. . LECTURE-2
Gluons will evolve similarly DGLAP

jz(leQ;) ) 'j;r LIQ[PE‘J[%]?[J’? Qz)’fpgg[i]g(}a og

J?
T,Summed over all quark parents

. 7 Gluon of momentum xP from quark of momentum yP
G
Peg
Gluon of momentum xP from gluon of momentum yP
Note: 1

Aq(x, Qz)wﬂ,’g IITLQ;E So far considered fixed s, but ws"l RUNS, @s IHQZ isO(1)
n

- _ ) ,
So must sum all terms :l’sn(lﬂ Qz) “leading logs” LLA. Formally, &¢ — HE(Q")

g

Consider the optical
theorem equivalence

Total cross section =
Imaginary part of
forward elastic
scattering amplitude




Extension to leading logs is,

A ladder
of gluon
rungs

where Xj_1 > Xj > X4

x decreasing from target to probe
pl 2 2
71 < Py < Pt
p increasing from target to probe
The dominant diagrams are STRONGLY ordered in p,?

BUT NOTE: These are NOT the only diagrams which may need to be summed. They are only
the dominant ones in the kinematic region considered [_QZ = 4GeV* xxz U.[}l)



The DGLAP equations are a coupled set of equations for the evolution of quark and gluon densities
d (q.%a: Q?) ) Q »Z as ( a:a; (g5 (Q""l) Py.o(§. as(Q%)) (q_f(é,QQ)
amQ? \ g(x, Q) ) / Pyay (£:04(Q%)  Pyo($,0(Q%) / \ 9(5,Q%)

Where at LO But we may want to go beyond LO

q, =z B z
oy <8 q
Fo (2) Fa (2)
4 1-z q 1-2

q,z ’éé-z E” LLI%’
B.() * Po(z) F il o
2 (2) > (2 fnrm% 1 !

q> 1-z -2

And F2 is no longer so neatly expressed in ‘ <

terms of parton distributions at NLO Pagy(2,00) = 65PO(2)+ % P (2) + ..
And FL is no longer zero It has a strong gluon Pylz.as) = PP(2)4 31"”(*-) 1
dependence B 50) ( »(1)
BzQ)_ ['d 2 g P = EOE 43P+
g j y BOnaae @)+ Orasw @] P20+ SpiD(e)

Gifz. o) = & [5(L — 2) + e fa(2)]

But everything is still perturbatively
Cylz. atg) = ax, fy(2) QCD calculable apart from the
parton starting distributions

Fi(z,QY = ‘% [?3. [ ?xﬁF,(y: @)+ 158 j; : %’-:’(1 — 2)poly. Q’J]



The evolution of valence quarks
does not involve the gluon since the
gluon splits to g-gbar flavour blind
and thus makes sea quarks, hence
valence distributions evolve slowly

g M — —
g
Q'=1, 10, 100, 1000 GeV’
03 xq" =3x(1-x)’ s
- |
I i
] i ;;II
“.2- - 1]'. '-I. |!
o i
|
0 ; )
i
y
l}m—_!u..._uu;:u;umd.m% I — | ' i [ﬂ
110 10

whereas the evolution of the singlet

combination and the gluon are coupled
Take sea=x2 Take sea=xZ zero
valence-like and and gluon valence-
gluon zero at Q%=1 like at Q2=1
0.5 s 0.5
C [ Q=1 Gev? . i Q=1 Gev?
Z xE=3x(1-x)" I
0.25 |

. 1p=3x(1 -:|L‘_|3
0.25 -

0.25




So how do we determine parton distributions?- they are not perturbatively calculable—
lattice gauge theory not yet able to tell us

We parametrise the parton distribution functions (PDFs) at some low starting scale:

Q?, (~1-7 GeV?)

