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Reminder

* Modelling inelastic interactions are already
difficult at nucleon level!

V\y“(iyv'l

Single Pion
Production

Elastic or
Quasi-elastic
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Resonance Mg Iy e
P;3(1232) 1232 117 1

Pi1(1440) 1430 350 0.65
D13(1520) 1515 115 0.60
S11(1535) 1535 150 0.45
P33(1600) 1600 320 0.18
531(1620) 1630 140 0.25
S11(1650) 1655 140 0.70
Dis(1675) 1675 150 0.40
Fi5(1680) 1685 130 0.67
D3(1700) 1700 150 0.12
D33(1700) 1700 300 0.15
Pi1(1710) 1710 100 0.12
Pi3(1720) 1720 250 O0.11
F35(1905) 1880 330 0.12
P31(1910) 1890 280 0.22
P33(1920) 1920 260 0.12
F37(1950) 1930 285 0.40




Reminder: Perturbative vs Non-perturbative

* the region of the perturbative QCD applicability is estimated
differently in the elastic and inelastic scattering.

Non-perturbative

Perturbative

Elastic
scattering ;
At high Q we have the possibility of calculating E
the reaction using perturbative QCD. !
|
Inelastic
scattering
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Single pion production
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* The production of a single pion is
the simplest IE process which
starts at a threshold energy of
E,~280 MeV fora CCv N — uNm
channel.
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* Single pion can be produced via

decay of resonance excitations or vika) k) vik)__
non-resonant interactions.

* Their amplitudes must be added e g
coherently. " 8
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Single pion production channels
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Resonance production

° V]N — lR
* Resonance mass: Mg
e Resonance width: I'O

‘R = lZI,ZJ(MR);

1

]
etc

e Parity: P = —(—1)!

S 0,
P 1,
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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




Resonance production (spin %)

° ]f/z = ‘L_t(p')rlu/zu(p)

e For positive parity: F1”/2+ = (Vf;z — c/lf/z)]l

* For negative parity: Flu/z_ = (Vli;z - C’qf/Z) ys

uw _ F Fo .
*Viz = Gupz Qv +49¥) + 510" g,

j:'
s — Ay, =Farty® + Srqty®
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PCAC hypothesis for Spin 1/2

:F'
= Ay = FaVy + Lty

* Goldberger-Treiman relation (PCAC): Tp(Qz) =

* For the axial current, it utilises PCAC principles and pion scattering

data.
do

dQdW lqz=0

« o(TTN — mN)
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Isospin relation for vector FF (spin %)

- Py

1/2 T (ZM)Z (Q yli + 25Iqu) +

ld“qu

replace F; in Eq. (5.5) with

forI=1/2 for] =3/2
e p—e R F! FN
e n—e RO Fr FN
vp — £~ RTT - V3 —\/§FiN
vn — £~R* FV =F —F" FV = —FN
vp — vRt FP = (3 —2sin®6w)F/ — JF' — 3FF  FN = (1 — 2sin® Oy )FN
vn — vRO Fr = (3 —2sin®0w)F* — JFY —1Ff  EN = (1 — 2sin? Oy )FN
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From Tina Leitner thesis
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https://inspirehep.net/literature/849921

Resonance production (spin 3/2 )

° ]lgl/z — LTJV(p')Fg\}/uZU(p), LTJV is Rarita-Schwinger spinor for S=3/2
resonances and I, | is the weak WNRj; ,vertex

3/2
* For positive parity: F3V/”2+ = (V;/uz — 04\3’72) y>
* For negative parity: F3”/2_ = (Vgu/z — 043”/2)]1

\%
5

cY cy , , C
* Vg = o (8M—q"Y") + 25 (8Ma.p' — q'p'™) + 2% (gMa.p — q'p*) +g"Cy
M_Céq vu v,,U Cf VUL / V..U A vu CXVIJ.S
* —Az= 5, @AY + 5 (8 a.p’ —q'p't) + Cs'g™ + 5 avqt ]y
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Isospin relation for vector FF (spin 3/2 )

