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Deep inelastic scattering from nucleons and nuclei

L Introduction

Introduction:Definition of cross section for scattering or
reactions

Event= 0 x ¢(F) x Np xt

o =scattering cross section
o(E) =flux

N7 = number of target particles
t = time of interaction

The name ’cross section’is derived from the study of
collision processes in classical mechanics, in which a particle
collides with a fixed spherical target with radius r, lying in
the interaction region of total volume V and area A.

The probability P that the incoming particle collides with
2
the sphere of radius r is given by: P = "
712 is cross section of area relevant for the collision process

and is generally represented by o = PA.



The cross section o is effectively an area in which the
incident and target particle interact for the scattering to
take place.

This concept of cross section o is generalized to any
collision process in which a beam of particles scatter with a
fixed target or two beams of particles from opposite
directions collide with each other.

Consider a beam of particles of density p, that is, number of
particles per unit volume (= £ ) moving with velocity v. In
time t, this beam, passing through an effective area of
interaction A, will have n = pvtA particles.

P
T ot’ T 1/At



g from nucleons and

Now we can write the o for the present case

| < flsli>*V
B Tv
. 1

1
——=>My;
I avE;
where Py and P; are the sum of 4-momenta of all the particles
in final and initial state, respectively,
Using the integral representation of §%(P) function, Obtain the
cross section expression as:

1ol I’& 1 1
o = (2m)°0(Pr = P)-~Ili(557) f(QEfV

)| My ?



attering from nucleons and nuclei

In quantum mechanics, the momentum is not fixed, but always
lies in between a range of p and p'+ dp.
Multiply for the cross section, by the density of states p(p)dp,

This is given by the density of states in phase space
Vdp
p(p)dp = 5%

273
Therefore, we get expression for scattering cross section as

g =

454 2
/ (2m)"6"(Py — P)| Myl
4\/(]91 p2)2 —mZm3 / 271' 32Ef O



The interaction is described by the Lagrangian

Ly = —iep(K)y"Aup(k)

The transition amplitude M is given as:
—iM = current at vertex 1 x propagator X current at
vertex 2
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—iM = (ie)u(k")y"u(k)
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The interaction is described by the Lagrangian

Ly = —iep(K)y"Aup(k)

The transition amplitude M is given as:
—iM = current at vertex 1 x propagator X current at
vertex 2

—iM = (ie)u(k")y"u(k) x <L‘ZW>
q



The interaction is described by the Lagrangian

Ly = —iep(K)y"Aup(k)

The transition amplitude M is given as:

—iM = current at vertex 1 x propagator X current at
vertex 2
—19, o
—iM = (ie)u(k" )y u(k) x ( ‘i’”) x (ie)u(p' )y u(p)
q
4

—| M = ; LAk uk) 2 | a(pyyup(k) 2
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In the case of unpolarized e~ and p~, we average over the
initial spins and sum over the final spins. Using the standard
projection operators for spin 1/2 spinors , we may write:

_ 64
YO IMP = A3 g TrLOF +men¥ (k4me)y”]
Tr [( ﬂ +mu)’7u(‘p+mu)7u]

where the symbol 3 is the average taken over initial spins
which gives a factor of 1/2 each for e~ and p~ Y is the sum
over the final spin states. m. and mu are the masses of electron
and muon, respectively.

z_:z ’ M ’2: éLuuLmuon
q4 e Huv



d nuclei

— g
We have now

L = Tr (K +me)y" (k+me)”]
Ly, = TT[(?/Jqu)’Yu(?Jqu)%]

Problem:Using trace calculations obtain the below expressions for
electron(Eq:1) and muon(Eq:2) leptonic tenors and contract them
for final expression for the matrix element squared(Eq:3).

LE = %4[1@“/«’” + KK = (k- K —m?)g") (1)
1
L™ = SAlpupy +pupe — (09 = m?) g (2)
- 4et ro 70 / 2 ’
= TP = ={2k-pk'-p'+2k-p'k -p—2(p-p —m)k-K (3
21T o {2 2k K p =200l i) K (3)

—2(k-K —m)p-p' +4(k-K —mZ)(p-p —mj,) }




If q is the four momentum transfer, g =k —k' =p' —p,
= —2k.k' = —2FFE'(1 — cosf) then the above equation in the
limit m=0 becomes:

