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DIS cross section

F(xQ) =MW,  FR(x.Q")=vW,

d’c d’c 4 ra®

2
= XS = s|(1-y)F,(x,Q? + Y oxE x,Q? em interaction : NC » exchange
dxdy  dxdQ@? Q° {( y) Fy( ) 2 31 ( ) Y g

G2 Q* . :
=.|..+—F 1-y 12) xF,(x,Q? weak interaction : CC W exchange
{ 8.2 (1r Q2 me) YUY /2) xE(xQ )} :

Fi, Fs, F3(x,Q?) = structure functions — physical observables (measured quantities)

Scaling

Incoherent scattering on free partons
- Fy(x)=> e xf(x)

}QPM

1
- F1(X)=§F2(X)
Structure functions depend only on x; cross section given by quark distributions f(x)

2 2
;i;y = zgff S [1+(1—y)2] Zeiz X f(x) QPM




Scaling violations

Q2 evolution of structure functions

photon resolution improves with Q?

- disentangles virtual gluon emission

J

X X X
low Q2 high Q2
probes x probes x’<x

As Q? increases,

quark content decreases at large x (valence)

and increases at low x

also : at low x, the gluon content and the sea

increase

(low x since due to bremsstrahlung - soft)

parton distribution function evolutions
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« structure of the quark »

Gluon emission by the quark : /"%\/L X % X %

— low Q? high Q%
Zp; = Xp e % ’
a quark « structure » shows up 700000, QQQQ orobes x  probes
=¢p X<
X
Take over the SF formalism, with proton -> quark
p p;i = ¢p
x=Q%2p.q z=Q%2p.q = x/&
2 2
Hence 2/:1(x,Qz)=M _Zj dzj dé £(£) o(x - Ez) T or(zQ7)
% lyp S |yrquark
2,2
where o = 47 a5 (@) and similarly for 6 with §=¢s
S

fi(£)is the probability to find in the proton a (« primary ») quark with momentum fraction &,
6,(z,Q%) is the photon-quark transverse cross section,
for a (« secondary ») quark of momentum fraction z;

&and z can vary from O to 1, but x = &z is fixed (hence the § function)

After integration on z :
G (x1£,Q%)

0

2F,(x,Q) = ¥ [, 4(6)



guark evolution equation

At first order : y*q — q ?_, where z=x/&=1

At next order, the photon quark cross section contains a y*q — q g contribution

: dé - . 1 0o(Q) 4 (1+z
with for /421&?_‘ d_p72_:eq O-Op_72_ 827[ qu(Z) where Pq(Z)—g ( 1- J

P,4(z) is the probability of a quark emitting a gluon and reducing the quark momentum by the factor z :

« splitting function »

N s?/4 dé s (Q? Q? log. scaling violation
5(r'a—>q9)=|,, dpE > =ef &y 2( %) p o (2) g™ J J
F dpy HE
Keeni . 1 2y 2 2
eeping the relation between F, and quarks ;FZ(X,Q )= D e, [q(X)+Aq(X,Q )]
q

2 2
=> quark density evolution d9xQ) _a S(Q )I dcf q(£,Q%) P,

X
dlogQ? Faa(Z)
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DGLAP equations

Similarly : quark in gluon P,

gluon in gluon P, 4

Pyq ®Q(x,Q%)+Pyg ®9(x,Q%)]

Notation P, ®f,.(x,Q2)=j;
dq(x,Q%) _ as(Q%)
dlogQ? 27
dg(x,Q%) _ as(Q%)
dlogQ? 27

| Pyq ®Q(x,Q%)+Pyg ®9(x,.Q°)