Alternative forms

Xu,(X) = A XBY (1-x)“UV(1+ D, X + E, X?) XF(X) = AgXAL(1-X)A2 @A3X (1+eA4x)AS
xd,(X) = Agx®V (1-x)“V (1+ Dy, x + E, X*)  Chebyshev polynomials

xubar(x) =A X" (1-x)*" (1+ D, x + E, x?) Bernstein polynomials

xdbar(x) =Ax? (1-x)° (1+ Dyx + E4 X?) Or don’t use a starting

xg(x) = AXBIL-X)CY (1+ D, X + E, x?) parametrization at all let neural nets

learn the shape of the data- NNPDF)
- Ay X Be'(1-x) Ce

Not all parameters are independent,
* A, is determined from the momentum sum-rule

1
£ Z(xQ(x) +xg(x)+xg(x)dx =1

q.q 1 1
« A, A, from the number sum-rules : f u(x)dx =2 f dy(x)dx =1
0 0

Various other restrictions have been imposed --and then dropped ---historically



Then measurable quantities like, F,. xF; forv. v. &t )ui S p, D
Depend on a finite number of parameters ( ~ 20-30)

These structure functions are measured over a very wide, (x,Q?) range
~4000 data points

So you evolved the partons —using the DGLAP equations--to a Q2 value at which you
have data and then you predict the measured structure functions from them:

Simply at LO
And by convolution with QCD calculable coefficient functions at NLO and NNLO

Then you fit the data to determine the parameters of the PDFs

The fact that so few parameters allows us to fit so many data points established QCD
as the THEORY OF THE STRONG INTERACTION and provided the first
measurements of o, (as one of the fit parameters)



Recap how measurable structure functions depend on parton distributions?

Fixed target e/n p/D data from NMC, BCDMS, E665, SLAC

F,(Ip) = x(g(u +G)+%(d +a)+%(s+5)+g(c+a)

F,(IN) = % x!u +u+d +a+g(s+§)+§(c+6’ﬂ
v, vbar fixed Fe target data from CCFI—5€,NuTe§/, Chorus

F,(v,vN) =x(u+u+d+d+s+s+c+c) These data are shot on
nuclear targets like Fe
which suffer from heavy
) target corrections- even
Can get ~4 distributions from this: e.g. u, d, ubar, dbar deuterium is not safe

xF,(v,vN) = x(u—u+d —d) = x(u, +d,)
Valence information for O< x < 1

— but note we have already assumed

. u in proton= d in neutron and g=gbar in the sea (in practice violations are very
small )

And we need further assumptions like sbar = 1/4 (ubar+dbar) and a heavy quark
treatment

—the assumption on sbar is questionable
— but the heavy quarks contributions can be calculated from pQCD

Note gluon enters indirectly via DGLAP equations for Q2 evolution AND directly in the
lonaitudinal structure function F, at NLO and higher orders
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More information from High Q2% ep
scattering data at HERA

HERA data have also provided information at high
Q2 — Z% and W*- become as important as y
exchange — NC and CC cross-sections comparable

For NC processes

F, =% A(Q%) [xq(x,Q%) +xqi(x,Q%)] -
xFy=Z; Bi(Q%) [xqi(x,Q%) - x§i(x,Q%)]

A(QY) =e7 =2 ¢ v;v Pyt (vit+al)(vita?) P2
B(Q)= —2e¢aaP,+ 4a

P2 = Q%(Q% + M2,) 1/sin2y,

2
i ae Vi Ve PZ

—F2 gives the usual information on the Sea but we
also have a new valence structure function xF, due
to Z exchange

This is measurable from low to high x- on a pure
proton target — no heavy target corrections- no
assumptions about strong isospin



And CC processes give

O Hliep — SMcp{CTEQSED) . ) O H1c'p H4-00 prelim. — SM €"p (CTEQSD)
O ZEUScp9899 - xluid) flavour information © ZEUS cp 99-00 prelim. - (yPxides)
..... (1-p¥x () e x (HE)
Eb [ T T ||||||| T T IIIIII__ T T IIIIIII T T ||||||__ T T ||||||| T T IIIIII_ !b 2 T T ||||||I T T TTIrTT T T lllllll T T TTrTT T T ||||||I
o =zmrGey | o'=s0Gey’ L ol=9soGey’ T Q'=20GeyY T Q=s30GeyY T Q' =950Gev’

