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L Introduction IntrOdUCtlon

Proton, we're told, is make of 2 up quarks, 1 down quark.

The picture seems consistent: up-charge = —1—%; down charge = —%
2 1
2xXx = —1x=-=+41
3 3 +

But is this right?

Formalism discussed by Prof. Veneziano allows us to look inside the proton
and find out for sure.
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L introduction Deep Inelastic Scattering: kinematics

DIS kinematics

We will be discussing Deep Inelastic Scattering (DIS) for 3/4 of seminar.

Recall what the process is and the main kinematic variables:

(1-y)E » x = momentum fraction of struck
e+ parton in proton
E Q2 » Q2 = photon virtuality <> transverse
resolution at which it probes proton
structure
xP » y = momentum fraction lost by photon

(in proton rest frame)
P

proton
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L introduction Deep Inelastic Scattering: kinematics

DIS kinematics

We will be discussing Deep Inelastic Scattering (DIS) for 3/4 of seminar.

Recall what the process is and the main kinematic variables:

(1-y)E » x = momentum fraction of struck
et parton in proton

E Q2 » Q2 = photon virtuality <> transverse
resolution at which it probes proton
structure

xP » y = momentum fraction lost by photon

(in proton rest frame)
P

Kinematic relation:

proton Q? = xys

\/s = c.o.m. energy



Introduction

DIS kinematics
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L

Deep Inelastic scattering (DIS): example

| P = 25030 GeV? y =056 x=0.50

jet

proton

H1

[m]

Run 122145 Event 69506

Date 19/09/1995
(=)
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DIS: photon exchange

Introduction
I—DIS X-sections

d2 em 4 2 1 1— 2
2 ~ X ( +( }/) erm—i-O(O(s))

dxdQ? — xQ* 2
x F5™ [structure function]

Fa = x(e2u(x) + e3d(x)) = x (gu(x) + éd(x))
[u(x), d(x): parton distribution functions (PDF)]

NB:

» use perturbative language for interactions of up and down quarks

» but distributions themselves have a non-perturbative origin.
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DIS: photon exchange

Introduction
I—DIS X-sections

d2 em 4 2 1 1— 2
2 ~ X < +( }/) erm—i-O(O(s))

dxdQ? — xQ* 2
x F5™ [structure function]

Fa = x(e2u(x) + e3d(x)) = x (gu(x) + éd(x))
[u(x), d(x): parton distribution functions (PDF)]

NB:

» use perturbative language for interactions of up and down quarks

» but distributions themselves have a non-perturbative origin.

F> gives us combination of u and d.
How can we extract them separately?
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Quark distributions

Using neutrons
I—Ll&d g

Assumption (SU(2) isospin): neutron is just proton with v < d:
proton = uud; neutron = ddu [-2 x 3 +2 x 1 = 0]

Isospin: un(x) = dp(x), dn(x) = up(x) |

4 1
sz = §UP(X) + §dp(X)
, 4 1 4 1
Ff = wun(x) + gon(x) = adplx) + g p(x)
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I—Quark distributions Usl ng neUtrOHS

I—u&d

Assumption (SU(2) isospin): neutron is just proton with v < d:
proton = uud; neutron = ddu [-2 x 3 +2 x 1 = 0]

Isospin: un(x) = dp(x), dn(x) = up(x) |
FE = 3un(x) + 5h(x)
Ff = gunlx) + 5n(x) = 5ob(x) + 5up(x)
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I—Quark distributions Usl ng neUtrOHS

I—u&d

Assumption (SU(2) isospin): neutron is just proton with v < d:
proton = uud; neutron = ddu [-2 x 3 +2 x 1 = 0]

Isospin: un(x) = dp(x), dn(x) = up(x) |
FE = 3unx) + ()
Ff = gunlx) + 5n(x) = 5ob(x) + 5up(x)

Linear combinations of F5 and F}' give separately uy(x) and d,(x).

1
Experimentally, get F5 from deuterons: F§ = E(sz + F)
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I—Quark distributions

NMC proton & deuteron data

I—u&d
1 T T T T
% 3/:2/’ — g,:zd — “xu(x)" Combine sz & F2°' data,
“3F + 2R ixd(x) deduce u(x), d(x):
0.8 i » Definitely more up than
i down ([J)
¥
0] m i Q?=27 GeV?
X
= % i NMC data
X % %
0.4 r
H
%
0.2t X
%
0 | | | |
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L~ Quark distribuions NMC proton & deuteron data
u&d
1 T T T
F§ —“xu(x)" —x— Combine F} & F¢ data,
\ P+ 2FY xd(x) deduce u(x), d(x):
0.8 | » Definitely more up than
down ([J)

06 Q% =27 GeV?
X
?.;: NMC data

04l CTEQBD fit

0.2t
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I—Quark distributions

NMC proton & deuteron data

I—u&d
1 T T T ;
F8 —“xu(x)" —x— Combine F§ & F§ data,
| P+ 2FY xd(x) deduce u(x), d(x):
0.8 || » Definitely more up than
down ([J)
06 Q%=27GeV? How much u and d?
?f’ NMC data » Total U = [ dx u(x)
x
04l 1 CTEQSD fit
X
\
\
0.2t
0 1 —
0.2 0.4 0.6 0.8
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I—Quark distributions

