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Disclaimer

This lecture has probted a lot from the following resources:

The text book byHalzen&Martin , Quarks and Leptons
The text book byEllis, Stirling & Webber , QCD and Collider Physics

The lecture on DIS at the CTEQ school in 2012 lyOlness

K K K K

The lecture on DIS given by, Gelis Saclay in 2006
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Lecture 1

1. Kinematics of Deep Inelastic Scattering

2. Cross sections for inclusive DIS (photon exchange)
3. Longitudinal and Transverse Structure functions

4. CC and NC DIS

5. Bjorken scaling

6. The Parton Model

/. Which partons?

8. Structure functions in the parton model
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What iIs inside nucleons?

| Basic idezsmash a well known probe on a nucleon or
nucleus In order to try to bgure out what Is inside

! Photons are well suited for that purpose because their
Interactions are well understood

| Deep inelastic scatteringollision between an electron an
a nucleon or nucleus by exchange of a virtual photon

¥ Note: the virtual photon isspacelikec? < 0

¥ Deep:Q2=-¢?>> Mny>~1 Ge\?
X

p.,A ¥ Inelastic :W2=Mx2 > M2

| Variant: collision with a neutrino, by exchange af°aor W+
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Kinematic variables

¥ LetOs considérclusive DIS where a sum over all
nhadronic pPnal states X Is performed:

e (+N(p) — e (10)+X(px)
¥ On-shell conditiong?=M 2, |2=|G=m 2

¥ Measuresnergyandpolar angleof scattered electron EGB)

¥ Other invariants of the reaction:

o Q*=—¢*=—(1—-1"? > 0, the square of the momentum transfer,

o V:p'Q/Mlngl—El';

e 0<z2=0Q*(2p-q) =Q*/(2Mv) < 1, the (dimensionless) Bjorken scaling variable,
lab

e 0<y=p-q/p-l = (E, — Ey)/E; <1, the inelasticity parameter,

* Here OlabO designates the proton rest framdiel,0,0,0which coincides with the lab frame for bxed target experiments
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Kinematic variables

¥ There are two independent variables to describe the
kinematics of inclusive DIS (up to trivialdependence)

(EQH) or (x,Q 2) or (x,y) or ...

¥ Relation betweer?2, x, andy:

2 .
b= @) s=2p
= Sxy = 2M Ezxy =(p+ ) —p -1 P

¥ Invariant mas8V of the hadronic bnal stats :
(also called missing mass since only outgoing electron measured)

elastic scatteringWV =M n, x=1
W2 =M% = (p+q)? =M% +2p- g+’ gW =M
2 2

= My + ?—Qz = My + ?(1—@ iInelasticlwv =2 My +m 1, x<1
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The ed eX cross section as function of W

Halzen&Martin,
; f thm T Quarksé&Leptons, Fig. 8.6
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¥ Elastic peakh/=M ,x=1 (proton doesnOt break ugp —ep)

¥  ResonancesV/=M g, w=1/x=1+(M gr?-M 2)/Q 2
(Note that there Is also aon-resonant backgrouninh the resonance region!)

¥ OcContinuum® or Oinelastic regionét.8 GeV
complicated multiparticle bnal states resulting in a smooth distributio¥ in
(Note there are alsccharmonium and bottonium resonanca8/V~3 and 9 GeV
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Phase Space ih,Q?) plane

- Halzen&Martin,
Q _(ZMEX)/ Quarksé&Leptons, Fig. 9.3
} /
0 d : : :
S Allowed kinematic region

2ME¢

\ Line of constant

Invariant mass

”
7~

\ Line of constant

momentum fraction

ME

FixedW=M r:Q?=2MExy, x=Q ?2/(Q *+Mr?*-M?)! Q2 =M ?-M r?+ 2MEy
Hence: PxedV curves areparallel to W=M curve!
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2ME¢

ME

Phase Space ih,Q?) plane

Q*=(2MEXxYy

W~1.8 GeV

~-.shallow inelastic

el

y=1

¥

¥

The phase space is separated into a
resonance regiol(RES) and the
Inelastic regiormat W~1.6 ... 1.8 GeV
(red line)

The phase space is separated into a
deepand ashallowregion at
Q2 ~1 GeV ? (blue horizontal line)

In global analyses of DIS data often t
DIS cutsQ?2>4 GeV 2, W>3.5 GeV
are employed

TheW-cut removes the large region:
W?2=M?2+ Q?/x (1-x) > 3.5 GeV

The Q-cut removes the smallest
Q2=Sxy>4GeV ?
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Q*=(2MEXxYy

2ME¢
W~1.8 GeV

With increasing energiz
the deep inelastic region

ME dominates the phase space!

