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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

QCD works, but are quarks real or mathematical

constructions?

@ use eA — eA’

@ electrons or muons pointlike probe possibly non-pointlike
objects

@ Fixed target experiments:

@ SLAC: 1GeV< E <30GeV
@ FERMILAB/CERN: E ~300GeV

@ Colliding beams experiment:
e DESY (HERA): E. =20GeV, E, =800GeV
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Process
@ incoming electron k
@ outgoing electron k’
@ emission of photon
q=k-K
@ incoming nucleon A p

@ outgoing nucleon A’ p’
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o
A @ M: mass of the nucleon A
@ E: energy of the incoming

electron (ref:lab)

@ E’: energy of the outgoing
@ incoming electron k electron (ref:lab)
@ outgoing electron k'’ @ 0: scattering angle in lab
@ emission of photon frame
—k — K . :
q=k-k k is known, k’ is reconstructed

@ incoming nucleon A p from E’ and ¢
@ outgoing nucleon A’ p’ '
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@ beam energy: 5% = EM —
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cooo<

Definitions

@ beam energy: 5% = EM —

N
o scattered electron energy: 2 = EM _ g/

>
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M E
(3] |
0 E
@ beam energy: 5% = EM —

@ scattered electron energy: & LS EM—F
e m, <0:Q%=—q2=2EE’ (1 — cose) = 4EE'sin? ¢

>

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

cooo<
Mo om

@ beam energy: 5% = EM —

M

@ scattered electron energy: p,;,'l" =EM-F’

@ m, <0:Q?=—q? = 2EE'(1 - cos ) = 4EE’sin* &

@ energy transfer in lab system: v = F,’\,I—q = k) _E _E

>
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@ beam energy: 5% = EM —

@ scattered electron energy: p,;,'l" =EM-F’
@ m, <0:Q?=—q? = 2EE'(1 - cos ) = 4EE’sin* &

i - — Pq _ p(kK) _
@ energy transfer in lab system: v = 17 = 55— =E — E’

@ Bjorken scale variable: x = % with0 <x <1

>
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cooo<
Mo om

@ beam energy: 5% = EM —
@ scattered electron energy: p,;,'l" =EM-F’
@ m, <0:Q?=—q? = 2EE'(1 - cos ) = 4EE’sin* &
i ., — bg _ p(k=k) _
@ energy transfer in lab system: v = T = % =E-F
@ Bjorken scale variable: x = % with0 <x <1
: : E—E’ wi
@ Energy transfer over maximal energy: y = ¢ = == with
0<y<1

>
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Scattering of an electron on a
point-like object (proton):
R Mott
| ]
|

Al C— W2 Gev
\ - W=3 Gev
+—-W=35 6eV

do  e* cos? §
dQ2 4E2 sin4%

T

E |
%idz‘t— \ 3 [*) LOW Q2
N\ 7
[ e ] @ E =7GeV and
| N f E = 17GeV
0 ELASTI T
G @ angles: 6°, 10°
\\\ ] @ not compatible with Mott
ot— s
o 2 3 4 5 6 T
na(Gewc)’Z
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Dirac ation for adjoint spinor

i'yuapﬂﬁ —my = 0
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Dirac equation for adjoint spinor
iv"0, ¢ — my =0
— () Oy — my* =0
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Dirac equation for adjoint spinor

10,4 — mep -0
—i(7#)* 8" — my* -0
—i(9uyT)(v#)t — mept =0
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Dirac equation for adjoint spinor
iv"0, ¢ — my =
—i(y") 0t — my* =
— i(@u01)(y#) — myf =
— (8 ")y () — myptye =

O O oo
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i'yuapﬂﬁ —my =
— (") Oup* — myp*
—i( uW)(V“)T — myp! =
— 1Bt (v) 1y — mylye =
—i(0u)y (7")*7 - my =

O O oOooo
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i, — Mo _

— (") Oup* — myp*

—i( ;ﬂlﬁ)(v“)T — my! =

—i(0uyN)° 7 () 1° — myply° =
— (0,
—i(

O OO OOoOOo

D)y (7")*7 - md =
uw)’Y“ —my =
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i'yuapﬂﬁ —my =
—i(y*) Ouyp* — my*
—i( ;ﬂl}*)(v“)T — my! =
—i(0uyN)° 7 () 1° — myply° =
—i1(Bu)y° (V) 1y° — my
—i( lﬂp)’Y“ - m"‘/J
'(@W)W“ + my =