NMC proton & deuteron data

I—u&d
1 T T T ;
F8 —“xu(x)" —x— Combine F§ & F§ data,
| P+ 2FY d(x) deduce u(x), d(x):
0.8 || » Definitely more up than
down ([J)
06 Q%=27GeV? How much u and d?
?f’ NMC data » Total U = [ dx u(x)
x = x(4u+1
04t L CTEQ6D fit > F2=x(gutgd)
X
\
\
0.2t
0 1 —
0.2 0.4 0.6 0.8
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L~ Quark distribuions NMC proton & deuteron data
u&d
10 T T T T i
szvd/x —"u(x)" Combine F} & F¢ data,
i sz’d/x td(x) e deduce u(x), d(x):
8r 4 1 » Definitely more up than
i down ([J)
6 ‘ Q2:27 GeV? {1 How much u and d?
\._E % NMC data » Total U = [ dx u(x)
(L
4t CTEQSD fit > F2=x(su+3d)
‘ > u(x) ~ d(x) ~x"1%
oL non-integrable
divergence
0
0 1
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Quark distributions

Q. NMC proton & deuteron data
u&d
10

Fz”"d/x —>l‘u(x)” e Combine F} & F2°' data,
| sz’d/x —td(x)" e deduce u(x), d(x):

1 » Definitely more up than
% down ([J)

‘ Q%=27GeV? { How much u and d?
= % NMC data > Total U4= / d1X u(x)
ar | CTEQSD fit | » Po=x(3u+35d)
> u(x) ~d(x) ~ x712

non-integrable
divergence

So why do we say
proton = uud?
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I—Quark distributions
Sea & valence

Anti-quarks in proton

How can there be infinite number of
quarks in proton?

Proton wavefunction fluctuates — ex-
tra ut, dd pairs (sea quarks) can ap-
pear:
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L Anti-quarks in proton

Quark distributions
Sea & valence

How can there be infinite number of
quarks in proton?

. - = Proton wavefunction fluctuates — ex-
tra ut, dd pairs (sea quarks) can ap-
pear:

Antiquarks also have distributions, (x), d(x)
4 _ 1 _
F= §(xu(x) + xu(x)) + §(xd(x) + xd(x))

NB: photon interaction ~ square of charge — +ve
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L Quark distibutions Anti-quarks in proton

Sea & valence

How can there be infinite number of
quarks in proton?

. - = Proton wavefunction fluctuates — ex-
tra ut, dd pairs (sea quarks) can ap-
pear:

Antiquarks also have distributions, (x), d(x)

Fa = 5lxulx) + x0(0x)) + 5(xdx) + x3()

NB: photon interaction ~ square of charge — +ve

» Previous transparency: we were actually looking at ~ u + @, d + d

» Number of extra quark-antiquark pairs can be infinite, so

/dx (u(x) + (x)) = o

as long as they carry little momentum (mostly at low x)
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I—Quark distributions “Va |ence” q U a rkS

Sea & valence

When we say proton has 2 up quarks & 1 down quark we mean

/dx(u(x) —o(x)) =2, /dx (d(x) —d(x)) =1

u— u = uy is known as a valence distribution.
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I—Quark distributions

“Valence” quarks
L-Sea & valence q

When we say proton has 2 up quarks & 1 down quark we mean

/dx(u(x)—D(x)) =2, /dx(d(x)—c_!(x)) =1
u— u = uy is known as a valence distribution.

How do we measure difference between u and u? Photon interacts
identically with both — no good. ..

Question: what interacts differently with particle & antiparticle?
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I—Quark distributions

“Valence” quarks
L-Sea & valence q

When we say proton has 2 up quarks & 1 down quark we mean

/dx(u(x)—D(x)) =2, /dx(d(x)—c_!(x)) =1
u— u = uy is known as a valence distribution.

How do we measure difference between u and u? Photon interacts
identically with both — no good. ..

Question: what interacts differently with particle & antiparticle?

Answer: W™T or W~ \
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L Quark distributions Charged-current interactions

vp interactions
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L Quark distributions Charged-current interactions

vp interactions
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L Quark distributions Charged-current interactions

vp interactions
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L Quark distributions Charged-current interactions

vp interactions

+
d>sWP <1+(1—Y)2/:Wipj:72y;y2x

Wp
dxd Q2 2 2 Fs + 0O (a5)>

FYP=2x(d(x) + a(x),  FYTP=2(d(x) - a(x))
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L Quark distibutions Charged-current interactions

vp interactions

d2cW*p T+ (1—y)? e 2y —y?
<d0? ( 5 F, piiz xFg P—l—(’)(as)>

FYP=2x(d(x) + a(x),  FYTP=2(d(x) - a(x))

FYP=2x(u(x) +d(x), R P =2(u(x) - d(x))
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L~ Quark dstributions Charged-current interactions

vp interactions

d2oeW*p T+ (1—=y)2 wen 2y —y2 s
dxdQ? OC( (2 Ly il p+0(as)>

RV =ox(d(x) +u(x), AP =2(d(x) - 5(x))
FYP=2x(u(x) +d(x), R P =2(u(x) - d(x))

Combination of vp and Up scattering in principle provides all necessary
information for getting separately u, d, & and d.
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I—Quark distributions Va |ence q U a rkS

vp interactions

Problem: experiments with neutrinos are difficult (small cross sections).

Look at collisions on nuclei (e.g. Fe) to increase cross section, and use
. . W+ +
isospin symmetry (d, = up) to relate Fy* P FJV'n

1
F/N = (R BT = dp(x) = Bp(x) + da(x) — Tn(x)

= dy(x) — Bp() + up(x) — ()
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I—Quark distributions Va |ence q U a rkS

vp interactions

Problem: experiments with neutrinos are difficult (small cross sections).

Look at collisions on nuclei (e.g. Fe) to increase cross section, and use
. . W+ +
isospin symmetry (d, = up) to relate Fy* P FJV'n

1
F/N = (R BT = dp(x) = Bp(x) + da(x) — Tn(x)

= dp(x) — Tp(x) + tp(x) — dp(x)
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I—Quark distributions Va |ence q U a rkS

vp interactions

Problem: experiments with neutrinos are difficult (small cross sections).

