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3. Study of QCD in deep inelastic scattering (DIS)

HERA:

maximum resolution:

Electron

Courtesy: H.C. Schultz-Coulon
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3.2 DIS in the quark parton model (QPM)

e (k) e’ (K « Elastic scattering: W =M

= only one free variable
2
Q” 4
2Mv

« Inelastic scattering: W =M

X(p) —scattering described by
2 independent variables

Proton
M (E.v), (@Q%X%), (X.Y), -..

x = fractional momentum of struck quark Q2
= SX =

y = Pg/Pk = fractional energy transfer in 2y $ = CMS energy

proton rest frame Q (Bjorken x)

2Mv

v = E - E’' = energy transfer in lab

Cross section in quark parton model (QPM)

Elastic scattering on single quark

e*(k) e*(k’

elastic 2(9 Q2 . 29
—(k k') oo —(cos St oS’
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o ZZCIi(X)O'i o
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Parton density g,(x)dx : Probability to find
parton i in momentum interval [X, x+dx]

d’c ([ 4ra? 20 Q% 50
7dQ2dx (Q J '[e -q;(&)-o(x - f)df[cos +2 2|v|25|n ZJ

~
Structure functions

F(x) =X [efa(&)- o(x - £)dg = x Y efa(x)
(0 = ea ()

dQ?%dx Q4 2

l Kinematical relations

J (a-y)Re) + xy?R(0)

d’o = Ama” F(X)cos —+2F(x) Q sin2 2
E X

d?c B Arza®
dQdx | Q%

Deep inelastic electron-proton scattering:
* Free partons: F,=F,(x) < “scaling”

* Spin ¥z partons: 2xF,(x) = F,(x)
(Callan-Gross relation)
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SLAC/MIT Experiment (1969)

e beam, up to 20 GeV

””””””” Spectrometer at fixed 6

A—pp <[0.19%; 0.25%] ap

—~0.1% A#~0.7mrad
P

Dipole and quadrupole
magnets

Cherenkov counter for
e/n separation

| o
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3 02| \ Measured inelastic risevet
; A cross section
I .Y 1
| \ . Structure function F, (=vW,) depends
| | only on the dimensionless variable x:
03 N ELASTIC ) 2
" / . SCAT TERING 1 - Q
' ~1/q® assuming dipole . 2Mv
formula of form factors . 1 — Scale invariance: “scaling”
ot é" ) Indicates elastic scattering at point-like
' A T free constituents of the proton: partons
qQ- 1L !
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Jerome I. Friedman | Henry W. Kendall | Richard E. Taylor

"for their pioneering investigations concerning deep inelastic scattering of
electrons on protons and bound neutrons, which have been of essential
importance for the development of the quark model in particle physics"

3.3 Structure functions — Nucleon structure

Proton model F(X) = XZ e’q,(x)
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Sea and valence quarks in the proton

} valence quarks

Q20 OCc

} sea quarks

_| Quark composition of the proton |

u, +u, +d, +(Ug +0,)+(d, +d.)+(s, +S)

Sea: Heavy quark contribution strongly suppressed

B N ez
” —iZei q;(x)

=g(up(x)+Gp(x»+%(dp(x)+6”<x))+g(sp(x)+§p(x»

—| Quark composition of the neutron I

B (x) _ 2
ZT—iZei g, (%)

:g(u%x)+H"(x))+g(d"(x)+J"<x))+§<s"<x)+§"<x»

() _4
9

(d(x)+d(x))+ l(u(x) +U(x) +S(x)+5(x))
9

ﬂ Iso-spin symmetry |_

u"(x) =d”(x) =d(x)

d"(x) =u"(x) =u(x)
In total 6 unknown quark distributions = $"(X) = SP(X) = S(X)

_|: q"(x)=9°(x) =q(x)
Sum rules

j u(x) - a(x)dx = j u, (x)dx = 2
0 0

_ _ _ 1 valence
q'(x) =, (x) + A5 (%) d()-d(x)dx =[ d, (dx =1
q'(x) = Gs(x) °

(9 (X) -, (x))dx=0 sea

Ot—— ik Ot—pr
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Sum of quark momentum