OO O0OO0OOOoOOo
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i’y”@Mﬁ —my =
—i(y*) Ouyp* — my* =
—i( ;ﬂl}*)(v”)T — myp! =
(B )1 ()" — My =
— (B (¥)y° —my =
—i( lﬂp)’Y“ - m¢ =
'(@W)V“ + my =

OO O0OO0OOOoOOo

EM current conserved

au,ju = u[ 915’7“1/1]
= —¢ u¢)yﬂ¢ - emua“@z) Dirac
= —imeyy + iemyy Dirac adjoint
=0
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A’ mass of target plus
photon

(P+0)? = p?+2-p-q+0?
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A’ mass of target plus
photon

(P+9)* = p?+2-p-q+0g?
= M24+2.M.v—Q?
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A’ mass of target plus

photon

(P+a)P? = p°+2-p-q+9°
M24+2.-M-v—Q?

M2 < M242.M.v—Q?
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(In)-Elastic scattering

e 2Mv > Q2

A’ mass of target plus

photon

(P+a)P? = p°+2-p-q+9°
M2+2.-M-v—Q?

M? < M242-M-v—Q?2
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(In)-Elastic scattering

e 2Mv > Q2

Ti = 4ral(k)y u(k) W,

A’ mass of target plus
photon

(P+0)? = p?+2-p-q+0?

= M242-M.v—Q?
M? < M242-M-v—Q?2
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(In)-Elastic scattering

e 2Mv > Q2

Ti = 4ral(k)y u(k)zW,
do ~ LMWEY

A’ mass of target plus

photon

(P+0)? = p?+2-p-q+0?

= M242-M.v—Q?
M? < M242-M-v—Q?2
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(In)-Elastic scattering

e 2Mv > Q2
A
Ti = 4ral(k)y u(k) W
do ~ LMWEY
A’: mass of target plus L = KkHK' + kvk™" — g (k - k')
photon

(P+0a)3? = p?+2-p-q+0q?
= M242-M.v—Q?
M? < M242-M-v—Q?2
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(In)-Elastic scattering
e 2Mv > Q2

A

Ti = 4ral(k)y u(k) W

do ~ LMWEY
A’: mass of target plus L = k“k”’+k k" — g (k - k)
photon

hadronic tensor:
(p+a)? = p?+2.-p-q+q? °
M21+2.M -V—Q2 Wuezl :f(W;uWV):f(paq)

M?2 < M24+2-M.-v—Q?
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(In)-Elastic scattering
e 2Mv > Q2

A

Ti = 4ral(k)y u(k) W

do ~ LMWEY
A’: mass of target plus L = k“k”’+k k" — g (k - k)
photon

hadronic tensor:
(p+a)? = p?+2.-p-q+q? °
M21+2.M -V—Q2 Wuezl :f(W;uWV):f(paq)

M?2 < M242.M.v—Q2 @ EMcurrent: p*W,,, =
(p/ - p)VWV,u — q”W,,M =0
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Bjorken Ansatz:

WEVN = (_g;w + qag,, )WfN (Vsz)
+ (P — 2B (p, — Q) LeN(, Q2)
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Bjorken Ansatz:

WEVN = (_g;w + qag,, )WfN (Vsz)
+ (P — 2B (p, — Q) LeN(, Q2)

doeN 402E"?
JE'0Q Q4

.50 0
[2WEN (v, Q?) sin? >+ WEN (v, Q?) cos? 5]
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Bjorken Ansatz:

WEVN = (_g;w + qag,, )WfN (Vsz)
+ (P — 2B (p, — Q) LeN(, Q2)

doeN 402E"?
JEOQ Q4

.50 0
[2WEN (v, Q?) sin? >+ WEN (v, Q?) cos? 5]

@ when 6 is small: measurement of W,
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Bjorken Ansatz:

WEVN = (_g;w + qag,, )WfN (Vsz)
+ (P — 2B (p, — Q) LeN(, Q2)

doeN 402E"?
JEOQ Q4

.50 0
[2WEN (v, Q?) sin? >+ WEN (v, Q?) cos? 5]

@ when 6 is small: measurement of W,
@ when 4 is large: measurement of Wy
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Bjorken Ansatz:

WEVN = (_g;w + qag,, )WfN (Vsz)
+ (P — 2B (p, — Q) LeN(, Q2)

doeN 402E"?
JEOQ Q4

.50 0
[2WEN (v, Q?) sin? >+ WEN (v, Q?) cos? 5]