1.5
1
ST N S s SNk 0.5 [--

S

|||||
O = 1700 Ge¥’

08 : T T

1+ 0.6 -
i 04 |
0.5 | i
L E 2{ Y 02 EforHH = il
L Q =9500 GeYy 4 E E Q =17000 Ge¥ E
0.75 - 0.15 - + 3
05 - 01 f = -
025 | \g\—_ 0.05 | x5 —— ?\% -
10" 1 1 10" 1
d’o(ep) = G2 M4y [X (u+c) + (1-y)x (d+s)]  do(e'p) = Gg” My [x (u+c) + (1-y)*X (d+s)]
dxdy  2ax(Q%+M?3)? \ dxdy 21x(Q*+M?2y,)?
u, at high x :
M,, Information ! d; at high x

Measurement of high-x d, on a pure proton target (one caveat data only up to x~0.65)

d is not well known because u couples more strongly to the photon. Historically
information has come from deuterium targets —but even Deuterium needs binding
corrections. And you have to assume d in proton = u in neutron



H1 and ZEUS ~ HlandZEUS

- E o -r-—...,'.'"-'
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- S
< ® HERANC ¢p 0.4 1h = W2 =10 GeV?
o v B HERANCep0.5fh"
b4 = 08 —— HERAPDF2.0Jets NLO, free o,(M,)
- L em X =0.00005,i=21 Vs =318 GeV S uncer tainties:
6 - X,. = 0.00008, i=20 . B cxperimental
© 1% T e X =0.00013,i=19 -1 Fixed Target | model X,
C - X, = 0.00020, i=18 —— — \ [ | hadronisation
i * ".‘/r‘:‘ B‘J‘Bi =10.00032, i=17 HERAPDI2.0 e+p NNLO 0.6 - . [ parameterisation
105 Xy = 0.0005,i=16 mmm HERAPDF2.0 e p NNLO -

xg (% 0.05)

xS (x 0.05)

8 Xg; = 0.032,i=7

7 Bt SR -

R —— )
L ——— The PDFs extracted from a fit to
T ¥ the HERA charged and neutral
L w current scattering data
”"3_1 T NOTE uncertainties are NOT just

(;2/ GeV? from those of experimental df_:\ta
but also from model assumptions

: . . and parametrisation variations
Thus there is enough information to make a

PDF using only HERA data, with a consistent AND PDFs are extracted by

set of systematic uncertainties several different groups .....



Why do PDF sets differ?

*Data sets included

*Cuts applied to remain in kinematic region T
of DGLAP evolution:Q? cut, W2 cut, x cuts? ]

*Form of parametrization at Q2,, value of

Q%

*Assumptions on flavour structure of sea =
and valence

*heavy flavour scheme, heavy quark
masses

the value of ag(M,) assumed, or fitted

We now use many other processes than
deep-inelastic scattering:

Kinematic cowerage

& B B B B OHSESE S B

= @ = a8 B a aim

Drell-Yan data from fixed targets and the
Tevatron and LHC

W,Z rapidity spectra from Tevatron and
LHC

Jet pT spectra from Tevatron and LHC
Top-anti-top differential cross-sections
W and Z +jet spectra, or W,Z pt spectra
W and Z +heavy flavours

PDFs also differ in how they evaluate
their uncertainties some use inflated x2
tolerances --closer to the hypothesis
testing criterion— but this is a whole
lecture series in itself

We will come back to looking at
modern PDF sets in Lecture-3



What are the consequences of using a free value of ag(M,) in a PDF fit?