Look at collisions on nuclei (e.g. Fe) to increase cross section, and use

isospin symmetry (dy = up) to relate F3¥ P FW'n

FYN = 2RV 1 FYT) = dy(x) — Bp(x) 4 d(x) — T(x)
)

dp(x) — Tp(x) + up(x) — C_!p(x)
= dv(X) + uy(x)
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I—Quark distributions Va |ence q U a rkS

vp interactions

Problem: experiments with neutrinos are difficult (small cross sections).

Look at collisions on nuclei (e.g. Fe) to increase cross section, and use

isospin symmetry (dy = up) to relate F3¥ P FW'n

AN = 2(F3W“’ ") = dp(x) = Bp(x) + da(x) — Tn(x)
)

dp(x) — Tp(x) + up(x) — C_!p(x)
= dv(X) + uy(x)

E.g.: use this to check total number of valence quarks is 3:

/dx FV'N(x) = /dx(dv(x) +uy(x)) =3

Gross LLewellyn Smith sum rule
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I—Quark distributions
vp interactions

v N data

0.8

0.6

0.4

0.2

vN
xF3

CCFR data ———

fit: axP(1-x)¢ ——

> xF¥N ~ x(uy + dy) vanishes

for x — 0

Regge theory: xuy, xdy ~ x%°
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I—Quark distributions
vp interactions

v N data

0.8

0.6

0.4

0.2

vIN
xF3

CCFR data ———

fit: axP(1-x)¢ ——

> xF¥N ~ x(uy + dy) vanishes

for x — 0

Regge theory: xuy, xdy ~ x%°
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I—Quark distributions VN data

L vp interactions

FyN
20 : : : : 4 » xF¥N ~ x(uy + dy) vanishes
fit: axb'l(l-x)C — Regge theory: xuy, xdy ~ x%°
15 + 1 » F3”N ~ uy + dy should be
integrable
10 | Q% =12.6 GeV?.
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L Quark distributions

L vp interactions

v N data

20

15

10

vIN
F3

CCFR data ——— |
fit: ax® (1)

Q% =12.6 GeV?.

> xF¥N ~ x(uy + dy) vanishes
forx —» 0
Regge theory: xuy, xdy ~ x%°

» F¥N ~ uy + dy should be
integrable

O [ dx FyN = 2.50 4 0.08 |
CCFR, Q? = 3 GeV?
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I—Quark distributions VN data
vp interactions
Py v |

20 . . . . 1 » xFYY ~ x(uy + dy) vanishes

fit: axb'l(l-x)C — Regge theory: xuy, xdy ~ x%°
15 + 1 » F3”N ~ uy + dy should be

integrable
O [ dx F¥N =2.50 + 0.08

10 | 0?=12.6 GeV2. JéxFs ‘

CCFR, Q? =3 GeV?
We expected 3 (uud). ..
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I—Quark distributions QC D COI’I’GCtIOﬂS

vp interactions

We believe proton really does have 3 valence quarks!

But interaction with W™ receives higher order QCD corrections:

2 3
/dngN —3 <1_% ~325%5 —122% +)
m T s
~ 252 [as(3 GeV2) ~ 0.34]

Bardeen et al. '78
Gorishny & Larin '86
Larin & Vermaseren '91
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I—Quark distributions QC D COI’I’GCtIOﬂS

vp interactions

We believe proton really does have 3 valence quarks!

But interaction with W™ receives higher order QCD corrections:

2 3
/dngN —3 (1_% ~325%5 —122% +)
m T s
~ 252 [as(3 GeV2) ~ 0.34]

Bardeen et al. '78
Gorishny & Larin '86
Larin & Vermaseren '91
Reconstruct number of valence quarks from data:

Data (2.50 £ 0.08) = 2.98 £ 0.10 valence quarks |
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I—Quark distributions
Summary

All quarks

0.6

0.5

0.4

0.3

0.2

0.1

quarks: xq(x)

Q=10 GeV?
CTEQ6D fit

These & other methods — whole
set of quarks & antiquarks
NB: also strange and charm quarks
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I—Quark distributions

Summary

All quarks

0.6

quarks: xq(x)

0.5

0.4

0.3

0.2

0.1

Q=10 GeV?
CTEQ6D fit

These & other methods — whole
set of quarks & antiquarks
NB: also strange and charm quarks

» valence quarks (uy = u — @) are
hard
x — 1:xqy(x) ~ (1 —x)
quark counting rules
x — 0: xqy(x) ~ x%°
Regge theory

3
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I—Quark distributions
Summary

All quarks

quarks: xq(x)

0.6 ~ : :
\ 2 _ 2
/ \ Q°=10GeV
/ \ CTEQ6D fit |

0.5
0.4
0.3
0.2

0.1

These & other methods — whole
set of quarks & antiquarks

NB: also strange and charm quarks

valence quarks (uy = u — ) are
hard
x — 1:xqy(x) ~ (1 —x)
quark counting rules
x — 0: xqy(x) ~ x%5
Regge theory

3

sea quarks (us =21, ...) fairly
soft (low-momentum)

x — 1:xqy(x) ~ (1 —x)
x — 0: xqy(x) ~ x02

7
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I—Quark distributions Momentum Sum I’Ule

Summary

Check momentum sum-rule (sum over all species carries all momentum):

Z/dqu;(x) =1

gi  momentum
dy 0.111
uy 0.267
ds 0.066
us 0.053
Ss 0.033

Cs 0.016
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I—Quark distributions Momentum Sum rUle