Remarks

1. DGLAP equations = Renormalisation group equations (RGE)

as(@), Q% de, x
or |09ﬂ£_ X ¢ qu((:) q($)

q(x,Q% uf) = g(x)+
Choice of factorisation scale r is arbitrary = q(x, Q2) should not depend on i :

dq(x, Q%; 1)
dlog uF

=0 — the DGLAP equations

2. Higher orders
NLO and NNLO splitting functions have been calculated. Very complicated !



lll. Factorisation theorems;
pdf parameterisations



[1l.1 Factorisation theorems
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Infrared singularities

Remember logarithmic singularity for quark structure, due to collinear gluon emission >——
00000Q,

2 2 -

. . o Q z dé

6(r"q —> qg) = eg 50 2—3 Pqq(2) Iog—2+_[O dp2 —

7 HF de

For gluon structure, log (Q/m) singularity due to y g fusion diagrams %j' %><

Generally speaking, infrared singularities due to soft and collinear configurations

(degenerate kinematic situations)
they correspond to on mass shell intermediate parton, with k2 = m? = 0 %
€000000,

They correspond to long distances

11



QCD factorisation theorems

(to be demonstrated : DIS, jet production, Drell-Yan, prompt photon emission, fragmentation in e*e’) :

Infrared (long distance) singularities (due to nearly on mass shell partons)

can be separated from hard (short distance) partonic process (with large off mass shellness)

i.e. infrared singularities can be « factorised out »

order by order in pQCD (or useless !)

into universal parton density functions
- which must be measured (cannot be calculated !)
- at some factorisation scale s
- of which the evolution from x- can be calculated using the P;; coefficient kernels
(DGLAP equations)

Very much like charge and mass are redefined to dispose of familiar UV singularities due to loop corrections
>aAA/V\N‘ =W +%Qn~ +>/\O\O\A
physical charge bare charge bare charge screened

« renormalisation » is factorisation of UV divergences
« factorisation » is renormalisation of soft / collinear divergences 12



Master formula

1d Q° uf 2 2
Q)= T [ & ——Zﬂ—;,as(ﬂ ) dhin(E s i)
i=07 9
coefficient function pEIf

4 renormalisation scale (fixes ay(1°))
ur factorisation scale
ones often takes u- = 1 - can be Q? or E; (jet) etc.

NB complicated cases where 2 scales (e.g. Q? and jet E;; also when large log 1/x)

» the factorisation scale u can be seen as where hard and soft processes separate,

i.e. maximum off-shelness of partons grouped into pdf ¢,

»> as uis present in both coeff. fct. and in pdf’s,
a « factorisation scheme » (MS-bar, DIS) must define (for higher orders) the attribution of the
short distance finite contributions (i.e. to coeff. fct. or to pdf’s)

(remember : pdf’s are « theoretical » objects)
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Parton distribution functions

M xQA= Y jldf Q—Z”—Z as (D) hinp i)

T

i=q7 g 5
U coeff. functions are QCD calculable as power series in o,

infrared safe

process dependent (NC DIS, CC DIS, jet, etc.)

independent of initial hadron h
U pdfs are specificto h

but process independent (including independent of Q?)
Q pdf evolution kernels (e.g. DGLAP) are

QCD calculable as power series in

infrared safe

compute the process (e* e, DIS, ...) cross section at parton level, at a given order of perturbation theory
compute the « parton structures » ¢/, ¢,,, atthe same order (in a given factorisation scheme)

thus derive the coefficient functions C' (at same order, in the same scheme)

YV V VYV V

combine the C' with the experimental cross section o” to derive the non perturbative parton distributions in
the hadron ¢;,, (at same order, in the chosen scheme) (i.e. inverse master formula)

A\

use the evolution kernels to extract the pdf’s for a given u factorisation scale value 14



111.2 Drell-Yan production
with CMS
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Drell-Yan production
LEP efe" > y/1Z—>qq o e |2
e>W7VV"<CT * e_>“;g”<q—

LHC qq—>y/Z >ete” +27 777
(GUT, extradimensions)

