the dynamics

02—|—71'2=f,?
v
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Chiral circle restricts the dynamics to rotate on the circle. The fields
can be expressed in terms of angles @,

) = o on(82) oo
fa) = f@m(q’;@

s

>=$+0@%
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Chiral circle restricts the dynamics to rotate on the circle. The fields

can be expressed in terms of angles @,

) = o on(82) oo
fa) = fﬂcfsz-n(q’;f)

s

>:$+O@%

O =Vod

Complex notation for the fields,

U@) = o = cos ((I);f) ) +i7 sin (@JE::)) - flﬂ(a-l- i7R)

U(x) represents a 2x2 unitary matrix.
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Tutorial Problem

. 7&(z)
If a SU(3) valued field is given by U(z) = e’ 7=
grangian

£ drn {a UWU}
eff = 5 Tt |Ou .

gives rise to kinetic energy term: 19,6,9" ¢y,

then show that the La-

 ®4(r)Ag

If a SU(N) valued field is given by U(z) =e'~ /=
matrices and ®, are real fields then show that

@) Tr [au UUT} —0
(i) Uto,U=-0,U'U

, where A, are traceless
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In terms of redefined fields U(x), the Lagrangian of Linear sigma

model gets modified as:

L= P— gr(YysThR+ibo)

+30umdim+ 30,0000 — (7% +0%) — f2)°



In terms of redefined fields U(x), the Lagrangian of Linear sigma

model gets modified as:

[/' W(1 @ + A/'H V/l + 7"”7"5*4u)1#{’ w

L=i) P — gr(ysTYR+ibo)

+30,m00n + 30,0080 — 3 ((r2 +0) = £2)°



In terms of redefined fields U(x), the Lagrangian of Linear sigma

model gets modified as:

(Rv% (7 @ + A+ I/vl“ +yHy5 Aﬂ)h‘f’ 1% —Gnfr VAN = —Myvvwibw

L=i) P — gr(ysTYT +ibo)

+30,m00n + 30,0080 — 3 ((r2 +0) = £2)°



In terms of redefined fields U(x), the Lagrangian of Linear sigma

model gets modified as:

(Rv% (7 @ + A+ I/vl“ +yHy5 Aﬂ)h‘f’ 1% —Gnfr VAN = —Myvvwibw

L=i) P — gr(ysTYT +ibo)

30,59 n £ 40,0000 — 3 (72 + %) — [2)°

f2
ZTr(0,UTO"U)



In terms of redefined fields U(x), the Lagrangian of Linear sigma

model gets modified as:

bw(i P+ Vi + "5 Aun)bw —nfr VAN = —MNYwibw

L=i) P — gr(ysTYT +ibo)

30,59 n £ 40,0000 — 3 (72 +02) — [2)°

% Tr(0, U0 U) Pion-sigma potential term
vanishes on the chiral circle
(o +7° =f7)
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In terms of redefined fields U(x), the Lagrangian of Linear sigma

model gets modified as:

bw(i P+ Vi + "5 Aun)bw —nfr VAN = —MNYwibw

L=i) P — gr(ysTYT +ibo)

30,59 n £ 40,0000 — 3 (72 +02) — [2)°

% Tr(0, U0 U) Pion-sigma potential term
vanishes on the chiral circle
(0®+7*=13)
78 (a)

where A = ¢"® 7 , Yw =N and Py = Ay 34 /84



Lagrangian of the nonlinear sigma-model

Also referred to as the Weinberg-Lagrangian,

_ 2
Lo =Bw(i D+ Vit v v5Ap— Moo + 22 103, U100 )
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Lagrangian of the nonlinear sigma-model

Also referred to as the Weinberg-Lagrangian,

_ 2
Lo =Bw(i D+ Vit v v5Ap— Moo + 22 103, U100 )

with,

o (=€ — U=¢E
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Lagrangian of the nonlinear sigma-model

Also referred to as the Weinberg-Lagrangian,

_ 2
Lo =Bw(i D+ Vit v v5Ap— Moo + 22 103, U100 )

with,
o Vi=1[e10,6+€0,¢T]
Ay = 4 [610,6—0,€1]
ce=dT — U—g

o & is identified with the pion field
@ o-field has disappeared

@ coupling between nucleons and pions has been changed to a
pseudovector
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Meson-Meson Interaction

The lowest order Lagrangian with the minimal number of derivatives
describing the interaction of the Goldstone bosons

f2
L="TTr(0,U'0" V)
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Meson-Meson Interaction

The lowest order Lagrangian with the minimal number of derivatives
describing the interaction of the Goldstone bosons

f2
L="TTr(0,U'0" V)

U is SU(3) matrix containing the Goldstone boson fields

U(z) = exp (iq’;ﬂ””)) :
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Meson-Meson Interaction