~1 Ge\
y=0 - it

el %
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Neutrino cross sections at atmosphericenergies

With increasing energig the deep inelastic regiondominates the phase space!
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Homework Problems

1. Recap that the allowed kinematic region gl eXisO0<x <1 andO=<y=<1.
Construct the phase space in tlig,Q?)-plane yourself. [Ex. 8.11 in Halzen]

2. ShowthatQ2=2E EO (1 -cos(0)) = 4 E EO sir?(6/2) neglecting the lepton mass.
Here, the z-axis coincides with the incoming lepton direction @nd the polar angle of
the outgoing lepton with respect to the z-axis

3. Show that in the target rest frame= [2 E EO sin?(8/2)]/[M(E-EO)]
still neglecting the lepton mass and the energigsCare now in the target rest frame
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The cross section for inclusive epeX

¥ LetOs considérclusive DIS where a sum over all
hadronic Pnal states X is performed:

e (N+N(p) — e (10)+X(px)

¥ The amplitude ) is proportional to the interaction of a
leptonic current  (j) with ahadronic current  (J):

1.
¥ The leptonic current is well-known %=1 s P st = a(l’, s0)! Fu(l, s))
perturbatively in QED:
¥ The hadronic current is non-pert. M = 1X, spind[p, &'

and depends on the multi-particle pnal
state over which we sum:
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The cross section for inclusive epeX

The cross section which is proportional to the amplitude squared cafab®red Into a
leptonic and a hadronic piece

d! ~ |A|* ~ Ly WH

r Leptonic tensor
calculable in pert. theory

e Hadronic tensor
not calculabe in pert. theory
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The cross section for inclusive epeX

: PEIL 1 o4 a 431!

1
= 1Ak Pspind = Ly WH 4
dO- ) F ’ X ‘ spin QX (27T)32E| F (q2)2 ! W 70 (27_‘_)32E|

¥ With the M¢ller Bux:

F=4 (I-p2—-12p2=4 (1-p)2—m2M2~2S

¥ The phase space of the hadronic bnal stataith N x particles:

IVx

' d°py, 4u (4)
1 :

dQx = 21" P (p+q! px)
=

¥ The amplitude with bnal staté:

e? | | "
Ax = q—z[ﬂ(l')! Hu()]! X1J.(0) [N (p)" Ay = é[m)! “u(l)I'N (p)|J,, (0)[X "

Tuesday 19 June 18



The cross section for inclusive epeX

1
do = —1A
O F’x

a3l 1 et A3
21 — l
in dQ) - Ly WH 4

=pin X (277)32E! F (qz)2 K- (27T)32E!

In the amplitude squared appears the leptonic tensor:

1° :

Lt = 5 @(1')! yu(Da()! u(l’)

S| S|!

) %Tr[! ({1 + m)ty (FF+ m)]

=2[uly + 11t g (18T m?)]

The hadronic tensor Is debned as:

AWy = Y [d @) e+l pO(NER, OX#X Q)N (P)4)

spin
states X

Note that the factor4! is aconvention .In this case the hadronic tensordemensionles§Exercise!).
Halzen&Martipfor example, use a fact@d M and the hadronic tensor has dimensiorass *.
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The hadronic tensor and structure functions

¥ W (p,g) cannotbe calculated in perturbation theory.
It parameterizes our ignorance of the nucleon.

¥ Goal: write downmost general covariant expressiéor W+ (p,q)

¥ Other symmetrieg(current conservation, parity, time-reversal inv.) P
have to be respected as well, depending on the interaction

¥ All possible tensors using the independent momenta and the metricg are:
gu' s PuPrs, Quq, Puq T Diqu,
e D ¢, pug ! gy

¥ For a (spin-averaged) nucleon, tmest general covariant expressifor W  (p,q) is:

p*p

W H (p,q): I gH-W1+ M 2 W2| s 7 WWB
U H + M Ho | I M
R qupq Wes P qupq We

¥ The structure functionsV ; can depend only on the Lorentz-invariapt3=M 2, q2, andp.q
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The hadronic tensor and structure functions

H :
W H! = | H!W+pp\/\/| |u'#%\/\/
(p1q) g | 1 M 2 2 | M 2 |3 |
g o Pg+pd s ptgl! pd
MV A VR S MR V- °
d! |W4! m|2 dO'|W5! mlz dg’WG — ()

¥ Instead ofp.q usev or x as argumentV; = W i(v,q2) or W i=W i(x,Q 2)
¥ W s doesnOt contribute to the cross section! No (- - | g: ) in the leptonic tensor

¥ W 4 andW s terms are proportional to the lepton masses squared in the cross section
sinceq’ L~ ~ m %, Only place where they are relevantdésarged currenv-DIS.