SN M= l {26 p k-p+(~*/2)k-p+ (¢ /2)K -p— M2k}

In the lab frame when the target particle is at rest

2p.kp.k' = 2M?*EE'’ (5)

2 m22
=Y M= [ {szE’ Lmu(Ee— EL) + gq H (6)

50 7> 0
:ZZ | M |*= { 2m 2E E! [cos 2—2szm221} (7)

"
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om Point Particles

dQ 64 m2m,E, (Be+my)|K|?2—k-KE'
do a? E! 9 q? 50
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Lg_ — p elastic scattering

e R 1« 00)
7(q)
iey" Y o il
q=k-k'=p'-p
() v )

Invariant amplitude is written as

—iM = a(k Yiey"u(k)



Invariant amplitude is written as

—iM = a(k Yiey"u(k) (_WQIW)

q



d nuclei

e R 1« 00)
140
iey" Y o il
q=k-k'=p'-p
e v )

Invariant amplitude is written as

—iM = a(k Yiey"u(k) <—Zg2;w) a(p')iel " u(p)

q



Invariant amplitude is written as

—iM = a(k Yiey"u(k) <—Zg2;w) a(p')iel " u(p)
q

I'V is written in terms of p, p’, ¢ and y-matrices:
= AQ)Y +B@HW —p)" +C@)@ +p)"
+  D(Q%)ic" (p —p)u + E(Q%)ic"™ (b +p)v
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e R 1« 00)
140
iey" Y o il
q=k-k'=p'-p
e v )

Invariant amplitude is written as

—iM = a(k Yiey"u(k) <—;g2;w) a(p')iel " u(p)

I'V is written in terms of p, p’, ¢ and y-matrices:
= AQ)Y +B@HW —p)" +C@)@ +p)"
+  D(Q%)ic" (v —p)u + E(Q)ic" (v +p)u
Problem: Obtain the below expression for I'*
Toinnd

2M

" = F ()Y + ——av Fa(q7)



Using Gordan Decomposition I'* may be given as

D= (B + B — 2 gy



nucleons and nuclei

What is Deep Inelastic Scattering?

Lepton-nucleon scattering was born in 1956, when Hofstadter et
al. performed the first elastic e — p scattering experiment and
found a finite radius of the proton.

About 10 years later it became ’deep inelastic, when
experiments at 20 times higher energies, at SLAC, established

the partonic nature of the proton.




Scattering of 4.879 GeV electrons from protons at rest.

1500 - .

- s £ =4819GeV

’ . % R é =1(0°

| ; sonance

> 100 | oy ffi, - Deep inelastic

§ kR

N ‘{ f {
i o 1:5}*%@ H»W o

o 00 | % ; R
Nb :G | K - ,ﬁ
“% | " Blasi scattering divided by 15

0 S l | | !

2830 32 34 3 38 40 42 44 46
v(GeY)



Deep inelastic scattering from nucleons and nuclei

[

e~ — p deep inelastic scattering

About the previous slide Fig.

Elastic electron scattering from the proton target, the peak
is observed at low energy transfer or equivalently when the
invariant mass W ~ M.

The structure of the proton is described in terms of the
electric and magnetic Sachs form factors; the size of the
proton and its magnetic moment may also be understood
with the help of these form factors.

The Q2 dependence of the form factors implies that the
elastic cross section decreases with the increase in
four-momentum transfer squared.

With increase in energy transfer, one observes inelastic
scattering which results in the production of one pion,
multipions, etc. for which W > M.
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[

e~ — p deep cattering

What happens when Q? becomes very large?

At high Q?, the proton breaks up into a jet of hadrons and the
final state is now a multiparticle state with large invariant mass.



Deep inelas ri from nucleons and nuclei

[

e~ — p deep inelastic scattering

What happens when Q? becomes very large?

At high Q?, the proton breaks up into a jet of hadrons and the
final state is now a multiparticle state with large invariant mass.

General process for the deep inelastic scattering is
l(k)+N(p) —>l,(k/)+X(p/)7 lvllzeivui)ylaﬁla N=n,p J
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[

e~ — p deep inelastic scattering

What happens when Q? becomes very large?

At high Q?, the proton breaks up into a jet of hadrons and the
final state is now a multiparticle state with large invariant mass.

