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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
o FERMILAB/CERN: E ~300GeV

@ Colliding beams experiment:
o DESY (HERA): Ec =20GeV, E, =800GeV
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Process

@ incoming electron k
@ outgoing electron k’

@ emission of photon
q=k-—k
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Process
@ incoming electron k
@ outgoing electron k’
@ emission of photon
q=k-—k
@ incoming nucleon A p
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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'’ @ ¢: 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 6
@ outgoing nucleon A’ p’ '
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@ beam energy: 5% = EM _
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Definitions

@ beam energy: 5% = EM _

.k’ .
o scattered electron energy: X = EM _ g/
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Definitions

@ beam energy: 5% = EM _

.k’ .
o scattered electron energy: X = EM _ g/

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

-
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@ beam energy: 5% = EM _

@ scattered electron energy: 2X — EM _ g/
@ m, <0: Q%= —q? = 2EE'(1 - cos ) = 4EE'sin? §

@ energy transfer in lab system: v

-
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cooo<
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@ beam energy: 5% = EM _
.k’ .
o scattered electron energy: X = EM _ g/

@ m, <0: Q%= —q? = 2EE'(1 - cos ) = 4EE'sin? §
@ energy transfer in lab system: v = £ = W =E—-FE’

@ Bjorken scale variable: x = 29,\% with0 <x <1

-
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@ beam energy: 5% = EM _
.k’ .
o scattered electron energy: X = EM _ g/

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

i ., ba _ p(k=k) _
@ energy transfer in lab system: v = 8 = B52=) — E — F/
@ Bjorken scale variable: x = 29,\% with0 <x <1

@ Energy transfer over maximal energy: y = £ = E=E* with
0<y<1
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Scattering of an electron on a
point-like object (proton):
R Mott
| ]
|

M C— W2 Gev
i C W3 Gev
s —-W:35 Gev

do  e* cos?}

Io-f_ e E dQ ~ 4E2 sin4g
N |0’E'r— \ g @ Low Q2

‘ N ]

i \ ] @ E =7GeV and

} S e - E =17GeV
o ELASTI =

g @ angles: 6°, 10°
\\_\ ] @ not compatible with Mott

ot s

o 2 F 4 5 <] T

qztGeWc)-E
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tion for adjoint spi

o

iy 0,1 — M =
() u” — my* -

o
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Dirac equation for adjoint spinor

410, — My =0
—i(3) By — - 0
— (0.0 (7)" — mut = 0
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Dirac equation for adjoint spinor

10,0 — mep _
—i(y") 0" — my*
— (0" (v*)T — my' =
— (BT (v) T — mylye =

O O oo
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Dirac equation for adjoint spinor

i')’uauw — my =
—i(y") 0" — my*
— (9, 9T)(v#)" — mept =
— (O (YY) y° — mytye =
—i1(BuP)y° (V) 1y° — my

I
Ooooo
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Dirac equation for adjoint spinor

i')’uauw — my =
—i(y*)* Ouyp* — my* =
— (9, 9T)(v#)" — mept =
— (O (YY) y° — mytye =
—i1(Bu)y°(v*)1y° — my =
—i(Ou)y* — myp =

O OO O oo
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Dirac equation for adjoint spinor

i')’uauw — my =
— () Oup* — my* =
— i(8uppt)(v#)T — mypt —
— (O (YY) y° — mytye =
— (B (v*)17° — m3 =
— (O — my =
i(Ou )y + My =

[eNeolNoloNoNoNe
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Dirac equation for adjoint spinor

i')’uauw — my =
— (") 0" — my* =
—i(0uy")(y*)t — myt =
— (O (YY) y° — mytye =
— (B (v*)17° — m3 =
— i(Quy)y" — my =
{(Oup)v™ + mep =

[eNeolNoloNoNoNe

EM current conserved

Ou* = Oul-edyty]l
= —e(0u)Y Y — ey oL Dirac
= —imen) + iemynp Dirac adjoint
=0

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

A’ mass of target plus
photon

(P+9)®? = p?+2-p-q+09?
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A’ mass of target plus
photon

(P+a)? = p?+2-p-q+9?
= M2+2-M-v-Q?
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A’ mass of target plus
photon

(P+0)® = p?+2-p-q+0?
M2+2.-M-v—Q?
M? < M242-M-v—Q?2
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(In)-Elastic scattering

e 2Mv > Q?