—I Scattering at an iso-scalar target N: #p = #n (e.g. C, Ca) I

1 5 —_ — 1 _
FY=Z|F® +F"|=—x-[u+0+d+d]+=x-[s+S§
2 2[2 2] 18 [ ] 9 [s+5]

~ 2 x. [u+u+d+d]= 3[Sum of all quark momenta)
18 18

~—

Small s quark distribution neglected

momentum

i : 18 (1_,
Naively one expects: — Io FN(x)dx ~ 1
18 2
Experimental observation: 5 _L FN(x)dx ~ 0.5

« probed quarks and anti-quarks carry only 50% of nucleon

* Remaining momentum carried by gluons (see later)

3.4 Neutrino nucleon scattering

v.N = uX

* More information on quark distribution

« Separation between quarks / anti-quarks

v, T~ H
wW

I AR
'“l/—ts_
do(v,N > u"X) Y
dy - = ==
7y
do(@WN > u'X)
dy - —_ '_>_'_

— FE"®(x) and F'"(x)

— F(x) and F""(x)
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—| Structure functions for neutrino scattering

|7

Fivn — F vp

Fivp — Fi17n

FSVN — _F3VN
for parity violation

} Equal because of Charge symmetry

F = %(Fivp +F") = %(Ff” +FE?)=F™ fori=12

Additional structure function to account

—I Double differential cross section: Scattering at iso-scalar target Ii

4ra® G
Q* 2r

d?o(WN,iN) ey L Y e _ Yy
dXdy_ZME(l YIE"(X) + 7 2xFT(x)xy(@ 2)xF3 (X):|

%{—/

to account for
parity violation

< <

—| Structure functions in QPM I

1
F1VN = EF;N
F,” = 2x[d + 0]
" = 2x[d" +T"]

=2x[u +d]

xF,? = 2x[d — U]
xF," =2x[d" —u"]
=2x[u—-d]

Iso-scalar wep FN = x[u+0+d+d]

target .
F" = x[Q(x) +Q (x)]

XFN = x[(u +d) - (T +d)]
XFN = X[Q(x) - Q (X)]

— J
'

Measures sum of
quarks and anti-quarks

Measurement: F,™ + xF;"

- _/
Y

Measures valence
quarks

=2xQ(x) == Sea and valence quarks

FN - xFN =2xQ(x) = Sea quarks
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CHDS (CERN-Dortmund-Heidelberg-Saclay) Experiment
CDHS NEUTRINO DETECTOR 1200 t steel

15 MAGNETISIERTE Fe-S

{TILLATOR - KALORIMETER 19 DRIFT - KAMMERN
10m 4

Roum = 159
Event = d1?

E_lot = 3998 GV
E mu w1575 GeV

. .. J|i|uln|lkluluh]uh
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s CCF

* HEP

"3\ a coF

@ + CDH

10 < @2 < 30 (GeV?) l- COHS X 1.07
F

AR % 0.90

s EMC X 188

=085 x 185

(o COHS X 1.07

RA > 0.90

iS5 X 1.07

0.8 1.0

Parton distribution in eN and vN

scattering

Question:

Do the parton distribution seen in electro-
magnetic (F,N) and in weak interaction
(F,eN) agree ?

M0 xQ00+Q(9] 18
erN (x) 5 5

3

: T Gargamelle

E%[Q(X)H?(X)] 1=

T

Factor from fractional charge

Answer:

« e.m. and weak quark structure is the same B

 Factor 18/5 — fractional quark charge

\
P
!
e

1 1

10
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Summary: eN and vN scattering (N=iso-scalar target)

——eN scattering |

d2c®N 3 2ra?

dxdy  Q*

P29 = 12 X0 +Q(¥)

xs[1+@-yy2] % R +Q()]

—|vN + VN scattering |

do” _ G yslom)+@-y)2 - Q)]

dxdy 27

o™ G2, _
Sy —zﬂxs[(l ¥)?-Q(x)+Q(x)]

R0 =xQ0)+Q ()] BN =xQ(x)-Q(x)|
M) = xR()+Q ()| FM(x) = x[Q(x) -Q(x)]

11