General process for the deep inelastic scattering is
l(k) +N(p) — l/(k/) +X(p/)7 lvl/ = einuiaylaljlv N=n,p

Kinematics(Nucleon in the rest frame)

- 20
Q?*=—¢*=—(k—k')?> = 4EFE'sin? 3

M2_p2
v=pq=M(E—-E")
b @ _Q _ @
2Mv 2p.q 2M Ey X
P9 _q1_E
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[

e~ — p deep ine

For the two body exclusive process 14+2 — 3+4+...4+n the
differential cross section is

1
o = /|M|2(27r)464(p1 +p2—p3—...) X
43/ (p1-p2)? — mim3
n d4p'
Uj:327T 5(10? —m?) '9(10?) (27r)]4
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[

e~ — p deep inelastic scattering

Dynamics of the scattering is contained in

|IM|? oc L, WH
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Dynamics of the scattering is contained in

|IM|? oc L, WH

We write a general parameterization of the hadronic tensor

A0
W Pubv . pq qudv
Wt = —Guw Wi+ e Wo — (Ve YE Ws + e W,
(p,uqy —‘_pl/qu) Z'(pﬂ%x _pllqu)
= W+ ———= W,
MEEIVE HTVE 0
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Dynamics of the scattering is contained in

|IM|? oc L, WH

We write a general parameterization of the hadronic tensor

A0
W Pubv . pq qudv
Wt = —Guw Wi+ e Wo — (Ve YE Ws + e W,
(p,uqy —‘_pl/qu) Z'(pﬂ%x _pllqu)
= W+ ———= W,
MEEIVE HTVE 0

By contraction of hadronic tensor with L,

Wg*)O, VV()‘—)O



nucleons and nuclei

Dynamics of the scattering is contained in

|IM|? oc L, WH

We write a general parameterization of the hadronic tensor

A0
W Pubv . pq qudv
Wt = —Guw Wi+ e Wo — (Ve YE Ws + e W,
(p,uqy —‘_pl/q;i) Z'(pﬂ%x _pllqu)
= W+ ———= W,
e MY VE ‘

By contraction of hadronic tensor with L,
W3 —0 s W(j —0

Applying CVC: ¢, W =0
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e~ — p deep inelastic scattering

Conservation of current leads to
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[

e~ — p deep inelastic scattering

Conservation of current leads to

— 9.
w, = ——24
q

M? p-q\2
Ws = —5 Wi+ <p Qq) W)
q q

Wy
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Conservation of current leads to

9
W, = —2w,
(]
M2
W = m+<p q) Wy
(I (]

Hadronic tensor can be written as:

q"q” _Pq P q Ws
I/V/U/ N -4 11 s R e e 7 R A
(g e > 1+( q2q><p qu)M2



nucleons and nuclei

Conservation of current leads to

9
W, = —2w,
(]
M2
W = m+<p q) Wy
(I (]

Hadronic tensor can be written as:

q"q” P-q P Ws
I/V/U/ N -4 W (VR A Y 1 oz
(g Jrq > 1+( q2q><p qq>l\12

W1 and W5 can be the functions of any two Lorentz-invariant

. o2 P4q . y .
scalars: ¢°, v =15}, v = g Y= ok
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[

e~ — p deep inelastic scattering

2
L,WH = 4w (k) + W

SRR K~ MK
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cattering

L,WH = aWq(k.k')+ 2}\%[2@.@@#) — M? (kK"

In the Lab frame, we have

0
k.k' =2FEF sin 3 p.k=FEM, p.k' =FE'M



L,WH = aWq(k.k')+ 2}\%[2@.@@#) — M? (kK"

In the Lab frame, we have
0
k.k' =2FEF sin 3 p.k=FEM, p.k' =FE'M
L,,WH” is obtained as:

0 0
L, ,WH = 4EE'|cos® §WQ(V,q2)+sin2§2W1(u,q2)
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attering

The differential scattering cross section in the energy and angle
of the scattered electron may be written as:
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e~ — p deep inelas attering

The differential scattering cross section in the energy and angle
of the scattered electron may be written as:

el — e
do a? 20 ¢ 50 q?
— Z_ 2 2|5 .
aEa ~ st (@) | < 2 22 M 2\ T o
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tering

The differential scattering cross section in the energy and angle
of the scattered electron may be written as:

el — e
£ a? 20 q2 50 q2
= cos“————sin“— [0 | v+ —
dE'dQ 4E2sint(§) l 2 am2° 0 9 o
ep — ep
6y _ o’ Gup+7Gi 20 2 .20 7
dE'dQ — 4E25m4(g) { 1t7 cos §+27'GMs1n 3 ) y+m
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The differential scattering cross section in the energy and angle
of the scattered electron may be written as:
el — e

do a? 20 ¢ 5,0 slos q?