. 1
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Kinematics

quark with proton energy fraction x,  antiquark with x,

Let us compute
M = J(x4X,) Vs (Vs = 2E,)
X1 X, not fixed and no reason that x, = x,
i.e. two interacting particles (quarks) have different energies * e*e-
M=100 GeV - <x>=7?
but mass distribution depends on quark distribution in proton — pdf's

e .

o] r ™~ L

S S

s b Q2= 10 Gaes2 s [ Q2= 10 CaVssl

= L L

ES L —up CTEDEM = upbar CTEOGM
1.6 C 1.6
14 F 14 [




What is Z p; distribution for Z at rest ?

mostly « central » in detector acceptance

¥

but is Z at rest ?
M = V(x4X,) Vs
=>p, = ?

=> Z boosted — decay out of acceptance

50 Gay/c

pr = M,/2 sind [

loss of acceptance depends of pdf's !
NB different acceptance for e+ and e-

18



Different acceptance for electrons (solid) and positrons (dashed)

In SM, e is preferentially emitted in direction of quark
x(quark) is generally larger than x (antiquark)
=> ¢ |s statistically more boosted than e*

| abs 1 of e- | AbsEtaEl
Entries 5000
L Mean 1.189
L .- RMS 0.8056
500 _—' l Underflow 0
- Overflow 0
coor |
400— 4 .__AbsEtaPos _
i | | Entries 5000
C L | Mean 0.7939
300 — i RMS 0.6347
m : Underflow 0
N | Overflow 0
200 —
100 —
D__LI PR T |_|1‘|:]-f|'- i e e o Ly g Ly
0 1 2 3 4 5 6 7 8

(Master thesis V. Dero, ULB)



Different acceptance for low (200 GeV - solid) and large mass (2000 GeV - dashed)

2000 GeV => V(x,x,) =0.2 => both quark at relatively large x => Z not much boosted
200 GeV => VJ(x,x,) =0.02 => x (quark) can be large (0.1), x (antiquark) small 0.004
=> very different => Z boosted

| abs(n) of all e+/- AbsEtaAllEI
Entries 10000
- Mean 1.797
900 RMS 1.194
800 :_:—. Underflow 0
;“ Overflow 0
700 ;— J
600 — |_AbsEtaAllEl__
I~ , ' Entries 10000
500 — b | Mean 0.9917
= ! RMS 0.7517
4005  Underflow 0
300 = | Overflow 0
200
100/ L
0 = coe b by i__|l_'|-"T—u——|—-|——+l1_.1_ S el
0 1 2 3 4 5 6 7 8

(Master thesis V. Dero, ULB) 20



jet production
Jets LO diagrams

Sample of LO diagrams:

L EFTL XA AHRNA

different diagram contributions (gg, gq, qq) depend on pdf's
Tevatron qg dominate

—
o]
. Al r
LHC 99 dominate X 18 [ Des2= 10 CaVes2
kS B —_up CTEOBM
16 -=-- gluon CTEQBM




inclusive jet cross section

dijet production = important background L T B
to large mass Z production i ]
| g | P 0’ g CDLONER
2 jets mistaken as electron : rare, but re —CTEQM
enormous jet cross section ---- CTEQ4HI
weEt MRST ]

i
10 TeV, MC scaled toj L dt =100 pb” _ 0 e z

o~ _['Illll]lllllII[III'IIII'III['I['II'II]II[III]['III_ "F"\-._ N :
s [ —Drell-Yan ] u 10 Tevatron | 3
@ —tt ] E 3
Qo BEZuu a 'L .
S0 Wz - e
~ r Etw ] :
2 =ww ] 107 & E
g L B jet background ]
o -V - o W7k -
o) - 3
CMS preliminar g

Z 10 P y g L F ]
E & W .