@ when 6 is small: measurement of W,
@ when 4 is large: measurement of Wy
@ but ¢ large — suppressed by Q4 ~ sin* g
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Parton model
Bjorken: a nucleon is a beam of partons where x describes the

fraction of the nucleon momentum carried by the partons

2MW; (v, Q%) = Fl(x)+0(%) Magnetic SF
)+ O(5;) Electromagnetic SF

VWZ(”?QZ) = FZ(X Q2

Dirk Zerwas Particle Physics: The Standard Model
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Parton model

Bjorken: a nucleon is a beam of partons where x describes the
fraction of the nucleon momentum carried by the partons

2MW; (v, Q%) = Fl(x)+0(%) Magnetic SF
vWy(1,Q%) = Fu(x)+ O(3;z) Electromagnetic SF

The functions F1(x) and F»(x) are related to the probability to
find a parton (= quark):

2MW1(r,Q%) = 3 Qi(x)
Wo(r,Q%) = x 37 QEfi(x) +x 2og Qs (x)

Qi charge of the quark, s scalars (no magnetism!)
The probability only depends on x, not on Q% — scaling

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

BEAM
==, i
BHA
Fewall V2
EMC
+ 0?5 Gev
ls, a =27
oty @ 48 Gev
»
Py
4
)
¥
o
s
o 02 [ 0

Parton density functions
Sum Rules
Scaling Violation in DIS

SPECTROMETER
MAGNET w7

-l

EMC FORWARD SPECTROMETER

@ boost (300GeV on target at
rest) leads to forward
detection (problem solving)

@ to first order F5 is
independent of Q?, i.e.
scale invariant

@ QPM works to first order

Particle Physics: The Standard Model
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Callan-Gross 1969

Reo) - P20~ XF10) SPSERACSSS

Fa(x) ‘ﬂt
‘o ST
— 0 for Spin-1 %ﬂl”“ iFnnn

= 1 for Spin-0 e } T e
i

1983: R = -0.01£0.11

(SLAC) small x and small Q2
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Description of a Proton

d R
u .
u - d .
> TR > B!
u .
@ BREIT frame: (E = E’)
@ partons without transverse
momentum
@ |uud

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Description of a Proton

clc|a

YyvYY

cl|lcla

YyvYy

@ BREIT frame: (E = E’)

@ partons without transverse
momentum

@ |uud

@ |uud+ut+dd+ss+cc+...)
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Description of a Proton

clc|a

YyvYY

cl|lcla

YyvYy

@ BREIT frame: (E = E’)

@ partons without transverse
momentum

@ |uud

@ |uud+ut+dd+ss+cc+...)
@ u, dvalence quarks
@ s,.... see quarks
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Description of a Proton

d .
u .
u - d .
> TR - )
u .
@ BREIT frame: (E = E’)
@ partons without transverse o |uud+uli+ dd+ s+ cC+ )
momentum @ u, dvalence quarks
@ |uud

@ s,.... see quarks

@ non-zero transverse
momentum and gluon

Dirk Zerwas Particle Physics: The Standard Model
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Ansatz:
sz = X Eiezl Qizfip(x)
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Ansatz:
sz = X Eiezl Qizfip(x)
= x[g(R ) + (X)) + 5(FF(x) + f

Qs
—~
x
N
N—r
Ol
—~
—h
Chel
—~~
x
N
—h
05
—~~
X
N—r
N
—_
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Ansatz:
FY = xX0, QP (x)
= X[g(fE(x) + (X)) + 5(FF(x) +1§(x)) + §(fE(x) + & (x))]

fu(x) etc are the parton distribution function (PDF). Not a
probability because of the normalization:

JHE) —f(x)dx = 2
SR (x) =2 (x)dx =
[f0(x) —f2(x)dx = O

Dirk Zerwas Particle Physics: The Standard Model
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Ansatz:
FY = xX0, QP (x)
= X[g(fE(x) + (X)) + 5(FF(x) +1§(x)) + §(fE(x) + & (x))]

fu(x) etc are the parton distribution function (PDF). Not a
probability because of the normalization:

JRE) - fF)dx = 2
J10(x) —f2(x)dx =
[f2(x) —fB(x)dx = O

FJ of the neutron is then:

F = x[g(f0(x) + f0(x)) + (§ (x) + 1§ ()) + (1 () + £2(x))]