= cos” = — — sin” — v+ —

dE'dQ 4E25m4(g) 2 2m? 2 2m
ep — ep

2 2 2 2
do o |:GE+TG]\/[ 00822—1—27'6'?\4511120}5(1/—}—(1)

dE'dQ ~ 4E?sin4(9) T+ 2 oM
ep —r eX
do a?

[WQ(V, Q%) cos? g +2W1 (v, Q%) sin? Z]

dE'dQ ~ 4R2sin*(9)
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LThe Quark Parton Model

Proton structure functions:

oMWPM(1,Q%) = 51—

point p q
W™ (1,Q%) = 6 1=

Structure function is independent of v and @? and depends on
Q2

the ratio 3
mv
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L The Quark Parton Model

In contrast one may observe the behaviour of elastic scattering
by setting Gg =Gy =G



In contrast one may observe the behaviour of elastic scattering
by setting Gg =Gy =G

Q2
2 2
GHRII\ v =557

Q2
AM?
WQelastic _ G2<Q2>F2 (w)

2W16la5tzc _
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Parton Model

In contrast one may observe the behaviour of elastic scattering
by setting Gg =Gy =G

Q2
C oM

Q* a2
s (@)

WQelastic _ GQ(Qz)FQ (w)

2W16lastzc _

The structure functions contain a form factor G2(Q?) and so
cannot be the functions of a single dimensionless variable.



The naive parton model predicts
that structure functions are
independent of Q*. This scale
invariance is Bjorken scaling.

3l W“* i { MWi(v,Q2) — Fi(w)
04t J VWZ(V7Q2) — Fy(w
w = 261\2/[21/
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LThe Quar ton Model

Basic assumptions of parton model

A rapidly moving hadron
appears as a jet of partons
all of which travel in more
or less same direction as the
parent hadron

Purtons
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LThe Quar ton Model

Basic assumptions of parton model

The rule for calculating reaction

A rapidly moving hadron rate for hadron: the reaction
appears as a jet of partons rate for the basic process with
all of which travel in more free partons is calculated and
or less same direction as the summed incoherently over the
parent hadron contributions of partons in the

hadron.

Partons #} ir

hadron

i
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son Model

The three momentum of the
hadron is shared out among
the partons. One defines the
parton momentum

distribution
i y
y_dh
f,(l) LT 5 (1-2p

fi(x) = probability that the
struck parton ¢ carries a
fraction = of the hadron’s
momentum p.
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The three momentum of the
hadron is shared out among
the partons. One defines the
parton momentum
distribution

They carry a different fraction
x of the hadron’s momentum
and energy. All the fractions x
add up to 1

T ;/d:v:rfi/(x)_l

i
fl(l) T == (1-1p ‘ Hadron ‘ Parton
Energy E x E
Momentum PrL Tpr,
() — T pr=0 | pr=0
fi(x) = probability that the Mass M M

struck parton ¢ carries a
fraction = of the hadron’s
momentum p.



Deep inel ttering from nucleons d nuclei

L The Quark Parton Model

The dimensionless structure functions are given by:

2 2 2
O 51—, R =s(1-2

F =
! (w) dmyvx 2mu 2muy
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L The Quark Parton Model

The dimensionless structure functions are given by:

02 2 2
Flo)=—5(1-=_, Bw=06[1-——
1(w) dmvzx 2my |’ 2(w) 2muv

'2’ is the fraction of momentum of parton and m = z M.
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The dimensionless structure functions are given by:

Fl(w)— Q2 5(1 Q2 ), Fg(w)—(5<1—622>

- dmvx C 2mw 2muy

'2’ is the fraction of momentum of parton and m = z M.
For a proton, we may write F; and Fy as

Fyw) = Z/dw ¢ fiw) x 6 (x— i}) | Riw) = 2 R)
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The dimensionless structure functions are given by:

Fw=-2 5<1 @2), F2<w>—5<1_@2)

- dmvx C 2mw 2muy

'2’ is the fraction of momentum of parton and m = z M.
For a proton, we may write F; and Fy as

Fyw) = Z/dw ¢ fiw) x 6 (m— i) | Riw) = 2 R)