¥ Parity and Time reversal symmetry impligs: =W

¥ W 3=0 and W =0 for parity conservingurrents (like the e.m. current)
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The hadronic tensor and structure functions

vl
| _ | pHp iy 0 Oy
WH (p,g="! g Wi+ M 2 > Wa! 1" WWB
| . | |
g o Pg+pd s ptgl! pd
MV A VR S MR V- °
d! IW 4 ' m|2 dO'|W5 I mlz dg’WG — ()
¥ Current conservation at the hadronic vertex requires\W » =g W » =0 implying
p &g ' péag - M 2
W5 = | ?WZ, W4 — ? W2 + ?Wl

¥ With current conservation+parity symmetry we are left with 2 independent sfs:

| | q“q 1 p-q C o P-dy
ut [ M _ L1 =T gH o
W <'g P >W1+M (p' q2q><p q2q>
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The cross section for inclusive epeX

1 ¢ . d3I’
| = | H: g
d! - (qZ)ZL“-W 4 (2" )32E!
L _Z[IUI' + | | L g ( al’ | m2)]

1
WH =1 gt w + WpipiWQ

quq! ,pt'l:F)U! ﬁj

o o ¢

g =g !

| 71| 2 ' 7 7| 7 |"
Show that (m=0): L WH =4(1 ah)Wy + e 2(pd@)(p&°)! M2& W,

Giving in the nucleon rest frame: L, W*' = 4EE’ 2sin®(0/ 2)Wy + cos?(0/ 2)W

The DIS cross section in the nucleon rest frame reads (photon exchange, neglecting

2 "2
d-! <m

dE'd! ' M 4E2sin*(# 2)

-4

[2W1 (X, Q2) sin?(# 2) + Wa(X, Q2) co2(# 2)]
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The cross section for inclusive epeX

The DIS cross section in the nucleon rest frame reads (photon exchange, neglectingg m):

id 2 |
dE'dl ! = M 4E2 Selnr14(#/ 2) [2W1(X, QZ) S|n2(#/ 2) + WZ(X; QZ) Cog(#/ 2)]
It is customary to debne | _ Q’ Q’
OscalingO structure functions: Frbz b = W apWe ope's

Change of variablgEOQ O (x,y) andW ; = Fi:

21 2'My d? )
= PDGO17, Eq. (19.1)

showthat ‘yody =~ 11 y dE'd! !

The DIS cross section in terms abrentz-invariantx, y (photon exchange, neglecting m)
d?!  4'#2.S
dxdy Q4

Xy?F1(X,Q%) + (1 —y — xyM */S)F5(x, Q%]

PDGO17, Eq. (19.8)
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Homework Problems

1. Show that the phase space for the outgoing lepton takes the following form
In the variables andy (without any approximation), where is the Bux andb=2 p.|:
a3’ 2S2%y

@1)52E" - (@ )2F Y

2. Derive the following general expression for the doubly differential cross section:

d?! 2S%y et . 4S2 2"# 2 .
= ~_ L, WHg = L WH
dxdy = (4")2F2 Q* M F2Qa Y

(Note that the factor4S?/F 2 =1+ O(m 24/S* M 24/S) and the mass term is negligibly small
for incoming neutrinos, electrons, and muons even if the nucleon mass is taken into accou

3. Show that the hadronic tensor in terms of the structure functidhsF> is given by:

1 1% 1 1%
WH = | g"VFy(x, Q2) + ﬁpipLFz(X,Qz)
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Homework Problems

" Show that the hadronic tensor can be brought in the following forms: h
AW = > [d@)* e+ at pO'N PR, OX#EX LN EH)_
states X
- x| dy € ("N, (IX#X 13, O)IN ()#)
stags:X/ / i >sp|n
= [dy e ("N (Y)Ju(0)|N(p)#> .
= [ &y & ("NPID, 1), 3LOIN (P4)_
L spin )

¥ Use the integral representation for the delta-distribution:
(1)@ (p+ ql p)=  dy dPraPOY = gy @V gl Px)y
¥ The space-time translation of an operator in QM is generated by the 4-momentum operatt
A(y) = éP¥B(0)e P

¥ Use the completeness relation:
| ddy X 1"X | = 1

states X

¥ The second term in the commutator leads tp-px-p=0 violating mom. cong}+p-px=0!
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Hadronic tensor

Optical theorem: Wy ! Im T,
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Structure functions

14 1 14
WHY = 1 gfVFy(x, Q2) + IDélqp‘ipﬂ:z(x,Qz)

¥ The sfs arenon-perturbativeobjects whichparameterizehe
structure of the target as OseenO by virtual photons

¥ They are obtained with the help gfrojection operators
Pi" W =F;

¥ The projectors are rank-2 tensors formed out of the
Independent momentp, g and the metricg
(similar to W 1)

¥ One can introduceransverseandlongitudinalstructure
functions by contracting the hadronic tensor with the
polarization vectors for transversely/longitudinally polarized
virtual photonsfr, Fi

¥ Itturns out that: Fr = 2xF 1, F2 = FL + F1 (neglectingv)
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Homework Problems  Haizen.chap.85

4 )
Chosing the z-axis along the three-momentumb, such that g = (%, 0,0, |b]),
the polarisation vectors of spacelike photons with helicity " = 0,1 can be
written as:

l = +1",(g) =" %(O,l,ii, 0)
1
1 =0:".(Q) = (V#2 # 2,0,0,#)
V# O
\_ J
4 )