Fixed ag(M,) Free ag(M,)
;T and ZEUS HERA T PDF it H1 and ZEUS HERA I+11 PDF Fit
' = 1 _
= ' Q*=10 GeV> & = f , ) =
E Q =10 GeV «
08 —— HERAPDFL5f (prel.) = —— HERAPDF1.5f (prel.) E
B oxp. uncert. 0.8 | free o (M)
:' model uncert - B <xp. uncert.
- § [ | model uncert. ;
:| parametrization uncert. < Arametrigati . xXu, E
0.6 ot parametrization uncert. 3
£ 0.6 . =
F N z
047 g (x0.05) £
i - _ :
E E g
- Z X g
g : E
L g :
0.2 — = 0 :
| xS (% 0.05) = %
111 1 1 1 I 1111 1 1 " -. . g n %
107 10° 10 107 X 1 1074 10° 10 107 :

Many PDFs use a fixed value of ag(M,)
CT (EQ) , NNPDF, HERAPDF

And supply PDFs for various different fixed
values

Look what happens when you free ag(M.)
... and you ONLY have Deep Inelastic
Scattering data.

The gluon density and ag(M.) are coupled
by the DGLAP equations



BEYOND inclusive DIS: Jet studies in the Hadron Final state gives us more information

* You can measure ag(Q?) and xg(x,Q?) from 2+1 jet events

R W

BGF QCDC

Xg Xq
+1 means proton remnant

0241 ~ Qs [A Xg g(xgs QZ) + 5 x4 q(x@ QZ)]
(glue) +  (quark)

This helps to break the a5(Q?) / gluon PDF correlation
Use more information that depends directly on the gluon -- jet cross-sections

To get x g(x,Q?) To get ag(Q?)

* Assume ag is known « Choose kinematic region where

« Choose kinematic region PDFs xq(x), x g(x) are well known.
BGF > QCDC (i.e. low x, Q?) (i.e. x, > 104, x, > 10 — 102 and

O6ggF ~ Oacpc

In practice we fit jets in all kinematic regions and hope to determine xg(x,Q2)
and ag(Q?) simultaneously
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0.2

10 107

PDF fit with free ag(M,) without jets

H1 and ZEUS HERA I+II PDF Fit

~ free ()‘.s(l\-'lz)

04

Q> =10 GeV?

—— HERAPDFL5f (prel.)

B exp. uncert.
|:| model uncert.

xu,
I parametrization uncert.

10 107! 1

March 2011

g Group

j [\u)rkin

HERAPDF Structure

xf

PDF fit with free ag(M,) with jets

H1 and ZEUS HERA I+1I PDF Fit with Jets

&
E

0.2

10

Q*=10 GeV*

—— HERAPDFL1.6 (prel.)
free o _\"ly)
B cxp. uncert.

I:l model uncert. Xu,
[ parametrization uncert.

xS (% 0.05)

10° 10° 107

Look what happens when you keep ag(M,) free but add jets---

March 2011

HERAPDF Structure Function Working Group
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Beyond DGLAP? QCD at low-x

3 -
a5 [ 0PF=15 GeV?
—— DO B4
o _ ----- EHLD BS
e KMRS 90
1.5
F - GRV 1
r & NMC
U
05 [ e e
D B 'RRIT I EEIT
1wt 10t g g

Before the HERA measurements most of the predictions for low-x behaviour of
the structure functions and the gluon PDF were wrong

16

1.4

1.2

0.8

0.6

0.4

0.2

HERA:

2-3% precision

@* =15 Ge¥®

Seequarks

= H1 96/97

s ZEUS 96/97

NMC, BCDMS, EGGY

— CTEQGD

e

Fixed target:
1-2% precision

I\-l

Valenzquarks A
—

15

10 |

25 NS
[k

20 | R\ -
L X

NLO QCD fit

Q’ =20 GeV®

D H1 1994

D ZEUS 1994

(preliminary)

NMC

— ZEUS+H1 94
=~ MRSR1

-~ CTEQ4M
** GRV94-HO

It was expected that F2- and the gluon that we deduce from its scaling

violations- would flatten — WHY?

Now it seems that the conventional NLO DGLAP formalism works TOO WELL !