= I:"ﬁ 3

4= 1.4 TeV ’ 14 TeV

llﬁ 1 lllIJlll

tor ki 15
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Mee(GeV"cz) lu'g-lllI|IIII|IIII|IIII|IIHII-
0 1 Z | q4 b
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Nb events / 40 GeV/c?

top pair production

?a 0
a § : HEPDATA
aaa t qg;_ 18 | Ous2= 10 CaVss2
S — gluon CTEQGM
15 | -—-- gluon  MRST2004NLO

Depends on gluon pdf's

10 TeV, MC scaled toJLdt=100 pb'1
_['Illll]lllllII[III'IIII'III['I['II|II]I|[III]['III_

—Drell-Yan
mZu =
| Fdus

Etw

=WwWw

B jet background
—Y7

—
(=]
]

-
(=]
’!|_H T T IIIII| T T

llﬁ 1 lllIJlll

[ dominant background to large mass Z production
t-W*"b and W* - e* v, and similar for tbar
CMS preliminary => true e* e pair ]

1 1 lllllll

1

‘:_I._\. |

160 200 250 300 350 400 450 500 550 600
M., (GeV/c?)
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underlying event (soft physics)

Electron identification against jet background : isolation criteria
« Hard » qa —y1Z —>e'e” interaction
+ proton remnant jets

+« soft » interactions between proton remnants = high density colour fields
-> additional tracks with limited p;

[_)} ?I} i ; ‘\\'I\
(@ )<<’
[L4) )]
] ! Iilla' Il -
 Z—— —— P
et 24

(Master thesis V. Dero, ULB)



Coupures Nombre moyen de particules
A une masse de 200 Gel -- A une masse de 2000 GeV
Pas de coupure 359 351
n| < 2.4 159 162
pr > 1 GeV H8 63
| <24 et p >1GeV 35 40

Leading Jet

Transverse region with highest scalar

180 transverse momentum sum
bl 3 obs
q) - ¥o0s - 07
\ §25——§ ¢ R
z° L |
15| H1 Preliminary
- « H1 Data (prel.)
aF — Pythia + MPI
Pythia
0.5} — Cascade set 2
- - Cascade set 3
0 I 10 I Jet
P; '[GeV]
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111.3 Parton distribution
parameterisations
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Parameterising pdf’s

» Choose a starting parameterisation for the various parton species (quarks, antiquarks, gluons)
at a given u scale (usually g = u)
in a given factorisation scheme (usually MS-bar)
» with a number of parameters sufficiently /arge to describe the data

= but sufficiently small to be really constraint by physics and not artefacts

» Decide upon simplification hypotheses to decrease number of degrees of freedom

» isospin (u(x) in proton = d(x) in neutron; u sea in proton = d sea in neutron, but u sea in proton might
be different form u sea in neutron)

» x-distributions of quark and antiquark seas : have to be the same in total, but what about x
dependences ?

» §(x) sea versus u(x), d(x) seas

» Choose experimental data
= theoretically relevant (be sure factorisation applies !)
» theoretically under control — e.g.
higher order effects (NLO / LO ; NNLO / NLO)
treatment of nuclear effects (in extracting neutron pdf's from eA and pA scattering)
= experimentally reliable
(e.g. phase space extrapolations for HERA charmed meson production)

> ...andfit 27
= (for errors — see below !)



Main parameterisations B L
0 MRST

16 } ———~ gluon MRSTZ004NLO
starting scale : 12 = Q,2= 2 GeV?

u quark xu(x,Q8) = A, (1= x) (1+ e N X + 7y x)x%

d quark xd(%,Q8) = Ag(1—x)T (14 eg/x + ygx)x°a

sea XS(x, Q) = Ag(1— x)s (1+ eg/x + ysx)x%s

Ag=U-d  XA(x,Q8)=Ar(1-x)Ts(1+ yAX + Oy x2)x%s

gluons xg(x,Q8) = Ag(1=x)" (14 eg/x + 7/gx)x59 [—A_(1 —x)y-x"% J

=S
u(x)+d(x)
sea asymm. As(x)=s(x)-s(x)

strange sea

U

CTEQ (1+&Ux+7X) — (1+7;x%)
DIS (H1, ZEUS)