VH _C¥ VU \V AT CX VU ! V.U Cé’ VU V.U VU,V
* v o @M=y + 25 (@Ma.p' — q'p™) + 25 (8a.p — q"pY) + g™ Co

3/2 —

replace C! in Eq. (5.14) with

for =1/2 for | =3/2
e"p— e RT C? CN
e n — e RO cr CN
vp — L~ RTT - V3C) = —v3C}
vn — £~ R* CcY=cl-cr CY =-CN
vp - vRT  ,CY = (3 —2sin?0y)Cl — JCr — 1CV  NCY = (1 —2sin? 6y )CN
vn —vRY  ,CY = (3 —2sin? Oy )CP — 3C — 1CV  NCY = (1 —2sin? 6y )CN
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CVC and PCAC hypothesis for Spin 3/2

v =G (g"”q q'yM) + 1% (g"“q p'—q’p™) + % & (gviq.p - a Vpt) +g¥ey

—042‘/2— S (g™ -y + 5 (g%q.p — q*p™™) + CAg™ + 2 gvgHyS

2

Cs(Q*)

* For the axial current, it utilises PCAC principles and pion scattering
data.

* Goldberger-Treiman relation (PCAC): CQ(QZ) = G

do
dQdW lq2=0

« o(TTN — mN)
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Resonances with spin > 3/2

* Any formalism describing resonances with spin
greater than 3/2 is highly complicated

* [n most of the models, resonance with spin>3/2

either ignore or treated with spin 3/2 formalism.
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Resonance Mg Ty X
P33(1232) 1232 117 1
P1(1440) 1430 350 0.65
D13(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
[Dls( 1675) 1675 150 0.40]
Fi5(1680) 1685 130 0.67
D3(1700) 1700 150 0.12
D33(1700) 1700 300 0.15
Pi1(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




How to define form factors in
weak interaction?



Reminder: so many processes are going on
nere and neutrino data is limited.

5 5
4 — E,=2.0 GeV 4 — E,=2.0 GeV
—E,=1.5 GeV —E,=1.5 GeV
T E,=1.0GeV (& E,=1.0 GeV
N> 3 g c h N> 3
8 > -063’ .qa; E,=0.7 GeV 8 uark-hadron E,=0.7 GeV
(:J" 2 é © é QT’ 2
A AN <
8 o
1 o ® o 1
1] e o Diffractive . Diffractive
S | scattering non-perturbatlve scattering
o T T | L L ) P N N N N
1.2 1.4 2.4 1.2 1.4 1.6 1.8 2 2.2 2.4

1.6I | |1.8[ | I2
W(GeV)
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How to define form factors in weak interaction

* Resonance phase space spans both
perturbative and non-perturbative
regimes, posing modelling challenges.

* Phenomenological models in this
region must account for numerous
processes and parameters. N

* A unified model is essential for
interpreting all interactions and
maximising data utilisation.

N
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Existing data

# data Photon, electron, pion, Q2 Range | W Range
point Neutrino Channels (GeV/C)? GeV

~9800 yp—-on+nt, ypop+n’ 0 1.08—-2.0 Proton
~ 31000 ep > en+ 7', epoep+n’ 0.16-6.0 1.08-2.0
~ 2500 yn —p+ 1 0 1.08 -2.0 Neutron
~700 [P en—ep+m 04-10 1.08-1.8

~400 mtp-op+nt, mpop+mnT 0 1.08 - 2.0

<100 W ->1"N+ 1m,UN>I"N+mn Q%>0 1.08-2.0
Integrated Integrated

Axial-Vector

Imperial College
London Minoo Kabirnezhad 17



How to define vector form
factors in weak interaction?



Existing form-factors determination

* The only way to obtain resonance form factors is through
experimental data.

 MAID is a unitary isobar model for partial wave analysis on the world
data of pion photo and electroproduction in the resonance region.