K i G L L

Atlow x, X Cr 2Cy
—=z-0 Pyg —» — o
y - z o z

The gluon splitting functions are singular Pgg dominates so the equation becomes

afg(x? Qz) as (ldy 6

g 27l 5 289

Which gives, xg(xj Qz) ~x e

2, = [ 121n(t/ )12 o ln( Qz] (A relates to o)

Bo In(1/x)
At low-x the evolution of F, becomes gluon dominated
oF

anz:znfdy[P [ ] Zezxgy )|

- Fz(x, Qz) ~x where A, = 1, — €

So slope of low x gluon gets steeper as Q2 increases.
— Slope of F, at low x gets steeper as Q? increases.




x g9(x,Q%

I QCD Fits [ » H196/97
20 B (H1+BCDMS) total uncertainty | LOW-X 18 Q=15Gev . ZEUS9697
I M (H +BCDMS§ exp. + a, uncert, [ s+ BCDMS
[](H1+BCDMS) exp. uncertainty 1.6 [ E665
I —(H1) o b * NMC
15 | g L4r
| = E — ZEUSNLO QCD fit
| Q*=20 GeV* 2 1.2 | B tot error
& :
- Q=200 GeV* E 1F
10 - |
: 3 08t Q’=3.5 GeV*
I c g o6L
i S g I
S S 04
= :
\ 3 02 [
O | | Lol | Lo | . \HH E 0:“"| e IR L
107% 1072 1072 107" 0° 10t 0w w?* ' 1
Q) ’ 1 momentum fraction x
dolz. Q") (@) [dy 2
W@ = % fo = [E4Pgal2aty.Q") + Poalzloly. @°)] 1 - 12Int/ty) | t=1n oA
e g ]
At small x, Gluon splitting By InL/x) a, ~ 1/In Q¥/A?
Pao S Pas s 2C, functions become
small z=x/y W=7 W7D singular
We expect that a flat gluon at low Q?
do(z.Q®) (@Y [ldys 2 becomes very steep AFTER Q?
AP - k& ,’; ?EQ(I*Q ) evolution AND F, becomes gluon
xg(x,Q?) ~ X A9 dominated

F,(x,Q%) ~x 7,  As=Ag - €



So what’s the problem?— this expected steepness of F, is happening TOO EARLY

, L, ) :
2Fqizrcey Fosscey [guasce Fowsay | 1€ 100 lOow in Q* with no lever arm for Q“ evolution

L R ZEUS
1 \\ - : _ 0.4 GeV?

"“‘mﬂs‘:«m\'
0L .1

2 Q%85 GeV?

0.65 GeV?

=22 GeV?> [ (=27 GeV

-5 -3 -L
10 10 10 1
— ZEUS NLO QCD fit

11070 1

[ tot. error
— ZEUSNLO-QCD Fit
(PreL) 2001 : PRCSRETe?
[ tot.error s ZEUSSVX 95
4 BCDMS o E66S
s ZEUS 96/7 ¥ NMC

10° 107 10'110° 107 101

107 1107 2 .
So it was a surprise to see F, steep at small x - for low Q?, Q% ~ 1 GeV?

Should perturbative QCD work? o is becoming large - ajat Q%> ~1 GeV?is ~ 0.4



There is another reason why the application of conventional DGLAP at low X is
guestionable:

The splitting functions, P(x) = P”(x) + Pl(:C) a’s(Qz) + Pz(x) Qf(Qz)

have contributions, 1 1 1
X X X

dominant at small x
Their contribution to the PDF comes from,

39‘(3@ Qz) as (dy

— = — P(x)q(y. %)
d1nQ 2m Jx Y

— and thus give rise to contributions to the PDF of the form,

o (0°) Q)" (1n

Leading log(Q?):

conventionally in LO DGLAP:p=q>r>0 LL(Q?)
NLO:p=q+1>r=>0 NLL(Q?)
But if In(Y/,) is large, we should also consider, Leading log(1/x):
p=r=q=>1 LL(1/X)
p=r+l>q>1 NLL(1/X)

This is what is meant by BFKL summation.



Diagrammatically, Leading logQ? — strong p, ordering

2 2 2
0 >> P: »>> Pt-1--- >~ Py,

and at small x we also have strong ordering in X
X

42 X << X; << Xjop ... << Pj,
!

' = leading In(1/x)

— double leading logs @ InQ*In(1/x) at small x
But why not sum up a; In(1/x) independent of Q2?