U

around 20 free parameters (or even more) for some 2000 data points
(A, and A, fixed by valence quark counting, A, fixed by momentum sum rule)

Parameterisations differ in detailed form of parameterisation at starting scale, data sets included, factorisation /
renormalisation scale Q,? and scheme, value of a,(Q,?), assumptions on x, sea asymmetry, possible

negative gluon
28



Data sets

DIS (1) fixed target up, un BCDMS, NMC, SLAC, E665 x> 1072
e*p,e p(NCand CC) H1, ZEUS x > 10 quarks, gluons (through evolution)
e*p,e p CC > u/datlarge x (without nucl. tgt problems)
FZ FbZE >direct access to gluons (photon gluon fusion)

2009 joint analysis by H1 and ZEUS of o, df

o
1995-2000 data set e 4 91x25 points
110 point-to-point correlated error sources Lo DIS09
3F
42 | dof = 576 / 592 o3
L E
0F
-1k
-2 [ L | P |

'
~J

'
(=,

'
Lh
iy
[\

'
.
o
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o,(x,Q%

04

02

08
0.6
04
02

0.75
05
025

. Q%=0.05GeV*

Q*=0.15 GeV*

[

H1 and ZEUS Combined PDF Fit

Q=04 GeV*

Q' =12GeV’

Q' =85G
\\ '\\
Q' =15GeV’ ) Q:=13IG‘
Q' = 135GV Q' =45Ge
Q' =90 GeV’ Qrﬂi}@

02

g
c
(=9
<
2 4 2 - (=]
Q’=35GeV Q' =45GeV z
\ '\P\ -E.
<
- \I Py \
Q= 150 GeV” Q" =200 GeV* Q=250 GeV" Q° =300 GeV~
Q' = 400 GeV’ Q = 500 GeV’ Q' = 650 GeV’ Q' = 80O GeV’
Q° = 1000 GeV* Q" = 1200 GeV* Q = 1500 GeV® Q = 2000 GeV*
Q’ = 3000 GeV’ Q =5000GeV' | Q'=8000GeV | QF=12000 GeV’
i 1 IIIIH!I 1 Illlllll i 1 lIlIlJ i illlll] \A
TR s F s o 2 1 3 1
L QP =20000GeV' | Q7 =30000 GeV’ 10 10 10 0" 5
L L, ® HERAINCe'p (prel)
i i B HERAPDFO2 (prel)
1 f E I E (exp. uncert.)

April 2009

HERA Structure Functions Working Group



H1 and ZEUS Combined PDF Fit

08

10*

Q% =10 GeV?
—— HERAPDF0.2 (prel.)
- exp. uncert.
model uncert.

I parametrization uncert.

10° 10 107!

April 2009

HERA Slruclunla Fl.lmclions Work]n,ol, Gmulp I

=== H1PDF 2009 :
Q? =10 GeV?
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Data sets (2)

DIS (2) vp vn Vvp vn CCFR x > 102 : total quarks, valence

NuTeV + strange sea (dimuon events from CC charm prod.)

g x=0.015 (X3) 10 L+ ‘E?!f x=0.015 (x40) |
P = < ]
. 1 i X=0.045 x12)
Ea . i % _ x=0.045 (X1.8) 14 % \
- -~—i'i"i"'ld_ E x=0).08 (x6)
> - - TR S
i% ﬂ-?r g FOBOXILY) LT S %

x=0. 1%

x=0.125
!iﬂf x=0.175

- F e i b x=0.175x2) |
1 $ 8 x=0.225 . ;-2@-g-x-i-m--"-i-ﬁ--l---ﬁ---
To-- x=0.275 ] i ! éyiﬂ ERloly § 2 L % ~ \([\.‘?]ﬁ_
o Eile . x035 ] oLk e #2758
o ~ ’ 1”‘%—@ ' S TEre .
b ’ P : TWuhvgi,