Summary

Check momentum sum-rule (sum over all species carries all momentum):

Z/dqu;(x) =1

gi  momentum
dy 0.111
uy 0.267
ds 0.066
us 0.053
Ss 0.033
Cs 0.016

total 0.546
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I—Quark distributions Momentum Sum rUle

Summary

Check momentum sum-rule (sum over all species carries all momentum):

Z/dqu;(x) =1

gi  momentum Where is missing momentum?

dy 0.111 Only parton type we've neglected so far is the
uy 0.267

ds 0.066 gluon |

us 0.053

Ss 0.033

Cs 0.016

total 0.546
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I—Quark distributions Momentum Sum I’Ule

Summary

Check momentum sum-rule (sum over all species carries all momentum):

Z/dqu;(x) =1

gi  momentum Where is missing momentum?

dy 0.111 Only parton type we've neglected so far is the
uy 0.267

ds 0.066 gluon |

Us 0.053 Not directly probed by photon or W¥.

Ss 0.033 E—

cs 0.016 Use indirect methods to measure it:
total 0.546

DGLAP evolution
equations
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L peLap DGLAP

Proton contents depend on the resolution scale at which you probe:

increase @ % increase

Q? % Q?
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LoeLar DGLAP

Proton contents depend on the resolution scale at which you probe:

increase @ % increase
2 2
Q % Q

Dokshitzer Gribov Lipatov Altarelli Parisi (DGLAP):

Quark, gluon distributions are functions of x and Q?,
q(x, Q?), g(x, Q?). They evolve with Q?:

0 q Py—q Pg— q
Q% \ g Pg—q Pg—g g

(Pg—q @ q)(x, Q%) = dePqu( )a(x/z, Q?)

proton
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LoeLar DGLAP

Proton contents depend on the resolution scale at which you probe:

increase @ % increase
2 2
Q % Q

Dokshitzer Gribov Lipatov Altarelli Parisi (DGLAP):

Quark, gluon distributions are functions of x and Q?,
q(x, Q?), g(x, Q?). They evolve with Q?:

0 q Py—q Pge q
Q% \ g Pg—q Pg—g g

(Pg—q @ q)(x, Q%) = dePqu( )a(x/z, Q?)

proton
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LoeLar DGLAP

Proton contents depend on the resolution scale at which you probe:

increase @ % increase
2 2
Q % Q

Dokshitzer Gribov Lipatov Altarelli Parisi (DGLAP):

Quark, gluon distributions are functions of x and Q?,
q(x, Q?), g(x, Q?). They evolve with Q?:

0 q Pg—g Po— q
(1)~ 2)o(2)
Q% \ g Pg—q Pg—g g

(Pg—q @ q)(x, Q%) = dePqu( )a(x/z, Q?)

proton
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L peLap Effect of DGLAP (|n|t|a| quarks)

Example evolution

Take example evolution starting with
just quarks:

xq(x,Q?), xg(x,Q%)

XQ(X,QZ) 9q(x, Q2)
25 | xq + xgbar , omQz
206 Ydz1+ 22 x
2 b 2 2 3 — 1 q(_v Q2)
Q% =12.0 GeV TIx 2z 1=z 2z
205 ['dz1+ 22 5
15 ¢ ] 37 0?1_zq(x,Q)
1t 1 Og(x, Q%) _
dlnQ2
05 1 20 1dzl—i—(l—z)2 X 5
w)z 2 9
0 . )
0.01 0.1 1 » quark is depleted at large x

X > gluon grows at small x
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L pGLaP

Example evolution

Effect of DGLAP (initial quarks)

xq(x,Q?), xg(x,Q%)

25

15

xg(x,Q%) ——
xq + xgbar

Q%=15.0GeV? ]

Take example evolution starting with
just quarks:

dq(x, Q%)

olnQ2

205 [tdz142% x
3w ) 21299

20 [t dz1+ 22

B 2
3n Jo z 1—zq(X’Q)
dg(x, @)
dlnQ2
20 1dzl—i—(l—z)2 X o
).z 2 129

1 » quark is depleted at large x

> gluon grows at small x
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L beLap

Example evolution

Effect of DGLAP (initial quarks)

xq(x,Q?), xg(x,Q%)

Take example evolution starting with
just quarks:

XQ(X,QZ) 9q(x, Q2)
25 | xq + xgbar , omQz
20 [tdz14+22 x
2 b 2 2 3 : —_ 1 q(_v Q2)
Q° =27.0 GeV TIx 2z 1=z 2z
205 ['dz1+ 22 5
15 ¢ ] 37 0?1_zq(x,Q)
1t 1 Og(x, Q%) _
‘ dlnQ2
05 1 20 1dzl—i—(l—z)2 X 5
q w)z 2 9
0 : )
0.01 0.1 1 » quark is depleted at large x
X » gluon grows at small x
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L beLap

Example evolution

Effect of DGLAP (initial quarks)

xq(x,Q?), xg(x,Q%)

xg(x,Q%) ——

25 | xq + xgbar

2 r Q%=35.0GeV? ]
1.5 |

1 L

\

05 \T

0 1

0.01 0.1

X

Take example evolution starting with
just quarks:

dq(x, Q%)

olnQ2

205 [tdz142% x
3w ) 21299

20 [t dz1+ 22

B 2
3n Jo z 1—zq(X’Q)
dg(x, @)
dlnQ2
20 1dzl—i—(l—z)2 X o
).z 2 129

1 » quark is depleted at large x

> gluon grows at small x
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L beLap

Example evolution

Effect of DGLAP (initial quarks)

xq(x,Q?), xg(x,Q%)