The lowest order Lagrangian with the minimal number of derivatives
describing the interaction of the Goldstone bosons

_fﬁ T
L’—ZTT(GMUG U)

U is SU(3) matrix containing the Goldstone boson fields

U(z) = exp (i@;ﬂx)) ,

SU(3) representation of pseudoscalar fields:

7704—%77 V2rt V2K

8
®(z) =Y opl@)r=| V2r -0+ VKO
k=1 V2K~ VK'Y -2
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Meson-Meson Interaction

¢3+% 1 — i

Ga+ips P+ ig7

¢4 — i
P6 — 197
_2¢_§

%

Relation between Cartesian components and Pseudoscalar

meson fields.

d1+ida— V2t || p1—ige— V21 || p3—
patids > V2KV || pa—ips—> V2K~ || gs— 7

b6 +ipr —  V2K°

b6 —igr —  2K°
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Interaction of pseudoscalar meson with external field
We replace the partial derivatives 0" by covariant derivatives D* to
make the effective chiral Lagrangian invariant under the local transfor-

madtions:

£2 = (D, UMD )] +.....

DHU oMU — irt U + iU
Dyt = Ut 4 uter — gt Ut

w
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Interaction of pseudoscalar meson with external field
We replace the partial derivatives 0" by covariant derivatives D* to
make the effective chiral Lagrangian invariant under the local transfor-

madtions:

£2 = (D, UMD )] +.....

DHU oMU — irt U + iU
Dyt = Ut 4 uter — gt Ut

@ [ and 7" are left handed and right handed currents:
> [H= %(v” —at)
» k= %(1}“ + at),

s o/ : axial-vector field
o v : vector field

w
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@ For the Charged Current(CC) case I"* and 7 are given by

_9

_ + — _
b= ﬂ(WH T+ W, T-), 7,=0
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@ For the Charged Current(CC) case I"* and 7 are given by

_ 9

+ - _
b= \/i(WM T+ W, T-), 7,=0

with W=, the W boson fields and

0 Vud Vus 0 0 O
.=l o 0o o|; 7= Ve 0 0
0 0 0 Vus 0 0

Here, V;; are the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix.
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For example: We take an example of pion decay, 7 — p" v/,
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For example: We take an example of pion decay, 7 — p" v/,

u

@ Coupling of the W bosons to the leptons is given by:

ﬁ——%—f (WP (1=s)+ W, iy (1= y5)]
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For example: We take an example of pion decay, 7 — p" v/,

u

@ Coupling of the W bosons to the leptons is given by:

ﬁ——%—f (WP (1=s)+ W, iy (1= y5)]

@ Interaction term of a single Goldstone boson with a W field:

F
Ew¢ = TOTT(Z 8“¢)
9 Fo

52 Tr((W,5 Ty + W, T-)0"¢]
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Considering Tr(T40"¢) first,

Tr (T4+0"9)
04 1 A 4+
0 Vud Vus & +\/§77 \/iﬂ- \/iK
= Tr 0 0 o0 o~ vor— -0+ V2K°
0 0 0 V2K~ V2K —%W

= VoaV20Hr™ + VusV2OHK ™
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Interaction of pseudoscalar meson with external field

The complex scalar field ®(z), represents particles with charge ¢ and
antiparticles with charge —g.

The ﬁeld operator ‘i>( )
Ry o 4B (B "o

f (271,)3/2\/7

annihilates a particle creates a particle

Adjoint field operator &t (z):
f(gﬂ)s/gm T(k)ei”“xu+b(k)e_ipuz”}

annihilates an antiparticle creates an antiparticle
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Similarly considering next term, Tr(T_o"¢),




Similarly considering next term, Tr(T_o"¢),

Tr (T_0M¢)
00 0 w+gem VIt V2K
= Tr Vug 0 0 |68* Vor—  —a0+ %n V2K°
Vus (0] (0] \/iK_ \/5[_{0

Vud\/§ ay‘ﬂ—-‘_ aF Vus\/§ o K+




Similarly considering next term, Tr(T_o"¢),

Tr  (T_0"¢)

0, 1 4F +
Tr Vg 0 0 |o* Var—  —n%+2en V2KO
Vus (0] (0] \/iK_ \/5[_{0

= Vud\/§ ay‘ﬂ—-‘_ aF Vus\/§ 8“K+

Then Lagrangian becomes:




Feynman rule for the invariant amplitude for weak pion

decay has the form:
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Feynman rule for the invariant amplitude for weak pion

decay has the form:
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Feynman rule for the invariant amplitude for weak pion

decay has the form:

“ leptonic vertex x W propogator x hadronic vertex ”

) g zg ol . FO . o
M= |-t A= | 2 x| =g Vaal=°)

W 2
—GFr VuaFouy, p(1—75)v,+
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Feynman rule for the invariant amplitude for weak pion

decay has the form:

“ leptonic vertex x W propogator x hadronic vertex ”

) g zg ol . FO . o
M= |-t A= | 2 x| =g Vaal=°)

v 2
—GFr VuaFouy, p(1—75)v,+

@ p denotes the 4-momentum of the pion
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Feynman rule for the invariant amplitude for weak pion

decay has the form:

“ leptonic vertex x W propogator x hadronic vertex ”

) g zg ol . FO . o
M= |-t A= | 2 x| =g Vaal=°)

v 2
—GFr VuaFouy, p(1—75)v,+

@ p denotes the 4-momentum of the pion
9@ G Fermi coupling constant
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Interaction of pseudoscalar fields with baryons

The methods of x PT can be extended to describe the low energy

jon of baryons with the Goldstone bosons as well as with the

al fields
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Interaction of pseudoscalar fields with baryons

. . 1+ re 2
We consider the octet of % baryons. With each member of the octet
we associate a complex, four-component Dirac field
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Interaction of pseudoscalar fields with baryons

The methods of x PT can be extended to describe the low energy
i jon of baryons with the Goldstone bosons as well as with the
al fields

, C1+ . .
We ¢ er the octet of % baryons. With each member of the octet
we associate a complex, four-component Dirac field

150, 1 +
51 e th EO p
B(x):ZEbk(x)/\k: z _TE +\[A n ,
k=1 = _ —%A
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Interaction of pseudoscalar fields with

baryons

b3 + bs by —1by by — ibs

8 1 V3 )
— 1 o8
_Z )\k_ﬁ bl"‘ZbQ \/g

bs  be —iby

by +ibs b+ ib7 —2%

Relation between cartesian components and baryon octet fields.

b1 + by — \/52+ by — by — \/527 b3 — >0
by +ibs — V220 || by—ibs — Vop || bs— A
bg + ib7; — V2=~ be — iby — V2n
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@ To incorporate the baryons in the theory we have to take care of
their masses which do not vanish in the chiral limit.
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expand the Lagrangian according to their increasing number of
momenta.
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@ To incorporate the baryons in the theory we have to take care of
their masses which do not vanish in the chiral limit.

o If we take nucleons as massive matter fields which couple to ex-
ternal currents and Goldstone fields(pions etc.), we have to then
expand the Lagrangian according to their increasing number of
momenta.

@ For this, one defines a new unitary matrix

7=l

47 / 84



The lowest-order chiral Lagrangian for the baryon octet in the presence

of an external current may be written in terms of the SU(3) matrix B
as,

[B(ip— M)B] — gTr (BY*y5{uy, B})

Tr (B'y“yg,[u“, B]) ,

covariant derivative of B:
DyB=0,B+[I',, B,

I = L [uf (0" — irt)u+ w(0H — il*)ul]

48 / 84



Tutorial problem:Consider the lowest order m — N Lagrangian

= . A
\II(Z D —m+ %7#75“#)\11

in the absence of external currents show that by expanding

u= exrp ( ?f:) , pion nucleon interaction Lagrangian may be written as

Lrnn = _§7A®7M758M¢a7—a\11o
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vy (k1)
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v(k1)
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/ |

W*(q)
p(p1+q)
>
Vg‘%ﬁ(m + @)Vaa Py = (D + Flys| n(p) W

=

7 NTT
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4
4

{%%ﬂ

4

P+ 7 o p(p,) [(D + )| pley + a)(ip)

>
p(pQ)
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ot (~525) ) | (D + Prrp et Vaa = (D + Py fnie)

N

N
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Non-resonant background
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Non-resonant background

TH = K — AH
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Non-resonant background
ViE— L@ + R(Q%)io" S
A — (FA(@)y + (@) 7 ) 7°
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Non-resonant background

[H ~ M — 9A7”’“/5 TH ~ Ak T ~ fy/wf)
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Charged Current Process
F2(Q%) — £5(Q%) = f5(Q%) — (@),
Axial form factor(f4(Q?)) is generally taken to be of dipole form,

. Q2172
(@) =@ =120 [14+5]
A
2M2 2
fP(Q2) = m%f_q(QQQ )
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Flyp = Vua ANPT"@/)%’T%(p+jiz;yj—+MA§+ie[ w(a) — Ay (@)] (@),
Flop = Vaa APa) V() - A4(0)] 2ol osuth)
Mlor = Vaa ATUE ) (9afEr (@)% — fy (4= e)?) ) w(B),
#lpp = Vua AT (0 kr)?) #:Qza(ﬁ’) g u(),

Plop = Vaa AP 1pr(@) 2D sMa(s yrsu(d),

(kr — q)2 —m2

with V4 = cosf ¢ for C. C. process and V,,; = 1 for N. C. process.