A’ mass of target plus
photon

(P+0)® = p?+2-p-q+0?
M2+2.-M-v—Q?
M? < M242-M-v—Q?2
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(In)-Elastic scattering

e 2Mv > Q?

Ti = 4ral(k)y*u(k)zW,

A’ mass of target plus
photon

(P+9)®? = p?+2-p-q+09?

= M242-M.-v—Q?
M? < M242-M-v—Q?2

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering Parton density functions

Sum Rules
Scaling Violation in DIS

(In)-Elastic scattering

e 2Mv > Q?

Ti = 4ral(k)y*u(k)zW,
do ~ L*WE

A’ mass of target plus

photon

(P+9)®? = p?+2-p-q+09?

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

e 2Mv > Q?
A
Ti = 4ral(k)y u(k)zW
do ~ L*WE
A’: mass of target plus L = kKK + kvk" — gh¥(k - k')
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 > Q?

A

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

do ~ L*WE
A’: mass of target plus L = k“k”’+k”k”‘ g (k - k')
photon

hadronic tensor:
(p+a)? = p2+2.p-q+q?
M2—|—2-|\/|-V—Q2 W’/eg:f(WWWV):f(p7q)

M?2 < M242-M.-v—Q?
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(In)-Elastic scattering
e 2Mv > Q?

A

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

do ~ L*WE
A’: mass of target plus L = k“k”’+k”k”‘ g (k - k')
photon

hadronic tensor:
(p+a)? = p2+2.p-q+q?
M2—|—2-|\/|-V—Q2 W’/eg:f(WWWV):f(p7q)

M2 < M24+2.M-v—Q2 @ EMcurrent: p*W,,, =
(P —P)"Wyy = q"Wy,, = 0

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Bjorken Ansatz:

WY = (—Gu + 23)WEN (1, Q%)
+ (P — 2B (p, — Q) LeN(, Q2)
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Bjorken Ansatz:

WY = (—Gu + 23)WEN (1, Q%)
+ (P — 2B (p, — Q) LeN(, Q2)

do®N  4a2E”
JE'OQ Q4

.50 6
[2WEN (v, Q?) sin? >+ WSN (v, Q?) cos? E]
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Bjorken Ansatz:

WY = (—Gu + 23)WEN (1, Q%)
+ (P — 2B (p, — Q) LeN(, Q2)

do®N  4a2E”
JE'OQ Q4

.50 6
[2WEN (v, Q?) sin? >+ WSN (v, Q?) cos? E]

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

WY = (—Gu + 23)WEN (1, Q%)
+ (P — 2B (p, — Q) LeN(, Q2)

do®N  4a2E”
JE'OQ Q4

.50 6
[2WEN (v, Q?) sin? >+ WSN (v, Q?) cos? E]

@ when 6 is small: measurement of W,
@ when 0 is large: measurement of W,
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Bjorken Ansatz:

WY = (—Gu + 23)WEN (1, Q%)
+ (P — 2B (p, — Q) LeN(, Q2)

do®N  4a2E”
JE'OQ Q4

.50 6
[2WEN (v, Q?) sin? >+ WSN (v, Q?) cos? E]

@ when 6 is small: measurement of W,

@ when 0 is large: measurement of W,
@ 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;(,Q?) = Fyi(x)+ O(&;) Magnetic SF

Wo(r,Q%) = Fz(x)+(’)(%) Electromagnetic SF

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
Wo(r,Q%) = Fa(x) + O(g;) Electromagnetic SF

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

2MW;(1,Q%) = 37 QFfi(X)
Wo(r,Q?%) = x> Qizfi(x)"‘XZs Qafs(x)

Q; charge of the quark, s scalars (no magnetism!)
The probability only depends on x, not on Q2 — scaling

.
Dirk Zerwas Particle Physics: The Standard Model
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SPECTROMETER
MAGNET

it
— i |\N5

Fe wall V2
T @ boost (300GeV on target at
T, s rest) leads to forward
o fy, T detection (problem solving)
) s ] @ to first order F; is