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

(ulp) = (ul12lp) = (UU™*(m)U(x)Ip) = (dIn)

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

{ulp) = (ul12|p) = (WU~ (m)U(m)Ip) = (dn)
is equal to the probability to find a d in a neutron:

FP = x[g(f§(x) +130x)) + (10 () + 1§ (x)) + 52 (x) + 18 (x))]

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

(ulp) = (ulL2|p) = (WU~ (m)U()Ip) = (dIn)
is equal to the probability to find a d in a neutron:
F = x[g(f§(x) +f3(x)) + 5(f8(x) + f2(x)) + 5(fL(x) + 2 (x))]
Going further:

& = fiv +1fls

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

{ulp) = (ul12|p) = (WU~ (m)U(m)Ip) = (dn)
is equal to the probability to find a d in a neutron:
F = x[g(fg (x) +£0x)) + (8 (x) + 1§ (x)) + (L (x) + 1 (x))]

Going further:

& = fiv +1fls
iP5 = 1Py =fPs =f0g..

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

{ulp) = (ul12|p) = (WU~ (m)U(m)Ip) = (dn)
is equal to the probability to find a d in a neutron:
F = x[g(fg (x) +£0x)) + (8 (x) + 1§ (x)) + (L (x) + 1 (x))]

Going further:

& = fiv +1fls
iP5 = 1Py =fPs =f0g..
FLoFD = x(thy - 1)

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

(ulp) = (ulL2|p) = (WU~ (m)U()Ip) = (dIn)
is equal to the probability to find a d in a neutron:
F = x[g(f§(x) +f3(x)) + 5(f8(x) + f2(x)) + 5(fL(x) + 2 (x))]
Going further:

& = fiv +1fls

—h

(';S :fsps :fsns....
R 31y
8y — 38v)

s =

Dirk Zerwas Particle Physics: The Standard Model
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(m)|u) = |d) The probability to find a u in a proton

{ulp) = (ul12|p) = (WU~ (m)U(m)Ip) = (dn)
is equal to the probability to find a d in a neutron:
F = x[g(fg (x) +£0x)) + (8 (x) + 1§ (x)) + (L (x) + 1 (x))]

Going further:

f = v +1ls
s — P =10 =10g....
FP—Fp = 3(-13)
= %(flﬁ)v_zflﬁ)V)
= Xff
56UV

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions

Sum Rules

Scaling Violation in DIS

0.04

0.02

T
® EMC (7< Q2 <170 GeV?)
© SLAC-MIT (2« 02 <20Gev?)]

02

SYST. ERROR

0t 06 0.8 1.0
X

FJ from u +H
FJ from ;. + D

correct and
subtract.....

distribution peaks at
0.3

essentially
independent of Q?
(scaling)
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Hland ZEUS
5 1 = 1r
= Q?=10 GeV? X Q?=10 GeV?
08 - 08 ¢ — HERAPDFL0
E I exp. uncert.
06 - 06 1 [ model uncert.
[ [ param uncert.
04l 04l
02 F 02 F “’A
0 £ L L
02 02
0 0
02 . . 02 L .
10° 10° 107 10" 1 10 10° 107 107 ]
X X
0 8 o 16 ¢
< 7E Q%=10 GeV? X 1 £ Q%=10 GeV?
6
5
4
3
2
1
0
02
0E
02 & . . . 02 . . .
10% 10° 102 10" 10 10° 10° 10" 1

X
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H1and ZEUS
| = 1ir
< Q?=10000GeV? | X | Q?=10000 GeV?
08 - 08 ¢ — HERAPDFL0
F I exp. uncert.
06 [ model uncert.
[ [ param uncert.
04
02|
ok
02
0 0
02 B L L L 02 [ o L L
10 10 10° 0 10 10 10 O
) 50 © 100
= Q?=10000 GeV? = 3 Q?%=10000 GeV?
40 F 80 N
60 |-
40
20F
ok
02 F
0F
02 & . . .
10° 10° 10° 10" 1

article Physics

X

he Standard Model
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H1and ZEUS H1and ZEUS
Y= 1 N 1
= Q= 1.9Gev? x Q?=10GeV?
08l ; HERAPDFL.0 o8l ; HERAPDF1.0
exp. uncert exp. uncert
[ model uncert N\ [ model uncert.