1. Verify that gé! =0 for each”, and show the following completeness rel
tion for a space like photon @° < 0):

l+1 1 ! — p" quq”
O,il(! )~V (o (9=1g + =

2. Neglecting terms of orderO(M ?/Q %) show that:
a) 1" (@'h (W = £ FL with FL = Fo! 2xF; = Fp! Fy
b) Z1"(A)!4 (@) + L (! (W = 5 Fr with Fr = 2xF;

It is useful to do the calculation in the nucleon rest framep = ( M, 0, 0, 0).
- J
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Cross section for CC and NC DIS

The differential cross section for DIS mediated by

interfering gauge bosoris,BOcan be written as:

d?r !

dxdy -

d21 BB
dxdy

¥ B,B'! {!,Z} in the case ofNC DIS
¥ B = B'= W in the case ofCC DIS

dr B8 1 BB wiy

Each of the termsl 688°can be calculated from the general expression:

PDGO17, Eq. (19.2

s | N (- o1 ~
d21 BB 232y g o 11(QY) =
= #e#g:Lor Whg 4" 2 2 ZNCY:
n\2 2 4 ! BB 2\ _ g Q _ QF I\/lz Q
) F$z ? 207 Goos @@ ME T 228 O M2
4S5 2" | | 2 2 2 2
= LB WL 2y - 19 Q" _BeMy Q
F2 Q4 y#e#e: Ly Was W)= S S e MZ T 248 07+ M2
\ JARN Y
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CC "4#DIS

Albright, JarlskogO7
Paschos,YuOQS
Kretzer, RenoO02

21 1 (b) 2 o 2 )
dx dy | (1+ Q2/M W)2 2#E| M N . 4
m-? MN Y m-?y +
I — ) | + | Z) 1
+ (1! 4E2)- (1+ o, )y F,' —$ xy(1! 3)! 4E!I\/IN) F3
2(m + Q ) m2 FWi
S

4EZM 2 X 2 'E!I\/IN

Albright-Jarlskogelations:

(derived at LO, extended biretzer, Reng

_ valid at LO [O(! 9)], My =0
F4 - O (even for m¢ £ 0) |

by

Full NLO expressions My £ 0, m. £0): Kretzer, RenoOC

Tuesday 19 June 18
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SM prediction

Bttt di— " A 1

100 150
E [GeV]
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Homework Problems

* Little research project:
Work out the cross sections for NC and CC DIS

(FInd typos In the following expressions,
Compare with expressions in PDF review)
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Cross section for CC and NC DIS

Show that for an incoming electron with general! , (V! Al 5) current the leptonic
tensor is given by (neglecting the lepton masses; and m»):

BB = a(l, 1) B u(h, 1 e, Bugl, )

NI NI

TR+ mo)!t B F e mo)! P

2L [IM + 1L (Al gh 1+ 4iR), 4 #iges 131

Here! B =1, (V8 = ABlg), Ly = VEVE £+ ABAE R.. = VEAE £ VB AB.

B | VP AZ
v | —1 0

7% —=1/2 4+ 2sin*0,, —1/2
W1 1

seeHalzen&Martin
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Cross section for CC and NC DIS

The weak currents arenot conserved (*) and parity is violated. Therefore, one
has to assume the most general structure for the hadronic tensor. In particule

one has to include a parity violating piece! !+ p ¢: conventiong123=+1
WEBB ' —1 g, FB8'(x,Q2) 4 PP gBB(y e 29 pBB 2
=1 gu PP (0 Q%) + BRFER (0 Q)L ity p S (@7
4 %9 es 2y, Pul TP G _pg- Pud ' PGy BB
= X, F- X, + Fo X
+ BRRER (0 Q) + PO Q%) + Pt Q%)

The terms proportional to Fy4, F5 will be proportional to the lepton masses
squared and are usually neglected (Fg will not contribute to the cross section
at all). Of course, these terms have to be kept in the hadronic tensor when
projecting out structure functions.

(*) With J! = @(p')! pl(v' a 5)u(p) and using the Dirac equation one Pnd
quJi " a(m+ m') with p? = m?, p'> = m'?. Therefore ¢, L* " lepton mass
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Cross section for CC and NC DIS

We are now in a position to calculate the cross section:

d?1 BB 4'#2s
dxdy Q%

S8 XYL FE2 +(1 —y —xyM2S)L. FFE —y(1 - y/2)2R, . xF 52|

Introducing generalized structure functions we can form the Neutral Current (NC) cross sectic

d2aNC ATa’S ) NC NC
ixdy — O [xyF “ L (1-y—xyM?S)FNY —y(1 —yl2)xF3} ]

with

2 2
Flj\,;c(xaQQ) — Ff;/+2X ( )Fiy2 ‘|‘Xz(( Z) ‘|‘(azZ))F12,2Z
F?])VC(:C’QZ) — _ZXZCL[ZFW —|_ XZQUI OJZZFZZ
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Expectations from elastic ep scattering

Pointlike proton without spin, neglecting recoil:

1 Mott w2

= COS'(#/2)

d! AE? sin*(#/2) \

electron spin

Rutherford scattering
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Expectations from elastic ep scattering