; independent of Q?, i.e.
" e ] scale invariant
R @ QPM works to first order

Dirk Zerwas Particle Physics: The Standard Model



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Callan-Gross 1969

R(x) = F2() —XFa(x) T

Fa(x) ‘ﬂﬂ
‘o A
= 0 for Spin-3 %}”H } f Th

= 1 for Spin-0 T e
1983: R = -0.01+£0.11 =l }

o T { Eane “ .WA“ |

0.3 ” ) o [ + ' + Y‘ * t I i

‘ M R

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

d .
u .
u 4 d \
u_ _ -
u .
@ BREIT frame: (E = E’)
@ partons without transverse
momentum
@ |uud
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Description of a Proton

d N
u .
u 4 d .
u_ ~ -
u s
@ BREIT frame: (E = E’)
@ partons without transverse @ |uud+uT+dd+SSHCCH...)
momentum
@ |uud
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Description of a Proton

c|lc|a

Y vy

cl|c|a

Y vy

@ BREIT frame: (E = E’)

@ partons without transverse
momentum

@ |uud

@ |uud+uT+dd+SSHCCt...)
@ u, d valence quarks
@ s,.... see quarks
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Description of a Proton

d .
u .
u 4 d .
u_ ~ -
u .,
@ BREIT frame: (E = E’)
@ partons without transverse o |uud+utt dd+ssStcot )
momentum @ u, d valence quarks
@ |uud

@ s,.... see quarks

@ non-zero transverse
momentum and gluon

Dirk Zerwas Particle Physics: The Standard Model
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Ansatz:
FY = x 32, QP(x)
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Ansatz:
F) = x32,QP(x)
X[§(f8 () + F5(x)) + §(fg (x) + (X)) + (1 (x) + fE(x))]
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Ansatz:
F) = x32,QP(x)
= x[g(F§ () +F5(X)) + (FF () + 5 (%)) + 5(FE(x) + FS(x))]

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

[RRx) +fB(x)dx = 2
ST (x) +f2(x)dx =
() +fE(x)dx = 0

Dirk Zerwas Particle Physics: The Standard Model
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Ansatz:
FY = xX0, QP (x)
= X[5(f8(x) +f5(x)) + 5(FF(x) +F(x)) + (& (x) + F§(x))]

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

[RRx) +fB(x)dx = 2
ST (x) +f2(x)dx =
() +fE(x)dx = 0

FJ of the neutron is then:

F = x[5(I000) + F(x)) + (1§ () + f(x)) + 5(F(x) + F5(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(7)|u) = |d) The probability to find a u in a proton

(ulp) = (ul12|p) = (UU ™ (m)U(x)lp) = (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(7)|u) = |d) The probability to find a u in a proton

(ulp) = (u12lp) = (UU (MU (x)[p) = (dIn)
is equal to the probability to find a d in a neutron:

F = x[g(f§(x) +f2(x)) + (1 (x) + F§(x)) + 5 (x) + F2(x))]
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FJ of the neutron is related to the proton via SU(2)-Isospin:
U(7)|u) = |d) The probability to find a u in a proton

(ulp) = (ul12|p) = (WU~ (m)U(m)lp) = (dn)
is equal to the probability to find a d in a neutron:
F = x[g(f§(x) +f2(x)) + 5(ff(x) + f(x)) + 5(fE(x) + F2(x))]
Going further:

fl = v +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(7)|u) = |d) The probability to find a u in a proton

(ulp) = (u12lp) = (UU (MU (x)[p) = (dIn)
is equal to the probability to find a d in a neutron:
FD = x[3(500) +1200) + 3(H0 () + 1)) + F(R(x) + F2(x))]

Going further:

i3 = fov +fis
s = fPs—=1P ..

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(7)|u) = |d) The probability to find a u in a proton

(ulp) = (u12lp) = (UU (MU (x)[p) = (dIn)
is equal to the probability to find a d in a neutron:
FD = x[3(500) +1200) + 3(H0 () + 1)) + F(R(x) + F2(x))]

Going further:

i = fLE)V +fL'JDS
s = ffs=1ffs...
FP—F) = X(fy —15,)

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(7)|u) = |d) The probability to find a u in a proton

(ulp) = (u12lp) = (UU (MU (x)[p) = (dIn)
is equal to the probability to find a d in a neutron:
FD = x[3(500) +1200) + 3(H0 () + 1)) + F(R(x) + F2(x))]

Going further:

i3 = flv +1ls

s = fPs—1fP...