Constant term — A(CC v) A(CC ) ANC v(v))
Final states — prt  nat prd nr~  nn®  pw noet pn®  pn— na®
=94 =194 94 —i94 | —ig9A  =tg94  =i94  i9a
NP RV 7 =l I 7 <l IV T < T =
CP —ig94 0 g4 | ziga  Ziga 0 —iga  —iga  —iga 194
fr V2fr fr V2fr V2fr fr V2fr fr
—i i i —i i i
or Vn VR % |\ VR R R S T T T
PP VR VR % |V v | T T T T
—i i a —i —i —i B ) ) )
PE Vit Vol Y | Vi T R
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Spin % resonance
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Spin % resonance

Q@ 511(1535)
Q 511(1620) J
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Spin % resonance

Q@ 511(1535)
Q 511(1620) J
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Spin % resonance

Q@ 511(1535)
Q 511(1620) J
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Spin % resonance

Q@ 511(1535)
Q 511(1620) J

j‘%‘ = ﬁ(p’)T‘g u(p),

Positive parity state I, = V' — A/
5 3 p)

Negative parity state T*_ = [Vf - A’d V5
2 2 2

54 / 84



Spin % resonance

Q@ 511(1535)
Q 511(1620) J

Jy = up" )Ty ulp),
Positive parity state I, = V' — A/
5 3 p)

Negative parity state T*_ = [Vf - A’d V5
2 2 2

V’%‘: 255)2) (QQW“'HM“)"‘ xS )’50“&%} Vs
2
PR
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Spin % resonance

p+ag+M o
(p+9)?— ]\w'[2+ier% u(P),

P-4+ M

= 7 Vud CRTI(I_;/)KT\'A)B

= iV CRu(p')ry

e e
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Spin % resonance

- p+ 4+ M v
i Vua CRU(B)F ,'16 T u(p),
t Vua Cu(p )Kﬂs(erq)z_ApHE %u(p),

g+ M
2 Vud CR ﬁ(]_j/)l—‘# ?5 4—"_

e e

Vector form factor

2o (MpFM)2 + Q2 2 Mp+M
A].;,n _ 7"0‘( RT ) +Q Q Ff’n+ R:t Fg,n
3 M M2 — M? 4M?2 2M
o = £ E(Mﬂ:MR)u-Q? (MpFM)%+ Q? [MRiMF”’"—F”’"}
3 M M- M? AMpM oM 1t 2
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Spin % resonance

S R pa+M e
i Vua C u(p/)}fw”;ﬁmriu(l))‘

o oReanpw B — A+ M 5
= ""udCT’u(Pl)F% m%w%u(l)):
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Spin %

resonance

pd+ M
(p+q)2 — M2 +ie

/
3 Rz (2\TH 16 ﬁ‘f'A[
i Vua C~u(p )F% 0P i

i Vurl Cnﬁ(ﬁ/)kﬂ"75

I u(p),

kw'%) (ﬁ)ﬂ

p,n
AT

Vector form factor

A

2T (MR®M )?+ Q2 [ Q? p, MR®MFp, -|

T a2 g Anl‘) Qs

(Upper sign for Positive & lower sign for Negative parity state.

)

pyn
S7
2

@\ 5

ra (M@MR + @ (M(F)Mp+ @ [ Ma(E)M -

AMpM 2M

va
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Spin % resonance

R L )
(p+q2—M2+ic 5 =

p—g+M
(p/—q)Z—M?-i-ieKMW(p)’

t Vi CRIH(I_)’,)K,'T\'WB

t Vi CRﬂ(ﬁ,)Fi

2 2
AP 27ra( Mg 7M)*+Q Q? P )+ P
L= | ™ 3 Mzl M 2
Mg — M2
Mass of corresponding resonance
2 2 2 2
§rn = ro (ME MR 2+@Q2 (Mg M)°+Q* | Mg iMFf’"—FQP’"
pl M M}% _ M2 4 Mp m 2M
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Spin % resonance

S R P+ M =
PV R 1 e gy 4 4P

. R — -+ M o
t Vi CTU(P,)F% mkﬂ’su(m,

pn _ [2ma (MREM)2+Q2 [ Q%  pn | MrtM rpn
4 _\/TW ue 1t 4 B

Electromagnetic transition form factors

GERT o ra (MEMR)2+Q2 (MpFM)2+Q? [ Mp+M FPm _ ppn
1 M MZ-M2 IMp M o 12 2
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S -1
Spin 5 & Isospin 5 resonance

Q Di3(1520)
Q@ P13(1720) J
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Spin % & Isospin % resonance