Structure functions are obtained as:

vWa (v, Q%) — Fa(x) = Ze? z fi(z)

MWi(1,Q%) — Fi(z) = — F(x)

2z

F1 5 corresponds to the total momentum fraction carried by all
the quarks and antiquarks in the nucleon, weighted by the
squares of the quark charges.
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LThe Quark Parton Model

It is observed that Fy(x) and
Fs(z) are not independent:

Callan-Gross relation for spin %
: L # H % constituents: F(z) = 5 Fy(x)

04

xzqti2My
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In the ’'naive’ parton model: )
Uy (w) de (x)

so(@) = Uu(x)=dy(z) = %U (z)=0

us(z) = us(x)=ds(z)=ds(z) =ss(z) =35s(x) = K



In the ’'naive’ parton model:

Uy (w) de (x)
so(x) = ww(x)=do(z)=35u(x
us(z) = us(z)=ds(zr)=ds(x)=ss

Using these one may obtain
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Model

In the ’'naive’ parton model: )
Uy () 2dy () )

sol@) = (o) = do(a) = 5u(x) =0

us(z) = us(x)=ds(z)=ds(z) =ss(z) =35s(x) = K

Using these one may obtain )
" = g(uv—l—lldy)—&-%f(

: 12
erp - g(dv +4U1;) + ?K



om nucleons and nuclei

In the ’'naive’ parton model: )
UU(I) = de(x) " ;s d wlm ) ' 1
su@) = (@) = d(x) = 5u(z) = 0 %,
(@) = Ga(e) = d(z) = da(2) = sa(x) = 5s(2) = £ M,
06l ‘P "y i
= 0“¢
Using these one may obtain | - ﬂ,‘ J
il
e
en X 12 |
F2 = §(uv+4dv)+§K \ i i i ;

: 12
Fg? = S(dvtduw)+ K
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In the ’'naive’ parton model: )
Uy (x) = 2dy (CC) B ;s“mlmn ) "
su@) = iin(2) = du(@) = 5u(x) = 0 P}#,,
7 LETS B
us(z) = us(x)=ds(z)=ds(x) =ss(x) =35s(x)=F f *.‘m.
.
061 "4 -
i [} M
Ry ‘WO
Using these one may obtain ) - o
l W ‘
[} u, dominates
07} 4-_]
12
F5" = Z(uptddy)+ =K | L
9 192 1] UI'Z 04 0§ 08 ]
erp = g(dv +4u1))+§K ‘\

Valence quarks are dominant at large x and sea quarks at low z.
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LQCD corrections to structure functions

In the ’naive’ parton model:
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LQCD corrections to structure functions

In the ’naive’ parton model:

The structure function scales i.e. F(x,Q%) — F(z) in the
asymptotic (Bjorken) limit: Q% — oo

The parton’s transverse momentum(pr) is zero.
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LQCD corrections to structure functions

In the ’naive’ parton model:

The structure function scales i.e. F(x,Q%) — F(z) in the
asymptotic (Bjorken) limit: Q% — oo

The parton’s transverse momentum(pr) is zero.
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LQCD corrections to structure functions

The structure function scales i.e. F(x,Q%) — F(z) in the
asymptotic (Bjorken) limit: Q° — oo
The parton’s transverse momentum(pr) is zero.

QCD extends the naive quark parton model by allowing
interactions between the partons via the exchange of gluons.
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LQCD corrections to structure functions

Two possibilities may arise:
e Quark can radiate a gluon before or after being struck by the
virtual photon i.e. v*¢ — qg.

I\
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LQCD corrections to structure functions

Two possibilities may arise:
e Quark can radiate a gluon before or after being struck by the
virtual photon i.e. v*¢ — qg.

ek >

e Gluon constituents can contribute to DIS via v*g — qq

o)X

Gluon constituent of the proton
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LQCD corrections to structure functions

Effect of gluons dynamics on structure functions:

Violation of scaling property of structure functions.
Outgoing quark will no longer be collinear with the virtual

photon(pr #0).
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Effect of gluons dynamics on structure functions:

Violation of scaling property of structure functions.
Outgoing quark will no longer be collinear with the virtual
photon(pr #0).