[ parametrization uncert. [ parametrization uncert. Xuy

06
¥g (x 0.05)

04

02

@ PDFs measured over a large range of x and Q?
@ small x strong increase of xg(x)

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scatterin
P 9 Parton density functions

Sum Rules

Scaling Violation in DIS

Parton Model Sum Rules
Baryonnumber:

/Z fg)dx =1

The baryonnumber is 1.

5 QCD Fits
' H1) exp uncertcnnty
G 085 o tH14BC
% H1 +BCDMS p+d)
o’
IS4 ® NMC QCD Fit
0.5 -
0.45 -
<
S
3
0.4 3
=
3
o
o
T




Deep Inelastic Scatterin
P 9 Parton density functions

Sum Rules

Scaling Violation in DIS

Parton Model Sum Rules
Baryonnumber:

/Z )dx =1

The baryonnumber is 1.
The hadron charge:

1
| aifacx = Q
0 q

QCD Fits

= (H1) exp uncertcnnty
55 " (H1%+BC]
i achve 2

® NMC QCD Fit

g(x,Q%)dx
o
w

J’x
©
w

0.45 -
<

5

041 g
g

g

H

o

S

0.35 . . L F

1 10 107 10°
Q@ /GeV?
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Parton Model Sum Rules
Baryonnumber:
€ gluon momentum

/ Z dx = 1 (integration):

1
X
—f dx =0.5
The baryonnumber is 1. /o 6w (x)dx

The hadron charge:

1
| > aitadx = Qu
0 q

QCD Fits
[B= (H1) exp uncertcnnty
= (H]+BCDMS p
i achve 2

® NMC QCD Fit

g(x,Q%)dx
o
&

J’x
©
w

The momentum: oas|
1 04 # é
/ X Z fidx =1—¢ g
0 j 038, 10 T T
Q* /GeV?
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Deep Inelastic Scattering

Parton density functions
Sum Rules

Scaling Violation in DIS

° fi(X) _ fi(X7Q2) ) Hland ZEUS

e HERAINCED
O  Fixed Target

== HERAPDF10

@ increase Q improves §
parton resolution 5




Deep Inelastic Scattering

QPM — QC
o fi(x) = fi(X7Q2)
@ increase Q improves
parton resolution

@ small Q parton p

U.ch(X’Qz) x2

Parton density functions
Sum Rules
Scaling Violation in DIS

Hland ZEUS

e HERAINCED

L O  Fixed Target
=== HERAPDF10

! ! ! ! ! !

1 10 10° 10° 10 10°



Deep Inelastic Scattering

QPM — QC
o fi(x) = fi(X7Q2)
@ increase Q improves
parton resolution

@ small Q parton p

@ increase Q
p=pP1+P2

Dirk Zerwas

Parton density functions
Sum Rules
Scaling Violation in DIS

Hland ZEUS

e HERAINCED
O  Fixed Target
=—— HERAPDF10
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Deep Inelastic Scattering

QPM — QC
o fi(x) = fi(X7Q2)
@ increase Q improves
parton resolution

@ small Q parton p

@ increase Q
Pp=pP1+P2

@ small x more
particles — f; 7

Dirk Zerwas

U,ch(x,Qz) x2

Parton density functions
Sum Rules
Scaling Violation in DIS

H1and ZEUS
X=0,00005, =21 e HERAINCEp
[ o= s, e
el eor — HERAPDF10
L o

x=0082,i7

x=005,i=6

X=008,1=5
x=013,i=4

M 02512
—D““mmam—“.n.w o

M oes i

L L L L L L
10°

Q% Gev?

x=018,i=3
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

QPM — QCD
o fi(x) = fi(X7Q2)
@ increase Q improves
parton resolution

Hland ZEUS

e HERAINCED
O  Fixed Target
=—— HERAPDF10

U,ch(x,Qz) x2
=

@ small Q parton p R
@ increase Q -
nOnOEE——seeseeseeseetese o &
P=p1+P2 OF e L IR
COSSTMESIRID S eetee—veestet e vty 0103

@ small x more LE ey

particles — f; 1 2 M :
10 E] x=065,i=0

@ large x less particles ‘ ‘ ‘ ‘ ‘

— fi l Q% Gev?
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

2 Hland ZEUS
@ fi(x) — fi(x,Q%)
. . «— e HERAINCE]
@ increase Q improves g = 5 e
&

parton resolution
@ small Q parton p

@ increase Q P
Pp=pP1+P2 o
@ small x more E
particles — f; |
@ large x less particles ‘ ‘ ‘ ‘ ‘
N fi l ’ * o o o 1(0352/ Gev?