Q D13(1520)
Q P13(1720) J

]g = ﬂu(p/)réuu(p)v

oY

3+ 3
Positive parity state I'Z,, = [V w— Aﬁu} Y5

N

3 3 3
Negative parity state I'2, = V2, — A2,

59 / 84



Spmz 851305pm2 resonance

gzmwwgwm

: & &y o v

Vi = —(gwé Q)+ —5 Ve (guvq-p —avpy)+ W(guump— qupu) + guv Cg
3 cf cp g

Ajy = - —(gwrﬁ @)+ —5 (Gur a0’ — avpl) + G g + —5 2 | 5

M2

¢ =cf-cf )
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ka
i Vg CR———"  5(p")P>/2 B = _
R v v wF)Pos (PRI (p,)u(B), prR=P+4,

k2

- AR Pm oo s 3/2 -
ey v s v CRIN R L DR I L
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— 4 == 3/2 Bur —
= 1 VuC - U F N =p+q,
¢ B A+ Ml (B)P,5 (PrR)TS" (P, Q)u(P), PrR=p+4q
= 10l —n fg. a(F)E (0~ ) P2 (pr)u(B), pr=1"—1
pR—MR+ZMRFR 2

form factor —> Helicity Ansatz

Pym Pym 2 _ pm2 _ 2 Pym 2 _ a2 2
A - wa(MR¥M)2+Q2 C3 (MiMR)iC4 Mg —M*—Q% CP" Mp —M“+Q
5 M M 2 M2 2
s ma (Mg ;M)2 +Q2 oP™ M2 4 MMy + Q2 CZ‘" M2 —m% Q2 P ME— M2 4|Q?
i 3M M2 Mp M2 2 M2 2
4 2 2 2 2 _ Mm2)2
aon e omEmri \/ @ +2@2 (% + M2) + (M2 — 2)
1 - oM 2 _ 2 2
5 6M MR M MR
cpon chon P M2 4 M2 4 Q2
[ My~ M + 5—37} :
M M2 2
+ sign for Positive & — sign for Negative parity state.
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Axial-Vector form factors

Data is not available for the axial form-factors )
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Axial-Vector form factors

Data is not available for the axial form-factors )

Dipole—form —

A
Pa@) =200 at@) =205
1+ 1+
< Mi) < Mi)
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Axial-Vector form factors

Data is not available for the axial form-factors )
Dipole—form —
F4(0 c2 (0
PA@)= A0 @)=
(-5) ()
My M3
PCAC & Goldberger-Trieman relation
le A R3
FA(O) = _2f7r—2a 05 (0) = _2f7r—2a
Mg Mg
MMg+M MMg+ M
(@)= S ) chen - S e




Axial-Vector form factors

Data is not available for the axial form-factors J

Dipole—form —

F4(0 cA(0
Fa(@) =200 @ =-20
142 1+ &
M2 M2
m
The couplings fR% & fr 1 are R
determined from the R — N«
decay rate
N
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form—factors
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Couplings of Resonances
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Couplings of Resonances

le — .
Lryve = 55t Uny T Ou6 T ¥

2



Couplings of Resonances
fr1 .
Nr =, o2 UR, F’; 0, T; U
2

RN coupling strength



Couplings of Resonances

Ry T 0u0° T ¥
2

i
LR, Nr _n
2/

RN coupling strength
Field for spin 5 resonances



Couplings of Resonances

L T 0,0' Ty W
2

5/\\

RN coupling strength Nucleon field
Field for spin 5 resonances
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Couplings of Resonances

ﬂW@wTW
2

A -

RN coupling strength Nucleon field
Field for spin % resonances

2
I_‘R1 —7N — 46_7( (fR—%> (MR@M)2@|§cm|

My
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Couplings of Resonances

L Th 0,6i Ty
2

%/\\

RN coupling strength Nucleon field
Field for spin 5 resonances

My

2
oy £ (22) i) 2

@ upper sign represents positive parity resonant state

@ lower sign represents negative parity resonant state
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Lr.Ne=:.2Up r’é Ot Ty U

3
3
ol

RN coupling strength



= l\if Ry T OF¢'T; U

RN coupling strength
Field for spin % resonances



= l\if Ry T OF¢'T; U

Ry = 3
2 / 5 2

RN coupling strength \
3

Field for spin 5 resonances

Pionic field



= l\if Ry T OF¢'T; U

Ry = 3
2 / 5 2

RN coupling strength \
3

Field for spin 5 resonances .
2 Isospin operator
Pionic field



Ry N =, f\if Ry T OF¢'T; U
2 / \ ) \
\ Nucleon field
RN coupling strength
Field for spin % resonances T

Pionic field
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Ry % Ry Iy 016" T; U
2 / - \

\ Nucleon field
RN coupling strength

Field for spin % resonances

Isospin operator
Pionic field

ENiM| o
My Gem
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Process CR(CCv) CR(CC v)

p7r+ nrt pﬂ'o nmw- na® pT
Piy(1440) | 0 - /3E LE 0 AL a
D13(1520) 0 /il 1L 0 P 1
S1(1535) | 0 o /iE L 0 A ¥
$11(1650) 0 -J/iE iE 0 L i
Pi31720) | 0 /3L L 0 Sl 1L