¥ . W ok 3 ]

N w3 xi“i--f.?_ x=0.45 s X . R vt h =035
= W by ¢ w -;nr-;-: - -

RN % %Y& : s SN e ' 7 -x=045

RN T, W Ty
) %“,{ H Iﬁri?_‘ x=0.53 s \\\ R
. %—— i ., b \:i}‘? 5
0.1 R 5 ¥.q
! __ ", 'ﬁ?‘i\:}‘ - __ j
RN 34 5 - o1t :
N B dly x=065 [
&, ‘ﬂ; - %“' ' 7.5=0.63
'\.:—b:l " " ? T
TR _NuTeV r-e-
. e ] F CFR O7 —e— x=0.73
~ x=075 TOHSW boomrennt
| T NuTeV/ ﬂt .
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Data sets (3)
Jets Tevatron collider CDF, DO - constraints on high x gluon
Jets in DIS at HERA  ZEUS

Sample of LO diagrams:

XL TXXHH AR

;,:: \ D@ Run Il preliminary
g D data, Gone R=0.7 inclnsive jet cross section
%102 s |y|<D5 J.L’l’é....,....,....,....,....
- = 15<|y|<20 i F
£10 « 20<ly|<24 QCDLO, p=E 2
2 NLO (JETRAD) CTEQEM 0tk ———CTEQM
8 1q Raap=1.3, He=pp = 05 p7™ --—- CTRQ4HT
- wet o e MRST
10"
\s=1.96TeV o'h
2 E
10 =143 pb” :
" P 07 Tevatron |
-3
10 | wil

d'ofdndEd,_, (nbiTev)

600
p; [GeV/c]
>~ 6 1074
¢ [ D@ Run Il preliminary oL
= F E
5 5I:_ —e—|y| <05 = i
g E —Sysle;natlcs Cone R=0.7 ’ 14 TeV 3
C uncerainties -1 -0 'r ]
4: [0 PDF uncertainties Llnt =143 pb .
r R
3-NLO (JETRAD) CTEQSM o
2; Rup=13, ip=lp=05pr™ 10"’0 N = : :
;_,__...-———'_I_ E, (TeV)
———— S y—
) 1 H‘:;—:—

“t il PSRN BT A BT ST E S BT EE A BT AT A A
0100 200 300 400 500 600
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Data sets (4)

Drell-Yan (muon pair production) : Fermilab, p and n

iy

qtp2)

I'(ky)

I'(ky)

7

>u, d valence: U, d

P

Large K-factor (= NLO / LO) - convergence ? factorisation true ? now understood : () not small

W asymmetry (CDF)
u/d ratio at high x

E603 (p Co = 0 X py oy~ 800 Gel
'k 3
From-i2s Loo, o )
: - T
z CRRCC I S T
3 i -
" e ae Twea, .
o T ¥
z ne= 025 e, Ly
: e —
- - e
= .
,3_\ E ars o'“'t‘-i‘-n.m_\ e, .
2 F T o, e
B 10t N ag
= . e
= —— e
.
175 b *e- -
. ..
0k Seeag
- o ] i e
- ""H14_L
—,
e - 275 1 -
v ¥ T
T
1
VT
0.5 -
I o JE CDF-IL 170 pb
g E25 < £, < 35 GV
03
E E
> 0.2
] E §
&£ VA
T o
g E
FRI=S
% E —CTEQS1M
= 0.2 o
5 E ----MRSTOZ2
03
] E  NLORESBOS (F. Landry, et al. Phys Rev.D67:072016,2003)
04
_055 I 1 I
“0 05 1 15