Take example evolution starting with
just quarks:

XQ(X,QZ) 9q(x, Q2)
25 | xq + xgbar , omQz
20 [tdz14+22 x
2 b 2 2 3 : —_ 1 q(_v Q2)
Q” =46.0 GeV T 2 1=z oz
205 ['dz1+ 22 5
15 ¢ ] 37 0?1_zq(x,Q)
1t 1 Og(x, Q%) _
\ dlnQ2
05 1 20 1dzl—i—(l—z)2 X 5
\T w)z 2 9
0 : )
0.01 0.1 1 » quark is depleted at large x
X » gluon grows at small x
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L peLap Effect of DGLAP (|n|t|a| quarks)

Example evolution

xq(x,Q?), xg(x,Q%)

Take example evolution starting with
just quarks:

XQ(X,QZ) 9q(x, Q2)
25 | xq + xgbar omQz
20 [tdz14+22 x
2 F 2 2 3 : — 1 q(_v Q2)
Q° =60.0 GeV T 2 1=z oz
205 ['dz1+ 22 5
15 "3 ), 71799
1t Og(x, Q%) _
\ dlnQ2
05 20 1dzl—i—(l—z)2 X 5
w)z 2 9
0 : )
0.01 0.1 1 » quark is depleted at large x
X » gluon grows at small x
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L pGLaP

Example evolution

Effect of DGLAP (initial quarks)

xq(x,Q?), xg(x,Q%)

xg(x,Q%) ——
xq + xgbar

Q% =90.0GeV? ]

Take example evolution starting with
just quarks:

dq(x, Q%)

olnQ2

205 [tdz142% x
3w ) 21299

20 [t dz1+ 22

B 2
3n Jo z 1—zq(X’Q)
dg(x, @)
dlnQ2
205 Ydz1+(1-2)? x
o [ F e

1 » quark is depleted at large x

> gluon grows at small x



Parton distribution functions (17/28)
L beLap

Example evolution

Effect of DGLAP (initial quarks)

xq(x,Q?), xg(x,Q%)

xg(x,Q%) ——
25 | xq + xgbar ,
2 Q% = 150.0 GeV?]

Take example evolution starting with
just quarks:

dq(x, Q%)
olnQ2
205 [tdz142% x
3w ), z1-2929)
205 ['dz1+ 22 5
~ 37 ?1—zq(X’Q)
8g(x,Q2)_
dlnQ2
205 Ydz1+(1-2)? x
o [ F e

1 » quark is depleted at large x

> gluon grows at small x
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xgx,QY) ——

St Xq + xgbar i

2nd example: start with just gluons.
ol Q% =12.0 GeV? : .

) Oin Q@8 =Py g®g

3+ . Ingq=Pgg®g
2t 1 » gluon is depleted at large x.

> high-x gluon feeds growth of
1r T small x gluon & quark.
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L beLap

Example evolution

Effect of DGLAP (initial gluons)

xq(x,Q%), xg(x,Q?)

‘ xg(x,Q%) ——
St Xq + xgbar ]
4 L
Q% =15.0 GeV?
3 L
2 L
l L

2nd example: start with just gluons.

On@8=Pgg®g
_ 0In02q:Pq%g®g

1 » gluon is depleted at large x.

> high-x gluon feeds growth of
T small x gluon & quark.
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xg(x.Q%) ——

> Xq + xgbar i

2nd example: start with just gluons.
ol Q% =27.0 GeV? : .

) Oin Q@8 =Py g®g

3+ . Ingq=Pgg®g
2t 1 » gluon is depleted at large x.

> high-x gluon feeds growth of
1r T small x gluon & quark.
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xg(x,Q%) ——
Xq + xgbar i

2nd example: start with just gluons.

ol Q% =35.0 GeV? : .
. Ong8 =Pgg®g
3t 1 On@2q=Pe—g®8g
2 r 1 » gluon is depleted at large x.
> high-x gluon feeds growth of
1r T small x gluon & quark.
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xg(x,Q%) ——
Xq + xgbar i

2nd example: start with just gluons.

i Q% =46.0 GeV? f ;
. Ong8 =Pgg®g
3t 1 On@2q=Pe—g®8g
2 r 1 » gluon is depleted at large x.
> high-x gluon feeds growth of
1r T small x gluon & quark.
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xg(x.Q%) ——

St Xq + xgbar i

2nd example: start with just gluons.
ol Q% =60.0 GeV? : .

. Ong8 =Pgg®g

3+ . Ingq=Pgg®g
2t 1 » gluon is depleted at large x.

> high-x gluon feeds growth of
1r T small x gluon & quark.
0 \'\7\
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xg(x.Q%) ——

St Xq + xgbar i

2nd example: start with just gluons.
ol Q% =90.0 GeV? : .

. Ong8 =Pgg®g

3+ . Ingq=Pgg®g
2t 1 » gluon is depleted at large x.

> high-x gluon feeds growth of
1r T small x gluon & quark.
0 \'\\
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L peLap Effect of DGLAP (|n|t|a| glUOﬂS)

Example evolution

xq(x,Q%), xg(x,Q?)

xg(x,Q%) ——
Xq + xgbar i

2nd example: start with just gluons.

2_ 2 | ) i
Q” =150.0 GeV O Q28 = PgHg ® g
| 0|nQ2q:Pqeg®g

1 » gluon is depleted at large x.

> high-x gluon feeds growth of
T small x gluon & quark.
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L peLap DGLAP evolution

Example evolution

» As Q? increases, partons lose longitudinal momentum; distributions all
shift to lower x.

» gluons can be seen because they help drive the quark evolution.