Process CR(CC v) CR(CC v)

Resonances Mp [GeV] J 1 P Fg" 7N branching F4(0) 7
Ry (GeV) ratio (%) or CZ(0)

P33(1232) 1.232 3 3 0.117 100 1.0 2.14
P11 (1440) 1.430 % % 0.350 55— 75 —0.43 0.215
D13(1520) 1.515 3 3 - 0.115 55 — 65 —2.08 1.575
$11(1535) 1.535 3 3 - 0.150 35— 55 0.184 0.092
S11(1650) 1.655 3 3 - 0.140 50 — 90 —0.21 —0.105
P13(1720) 1.720 3 3 A 0.250 11 —0.195 0.147

ST1(1650) 0

1
<
NI+
7
1
NI H
7

(e

1
N[+
7

P13(1720)

A
)

1

o
=

1

N[ =

3~

3| *

=

1

o=

3

S| *
[\DI%‘ N[ H
i
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vup — ,u_p7T+

1 T T T T T T T T T T T T = T

- < ANL Extracted
c— = A + x/-/‘/
08| — A+BG pTt pr _
' > BNL Extracted /ﬂ,." 1
o

=3
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o (10'38 sz)

o
~
I
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vup — ,u_p7T+

o (10'38 sz)

1

0.8

=3
)

o
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ANL Extracted
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— A+BG

>

Deuteron Effect
BNL Extracted

67 / 84



vup — ppmt

12F =
1 pm - -
* as e
e ==t

) | . I % 4
5 [

% 06— - —
4 i
o 3 1 i

04 < QNL Extracted h
A+BG i

| ANL-1979
0.2 — — - Deuteron Effect |

' »  BNL Extracted

A ANL-1982 i

° BNL-1986

Il Il ‘

0O 2 3

67 / 84



Neutrino induced Charged-current pion producion
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Neutrino induced Charged-current pion producion
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Neutrino induced Charged-current pion producion
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Neutrino induced Charged-current pion producion
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Antineutrino induced Charged-current pion producion
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Antineutrino induced Charged-current pion producion
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Antineutrino induced Charged-current pion producion
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Inside the nucleus

Inside the nucleus, neutrino interacts with a bound nucleon.

Local Density Approzimation

Cross section is evaluated as a function of local Fermi
momentum(pg(r)) and integrated over the size of whole nucleus.
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Inside the nucleus, neutrino interacts with a bound nucleon.

Local Density Approzimation

Cross section is evaluated as a function of local Fermi
momentum(pg(r)) and integrated over the size of whole nucleus.

Inside the nucleus, the neutrino interacts with a neutron or proton
whose local density in the medium is p,(r) or p,(r), respectively.
Corresponding local Fermi momenta for neutron and proton are

1 1
pr, = [31pn(r)]3; pr, = [37%pp(r)]3
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Inside the nucleus

Inside the nucleus, neutrino interacts with a bound nucleon.

Local Density Approzimation

Cross section is evaluated as a function of local Fermi
momentum(pg(r)) and integrated over the size of whole nucleus.

Inside the nucleus, the neutrino interacts with a neutron or proton
whose local density in the medium is p,(r) or p,(r), respectively.
Corresponding local Fermi momenta for neutron and proton are

1 1
pr, = [31pn(r)]3; pr, = [37%pp(r)]3

Differential scattering cross section

( do ) /ldf) (,)< do )
- T pN(T
Ay ), . B dy )y
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@ In a symmetric nuclear matter, each nucleon occupies a volume

(27 h)3
PR dPpy
=2V
N=2 /0 (27 h)3

N d®py N N
PN =3 / . )3@(1’1«1 p; )©(pp —pr;)

—

or

Ery g3 /
pN:2/O (2:)]\:;@(E{?\](7'>_EN>@(EN+(]0_Eﬂ_Eé‘\] ()

with

EF(r)=4/M*+ ()% pi(r)=Br’on(r)"/?
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ZP(T)'

A—7

A

For proton

)

p(r); For neutron
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c” cP a™ aP
WAr 364 347 0.569 0.569
56 pe 4.05 3.971 0.5935 0.5935
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do ' 3 a3 [)N -
(dE,Tdcosf)n)A - / & Z Ol(EF( )= En)
=) p

do
o(F _Eﬂ, B
O2(En + a0 P (1) X (dE.rd(ose.r)
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(@)
dExdcosOr ) A

Oa(Bw + 10— Bx — B (1) x (g )

dErdcosOr
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L 3 d pN
(dEﬂdcoseﬂ /d Z O1( EF( )—EN)

N=n,p

N/ dO'
©2(En + 90— Ex — Ep (7)) X (m)

By = |pn|? d|Pn| deoshy don

=IBNE+MZ k+ By = K + By + Bx




(

- w Yy A
dEﬂdcos&r / o NZ R
n,p

N/ dO'
©2(En + 90— Ex — Ep (7)) X (m)

Ppn = |Py|? d|Pn| decosOy don

» En=/[BNP+MZ% k + Py = ¥ + Py + Br

* By =/[PyP+ M2 = \/1§— Bx + Pn[? + M?