Considering v*q — qg, F» modifies to:

which introduces a logarithmic Q? dependence due to the gluon
emission, violating the scaling behavior.
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QCD corrections to structure functions

At large x, F5™ decrease

Logarithmic variation of Q>
with Q2, at small z, F$™

Fy

. . 9
increases with Q<.
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tions to structure functions

At large x, F5™ decreases
with Q2, at small z, F$™

0 5 9
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s o quark at small x increases.
3. ere T . .
T e va eThe probability of finding a
S L xe00
T et T quark at large x decreases
2 L P : .
e et 008 since high momentum
.  eseereesgeiid g x-008
g T S, quarks lose momentum by
L 7 DR e S SR R T
T e radiating gluons.
veei o as 14}+ x=0.4 4
) 10 107 0° Ty 10°
Q*(GeV?)




dg(z, Q%) _ 1dJ
dlogQ? 27T-J. y 4(y,Q%) qq(y)

This is ’Altarelli-Parisi Evolution equation’.
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Splitting Functions Py

The effect of all interactions is described by splitting
functions P,.

P,;, represents the probability that a parton of type a
radiates a quark or gluon and becomes a parton of type b
carrying fraction 7of the momentum of parton a.

Splitting functions have been calculated from perturbative

QCD.

Pylz) P(,,,
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LQCD corrections to structure functions

Q? evolution of parton densities:

d 2 s [1d
o =5 [ 2 ]a. @) +o(0.00P 5]

Similarly, Q* evolution of gluon densities:

d 2 s [td
o0 @) _ e [ O, Q)+ 0,0 P

In general the splitting function can be expressed as a power

series in ag: Py, = PaLbO + (l‘gPéXLO + (yEP(fXNLO—&— .....
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Proton contains both quarks and gluons, so coupled DGLAP:




and gluons, so coupled DGLAP:

- _ Pyq  Pyg ® q
dlog@? \ g I e g




d qa\_ [ Pag Py o ¢
dlog@? \ g Poq  Pag g

place arrow

(Puza)@@)= [

xT

(ZJQ(y7Q2)Pab(z)



d qa\_ [ Pag Py o ¢
dlog@? \ g Poq  Pag g

place arrow

(Puza)@@)= [

xT

dy 9 x

—q(y,Q%) Pup(—

) (y, Q) Pup( y)
which allows us to write

dQ(xaQQ) G 2
W—g(&z;@@)(%@ )
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Differential scattering cross section for the reaction ep —> eX
in terms of dimensionless structure functions:
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LQLD corrections to structure functions

Differential scattering cross section for the reaction ep —> eX
in terms of dimensionless structure functions:

do a?
dE'dQ  4E%sint(9)

6 6
Fy(x) cos? 3 + 2F (z) sin? 5




Differential scattering cross section for the reaction ep —> eX
in terms of dimensionless structure functions:

do a?
dE'dQ 4E23in4(%)

[Fg (z) cos? g + 2F (z) sin? g

Differential scattering cross section may be expressed as:

do _87Ta2ME (1 Maxy

dedy Q4
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4 = _

IR —gx(uv+us+ﬁs+c+é+....)+%(du+ds+ds+s+s+....)
4 s _

" = g(uv+us+as+s+§+....)+§(dv+ds+ds+c+c+....)




4 x

IR T(u,,Jrus+ﬁs+c+é+....)+%(dv+ds+cis+s+,§+....)
4 _
" = g(uv+us+as+s+§+....)+§(dv+ds+ds+c+5+....)

where v = valence quark and s = sea quark

These distribution functions are generally determined by using
global QCD analysis with the inputs from various sets of

experimental data specially obtained from DIS experiments
revealing proton structure.
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correction

action of nucleon momentum carried by struck quark
, the Bjorken scaling variable.




cattering from nucleons

correction

The fraction of nucleon momentum carried by struck quark
is defined to be x, the Bjorken scaling variable.

The physical meaning of x cannot hold when the scattering

occurs at very large © and low Q? ~ ]\[]2\,.
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The fraction of nucleon momentum carried by struck quark
is defined to be x, the Bjorken scaling variable.

The physical meaning of x cannot hold when the scattering
occurs at very large © and low Q? ~ ]\[]2\,.

The mass of the quark at very large x is effectively same as
the nucleon mass. Therefore, the nucleon mass cannot be

ignored at low Q2.




cattering from nucleons

correction

1 The fraction of nucleon momentum carried by struck quark
is defined to be x, the Bjorken scaling variable.

2 The physical meaning of x cannot hold when the scattering
occurs at very large © and low Q? ~ ]\[]2\,.

3 The mass of the quark at very large x is effectively same as
the nucleon mass. Therefore, the nucleon mass cannot be

ignored at low Q2.