FPoFp = X1y 1)
= 3

WX WX

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(7)|u) = |d) The probability to find a u in a proton

(ulp) = (u12lp) = (UU (MU (x)[p) = (dIn)
is equal to the probability to find a d in a neutron:
FD = x[3(500) +1200) + 3(H0 () + 1)) + F(R(x) + F2(x))]

Going further:

& = flv +1s
s = fls =10
FP—F = 3(flv —fgy)
= E(ffv — 3f8v)
= XfP
6'uv

Dirk Zerwas Particle Physics: The Standard Model
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012 . . . . o sz from u+H
L] < 2< 1
oo - o ETEE?MIT[]iZ:’ngE%ELV’]_ @ FJ from 1+ D
’ °
noa L t + ¢+ | correct and
+ } 5 subtract.....
R ﬂ# . I o distribution peaks at
Y —# + . - 0.3
i t i @ essentiall
002 . y
0 . . e independent of Q2
(scaling)
006l SYST. ERROR
002 1 N
0 1
0 02 0.4 06 08 1.0
X
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Hland ZEUS
= 1 = 1r
= Q?=10 GeV? 2t Q?=10 GeV?
08 08 ¢ — HERAPDFL0
£ I exp. uncert.
06 06 [ model uncert.
[ [ param uncert.
04 04
02F 02 ‘—A
0 £ L L
02 02
0 0
02 . . 02 . .
10° 10° 107 107 1 10 10° 107 107 ]
X X
0 8 o 16
< 7E Q%=10 GeV? Xk Q%=10 GeV?
6
5
4
3
2
1
0
02 F
0E
02 =

=
o
|
N
S)
i
5F
N
5]
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Hland ZEUS
= 1 = 1r
= Q?=10000GeV? | X | Q?=10000 GeV?
08 08 ¢ — HERAPDFL0
E I exp. uncert.
06 1 model uncert.
[ [ param uncert.
04
02
ok
02
0 0
02 . . . 02 ! . .
10 10° 107 107 1 10 10° 107 107 ]
X X
) 50 © 100
= Q?=10000 GeV? = k Q?%=10000 GeV?
40 - 80 N
60 -
40
20F
ol
02 F
0F
02 | . . .
10* 10° 10° 10" 1

X
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Hland ZEUS H1and ZEUS
u— 1 u— 1
= = 1.9 Gev? = Q?=10GeV?
08l —— HERAPDF1.0 08l —— HERAPDF1.0
Il e uncert Il e uncert
[ modef uncert [ modef uncert

[ parametrization uncert. [ parametrization uncert.

xg (x 0.05)

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

Dirk Zerwas



Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

Parton Model Sum Rules
Baryonnumber:

1 1 -
/o ijé(fq —fgdx =1

The baryonnumber is 1.

k3 QcD Fits
o H1) exp. uncertainty
G 055 = (H14BCOMS p,
X H1+BCDMS p+d)
z
g ® NMC QCD Fit
0.5 -
0.45 -
c
§
g
0.4 - 5
k|
s
o
o
0.35 " . . T
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Parton Model Sum Rules
Baryonnumber:

1 1 -
/o ijé(fq —fgdx =1

The baryonnumber is 1.
The hadron charge:

aco Fits
.55 =

g(x,Q%)dx
o
[4)]

1
| > aifacx = Q
0 q

H1) exp. uncertainty
H1+BCDMS p)
H1+BCDMS p+d)

P

9 © NMC QCD Fit
0.5 -
0.45 -
0.4 -
0.35 L L L
1 10 10° i 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

1 1 H .
/o 3 %(fq _fgdx =1 (integration):
q

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

The hadron charge:

1
/ > gifqdx = Qy

0 q
The momentum: oas|

/ X Z fidx =1—e
O n 0.35
i

1 o 7 0
Q* /GeV?
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QCD Fits
| B2 (H1) exp. uncertainty
— {H1+BCDMS p)
H1+BCDMS p+d)

® NMC QCD Fit

g(x,Q%)dx
e
7

Ix
3
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

PM — QCD

o fi(x) — fi(x,Q?)