* The MAID group extracted helicity amplitudes for proton and
neutron using the MAID model and all available data.

* These helicity amplitudes are used by other neutrino model to extract
resonance for factors!

Imperial College
London Minoo Kabirnezhad 19


https://maid.kph.uni-mainz.de/maid2007/mult.html

Electron-neutron scattering data

e A First-Time Endeavour!

e Utilisation of Data for Fitting
Isospin %2 Resonances (Second
Region)

* MAID2007, the latest version, is
used by theorists to fit neutron
form-factors.

* Neutron and proton form-factors
are the same for the A
resonance.

Imperial College

Reconstructed events
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—data

— MAID2007
— MAID2000
— MAID2003

- v b by b byw g bww v by o o o 19
1 111213141516 1.7 18 19 2

W (GeV)

Y. Tian et al. [CLAS]
Phys. Rev. C 107 (2023)
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https://inspirehep.net/literature/2060593

Existing form-factors determination

50
* Helicity amplitudes for spin 3/2 Y kA AAAa i,
m@ 50 | R
Asjy R,+% Jom. €® N,+% O e
»v -150 [,
11, 1 &
A % (R 45 Jem €M N, —5) < 200 0
1 1 & -250 A1/2(z) “““““““““““
_ (S) ‘ _ § | | | S1/2
Sl/2 X <R’ T 2 Jem-€ N, + 2> P00 05 1 15 2 25 3

Q2
MAID “data”: Helicity amplitudes

for P33(1232) resonance
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Existing form-factors determination

50
* Some of neutrino models, utilized & [ foesssssn L
the helicity amplitudes determined 3 0| .
in the MAID analysis to extract form % _ | oot
factors. LR
o) _ 2.13/Dy & °
3 1 +Q2/4M‘2/7 <‘: -200
o _ _—1.51/Dy S 250 A
S| +Q2/4M‘2/7 300 L . ' . S
C(p) B 0.48/DV 0 0.5 1 ;25 2 2.5 3
> 14+Q2%/0.776 M2 , :
Fitted model to MAID analysis for
Q*\"
D, = (1 + M_5> , My =0.84GeV P;5(1232) resonance.

. From Lalakulich et. al. (2006)
Imperial College
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.014009

Existing form-factors determination

 Other models, use other model’s form factors fitted to other model

fitted to actual data!
peas 6

‘«0
Imperial College \) B ‘
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What can we do better

* We know dipole form factor is not the best form factor in a large
kinematic region, maybe it is good enough for some resonances and
only for low Q2.

* We need to parametrise form factors and use all theoretical input
such as perturbative QCD at high Q"2.

* Meson dominance form factor model allows the desired
parametrisation.

Imperial College
London



Meson Dominance (MD) model ~ l

e The MD model is rooted in the effective

Lagrangian of quantum field theory.

1. J.J. Sakurai, Annals Phys.11, 1 (1960)
2. M. Gell-Mann and F. Zachariasen,
Phys. Rev. 124, 953 (1961)

* |t establishes connections between vector and
axial currents and corresponding meson fields
with analogous quantum properties.

* This framework explains the interaction
between neutrinos and nucleons through
meson exchange.

Imperial College
London Minoo Kabirnezhad -



Meson Dominance (MD) model

 MD form factors can be expressed in terms
of the meson masses and the coupling
strengths, summing over all possible

mesons: N N
j h
FN (QZ) — 2 > > ( ) k  p-group m(,)k[GeV] w -group  M,)k[GeV]
4 m: — Q f b 1 p(770) 0.77526 w(782) 0.78265
J=1 J 2 p(1450) 1.465 w(1420)  1.410
* Although they do not inherently comply L e se oo Lo
to the unitarity condition (analytic model) 2 - Lty ) 15
. . . ap -group M(a,)k|G€ 1 -group m(s, 1k Ge
or accurately predict behaviour at high I a(1260) 1230 fi(1285) 12819
2 . | 2 a1(1420) 1.411 f1(1420)  1.4263
Q ! they can be |mposed. C. Adamuscin et al. Eur. 3 a1(1640) 1.655 £1(1510) 1518
4 a1(2095) 2.096 f1(1970)  1.1971

Phys. J. C 28, 115 (2003)

Imperial College
London Minoo Kabirnezhad
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Meson Dominance (MD) model

Representation of electron scattering:

Perturbative (high Q?)