Now consider data |
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L pGLaP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%)
L | DOLAP: 9(xQp) =0 ——
ZEUS Fit quark distributions to Fa(x, Q3),
NMC at initial scale Qg =12 GeV?2.
1.2 ¢ Q2 =12.0GeV? NB: Qg often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLaP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%)
e DGLAP: g(x,Qp9) =0 ——
ZEUS Fit quark distributions to Fa(x, Q3),
NMC at initial scale Qg =12 GeV?2.
1.2 ¢ Q2 =15.0 GeV? NB: Qg often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLAP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%)
DGLAP: g(x,Qp9) =0 ——

1.6 ¢ ZEUS |

Fit quark distributions to Fa(x, Q3),
NMC at initial scale Qg =12 GeV?.
1.2 | Q2 =27.0GeV? NB: Qp often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLAP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%)
DGLAP: g(x,Qp9) =0 ——

1.6 ¢ ZEUS |

Fit quark distributions to Fa(x, Q3),
NMC at initial scale Qg =12 GeV?.
1.2 + . Q2 =35.0 GeV? | NB: Qg often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLAP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%)

DGLAP: g(x,Qp9) =0 ——

1.6 ¢ ZEUS |
Fit quark distributions to Fa(x, Q3),

T NMC at initial scale Qg =12 GeV?2.

121 | Q2 = 46.0 GeV? NB: Qg often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLAP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%)

DGLAP: g(x,Qp9) =0 ——
1.6 ¢ ZEUS |

. Fit quark distributions to Fa(x, Q3),

NMC at initial scale Qg =12 GeV?.

1.2 ° Q2 = 60.0 GeV? T NB: Qo often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLaP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%
DGLAP: g(x,.Qp) =0 ——
1.6 ¢ ZEUS |

Fit quark distributions to Fa(x, Q3),
at initial scale Qg =12 GeV?.
12 I Q2 =90.0 GeV? NB: Qp often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

0.001 0.01 0.1 1
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L pGLaP DGLAP with initial glUOﬂ =0
Versus Data
F5 (x.Q%
DGLAP: g(x,.Qp) =0 ——
1.6 ¢ ZEUS |

Fit quark distributions to Fa(x, Q3),
at initial scale Qg =12 GeV?.
1.2 + : Q2 = 150.0 GeV?] NB: Qo often chosen lower

Assume there is no gluon at Q3:
g(x, Qg) =0

Use DGLAP equations to evolve to
higher Q?; compare with data.

Complete failure!
0.001 0.01 0.1 1
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LpoLap DGLAP with initial gluon # 0
Versus Data
FS x.Q%)
DGLAP (CTEQ6D) ———
1.6 ¢ ZEUS |
NMC —— If gluon # 0, splitting g — qg gen-
12 + Q2 —120GeVy2 | erates extra quarks at large Q2.

O faster rise of F»

Find a gluon distribution that leads

to correct evolution in Q2.
Done for us by CTEQ, MRST, ...
PDF fitting collaborations.

0.001 0.01 0.1 1
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LpoLap DGLAP with initial gluon # 0
Versus Data
FS x.Q%)
DGLAP (CTEQ6D) ———
1.6 ¢ ZEUS |
NMC —— If gluon # 0, splitting g — qg gen-
12 + Q2 - 150GeV2 | erates extra quarks at large Q2.

O faster rise of F»

Find a gluon distribution that leads

to correct evolution in Q2.
Done for us by CTEQ, MRST, ...
PDF fitting collaborations.

0.001 0.01 0.1 1
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LpoLap DGLAP with initial gluon # 0
Versus Data
FS x.Q%)
DGLAP (CTEQ6D) ———
1.6 ¢ ZEUS |
NMC —— If gluon # 0, splitting g — qg gen-
1.2 Q2 —270GeV2 | erates extra quarks at large Q2.

O faster rise of F»

Find a gluon distribution that leads

08 e 9
to correct evolution in Q°.
Done for us by CTEQ, MRST, ...
04 L PDF fitting collaborations.
0
0.001 0.01 0.1 1



Parton distribution functions (21/28) . .
L paLap DGLAP with initial gluon # 0

Versus Data

5 (x,.Q9)
DGLAP (CTEQ6DI) —

1.6 ZEUS |

NMC — If gluon # 0, splitting g — qg gen-
Q2=350Gev2 | eratesextra quarks at large Q?.
[0 faster rise of F»

1.2

Find a gluon distribution that leads
to correct evolution in Q2.

Done for us by CTEQ, MRST, ...
, PDF fitting collaborations.

0.8

0.4

0.001 0.01 0.1 1



Parton distribution functions (21/28) . .
L paLap DGLAP with initial gluon # 0

Versus Data

5 (x,.Q9)
DGLAP (CTEQ6DI) —

1.6 ZEUS |

NMC — If gluon # 0, splitting g — qg gen-
Q2=46.0Gev?2 | eratesextra quarks at large Q?.
[0 faster rise of F»

1.2

Find a gluon distribution that leads

08 1 o 9
to correct evolution in Q°.
Done for us by CTEQ, MRST, ...
04 L , PDF fitting collaborations.
0 L
0.001 0.01 0.1 1
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L pGLaP DGLAP with initial glUOﬂ 7£ 0
Versus Data
F5 (x.Q%
DGLAPI (CTEQGDI) —_—
1.6 ¢ ZEUS |

1.2

0.8 r

04 r

Q% =60.0GeV? ]

0.001

If gluon # 0, splitting g — qg gen-
erates extra quarks at large Q2.
O faster rise of F»