— Diagrams ordered in x, but not in p,
BFKL formalism

- xg(x, Qz) ~xt

@5
A=—CyIn2 =05

T
— A singular gluon behaviour even at moderate Q2

— |s this the reason for the steep behaviour of F2 at low-x ?
IS there a “BFKL Pomeron”.
Pomerons are another story: basically they control the rise with energy of total hadron-hadron
cross section, related by the optical theorem to the hadron-hadron elastic amplitude. The
flavourless exchange in this could be mediated by a ‘Pomeron’ now believed to be multi-gluon

exchange

for ag ~ 0.25 (low Q?)



Need to extend the formalism?

Optical theorem |
2 : \—/ . The handbag
— Im ,/ \ diagram- QPM

/7 N

QCD at LL(Q?

Ordered gluon ladders BUT what about

disordered (in p,)
(a," InQ") Laddgrs?
NLL(Q?) one rung at small x there may be
disordered a" InQ? ! a need for BFKL In(1/x)
resummation?

And what about Higher twist

diagrams ? \\:‘\ / L‘\ /
Are they always subdominant?

Important at high x, low Q2 @ M




AND there are further theoretical problems from non-linear effects.

What if the steep rise of the gluon density at small x means that the gluon density
becomes so large that gluon recombination becomes important?

g\ = é\ gluon ladders recombine

and why stop at only 2? — this is a kind of low x “higher twist” effect

Furthermore if the gluon density becomes large | There is a lot of work in non-linear

there maybe non-linear effects dynamics—Colour glass condensate,
JIMWLK, BK equations..
It may be that if recombination competes
o~ 02p?/Q? with evolution then the gluon density will
saturate and the saturation scale (the Q
value below which saturation sets in)
6~ 05 p Qg ~ x N
increases as x decreases

Gluon recombinationgg — ¢

may compete with gluon evolutiong - g g

where p is the gluon density

~ The gluon density also increases quicker

in heavy nuclei as Q, ~ A3 x A




SO there are various reasons to worry that

conventional LO, NLO, NNLO In(Q?)
summations — as embodied in the
DGLAP equations may be inadequate

It was a surprise to see F, steep at small x

- even for very very low Q?, Q% ~ 1
GeV?

. Should perturbative QCD work? a.is
becoming large - a,at Q> ~ 1 GeV?is ~
0.4

. There hasn’t been enough lever arm in
Q? for evolution, but even the starting
distribution is steep- this HUGE rise at
low-x makes us think

. there should be In(1/x) resummation
(BFKL) as well as the traditional In(Q3)
DGLAP resummation- BFKL predicted
F,(X,Q?) ~ x s, with A;=0.5, even at low
QZ

. and/or there should be non-linear high
density corrections for x <5 10 -3

Colour Glass Condensate, JIMWLK, BK

/

ITigh density
reglon

fn

Pl —

TInconventional DGLAP
Modilicd BFKL

Non-periurbalive
large v, rcgion

T
:

—>

DGLAP —

. 2
Higher twist Q) —

Extending the conventional DGLAP
equations across the x, Q2 plane

Plenty of debate about the positions
of these lines!

o
e = -



LZEUS

Does the data need unconventional explanations?
» In('/,)terms in the splitting factors :
- CCFM *E
« modified BFKL '

6~ Qi1 Gav?® 5 EE Gev”

— EEUS MLOGCD M

Afficionados claim y2 improvements over
conventional NLLA DGLAP..

But, one seems to be able to use DGLAP by
absorbing unconventional behaviour in the e s
boundary conditions i.e. the unknown shapes of .

the non-perturbative parton distributions at Q;?

We measure, F; ~xgq

d F,

2
d l.nQ aF
we can explain unusually steep m by:

~Pegxg

unusual P,, — eg In(’/,) BFKL gl B ke e B SRR
OR unusual x g(x,Q,%) — “valence-like” gluon etc. 10* 10° 10* ©* 110* 10> 107 w0'

Conventional DGLAP needs
a valence-like gluon but a
singular sea

But F2, gave us more information on the heavy quark scheme than on the gluon....