Gpd {2 Gpp

12

1.1

0.9

0.8

0.7

Corrected Asymmetry

Drell-Yan Cross-section Ratio

i %
5T WT; |
7 ¢ \%
Y _—
5
~

i N ¢

o E866
_ CTEQSM

| | |
0.1 0.2 0.3
X2
0.5 =
E COF-II, 170 pb

045735 < £, < 45 GeV
035
02
[X]=
ZE — CTEQS.1M
0% - RsTO2
-ol"; NLO RESBOS (F. Landry, et al. Phys Rev.DE7:073016,2003)
'0.5§ 1 Il Il Il

0.5 1 1.5
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Data sets (5)

Prompt photon production

Sensitive to primordial k; of quarks inside nucleon (i.e. higher orders

o

10 T B S S S B
10 p Be at 800 GeV/e
P, =loo=y, §|1.S{1
107 ® vy [pb/i(GeVie) per nucleon]
on [nb/(GeViey per nucleon|
10 stat and sys uncertainties combined
1
-1 T[
10 §
2
10 ¢
.3_
10 Fo= py/2
af = LO Theory
10 F - NLO Theory RN
5 L3GeVie i
—— NL( zory (K. i s
10k NLO Theory (k) 1.4 GeV/e (1)
sf CTEQ4 parton distributions I
10 ] 1 1 1 1 1 1 | O

3 4 5 6 7 8 9 10 11 12

Py (GeVie)
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Results...

Py ®Q(x,Q%)+Pyg ®g(x,Q%)]

dq(x,Q%) _ as(Q°)
dlogQ? 27
dg(x,Q%) _ as(Q°)
dlogQ? 27

| Pyg ®Q(x,Q%)+ Pyg ®g(x,Q%) |

1.2 LI | T T T T rrrryf T T LN B |
- MRST2001 up
10F Q°=10GeV? down
I antiup
antidown
08|
strange
o charm
d o6t gluon
X
= I
X
04|
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[11.4 Parton distribution
uncertainties
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Experimental uncertainties

O selection of data
choice of accepted Q2, W domain
O effect of experimental errors ?
correlated / uncorrelated systematics
O how to combine « poorely compatible » experiments ?

» Hessian estimate of errors (correlation matrix)

deviation in y° of the global fit from the minimum »? value is assumed to be quadratic in the deviation of
the fitted parameters errors from their best value - errors obtained from the covariance matrix, with Ay° =
1

BUT - hypothesis on the quadratic behaviour of uncertainties : (very) questionable
- (there may exist) strong correlations between parameters (if larger number than necessary)

- inconsistencies between experiments
- which tolerance to define errors on pdf's ? Ay? = 100 (CTEQ), 50 (MRST), 1 (H1 — only DIS) ?

» Lagrange multipliers : a series of global fits using Lagrange parameters attached to each given
measurement, constraining the measured cross sections by the quoted errors - how does the global
description deteriorates as one moves away from the unconstrianed best fit — while spanning a range of
Lagrange multipliers 38

But very heavy procedure



Theoretical uncertainties

higher QCD orders — in DIS : NNLO

log (1/x) and log (1-x) effects

absorptive corrections — parton recombinations

other higher twist contributions

form of the parameterisation at starting scale

number of parameters ?

... and relevance of the chosen factorisation scheme for the chosen parameterisation form
choice of starting scale of evolution

choice of ag

(IR Iy Iy ey Ny oy Iy Ny

simplification assumptions
isospin violation
S#S
treatment of heavy flavours
nuclear effects

inclusion of e-w corrections (significant at NNLO)

U000

Remark : pdf’'s in Monte Carlos

Present Monte Carlos are generally LO + simulation of higher orders through parton shower (JETSET)
JETSET follows DGLAP evolution — HERWIG is believed to be closer to BFKL evolution 39



Higher orders

All order summation is finite (factorisation theorem) but how fast is the convergence ?