Pointlike proton without spin, neglecting recoil:

. ; |-| dm N ,r Scattered
ott "
A  cod(#/2) Flectron Target Electron
d! 4FE? sin®(#/2) Ream F
0 @ -------
Pointlike proton with spin:
\ Recoil
dl_ di Mot E! ) s Proton
a - a g ate @) 1+ %g sin? §/2

QZ
| = 4M2,Q2:4EE!sin2("/2)
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Expectations from elastic ep scattering

Pointlike proton without spin, neglecting recoil:

. ; |-| dm N ; Scattered
ott "
e LSO Flectron Target /(' Electron
Beam E0 _______

Pointlike proton with spin:

\ Recoil
dl_ di Mot E! ) s Eq Proton
a - a g ate @) |+ 2Easin? 6/2
Extended proton with spin (Rosenbluth formula):
dl _ ditMt E'TGE + " GE = 7= aEEsin?(2
= = T M+ 2" Gy tan®(# 2) = a2z © sin“(*/2)
¥ Elastic form factoGe(Q?), Ge(0)=1 i Steeply falling form factors:

Ge@)= M@ -1+ guaz 2
¥ Magnetic form factou(Q2), Gum(0)= pp=2.79 2 Hp
Up=2.79:. proton anomalous magnetic moment a®=0.71 GeV

\_
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Expectations from elastic ep scattering

Pointlike proton without spin, neglecting recoil: . o
P P J J Note that the idea of goint-like strongly

Interacting particle is ratheracademic !

d) Mott n 2 52
dl AR?2 sin*(#/2) e 2) Due to quantum corrections  we have to
generalize the Opoint-like currentO by the mo
o | | general current respecting all symmetries of th
Pointlike proton with spin: interaction andntroduce form factors
dl it Mot g This is even the case in QEBowever, here the

= - [1+2" tan?(# 2)]

dr d! Dirac andPauliform factorsare calculable In

perturbation theory

Extended proton with spin (Rosenbluth formula):

Mott E!° @2 4 (@2 2 o
3—'! - O”dlO EE GE1++ '-GM +2" Gy tan®(# 2) - 4(|\?/|2 - QF =4EE sin’("/2)
- . r _ D
¥ Elastic form factol ’ Steeply falling form factors:
2
Ge(@)= M) = (14 QUa?y 2

¥ Magnetic form factof | 2 Hp
proton anomalous magnetic moment X a®=0.71 GeV*

J
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What do we expect for a point-like particle?

Point-like proton without spin, neglecting recoil: Point-like proton/muon with spin:
1 Mott n 2 d! _ d! Mott E! ) 5
= COS (#/2 e [1+2" tan“(# 2)]
d! AE? sin*(#/2) (#/2) d! dbE
4 2
NN @ v ki
4 2
/\/\/\/\/\/\/ ‘ do ~ 2-2(; X 1
4 2
WWAWWWW ‘ o~ 4T

3/4)05/'0#1 %,'05/&) #$/'05 7 \

| | 6$.7,$7.)%870,$/'0
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Expectations from elastic ep scattering

Elastic Electron-Proton Scattering

10004

Nucleon Form Factors Versus Q2 3
. Theta = 10 Degrees
0.8 . G \
Ep 100
Mott Scattering
10? \
14 \
0.13
: Nm Proton
0.014 —

0.4 fh.&hg

Form Factor

CROSS SECTION {10 ™ {-32) cm-sq)
L1l

) i e e TE T R § 7
"\ 2
(G En)
e S T R T S S T I
0 10 20 30 MOMENTUM TRANSFER SQUARED (GeV-Square)
i) Fig. 4. Elastic scattering cross sections for electrons from a “point” proton and for the actual
Q2 (fermi)2

proton. The differences are attributable to the finite sire of the proton.

Fig. 23. Summary of results on nuclear form factors presented by the Stanford group
1965 Olnternational Symposium on Electron and Photon Interactions at High Energies
momentum transfer of 1 Gél equivalent to 26 Fernfig

The results formed the prejudice that the proton was a soft OmushyO extended object,
possibly with a hard core surrounded by a cloud of mesons, mainly pions.

The SLAC-MIT team saw its objective in searching for the hard core of the proton.
First DIS experiments (>=1967).
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Bjorken scaling

Early data on DIS from the SLAC-MIT experime

Elastic scattering (Rosenbluth formula): [PRL23(1969)935]
d! di Mot E!' " G2 + "@G2 ) P ; TS OO :
d—! = Ji E E]_ o M 4 2 Gﬁﬂ tanz(#/ 2) i{ ' A ' ' f,?=|oI N
X — W=2 GeV d
_\. == We=3 GeV
_ Y s =~ W=35 GeV
The DIS cross section resembles the 00k \e o a
elastic one: C AT e s N :
B \ \ b O z -
B S
dipis ! dE MO [Wo - 2Wy tan?("/2)] 5 \\ .
¥ o) ¢ opis depends only
' \ mildly onQ? i
The form factors had been know to fall \‘\ -
' i 2 -3| “LASTIC
rapidly as a function @p-. 07 ‘[{éséx'fhmws
. : . :
Therefore, the general expectation for : e
Opis before its measurement was that it g \\\
also would be a fast falling function(@f. el L L L O e S

q? (GeV/c)®
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Bjorken scaling

Scaling hypothes{&|orken 1969:

In the limitQ2— 00, v— 00, such thax=Q 2/(2M v) is bxed (OBjorken limitO)
the structure functiong=i(x,Q ?) are insensitive t@)?: Fi=Fi(x)

This behaviour is called scaling ant called the scaling variable
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Bjorken scaling

Scaling hypothes{&|orken 1969:

In the limitQ2— 00, v— 00, such thax=Q 2/(2M v) is bxed (OBjorken limitO)
the structure functiong=i(x,Q ?) are insensitive t@)?: Fi=Fi(x)

This behaviour is called scaling ant called the scaling variable

Scaling implies that thaucleon appears as a collectionpafint-like
constituentswhen probed at very high energies{ large).

The possible existence of such point-like constituents was also proposed by
Feynman from a different theoretical perspective and he gave them the name
OpartonsO
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Structure of the proton

Fred Olness,
CTEQ school 2012

4o’ 2
AVAVAVAVAVIRPR IR €
| IS8 S H (&
)+ -1 &
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Bjorken scaling forF

Data is (relatively)
independent of energy
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Bjorken scaling forF

ZEUS collab, arXiv:0904.1092

1 AF2
__—oFL

1 = ZEUS-JETS

We note thatF. Is quite smaller thaf.

The HERA combined measurementfof
IS compatible with scaling

H1 and ZEUS
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¥

Nalve parton model

The historical (OnaiveO) parton model describes the nucleon as a collection made of
point-like constituentgalledOpartonsO

Today the Feynman partons are understood to be identical with the quarks
postulated byGell-Mann

At high momentum (Oinbnite momentum frameQ)atiens are free

Therefore, the interaction of one parton with the electron does not affect the
other partons.This leads to scalingxnQ %/(2 M v) as we will see below.

In an IMF, the proton is moving very fa3t(E,0,0,Ep) with Ep>>M .

The quark-parton is moving parallel with the proton, carrying a fractiof its
momentum: p =1 P
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Nalve parton model

10
) q
—
-
P
l 1
d! (e(l)+ N(P)! e(I)+ X(px)) = 5 d" fi(")dB(e(l) + i("P) ! e(l') + i(p))
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Nalve parton model

10 10
7> q q
> ® 00
— Q”
>
P
! 1
d! (e()+ N(P)! e(l'))+ X(px)) = d" fi(")db(e(l) + i("P) ! e(l')+ i(p))

i 0

N\

Elastic scattering off
point-like  parton

We know how to
calculate this!
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Nalve parton model

10 10
q g
> e : 00
- Q
\
P
! 1
d! (e(l)+ N(P)! e(l')+ X(px)) = d" fi(")db(e(l) + «("P) I e(l') + i(p’))
.0
I
Parton density: Elastic scattering off

P(t)dt = number of partons of point-like  parton
type OiCarrying a momentum
fraction of the proton We know how to
momentum In[ g, e+d €] calculate this!
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Nalve parton model

IO
>
q
-
———
\
P
! 1
d! (e(l)+ N(P)! e(l')+ X(px)) = d" fi(")dB(e(l) + i("P) ! e(l') + i(p))
Incoherent sum Parton density: Elastic scattering off
over all possible D(g)d§ =~number of partons of point-like  parton
partonic processes type OiCarrying a momentum
fraction of the proton We know how to

momentum In[ g, e+d €] calculate this!
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Nalve parton model

2 E v

: Partonic tensor:
Wu! calculable, not IR sa

Parton distribution
f i (! ) not calculable,
but universal

W“!(P,Q)=! 10,'—!fi(!)\¢ii”!(!P,q)

X
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Which Partons?

¥ It is tempting to identify the partons with the quarks of Gell-MannOs quark model

¥ The proton consists of thre@alence quarks (uud) which carry the quantum
numbers of the proton (electric charge, baryon numbenu v, d=d

W
N—

u(a?, Q) = 2 5(5’7 - "H#PUH&' (&)*+,-11"./0

"H#$%&' & $Y6&SB(

=
—

d(z,Q) =1 6(x —
12)$3142564#$!(25!72*#

(q) —/Oldst(ﬂf) (w)=2 {d)=1 (s)=0

12)$31895#,'251(25172*#

! <xq>=/0 drzq(e) (ruwy =32 (vd)=3
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Which Partons?

¥ The valence quarks are bound together by gluons which leadsioearing of
the delta distributions and the gluon can Ructuate intaCseaO of quark-

anti-quark pairs:  S(x)=ubar(x)=dbar(x)=s(x)=sbar(s)

¥ u(x)=uv(x)+ubar(x), d(x)=dv(x)+dbar(x), ubar(x), dbar(x), s(x), ...