@ Attempt to describe
evolution with Q2
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

8fi X7Q g dy
(9|(0ng 87:2 Z/ Ij (y7Q2)
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

8fi X7Q g dy
(9|(0ng 87:2 Z/ Ij (y7Q2)

@ proportional to g2
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

8fi X7Q g dy
(9|(0ng 87:2 Z/ Ij (y7Q2)

@ proportional to g2
@ daughter momentum x smaller than mother momentum y

1
=
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

8fi X7Q g dy
(9|(0ng 87:2 Z/ Ij (y7Q2)

@ proportional to g2
@ daughter momentum x smaller than mother momentum y

1
=

@ only depends on the relative longitudinal momenta §
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

8fi(X,Q gs dy
Toaer ~en X[ SriGno.@

@ proportional to g2
@ daughter momentum x smaller than mother momentum y

1
=

@ only depends on the relative longitudinal momenta §

Example:

41+ (1—x)? g

Pog() = 53— u

5 typical for radiation

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

8fi(X,Q gs dy
Toaer ~en X[ SriGno.@

@ proportional to g2
@ daughter momentum x smaller than mother momentum y
1
- Jx

@ only depends on the relative longitudinal momenta §

Example:

41+ (1—x)? g
P 7
Gq( ) 3 X u
< typical for radiation
Derivation of functions — QCD
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Asymptotic freedom

Asymptotic freedom

@ p, p’ are fixed!

infrared catastrophy for

111
e IHOI2pIp’I

@ cured by compensation
real/virtual diagrams

(]

Electron in (out): p (p’)

Photon: | _ @ ultraviolet catastrophy:
inner Electron in (out): p — I, | — 0o
(p"=1) @ logarithmic divergence
I d41 1 I/km P —lAm @ renormalization and

12 (p—1)2—m?Z (p'—1)2—m? larisati
I 44 1 g Jim o' —I/m regularisation

|2 p2 m2— 2p|+|2 p’?—m2—2p’I+I2

p—lAm p'—1lAm

4
fd I —2pl+12 —2p/1+12
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Asymptotic freedom

QED QCD

a 2y _ QEM B 127
()= 15 T @) OS(QZ)“(33-2waog(Q2/Aa

with A ~ 200MeV, Ns number of

o’@ .
180 e active flavors (max 6 quarks)
_ 4 ® TOPAZ and OPAL mensurements
145 £ 48O L it oy and Apy 3
ML * electroweak fit E
O 05 T2
135 ,
\ adQ)
130 a5 (Q) \ s a Deep Inelastic Scattering
B s ceLL 04!\ oe €& Annihilation
125 5 Rl k! 0@ Heavy Quarkonia
120 TR
5 orat
u 03
110 |
105 |
200 Bt 0.2
20 40 60 80 100 120 140 160 180 200
q/ GeV
0.1
=QCD as(My)=0.1184 £ 0.0007
1 100

© Qreev)
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Asymptotic freedom

o @ 05 July 2009
Q)

04

24 Deep Inelastic
ce gEAM
28 Heavy Quarkonia

Scattering
n

03
< s ot
125 5 il
120 L s [P0 02
115 opar
110 01
=QCD as(My)=0.1184 £ 0.0007

105 £ 1 ¢ - 10Z 100
100 Q[Gev]

@ energy T — coupling |
@ energy | — coupling 1 @ infinite at 0: bound state
@ finite (1/137) at 0 (non-perturbative)
@ large Q%: free quarks
(PQCD)
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Asymptotic freedom

05

ayQ) .
2 Deep Inelastic Scattering
04 oe €' Annihilation
o8 Heavy Quarkonia

July 2009

B
@ energy | — coupling 1 @ energy T — coupling |
@ finite (1/137) at 0 @ infinite at 0: bound state
@ shielding like a di-electric (non-perturbative)
medium @ large Q%: free quarks
@ Q2 1 resolves bare charge (PQCD)
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Asymptotic freedom

@ energy | — coupling 1 @ Color charge!
@ finite (1/137) at 0

@ shielding like a di-electric
medium

@ Q2 7 resolves bare charge

Dirk Zerwas Particle Physics: The Standard Model



Asymptotic freedom

@ energy | — coupling 1
@ finite (1/137) at 0

@ shielding like a di-electric
medium

@ Color charge!
@ shielding as in QED

@ Q2 7 resolves bare charge
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Asymptotic freedom

@ energy | — coupling 1
@ finite (1/137) at 0

@ shielding like a di-electric
medium

@ Q2 7 resolves bare charge

@ Color charge!