— measure other gluon sensitive quantities at
lowx: F_,F°¢




And F| ? Well F_ was never very accurately measured at HERA (or anywhere else)
(BUT it will be at the EIC)

8.6 ———r — !":.l."'_.*.., —
0.5 -
sl | The red is the usual DGLAP
ﬁ'] The green adds In(1/x) resummation
g R —
“op1l i
0.0 NHNLO -
_pq | NNLO+NLLx |
B § Data
—0.2 — Illli-:-'. I””I..l I IliLl
i @ [Gev ] }
BUT...
arxiVv:1710.05935

A paper in which In(1/x) BFKL resummation is worked out in detail and applied to the
NNPDF fits giving NNPDF3.1sx PDF set.

WHY DID IT TAKE SO LONG?

This is partly because a) it's a very difficult calculation- the program is called HELL
(High Energy Leading Log resummation)

b) Data were not accurate enough until the final HERA combination data arXIV:
1506.06042




Consequences for the HERAPDF PDF fit (arX1V:1802.00064)

1.The x2 is VASTLY improved- not just a bit

NNLO fit NNLO +NLLz fit
with new settings  with new settings
Total x* /d.o.f 1446/1178 1373/1178
suhset NC 020 12_.-"“.(].]1 4467377 413/377
suhset NC 820 12..-"“.(1.]3 70,70 65,70
subset charm 12_.-"1'.11.]1 48/47 40747
correlated shifts inclusive 102 77
. correlated shifts charm 15 11
,}""l log term inclusive 20 -3
' . log term charm -2 -1

1.4 1.8 . .
ot T wr| oy aseoex0d = where the XF3 structure function is
. O =Fa—f-Fr. 12 .1 negligible and the reduced cross
oe 0.8 section is T
04F . HERA1+2 Data GF= 3.5 g'_; —— HERA142 Data @' = 4.5 Tred Fo— —Fp.,
t &uncomelated { & uncorrelated
u'z Btotal  __ FONLLC+MNLLx —D.g Stotal  _ FONLLC#MLLx "
7o Theory ¢ shifts —FONLLC CpqErmTheony * shits —FONLIC -
g 13 g 12 3. And affects the high-y/low-x turn
2 g z 1 ie— —=— over of the cross-section
£ T diood 0.001 XTI 0.0001  G.001 0.01_ y:QZ/(S.X), which fits much better
| ? fown ™ because F, is predicted to be larger
The blue is R
the usual ] ]
DGLAP 4. FL is gluon dominated and the
The red adds gluon now has a much more
In(1ix) reasonable shape.....and
resummation

relationship to the sea



There are many other interesting topics

« What happens at lower Q2, where the scattering is not so deep and perturbative
QCD cannot be used?

« What can semi-inclusive final states e,g, vector meson production tell us?
« What can diffractive processes tell us?
| encourage you to carry on studying

In the final lecture | will discuss how parton distributions matter at the research forefront
at the LHC






Linear DGLAP evolution doesn’t work for
<1 GeV2. WHAT does? — REGGE 1deas?
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LEUS Regge?

Small x 1s high W2, x=Q%2p.q Q¥W?
RN p2=W2

s/
o(y*p) ~ (W2) 1 —Regge prediction for
high-energy hadron-hadron cross sections

a 1s the intercept of the Regge trajectory
a=1.08 for the SOFT POMERON

Such energy dependence 1s well
established from the SLOW RISE of all
hadron-hadron cross-sections - including
(yp) ~ (W?) 0.08

for real photon- proton scattering

For virtual photons, at small x
o(y*p) =4n%a F,
Q2
s G~ (‘ﬁ?l)u-l . 1:1 - X 1-a — X -7
s0 a SOFT POMERON would imply
2. =0.08 gives only a very gentle rise
of F,at small x

For Q* > 1 GeV? we have observed a
much stronger rise.....