Ty I V. T . V. TEmmmm—
(S @ _§) W @0 Np o @ ) W @ N |

Gluons allow partons to exchange momentum fraction

Parton Distribution
Parton Distribution

Momentum Fraction x Momentum Fraction x
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Which Partons?

¥  Problemgexperimentally it is found that themomentum fractions of the
guark partons daxot add up to 1!

! 1
dx x[g (x) + g (x)] ! 0.5
0

¥ Gluons carry half of the momentum but donOt couple to photons

¥ We have to include a gluon distributioB(x)
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Which Partons?

In summary, the following picture emerges:

¥ The proton consists of thre@alence quarks (uud) which carry the quantum
numbers of the proton (electric charge, baryon numbar):d

¥ There is asea of light quark-antiquark pairs .U ubar, d dbar, s sbar ...

When probed at a scal®, the sea contains all quark 3avours with mass<<Q
¥ u(x) = uv(x) + ubar(x), d(x) = dv(x) + dbar(x)

¥ There Is gluon distributionis(x) which carries about 50% of the proton momentum

-1 -1 -1
Quark number sum rule:  dxu,(x) =2, dxd,(x) =1, dx(s! ®(x)=0
0 0 0

-

! 1 #

Momentum sum rule: dx X G(X)+ @ (X)]+ G(x) =1

0 |
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d4p!
(2!)*

VIRV | 2" (P)RNH* @ #P + g! p) "#P|IM (0)|p'#P I’ (O)|#P#'

i

spin
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d4p!
(2!)*

VIRV | 2" (P)RNH* @ #P + g! p) "#P|IM (0)|p'#P I’ (O)|#P#'

i

spin
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

e = (272!4 2 (P22 O (# + g1 ) "HPLIE OIpH1 @R
' " " spin
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#
spin
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

s = ((;1[;!4 2 (P22 O (# + g1 ) "HPLIE OIpH1 @R
' " " spin
=21)"((#P + q)%) "#P|I™ (0)|#P + og#t'tP + q|J' (0)|#P#
spin

standard current for point-like fermion as in QED
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d4 p!

VIRV G0 )4

2" (PR W @HP + q! p) "#PIM (0)|p'#P I’ (0)|#P#”
N #
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#

spin

spin

= (21)(#P + q)z)fzn TI#PS: (#P + 6)$' ]
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d4 p!

VIRV G0 )4

2" (PR W @HP + q! p) "#PIM (0)|p'#P I’ (0)|#P#”
N #
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#

spin

spin

= 21)(#P + q)z)fzn TI#PS: (#P + 6)$' ]
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

aw' = (272!4 2 (P22 O (# + g1 ) "HPLIE OIpH1 @R
' " " spin
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#
spin

= (21)(#P + q)z)fzn TI#PS: (#P + 6)$' ]

=(21)"((2#P ag+ q2)§ TI[#P$" (#P + )% ]

~
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

aw' = (272!4 2 (P22 O (# + g1 ) "HPLIE OIpH1 @R
' " " spin
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#
spin

= (21)(#P + q)z)fzn TI#PS: (#P + 6)$' ]

= (21 )"((2#P ag+ qz)§ TI[#P$" (#P + )% ]

~
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d*p’

21> (p'z)(2| V4@ P + gl p) "#PIIM (0)|p'# I (0)|#P#

#
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#

spin

VIRV

spin

=21)"((#P + q)° ) Tr[#PSH (#P + §)$' ]
=(2")"((2#P ag+ q )ez TI[#PSH (#P + ) $'

" (#) X)ez TI[#PSH (#P + )% ]

S ~ 7

=(21!)

2P ag
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d*p’

21> (p'z)(2| V4@ P + gl p) "#PIIM (0)|p'# I (0)|#P#

#
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#

spin

VIRV

spin

=21)"((#P + q)° ) Tr[#PSH (#P + §)$' ]
=(2")"((2#P ag+ q )ez TI[#PSH (#P + ) $'

" (#) x)e2 TI{#PSH (#P + )% ]

S ~ 7

=(21!)

2P ag
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d*p’

21> (p'z)(2| V4@ P + gl p) "#PIIM (0)|p'# I (0)|#P#

#
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#

spin

VIRV

spin

=21)"((#P + q)° ) Tr[#PSH (#P + §)$' ]
=(2")"((2#P ag+ q )ez TI[#PSH (#P + ) $'

=(21) "(#! X)e2 TI[#PSH (#P + 6)$' ]

2P aq

%
(#1 )26 PUP! + #(PUG + P Uyl Hg P Aq

& . ' (' ()

_(ZI)ZPaq
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

d*p’

21> (p'z)(2| V4@ P + gl p) "#PIIM (0)|p'# I (0)|#P#

#
=21)"((#P + q)%) "#P|I" (0)|#P + g#t'tP + q|J' (0)|#P#

spin

VIRV

spin

=21)"((#P + q)° ) Tr[#PSH (#P + §)$' ]
=(2")"((2#P ag+ q )ez TI[#PSH (#P + ) $'