@ increase Q improves
parton resolution

Hland ZEUS

107
e HERAINCEp
O Fixed Target

—— HERAPDFL0

051

c,fNC(x,Q2) x2
=

1030
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

2 H1and ZEUS
® fi(x) = fi(x,Q?)
i I M e HERAINCED
© Increase Q improves g~ 5 pere
parton resolution St
@ small Q parton p
1 10 10 10 10 leGevz
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

PM — QCD

2 H1and ZEUS
® fi(x) = fi(x,Q?)
i 1 S HERA | NC €'p
@ increase Q improves 9wt Ty
parton resolution St
@ small Q parton p

@ increase Q
P=P1+P2 ol
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

PM — QCD

® fi(x) — (X,Qz) . H1and ZEUS

@ increase Q improves ot RN
parton resolution & o

@ small Q parton p

@ increase Q
P =P1+P2 o

@ small x more 'E
particles — f; |
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Deep Inelastic Scattering

Parton density functions
Sum Rules
Scaling Violation in DIS

@ fi(x) — fi(x,Q?) N
@ increase Q improves § :
parton resolution £
@ small Q parton p

Hland ZEUS

e HERAINCEp
O Fixed Target
—— HERAPDFL0

@ increase Q
p=p1+p2 ol

@ small x more 3 M

particles — f; 1 2 N#T,__q_]_
10 F] x=065,i=0

@ large x less particles S

1 10 10 10 10 10
— fi l Q% Gev?
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

2 H1land ZEUS
° fi(X)Hfi(XvQ ) ™ ok
) ) «— e HERAINCEp
@ increase Q improves g o 2 LERaroRto
i

parton resolution
@ small Q parton p

@ increase Q
P =P1+P2 o

@ small x more tE
particles — f; |

@ large x less particles ‘ ‘ ‘ ‘ ‘
—fil ' ? o g ° 1gzleev2

@ 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:

ofi(x, Q2 g2 ldy  x
W - S—:ZZ/X 7Pij(y)fj(y,Q2)
i
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:
A0 6 [y o
W_WJZ PG @%)

@ proportional to g2
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

ofi(x, Q2 g2 ldy  x
W - S—:ZZ/X 7Pij(y)fj(y,Q2)
i

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

1
= Jx
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

ofi(x, Q2 g2 ldy  x
W - S—:ZZ/X 7Pij(y)fj(y,Q2)
i

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

1
= Jx

@ 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:

ofi(x, Q? ) gS dy
9logQ2 ~ 8x2 Z/ Pi(5 (. Q%)

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

1
= Jx

@ only depends on the relative longitudinal momenta §

Example:

41+ (1—x)? g

Pogl) = 30y

1 . . .
< typical for radiation
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Deep Inelastic Scattering Parton density functions

Sum Rules

Scaling Violation in DIS

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi:

ofi(x, Q? ) gS dy
9logQ2 ~ 8x2 Z/ Pi(5 (. Q%)

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

@ only depends on the relative longitudinal momenta §

Example:

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

Asymptotic freedom

@ p, p’ are fixed!

infrared catastrophy for

111
o |—>0|2p|

@ cured by compensation
real/virtual diagrams

©

Electron in (out): p (p’)

Photon: | @ ultraviolet catastrophy:

inner Electron in (out): p — I, | — 0o

(p' =1 e
@ logarithmic divergence
[d43 p—lAm __ p'—lAm @ renormalization and
12 (p—1)2—m2 (p’—1)2—m? larisati
fd“ll p—lAm P —1Am regularisation
|2 p2—m2—2pl+12 p2_m2_2p’|+I2

p—lAm p'—lAm
2pI+I2 —2p’1+12
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Asymptotic freedom

QED QCD

127
(33— 2Ny) log(QZ/A2)

OEM (Qz) = 1— ZafEll\—/I[f(QZ) aS(QZ) =

with A ~ 200MeV, Ns number of

o’@ .
150 P active flavors (max 6 quarks)
4 ® TOPAZ and OPAL measurements 1
145 £ #4040 yand Agy 1
MLk * electroweak fit E|
L “0 ] 05 July 2009
; : adQ)
4@ 4 \ = a Deep Inelastic Scattering
R p il 04 oe ¢'e Annihilation
125 £ s o 3 o® Heavy Quarkonia
120 - TASSO yents. k)
s opAL
11 ] 03
110 f !
105 F 1
200 Bt ] 0.2
0 20 40 60 80 100 120 140 160 180 200
q/ GeV
0.1
=QCD as(Mz)=0.1184 +0.0007
1 100

 Qreev]
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Asymptotic freedom

05

150 AR ae] agQ) ||
A ® TOPAZ and OPAL measurements 1 \ 24 Deep Inelastic Scattering

145 £ #2040 oy and Ay B 04\ oe €' Annihilation
=8 Heavy Quarkonia

July 2009

40 | * electroweak fit
HOE o ]

03

)