00000 /4

* Vector mesons propagate between M/<

the virtual photon and the nucleon

e schematic quark model of
VMD model

Imperial College
London Minoo Kabirnezhad



Asymptotic behaviour of form factor

* At large Q2, resonance form factors must align with the perturbative
QCD constraints.

. G. Vereshkov and N. Volchanski
* For spin 3/2 resonance: /

(PRD 2007)

2\ Pa
4MN> fa  @=1-3)

2 2
¢ In"a (Q ) )
A
QCD
P1 = 31p2 — P3 = 4'

n3>n1>n2, Tl1§3

e =

Imperial College
London Minoo Kabirnezhad 58


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.073007

MD form factors used in the model

* For spin 3/2 resonance:

5 Q@ \1™ =3 n,=2 ny=4
La(Q2)=[1+galn<1+A2 >+ha]n2<1+ 5 )] Ny =3, N2= 4, N3=

QCD Aqep Aqcp € [0.19 — 0.24] GeV

* Ay and ka are constrained by unitarity conditions that also satisfy
asymptotic QCD requirements.

Imperial College
London



Nonresonant pion production
(linear o-model)

* Is based on SU(2)XxSU(2) chiral symmetry, consistent with the
symmetries of QCD.

* The ingredients of the model are Nucleon and pion fields plus an
scalar o field.

* The Lagrangian is linear with pion field.
* Three possible (Born) diagrams is the result of the linera ¢ model.

* There is no experimental evidence for o particle

Imperial College
London



Nonresonant pion production
(non-linear o-model)

* Is based on SU(2)XxSU(2) chiral symmetry, consistent with the
symmetries of QCD.

* The ingredients of the model are Nucleon and pion fields.
* The Lagrangian is not linear with pion field.

* Five possible (Born) diagrams is the result of the non-linear o model.
* Low energy Chiral Perturbative Theory (ChPT) is valid at low energy.

E. Hernandez, J. Nieves and M. Valverde,
Phys. Rev. D 76 (2007) 033005

Imperial College
London



Nonresonant pion production

) i . It \“-\.b\' It i i
3 g8 L, v .
':W / M;H ’,4' W $7T V;/kll ’ W\‘\ T4
—»—/—’\ho—» — - HES. I — 5
N N N N N N N N N N/
NP CNP PF CT PP
. 1 _
MSs = fg‘f cosbc —— (p2) A7s(pr+ k+M)eTSC u(py)
. 1 |
\Agkp = \/g_TAfT cos b =y n(p,) e"I"CC(,pa— K+M) 47su(pr)
1 . ,
./M%g = \/g—TAf.r. COSBL F_ mT Fp):(l\ (pZ,) “Ts [2q€ -—ké'] ll(p1 )
1
./Mg(% = i cosOc a(pz) €'y, [gAFCT(k s — Ep((k—9q)° )] u(pr)
. J\/icp(f: = cosOc ii(p2) — K u(pr)
Imperial College V2fr k2 —m3

London Minoo Kabirnezhad 37



Hybrid Model for nonresonant pion production

R. Gonzalez-Jiménez, et al

* Use ChPT model at low energy (W). Phys. Rev. D 95 (2017)

e Use Regge formalism at high energy (W). Regge Theory provides the
high energy (s> < ) behavior of the amplitude:
The pion propagator is replace by the

,’ - s
\'\'\,\'\T < Q s
Q Y \\\\" /,/,T
- Z
- »- - N N’
N N’
Regge trajectory of the pion family