Find a gluon distribution that leads

to correct evolution in Q2.
Done for us by CTEQ, MRST, ...
PDF fitting collaborations.
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L pGLAP DGLAP with initial glUOﬂ 7£ 0
Versus Data
2
F5 (x.Q7)
DGLAP (CTEQ6D) ———
1.6 ZEUS |
If gluon # 0, splitting g — qg gen-
12 + Q2 —00.0GeVy2 | erates extra quarks at large Q2.
O faster rise of F»
08 | | Find a gluon distribution that leads
' to correct evolution in Q2.
Done for us by CTEQ, MRST, ...
04 L , PDF fitting collaborations.
0
0.001 0.01 0.1 1
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L pGLAP DGLAP with initial glUOﬂ 7£ 0
Versus Data
2
F5 (x.Q7)
DGLAP (CTEQ6D) ———
16| ZEUS |
If gluon # 0, splitting g — qg gen-
12 + Q2 - 150.0 Gey2| erates extra quarks at large Q2.
O faster rise of F»
08 | N | Find a gluon distribution that leads
' to correct evolution in Q2.
Done for us by CTEQ, MRST, ...
04 L , PDF fitting collaborations.
Success!
0 1 1
0.001 0.01 0.1 1
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L pGLaP GlUOﬂ distribution
Gluon
xq(x), Xg(x)
6 Q%=10GeV? ]
CTEQ®6D fit

gluon

Gluon distribution is HUGE!

Can we really trust it?

» Consistency: momentum
sum-rule is now satisfied.
NB: gluon mostly at small x

> Agrees with vast range of data
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L pGLaP DlS data

L Global fits
HERA F,
—
k) X=6.32E:5 ,-0.000102 )
E] 20000161 =3 ZEUSNLO QCD it
o~ g j=0.000259 —— H1PDF 2000 fit
o L B e B At —~ X=0.0004 !
3 E ¢l B'a | .4 x=0.0005
® [ HERAData: q W 50,t X=0.000632 © H194-00
(V] L ] L x=0.0008
% I B HL 1994- 2000 1 i 4 H1(prel) 99/00
4 X=0.0013 .
107 ZEUS 1994- 1997 E . ZEUS96/97
[ ZEUS BPT 1997 K «e0.0021 4 BCDMS
[ CSY ZEUS SVX 1995 1 ar s
103L = 4 Lt x=0,0032 NMC
E B HL Svx 1995, 2000 3 ., d
£ ] B X=0.005
[ = H qec 1997 E .
b i N
102 Fixed Target Experiments: R { X=0.008
= we 5
F BCDVE

10 I E665

Hmm‘
2]
>
8

~
7

1 b 4 o o et
F 3 e i
7 F ] N s 5 - "’!.f;i?:=o.im
1k s
0 = 3 ¥ ‘%ﬁ—ir_ozs
’Hm\_‘ mm_‘ Hw»"‘mm_‘ mm\_‘ mm_‘ Cend T ssinidil . 04
10 10 10 10 10 10 o
X . x=065
0 L L L L L
1 10 10° 10° 10* 10°

QA(Gev?)
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L pGLaP DlS data
L Global fits

—
3
R}
S =] ZEUSNLO QCD fit
S —— H1PDF 2000 fit
B H1 u * H194-00
] zEus 4 H1(prel) 99/00
[ CDF/DO Inclusivejetsn<0.7 = ZEUS 96197
E= DO Indlusvejetsn<3 s BCDMS
E B3 Fixed Target Experiments:
[ X=0.0032 NMC
CCFR,NMC, BCDMS,
665, SLAC x=0.005
X=0.008

x=0.08
Sy ;ix:c.u
10 i b o
T ‘%f—i =025
Al Lol Lol Lol Lol M| Lol
10 10 10 0% 107 10t 1 x=04
X . X=0.65
Il L L
10° 10 10°

QA(Gev?)
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L Factorization Crucial check: other processes

Factorization of QCD cross-sections into convolution of:
» hard (perturbative) process-dependent partonic subprocess

» non-perturbative, process-independent parton distribution functions

etq —> e + jet qg —> 2 jets
e+
Q2
X X X2
] X
a(x, @?) / ay(x1, Q2) l{ 9a(xp Q2)
proton proton 1 proton 2

Oep = Oeq © q Opp—2jets = Ogg—2jets © 1 Q &2 + -+~
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L Factorization Crucial check: other processes

Factorization of QCD cross-sections into convolution of:
» hard (perturbative) process-dependent partonic subprocess

» non-perturbative, process-independent parton distribution functions

etq —> e + jet qg —> 2 jets
X4 X2
/ X
a(x, @2) /ﬁ7 ay(x1, Q2) ﬁ da(xp, Q?)
proton proton 1 proton 2

Oep = Oeq © q Opp—2jets = Ogg—2jets © 1 Q &2 + -+~
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Factorization
Jet production

Jet production in pp

S ,A D@Run Il preliminary
g10e
= E D@ data, Cone R=0.7
20 .
ﬁlo L ly] <0.5
E E = 15<y|<20
f10kL L 20<]y|<24
E £ —— NLO (JETRAD) CTEQ6M
5 1L Ryey=1:3, e = Hg = 0.5 pF™
10t
\5=1.96TeV
0 ¢ Ly = 143 pb™
10°F
Bl b by vy b by

100 200 300 400 500 600
p; [GeVic]

Jet production in proton-antiproton
collisions is good test of large gluon
distribution, since there are large di-
rect contributions from

g8 — 88, 48 — 98

NB: more complicated to interpret
than DIS, since many channels, and
x1, X dependence.