>

>

trust convergence if corrections decrease when computing next order

3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8

(nb)

G.Bl

1.6 E

W Tevatron Z(x10)]
3 } (Run 2)
] :::_ll_::_::::::::wwto { ]; F
= CDF Do(e) DO(y) == 3
2 CDF DO(e) DOu) 1
3 y E

24 o

Lo

sensitivity to scale = indication of size of next order contribution

ydic(”kx,oz,mw(aé’”)
u

small scale sensitivity at NL for DIS and D-Y

large for heavy quarks and prompt photon
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Heavy quarks

Cc

No HQ in the nucleon at small scale _
= C
<0

0

» dynamically generated (photon gluon fusion) <
0

Works at not too large Q2 but logarithmic divergence at large Q?
> atlarge Q2 treated as massless quarks

- Fixed / variable flavour number scheme

Jets

full NNLO calculations not available yet
-> estimated through scale dependence :

u often varied from 0.5 Ey to 2 Er

Q
~log—

Mg
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Resummations

» Fixed order calculations €-> resummation of all order contributions : leading logarithms
Necessary when 2 scales, e.g. Q? and jet E;
I'double counting !

2
> DGLAP evolution : hard scale given by Q? LLS

resums ag log” Q? terms (+ NLO etc.),

corresponds to strong ordering in k; of (virtual) partons X

» BFKL evolution : in DIS domain (sufficiently large Q?), very high energy X s km
1
resums ag log” — terms
. . xn-ll kT,n-l
corresponds to strong parton ordering in x (long. momentum)
but not necessarily in k

X, ke g

Predicts fast increase
» CCFM evolution : connexion between DGLAP and BFKL
angular ordering : , _ KT

Xp

At very high parton density : saturation — parton recombination - non linear evolutions 42



In 1/x

Regge

In Q2

v
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I11.5 (Some of many)
uncovered topics
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Other parton distributions

Q unintegrated k7 distributions
relevant at very high energy, and when no strong k; ordering
(BFKL domain)
e.g. large ky jet or particle at large x

Q generalised parton distributions
correlations between partons

71 v TP, O

vector meson and real photon production (DVCS)
most relevant for large mass difference between initial and final state

Q spin parton distributions
dedicated experiments (HERMES, COMPAS, etc.)

45



Other hadrons or hadronic objects

Q

photon
v vy scattering at LEP, hard photoproduction at HERA
i.e. measurement of the hadronic structure of the photon
(« resolved » photon €-> « direct » photon = pointlike)

¥ —qq + evolution, including gluon content of the photon

NB in DGLAP evolution, inhomogeneous component (cf. NS SF)

pion
Drell-Yan, leading neutron final states at HERA (interactions on the pion virtual cloud around the
proton)

pomeron : hadronic structure of diffractive exchange

HERA (total diffractive production, vector mesons, charm, jets, etc.
Tevatron (diffractive jet and W production)

LHC : diffractive Higgs production

Factorisation theorem proved
but strong higher twist contributions
+ effects on evolution equations

+ underlying interaction - breaks simple application of of pdf transportation from HERA to Tevatron
(« survival probability ») 46



Some references

>

Introduction on DIS, SF, etc.
F. Halzen, A.D. Martin, Quarks and Leptons, Wiley

Introduction to pdf's and QCD
CTEQ site http://www.phys.psu.edu/~cteq/  in particular

QCD Handbook http://www.phys.psu.edu/~ctea/#Handbook

W.K. Tung, Perturbative QCD and the parton structure of the nucleon
see also : J.C. Collins, What exactly is a parton density? arXiv:hep-ph/0304122

Present status of pdf's - draw your favourite pdf's
MRST site http://durpdg.dur.ac.uk/hepdata/

Pdf uncertainties : see e.g. (+ ref. therein)

A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne
Uncertainties of predictions from parton distributions
|. Experimental errors arXiv:hep-ph/0211080
lI. Theoretical errors arXiv:hep-ph/0308087

CERN PDFLIB manual http://consult.cern.ch/writeup/pdflib/
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