@ shielding as in QED

@ TGV changes the shielding
to anti-shielding

Dirk Zerwas Particle Physics: The Standard Model



Measurement of R

remember: quark-photon
vertex ~ q

R _ Diolee—a)

T olete—ptpT)

= Yi08Nc

The ratio is sensitive to the
number of colors!

@ treat quarks as free
particles

@ hadronization does not

Dirk Zerwas Particle Physics: The Standard Model



Measurement of R

remember: quark-photon
vertex ~ q

R _ Diolee—a)

T olete—ptpT)

= Yi08Nc

The ratio is sensitive to the
number of colors!
@ /s >10GeV R =

3><(3><%2+2><%

1

3

@ treat quarks as free
particles

@ hadronization does not
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Measurement of R

remember: quark-photon

vertex ~ q
_ 2io(ere —qa)i
R = U(e*ez’—eru’)
= 2iafNc

The ratio is sensitive to the
number of colors!

@ /s >10GeV R =
3x(BxL¥42x)=1

3 3
@ 2.5GeV < /s < 10GeV
R =
@ treat quarks as free 3x(2x %2 +2x %2) =1
particles
@ hadronization does not
di h mes omen
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Measurement of R

remember: quark-photon

vertex ~ q
_ 2io(ere —qa)i
R = U(e*ez’—eru’)
= 2iafNc

The ratio is sensitive to the
number of colors!
@ /s >10GeV R =
3><(3><12+2><%2):H

3 3
@ 2.5GeV < /s < 10GeV
R =
@ treat quarks as free 3x(2x %2 +2x %2) =1
particles @ 1GeV < /s < 2.5GeV
@ hadronization does not R = 3x(2x %2+1>< %2) B
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Measurement of R

@ ADONE (QED)
@ PETRA (data)

@ in agreement with quark
counting

@ resonances spoil

T T T T T

vLENA * ORSAY © CELLO
SDASPI @ FRASCATI T JRDE ]
HECLEQ © NOVOSIBIRSK + MARK T
5 DHHM * SLAG-LBL v PLUTO
© DASP. + TASSO

SRR R

W (Gev)
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The gluon

® Quarks and gluons are
bound in hadrons

@ Color is compatible with 3

@ the gluon carries O(50%)
or the proton momentum

® SU(3)c the gluoniis a
spin-1 particle

ete~ — gg not possible
efe” — qqg

LAB frame is CM frame
Problem: Hadronization

© © 6 ¢ ¢

reconstruct jets
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The gluon

o

e © 6 6 ¢

Quarks and gluons are
bound in hadrons

Color is compatible with 3

the gluon carries O(50%)
or the proton momentum

SU(3)c the gluonis a
spin-1 particle

ete~ — gg not possible
e"e” — qqg

LAB frame is CM frame
Problem: Hadronization
reconstruct jets

@

Two jets above threshold:

Transverse momentum
~ 200MeV
Boost collimates
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The gluon

Remember infrared

catastrophy: B
W=34GeV
olete” — qog) = o I
*
4 ¢
Reason: 0
cannot distinguish left from HTUITI T 05 05 07 08
right. ot
Solution: define infrared-safe
Observables I|ke thrust: o thrust memorizes the
o - A quark spin
T = max 2P Al b
Sl @ compatible with Spin-3
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@ collimated 2jets: T =1

—-1-T=0

@ gg: 1 — T should decrease
to 0 as function of energy

@ gluon should increase

1 — T (more isotropical)

1- Average thrust

02—

005

- at
— qi+5qg
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The gluon

@ collimated 2jets: T =1
—-1-T=0

@ gg: 1 — T should decrease
to 0 as function of energy

@ gluon should increase

0.2

015 -

i
1 — T (more isotropical) 5o
@ distribution compatible with 3
qq9 s
Cg P o 9 m
Wi{Gev]
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The gluon

@ collimated 2jets: T =1
—-1-T=0

@ gg: 1 — T should decrease
to 0 as function of energy

@ gluon should increase
1 — T (more isotropical)

@ distribution compatible with
qag oo -

0.2

1- Average thrust

olaus o1 il [

More Jet Algorithms in Problem Solving
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