‘j Q / i 2
//(Tr @ (71' Pw(t: S) — _Q";r(pﬂ(t)r[_a'ﬂ(t)](&:rs)aw(t)
N N’ N N’

From Raul Gonzalez Jiménez

Imperial College
London Minoo Kabirnezhad
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https://events.ift.uni.wroc.pl/event/20/contributions/27/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.113007

Hybrid Model for nonresonant pion production

R. Gonzalez-Jiménez, et al

* Use ChPT model at low energy (W). Phys. Rev. D 95 (2017)

e Use Regge formalism at high energy (W).

a(t): Families or Regge trajectories

t—m

v

The pion propagator is replace by the
Regge trajectory of the pion family

'r al Kaskulov and Mosel,] 'P,r(t§ 3) — _@;lf?w(t)r[—(lw(t)]((l';s)a”(t)
0F " PRC (2010)
To 1 2 3 4 s 6
t[GeV’] = Ratl Gonzalez Jimé
Imperial College rom Raul Gonzalez Jiménez

Presentation ”
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https://events.ift.uni.wroc.pl/event/20/contributions/27/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.113007

Shallow Inelastic Scattering (SIS |

v. N—= u X — E,=3.0 GeV
. 4 " — E,=2.0 GeV
* Refers to the nonresonant meson production —E,=15GeV
and non-perturbative multi-quark meson < e E,=1.0 GeV
d . 8 uark-hadron E,=0.7 GeV
pro uction. ‘g 2t transitteq region
* SIS is not a well-defined region. It refers to 1
two different regions: non-perturbativeregion "\ (e
1. Nonresonant meson production region. S W(GeY) S

2. Transition region (Q% > 1 GeV); interactions occur through multi-
quark processes until Q% increases sufficiently to enter the
meson production regime via single quark perturbative QCD DIS

scattering.

Imperial College
London



M. Kabirnezhad
Phys. Rev. D 97 (2018)
MK model phys. Rev_D 102 (2020)

Phys.Rev.C 107 (2023)

The MK model comprehensively describes single-pion production in
interactions involving photons, electrons, and neutrinos with nucleons.

 Meson Dominance (MD) form factor: Maintains unitarity and
integrates QCD principles for both resonant and non-resonant
interactions.

* CVC and PCAC fulfilment: Ensures model consistency at low Q2.
* Q° evolution: Utilises QCD calculations and quark-hadron duality.
* W evolution: Applies Regge trajectory and the Hybrid model.

R. Gonzalez-Jiménez, et al
Phys. Rev. D 95 (2017)

Imperial College
London Minoo Kabirnezhad -


https://inspirehep.net/literature/1634864
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.053009
https://inspirehep.net/literature/2059726
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.113007

MK model

Q? (GeV?)

Resonant interaction

* Several resonances
contribute at different
invariant mass (W)

Non-resonant bkg

* Chiral perturbation at
low W < 1.4 GeV

* Regge trajectory at
high W

* Hybrid model

Imperial College
London

vN—u X
— E,=3.0 GeV

W-evolution

f Resonant Interaction

- Rein-Sehga
- dipole form-factor

" - Rarita-Schwinger formalism
[ - Meson Dominance model

2[
- Non-Resonant background
1L - Chiral-perturbation - Hybrid model : Reggeizeo! ChPT
[ theory (ChPT) (ReChi)
OIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
1.1 1.2 13 1.4 15 1.6 17 1.8 1.9 2
W(GeV)
e —
Minoo Kabirnezhad 37



MK model

* Meson Dominance
(MD) model describes
form-factors in non-
perturbative domain

* |t can reproduce Q?-
evolution of form-
factors to
asymptotically join
QCD expectations

Imperial College
London

vN—=u X
— E,=3.0 GeV

Q2-evolution

'Resonant interaction

> MD form-factor + Non-Resonant

perturbative QCD

» MD form-factor +
perturbative QCD

| » MD form-factor » MD form-factor

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

W(GeV)
Valid kinematic region region for MK model

Minoo Kabirnezhad 38


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.113007
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Lalakulich et al 80