PT ~ \/X1X2S jet transverse mom.
~Q

1 0
y = logtan 3

log 2L
~ — |0g —
y 2 & X2

jet angle wrt pp beams
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Factorization

Jet production

Jet production in pp

> 6
S  D@Run Il preliminary
£ =
s <05
r — ..
g [ —Systematics Cone R=0.7
a uncertainties - -1
r ] PDF uncertainties I‘im 143 pb
3F-NLO (JETRAD) CTEQ6M
L Rsep:1.3‘ Mg =Hg =05 p_rr"ax
r
1»»"““0“...».._.__.__‘_ _%
Ll b b b by 1y
100 200 300 400 500 600
p; [GeVic]

Jet production in proton-antiproton
collisions is good test of large gluon
distribution, since there are large di-
rect contributions from

g8 — 88, 48 — 98

NB: more complicated to interpret
than DIS, since many channels, and
x1, X dependence.

PT ~ \/X1X2S jet transverse mom.
~Q

1 0
y = logtan 3

log 2L
~ — |0g —
y 2 & X2

jet angle wrt pp beams
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Factorization

Jet production

Jet production in pp

> 6
S  D@Run Il preliminary
£ =
s <05
r — ..
g [ —Systematics Cone R=0.7
a uncertainties - -1
r ] PDF uncertainties I‘im 143 pb
3F-NLO (JETRAD) CTEQ6M
L Rsep:1,3‘ Mg =Hg =05 p_rr"ax
r
1»»'0““0“...».._.__.__‘_ _%
Ll b b b by 1y
100 200 300 400 500 600
p; [GeVic]

Jet production in proton-antiproton
collisions is good test of large gluon
distribution, since there are large di-
rect contributions from

g8 — 88, 48 — 98

NB: more complicated to interpret
than DIS, since many channels, and
x1, X dependence.

PT ~ \/X1X2S jet transverse mom.
~Q

1 0
y = logtan 3

log 2L
~ — |0g —
Y 2 & X2

jet angle wrt pp beams

Good agreement confirms factorization
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L State of the art

PDF uncertainties
5
Koo { H1 PDF 2000
% B s ZEUSSPDF Q*=10 GeV?
0s [ CTEQ6.1

Major recent activity is trans-
lation of experimental
xg(x0.05)

er-
into uncertainty bands on ex-
tracted PDFs.

rors (and theory uncertainties)

PDFs with uncertainties allow

one to estimate degree of reli-
ability of future predictions
10 S—
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LState of the art

Higher-order calculations

Earlier, we saw leading order (LO) DGLAP splitting functions, P,, =
as p(0).

=P

27" ab

[ 1+ x? 3
Pf(l(f)l)(x) =Cr =N + 55(1 - X)} ;
PR(x) = Tr [P+ (1—x)]

[1+(1—x)2
Pég)(X)ZCF (X X) :| ,

PO (x) =2Ca [(1 _XX)+ 41 ;X +x(1- x)}

+ 5(1 . X)(11CA —64nfTR) '
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L State of the ar Higher-order calculations

NLO:

) 201 8
Pps(x) = 4Cery 7——2+6x—4H0+x Ho—f + (1+x)[5Hg — 2Hp o

Py = —~POy
218}

0 4
PO = 4G (5 — 24 250 — 2pg(—0M 10 — 2mag(Ims + 7 S1t0 - 5F

+4(1 — x) [Hoyg — 2Hp + le] — 4¢x — 6Hg o + QHQ) +4Crry (2pqg(x) [Hl,o +Hyy +Hy

1672

29 15
—(g]+4x [H0+H00+ ]+2(17x)[H0+H00—2xH1+71| —?7H007§H0)

Curci, Furmanski
) 1 11 4 L,
Pg (x) = 4CACF(; +2pga(x) [H1A0+H1,1 +Hy — €H1] —x [ Ho — *} +40 -2 & Petronzio '80

37 2
—T7Hp + 2Hg g — 2Hyx + (1 + x) [2H0,0 — 5Hp + 5] - 2pgq(7><)H_110) —4Ceny (gx
2 10 2 707
—pgq(x) ng -5 +4Ce”( pgq(x)|3H1 —2Hy 1| + (1 + x) [Ho,0 — 5 + EHo — 3Hg o

3
+1= SHo+ 2H1x>

PP = 4cﬂ(1 —x— gopgg(x) - E(, —x2) - E(1+X)H0 - 25(1-@) +4CA2(27
x

67 /1
+(1+x){ Ho+8Hgg—7}+2pkg(7><){Hgo—2H 10742}73(77)3)712%
x

——X HD+2ng(X)[_ —C2+Huo+2H10+2H2} +5(1—X)[ +3§3]) +4CFn((2Hu
21

10
31X —12+(1+x)[475H0—2H00} - Eé(l—x)) .
x
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LState of the art

Higher-order calculations

[m]

=

NNLO, Pﬁ): Moch, Vermaseren & Vogt '04

DA



Parton distribution functions (28/28)

L Conclusions COﬂClUSIOnS

» Experiments tell us that proton really is what we expected (uud)

» Plus lots more: large number of ‘sea quarks’ (qg), gluons (50% of
momentum)

» We see factorization: parton distributions extracted in electron-proton
collisions can be used to predict characteristics of proton-(anti)proton
collisions
> jet cross sections
» top-quark cross section

> Drell-Yan cross section

| 4

» Precision of data & QCD calculations steadily increasing.

» Crucial for understanding future signals of new particles, e.g. Higgs
Boson production at LHC pp collider (CERN, 2007-8)



	Introduction
	DIS kinematics
	DIS X-sections

	Quark distributions
	u & d
	Sea & valence
	p interactions
	Summary

	DGLAP
	Example evolution
	Versus Data
	Gluon
	Global fits

	Factorization
	Jet production

	State of the art
	Conclusions