These effects are important to determine the valence quark
distribution at high x and therefore x is replaced by Nachtmann
scaling variable( x — ).

2x
— p=—5
1+ /1 +4uz? Q?
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1 The fraction of nucleon momentum carried by struck quark
is defined to be x, the Bjorken scaling variable.

2 The physical meaning of x cannot hold when the scattering
occurs at very large © and low Q? ~ ]\[]2\,.

3 The mass of the quark at very large x is effectively same as
the nucleon mass. Therefore, the nucleon mass cannot be
- 2
ignored at low Q°.

These effects are important to determine the valence quark
distribution at high x and therefore x is replaced by Nachtmann
scaling variable( x — ).

2x
— p=—5
1+ /1 +4uz? Q?

At large values of Q?, ¢ — =. However, for Q2 less than a few
times the target mass of ~ 1 GeV, ¢ can deviate significantly
from x, especially at large x values.
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L Dynamical Higher Twist

Dynamical Higher Twist Effect (Significant at High x
and low Q?)

Higher twist corrections include multiparton correlation in the
nucleon

At low 2 Lepton Neutrino-nucleon scattering can involve multlple
partons.

Compared to the leading twist diagrams (pQCD) the higher twist
diagrams are suppressed by powers of é , so they are important at
low Q2.

This is also the region where the strong coupling constant is large and
pQCD is invalid

2
Fy(,Q?) = FETHTMC (1 o2y <1+ D2(572Q )) 7

For Details: E. Stein et al. Nucl. Phys. B 536, 318 (1998)
M. Dasgupta et al. Phys. Lett. B 382, 273
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L Neutrino nucleon scattering

Formalism: v;/v;— N scattering

The basic reaction for the (anti)neutrino induced charged
current deep inelastic scattering process on a free nucleon target
is given by

v(k)/o(k)+N(p) — 1~ (K)/IT(K)+X®), (l=e,v,T)

The general expression for the double differential scattering
cross section (DCX):

d*’c _yMy E |K| G% ( M,

Q%+ My,

2
_ L, W&
dxdy T FE |k| 2 > w Wy




on scattering

Leptonic tensor:
L, = 8(kuk,+ k:,,k; — kK guy L i€k K')

Hadronic tensor:

W = —g" Win(,Q%) + Wan (v,Q )p 2
2 W4N(V7Q2)
*W P ppaeWan (v,Q )+TQH v
Wsn (v,Q°) 2
+T(p q"+q"p )+M2 ("qd” —d"p")Wen (v, Q7).

N

Win (v,Q?) (i =1—6) are the weak nucleon structure functions
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In the limit of Q? — oo, v — 00, x — finite and

Win(v,Q?) (i =1—5) are written in terms of the dimensionless
nucleon structure functions as:

Fin(r) = Win@Q?)

Q2

Fon(z) = %M Won (v,Q?)
Q2

Fyn(z) = Py Wan (v, Q%)
Q2

Fyn(x) = Wiyn (v, Q )

T
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LNA:'utrino cleon scattering

Formalism: v;/v;— N scattering

The differential scattering cross section is given by

2 2 2
H[(-25) - (132 o vt
+ [my(l - %) - %} Fyn (2,Q%)
Wﬂw(%@z) - E:r;\f[N F5N(g:7Q2)},

At the leading order

Callan-Gross relation: Fy(z) = 2Fj(z)
Albright-Jarlskog relations: Fy(z) =0, Fa(z)=2zF5(z)




Deep
LNeutrino

Fin(z) = 2afu(z)+s(z)+d(z)+2(x)]
Fop(z) = 2zld(z)+c(x) +u(x)+5(x)]
CEF:)I;”(.Z') = 2zfu(z)+s(z) —d(z) — é(z)]
xFy,(x) = 2z[d(x)+c(z) —u(z) —5(z)].

Problem: Obtain the relation between electromagnetic
and weak structure functions



Deep inelastic sca ring from nucleons and nuclei

LNA:'utrino -leon scattering

Books

m The Physics of Neutrino Interactions by M. Sajjad Athar S.
K. Singh.

m Quarks and Leptons by Halzen & Martin

Deep inelastic scattering from
nuclei in next lecture
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