Ewnr

F o Rk,
suare P
TAS0

o ]
ok ja i 02
OPAL |

01

1 ==QCD as(M;)=0.1184 + 0.0007
105 E| Q s(M2)
] 1 100

© Q[eev]

T R R R R T SO |
1000 20 40 60 80 100 120 140 160 180 200
q/ GeV

@ energy | — coupling |
@ energy T — 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

uS(Q.) ‘ 44 Deep Inelastic St_a:::vi]w
* =QCD as(M;)=0.1184 + 0.0007
1 10 0[Gev] 100
@ energy | — coupling 7 @ 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 7 — coupling 1 @ Color charge!
@ finite (1/137) at0

@ shielding like a di-electric
medium

@ Q2 7 resolves bare charge
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Asymptotic freedom

<>

@ Color charge!
@ shielding as in QED

@ energy 7 — coupling 1
@ finite (1/137) at0

@ shielding like a di-electric
medium

@ Q2 7 resolves bare charge
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Asymptotic freedom

@ energy 7 — coupling 1
@ finite (1/137) at0

@ 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 = >io(e”e”—qq;

T olete—putu)

= Y9N

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 = >io(e”e”—qq;

T olete—putu)

= Y9N

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

3x(3x 3 42x3)=1

@ treat quarks as free
particles

@ hadronization does not

Dirk Zerwas Particle Physics: The Standard Model



Measurement of R

@ treat quarks as free
particles

@ hadronization does not

remember: quark-photon
vertex ~ q

R = >io(e”e”—qq;

oleme-—utu~)

= Y9N

The ratio is sensitive to the
number of colors!

@ /s >10GeV R =
3x(3x 3 42x3)=1

@ 2.5GeV < /s < 10GeV
R —
3x(2x 1 4+2x 2 =1
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Measurement of R

@ treat quarks as free
particles

@ hadronization does not

Dirk Zerwas

remember: quark-photon
vertex ~ q

R = >io(e”e”—qq;

oleme-—utu~)

= Y9N

The ratio is sensitive to the
number of colors!
® /s> 1OGeV R =
3x(3x3 +2><22)_%
@ 2.5GeV < /s < 10GeV

olGeV<\f<256eV
—3><(2><3 +1x2 )—2
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Measurement of R

@ ADONE (QED)
@ PETRA (data)

@ in agreement with quark
counting

@ resonances spoill

§ o T L B S B T

! we TNy Ty YLENA ® ORSAY O CELLO B
T eoaSPT  scmasca dape
HCLEQ © NOVOSIBIRSK + MARK ]
| & DHHM X SLAG-LBL © PLUTO
o onsp <150
[ ) ‘ B
{ gl |
< 1) b +
s (i . & : s by TR ' g
G T TR o FERRRGL
| t
N i R i
L |
e
L]
a N 1 L 1 L L
E] 0 15 0 25 3 3 40 5

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 gluonis a
spin-1 particle

ete” — gg not possible
efe” -

LAB frame is CM frame
Problem: Hadronization
reconstruct jets

Dirk Zerwas Particle Physics: The Standard Model
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The gluon

(*)]

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
efe” - qQ

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: R
W=34GeV
olete” - q@) = I
(]
4 ¢
Reason: 7
Pq = P'q + Kg I ﬁ
cannot distinguish left from CET0I O3 0L 05 08 07 08
right. e
Solution: define infrared-safe
observables like thrust: @ thrust memorizes the
i quark spin
T= max(Z Lk ‘) @ compatible with Spin-
> Ipil patible with Spin-3
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The gluon

@ collimated 2jets: T =1

—1-T=0 Mj
® qq 1 — T should decrease
to 0 as function of energy ®=r
@ gluon should increase g
1 — T (more isotropical) R
H
) 005 - Ny -
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The gluon

@ collimated 2jets: T =1
—-1-T=0

@ gq1— T should decrease
to 0 as function of energy ol

@ gluon should increase
1 — T (more isotropical)

@ distribution compatible with
q Tg 0os \‘N‘\ _‘-_-

0.2 T

1- Average thrust
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The gluon

@ collimated 2jets: T =1
—-1-T=0

@ gq1— T should decrease
to 0 as function of energy

0.2

@ gluon should increase

H
1 — T (more isotropical) 5
o distribution compatible with 2
qu 005 - ‘-N\\-__“__
Cg 0 2 3 =
W{GeV]

More Jet Algorithms in Problem Solving
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