L 3 d pN
(dEﬂdcoseﬂ /d Z O1( EF( )—EN)

N=n,p

N/ dO'
%um+%—Er4%<ﬂﬂ(a;a;a)

Ppn = |Py|? d|Pn| decosOy don

© By =\INP+ M k4 Py = F + By + Br

» By = /TPy + M2 = /|G- Bx + BnI? + M2

. = By = /[P + 3w+ 2Pl|lcostn + M2 P=G—Fn




d G2.cos%0. |p||p 1
< v ) — F C |pl||p77| 450(QO+EN—E;,—E7|-)
N

dE, dcosO 128MnE, E, (2m)
LM Jy dEdy

X




do G2.cos%0. |p||p 1
< ) — F C |pl||p77| 450(QO+EN—E;,—E7|-)
N

dE, dcosO 128MnE, E, (2m)
LM Jy dEdy

X

JH =y gt gv

L =8 [kuki, 4+ K,k — guv k- K *icupap KK
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d G2.cos%0. |p||p 1
( v ) — F C |pl||p77| 450(QO+EN—E;,—E7|-)
N

dE, dcosO, 128MyE, EI’, (2m)
LM Jy dEdy

X

JH =y gt gv

L =8 [kuki, 4+ K,k — guv k- K *icupap KK

Differential scattering cross section

do _ /d_' (r) do
dBedy ), ) B, ),
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(

do

dEr dcosOr

).

oo y 2 = 2T |])N‘EN(]EN(](O€9N(]ON
2 4rrdr =_—_=——
JC . 0 (27)

01(EN (r)— Ex) ©2(Ex+ g0 — Ex— E (1))
GZcos*0c ||| 1
128MNE, Ej, (2m)4
" Jw dEdQy

8°(qo+ En — Ep— Ex)
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do e, = 2T |Pn|EN dEN dcosfn do N
(7) = 2 drdr
dE;dcosOr ) A Ja Je i (27r)5

01(EN (r)— Ex) ©2(Ex+ g0 — Ex— E (1))
GZcos*0c ||| 1
128MNE, Ej, (2m)4
" Jw dEdQy

8°(qo+ En — Ep— Ex)

@ As the azimuthal angle dependence have been found out to be
very small for pion production in electro- and photo- induced
processes

[2" dgy ~2m
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Recoil factor

Let

f=3%qo++/|PN|2+ M2 - \/|13|2+ BN |2 42| P||Bn]|cosOy + M2 — Ey)
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Recoil factor

Let
f=3%qo++/|PN|2+ M2 - \/|13|2 +|PN|2 +2|P||PN | cosOn + M2 — Ey)
with

ER2 = |P]?+|pn|? +2|P||Bn|cosd + M>
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Recoil factor

Let
f=6%a+\/IPN2+ M2 - \/|13|2+ BN |2 42| P||Bn]|cosOy + M2 — Ey)
with

ER =P+ |pn|? +2|P||Pn| cosfn + M?
On partially differentiating and using property of delta function

-1

[ i) = |2

=10
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Recoil factor

Let
£ =g+ /1w |2+ M2 — \/| B2 + By |2 + 21 Bl| | cosb + M2 — E)
with

ER = |P*+ |pn|? + 2| P||Bn|cosf + M?
On partially differentiating and using property of delta function

-1

[ i) = |2

T=1x0
we get

|P||Pn|

OEY “1 B,

dcosh
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From energy conservation
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From energy conservation

9+ 4/ |I3N|2+M2—\/|13|2+|Z7N|2+2|13||17N|0089N+M2—Ew=0

On simplifying

_ P212E\ Py
2|P||w]

coslpy = ; Po=qo— Ex




From energy conservation

9+ 4/ |I3N|2+M2—\/|13|2+|Z7N|2+2|13||17N|0089N+M2—Ew=0

On simplifying

_ P212E\ Py
2|P||w]

coslpy = ; Po=qo— Ex

abs(cosfy) <1




From energy conservation

9+ 4/ |I3N|2+M2—\/|13|2+|Z7N|2+2|13||17N|0089N+M2—Ew=0

On simplifying

P2+ 2B\ P
COS@N:%§ Po=qo— Ex
2|1 P||pn]

abs(cosfy) <1

242!, P
F+2Bvfo
2| P||pn]|




From energy conservation

9+ 4/ |I3N|2+M2—\/|13|2+|Z7N|2+2|13||17N|0089N+M2—Ew=0

On simplifying

P2+ 2B\ P
COS@N:%§ Po=qo— Ex
2|1 P||pn]

abs(cosfy) <1

242!, P
F+2Bvfo
2| P||pn]|

= P2 +2E\ Py < 2|P||py|




On squaring both sides and further simplifying

/2 / PZ A'IZ‘I_—;'Z
Ey+EyPo+ —+—p55—

pr =0
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On squaring both sides and further simplifying