ZEUS

o ZEUSBPTY?T o E665 ZEUSQCDO] (prel.;
® JELSSVINGS ¢ SLAC + low W PHP ZEUS Regged?
.E- ob ZEUS98T ¢ NMC = ZEUS 196 (prel.)
= 10 O 1Gevh
7 A (x DM
'E_ Mt + i bone sk 4 a es OSE (X108
E 10f eave W1 (xS
DE s boe® 005 (x 256 8
voneee 420 128 |3
10? PSP U Rl
oy . . ¢ E
g T ¥d o0 x 1)
* ¢ _ e B ° . satw
c(v p) ar - oy & 850 ix 16 %
‘ y o - ° ™ . .
f ® ' 045 x B
PP iy e - e e O o 8ih e ox 4
02 gacge 80" “e 1% ix 2
1 g
"o % o 0o ¥ o 0 1% x I 8
q L ; W x 12 .:
Coec 0 0o p W ¥o¥ . A.>“.‘._‘ &
e—— s x| O
10 ;‘-'0’*—00—?-9(‘*-‘” H"““ Q.‘
Ay o s xm QO
i -2 04 e pare I (D]
e ' . 60 110
1 [_'.ooeooo by o 4""
a— v-:
.otv"‘—?’e‘.g— g
1 =
2 3 4 5
10 10 10 10
WiGeV?)

The slope of F, at small x . F, ~x 7+, is
equivalent to a rise of (y*p) ~ (W2)*
which is only gentle for Q2 < 1 GeV?

.<‘.'s 7%
HTH T
04 [ ® ZEUS slope fit 2001 (prel.)
F, ~ Xt
. 3
03 | - - ZEUS QCD O (pewk) ++H *
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F,~x™ As=dInF,

dln 1/x

So 1s there a HARD POMERON corresponding
to this steep rise?

A QCD POMERON, a(Q?) — 1 = 1(Q?)
ABFKL POMERON, 0 —1=% =0.5

A mixture of HARD and SOFT Pomerons to
explain the transition Q> = 0 to high Q*?



Dipole models provide another way to model the ZEUS
. ) s ZELS BPTYT ZEUSQUIN iprel.;
transition Q*=0 to high Q* . ZEUSSVINOS - ZEUS Regeed?
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At low X, v* toqq and the LONG LIVED (qq) I
dipole scatters from the proton S [ oeme 5 Z
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The dipole-proton cross section depends on the 3T e "y o
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relative size of the dipole r~1/Q to the separation s U g
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G =0y(1 — exp( —1°/2Ry(x)7)). Ry(x)~ ~(/'xy)" ~1/xg(x) But o(y*p)=4ma? F, Qe
general Q? (at small x)

/R, large — small Q2. x
G ~ G, — saturation of the
dipole cross-section

1/R, small — large Q2. x
o~ 1>~ 1/Q%, F2 flat

Bjorken scaling

GBW dipole model

(yp) is finite for real photons .
Q’=0. At high Q°. F, ~flat (weak
nQ? breaking) and o(y*p) ~ 1/Q?
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Hs45 o .
only on 1. not on x. Q° vl J x = 0.01
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T 15 a new scaling variable, applicable at small x
It can be used to define a “saturation scale”. Q> = 1/R*(X) ~ X ~xg(x). gluon density

- such that saturation extends to higher Q2 as x decreases

Some understanding of this scaling. of saturation and of dipole models 1s coming from work on
non-liear evolution equations applicable at high density— Colour Glass Condensate. JIMWLE,
Balitsky-Kovchegov. There can be very significant consequences for high energy cross-sections
€.g. neutrino cross-sections — also predictions for heavy 1ons- RHIC, diffractive interactions —
Tevatron, HERA and the LHC- even some understanding of soft hadronic physics



4 proton-sntiproton inalastic data
5 proton-profon inslsstic dats
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If anything TOTEM result looks even

t
Pre ATLAS prediction with uncertainty Sieeper

from assumptions on mixing in of hard What about the Froissart bound?
Pomeron |