- X :
: * 12
Resonance P,,(1440) o PP b0 o
%) L e A 1 (I S1 [p
G 20 +F : w8 ¢ A ]
™ E /9?0, -
= 0F gf) O LA Ao .
em A o O . A A&7 A
AP :\/N \/5(12 Qg ) 2 (ISQ_ 20 F o 4 B ]
1/2 p°+ Mg | p2 & _40 o © :
g(em) <C 60 _ ]
+ 2# (Mr +mn) F
Helicity amplitudes '800' .
Q2
P VN % giem)
So1r — z ’
1/2 Np/o Mg | 2 (Mg +mn) These numbers can
(em) o 2-3/DV be different for
_QQM ] 14+ Q2/4.;3]\,,{‘2/’ varies models
—0.76 2
= ——[1—28In(1+ Q—2
Dy 1 GeV
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Lalakulich et al

Resonance D5(1520)

C(em)
A9{)/1§ -V N[ (Mg —mp)
my
clem) Clem)
4 4 - P+ 5 —q 'p]
mys my
N [cs™ 2mpy q?
ADIS - o 3 Mp — — z
1/2 3 [ my (Mg —ma Mpg p° +.MR)
C(em) C(em)
+ 42 q-p + 52 q-p] (1V.6)
my; m2,

2N qz C(em) C(em)
D3 _ 3 Y . )
iy = \/?]UR [ mpy (—=Mg) + m2, (Q

Cf()em)

mpy

— 2mng® —m%) — (° + mN)] (IV.7)

200
150
100

Agsor Aqjp Sy, 10° GeV2

)
N
A1/2(p)
AN Syp®
g
. ]
[ e Ak ! ! =3 g ,,,,,

2.95/Dy

T 1+ Q%/8.9M2

—1.05/Dy

YT T Q2/89ME

~—0.48




Lalakulich et al
Resonance S,,(1535)

(em) (em)
A~19/1§ = V2N [gtu,Q Q? + 92# (Mp — mp)
g(em) g(em)'
Sf/lé = \/qu — IHQ (Mrp —mpy) + 2#

Imperial College
London

120
100

A, Sy, 102 Gev172

40 ¢t

80 F
60 |
40 |

20 |

(oL -

O &

nnnnnn

S

..........

_____
2o

nnnnnnnnnnnnnnnnnnnnnnn

S11 (1535) :
(p) _

2.0/ Dy

QQ
= 2
T TrQ/12ME [1 72 (1 1 Gev?

_0.84

|4

QQ
1+0.111 1+ )
[ ”( 1 Gev2ﬂ




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 43



Lorentz covariance

* 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

A cornerstone of modern physics is that the fundamental laws have the same

form in all Lorentz frames; that is, in reference frames which have a uniform

relative velocity. The fundamental equations are said to be Lorentz covariant.

Recall that the theory of special relativity is based on the premise that the velocity

of light, c, is the same in all Lorentz frames. A Lorentz transformation relates the
Imp erial ccoordinates in two such frames. The basic invariant is ¢*t? — x2.

UII\.—”\.—
London



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
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Definition of a Free particle

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

Quark—hadron duality 7 B & e R
0.4 | . s Q° = 0.45 (GeV/c)*
' ;. + Q" = 0.85 (GeV/c)*
* Q= 1.4 (GeV/c)’
* It was observed about 50 years ago. 03 | el

* The resonances oscillate around an 0.2
average scaling curve.

* Scaling behaviour would imply that the
nucleon target appears as a collection
of point-like constituents when probed at
very high energies in DIS.

* Establishes a relationship between the
guark—gluon description, and the
hadronic description.

¢ =2x/(1 + 1 + 4M2x2/Q?)
London Minoo Kabirnezhad X = Q2/2M1/ 47
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