A P2 M2|P|?
B + EyPo+ -+ MR

pz =0

Solving above quadratic equation and as Ey > M, so neglecting
negative solution, we get
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On squaring both sides and further simplifying

2 0 P2 MZ2|P|?
Ey +EynPo+ e ar

equation and as Ejyy > M, so neglecting
t

€ = Maz(M,EYN' EY)
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On squaring both sides and further simplifying

P2 MZ\P|2

E}VZ+ENP0+—+ <0

Solving above quadratic equation and as Ey > M, so neglecting
negative solution, we get

2 121 P2
_P0+\/P(2)_4<[»42+A1P§ )
/

B =
& 2

€ = Maz(M,EYN' EY)

do G2 cos? |pl||p7r|
T = dE,dS, Rl -
(dE,,dcose,,> A T 6and / / B (BN (r)—¢)

@(EF (r)—En)xO(— PQ)e(PO)LMV Wyv (PN 4, k)

(Fan)
dErdcosOr ) N




In nuclear medium the properties of A(1232) like its
mass and decay width get modified

Modifications

Modification in the width T’ 5 5

r T

— = = —ImX¥
g Tg oA

and in mass Ma of the A resonance

Ma — Ma + ReXa
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Modifications
Modification in the width T’

N | M
N | M

— — —ImXA
and in mass Ma of the A resonance
Ma — Ma + ReXa
To evaluate A self energy
@ Many body expansion in terms of ph and Ah excitations and
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N | M
N | M
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In nuclear medium the properties of A(1232) like its
mass and decay width get modified

Modifications

Modification in the width T'

N | M
N | M

— —ImZA

and in mass Ma of the A resonance
MA — M + ReXa
To evaluate A self energy
@ Many body expansion in terms of ph and Ah excitations and
@ spin-isospin induced interaction
Imaginary part of A self energy accounts for
o Quasielastic corrections(WN — N)
@ Two body absorption( WNN — NN) and

@ Three body absorption( WNNN — NNN)
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A self energy in free space

A Self energy

Feynman diagram for free A self energy containing A — N7 decay

My M,

Mg, My

Ni-gp KT
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A self energy in free space

A Self energy

Feynman diagram for free A self energy containing A — N7 decay

M A
M M
Mg, My

Ni-gp KT

For m NN vertex
SHony =i 82 G- G7-

for TtNA vertex

ki 2\ o = A
0Heya =1 §.G TG+ hec.



A self energy in free space

A Self energy

Feynman diagram for free A self energy containing A — N7 decay

Mg, My

Ni-gp KT

For m NN vertex
OH NN =1

for tNA vertex /
f*( 2 _'_,.,\
S-¢qT-¢o+h

6H7TNA =1 m g
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Following Feynman rules, A self enerqgy for the Feynman diagram

S ) d4 *( 2 2 ,
(M M| — iX(k)| MsMy) = EmsmtA/(27T;]4 (f (5 )> (M) ST q|ms

(M| S (— )| M) (M| T |my) (my| T*| M)
iGo(k— q)iDo(q)

v
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Following Feynman rules, A self enerqgy for the Feynman diagram

S ) d4 *( 2 2 ,
(M M| — iX(k)| MsMy) = EmsmtA/(27T;]4 (f (5 )> (M) ST q|ms

(M| S (— )| M) (M| T |my) (my| T*| M)
iGo(k— q)iDo(q)

v

Gy is nucleon propagator Dy is meson propagator
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Following Feynman rules, A self enerqgy for the Feynman diagram

d4 *( 2 2 ,

(M| S (— )| M) (M| T |my) (my| T*| M)
iGo(k— q)iDo(q)

&

Gy is nucleon propagator Dy is meson propagator

In operator form

4 *(2)\ 2
200 = i515; [ s (FU2) o= Duto)
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Ezxpressions for the real and the imaginary parts of XA

ReSpn = 402 Mev and
p0
p\° p\? p\"”
—ImX A = OQ (—) = OA2 (—) = OA3 (—)
PO PO PO

with
C(Ty)=az®+bz+c; x=Ty/p

E. Oset et al., Nucl. Phys. A 468, 631 (1987); C. Garcia Recio et al. Nucl. Phys.
A 526, 685 (1991)
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