=(21) "(#! X)e2 TI[#PSH (#P + 6)$' ]

2P aq

(#! x)2€f %epup! 4 #(P“q! + P qMu) ! #g Péq%
. ( 0

quq)+ 2# PH | qHPaq

0 P ag o - A o8

_(ZI)ZPaq

=(#"(#! x)ef ! (g"%!
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A Parton Model Calculation

¥ As alittle exercise, letOs calculate the contribution of a parton of type i, carrying the
fractiont of the nucleon momentum, to the partonic tensor:

- 4 A s
el = ((211242' (PEYRTE (P + at p) "#PRN O)PFP1I Q)P
4 spin
=(1)"((#P + q)%) "#P|I™ (0)|#P + gr'#P + q|J' (0)|#P#
spin
=21)"((#P + q)° ) Tr[#PSH (#P + §)$' ]
=(2")"((2#P ag+ q )eZ TI[#PSH (#P + ) $'
e2
- u
= (2! )2P aq "(#] x) Tr[#PSH (#P + ) $' ]
| | | | 7 %
=(21!) "(#! x)2€f #2P“P' + #(P“q' + P'q"u)! #g"' P &g
2P ag 2 ( 0
_ " g 2 P ag | P ag
=(21)#"#! x)e ! ("% ? )+P_6m| PH1 o 2 P'I g 2
As expected for elastic scattering, the result is ~ §(1 — &) with & = 2%_2(1 = &,
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F and E in the Parton Model

¥ A parton of type i, carrying the fractionof the nucleon momentum, gives the
following contribution to the hadronic tensor:

Paq _
q2 ’ q q2

o o gid . 2
et = @21)#(" ! x)e? ! (g ! qqg )+ pag P

¥ If there arefi(g)dg partons of type with a momentum fraction between
€ andt +d €, we have

1
W =Z/X %fi(f)wi‘“

¥ One obtains the following structure functions:

Fi(x) = efi(x) , Fa(x)=2xFy(x)

NI
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F and k in the Parton Model

¥ This model provides an explicit realizationRjbrken scaling
¥ ThecCallan-Gross relation  FL=F»-F1=0 impliesF2=2x F 1=F1

¥ The observation of this property provides further support of the fact that the
partons are spin-1/2 fermions

¥ |f the partons were spin-0 particlese would havé=t=0 and hence >=F
¥ Caveats and puzzles (to be addressed later):

¥ The naive parton model assumes that the partonsfare.
How can this be true in a strongly bound state?

¥ One would like to have a Peld theoretic description (QCD) of what is going on,
Including the effects of interactions and quantum [3uctuations.
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F is small but not zero

Q?=24GeV? ]

¥ cCallan-Gross relation:  F.=0

¥ FLisnon-zero if:

¥ quarks are massive

1 AFZ
__—QFL

1 = ZEUS-JETS

¥ Z-boson exchange is included

¥ QCD corrections are included

We note that F. is quite smaller thafk.
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F
En

ks

Fy?
Fy"
FyP
Fy"
Fy?
Fy"
FyP
Fy"

_|_

i+

iy |u+u—+c+
12 [d+d+ s+ 5]
sxld+d+c+e
lx|lu+u+ s+ 3
2¢ |d 4+ s + 4 + ¢
2% :u——s——cf——é
2% :u——c——J——E:

Homework Problem

Leading order parton model expressions for structure functions+il —e+X ("-exchange)
andv: +N = +X DIS, assuming a diagoadM -matrix,m =0

2¢ |d 4+ ¢+ u + 5
2|/d+s—u— ¢

2ﬁ+3—§—§

2lu+c—d—38

2|d+c—u— 5|

¥ Verify this list!
Check for isospin symmetry,
How are the structure functions3
In neutrino and anti-neutrino DIS
related?

These different observables are
used to dis-entangle the 3avor
structure of the PDFs
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Homework Problem

Verify the following sum rules in the parton model:

"HE%8 Hda FYn RV =1
l()**+ 0 23(; 2

<-&=%6 tda vp vp

041+ 27 B - FP =1

890.:

1
&-2213%%4%%$$567 / dr [F?I:’P e F?I):’P} — 6
0%+ 0

© 1 gx 1 Experimentally@ Q=4 Ge\?
’_-"/fi(l%# ifa=d _[|:2 P er”] = —  15=0.235 +/- 0.026
0 . 3  Conclusion? [chep-ph/0311091L
>-9%4-&= 5
)22+ —FYN — FENV = FN = (FP+F)2 (1=1,e)

18
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Homework Problem

¥ Calculate the structure functionsi(x) andF2(x) for a massless spin-0 parton OiO of
electric chargesi and parton distributionyi(x) .

ST
The scalar-scalar-photon vertex reads: g | iegg(p' + P
g=pO-p
) ) HI _ 2 I "
The result for the partonic tensor is: \U; — e x> p, pl(" ! x)

" Q

How do the results change if the incoming parton remains massless but the outgoing part
has a mass m?
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The End
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