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Motivations

1. Structure of proton (and other objects : photon, pion, pomeron)
+ « conventional » pdf’s, in terms of quarks and gluons momentum share (x)
+ « unintegrated » parton distributions (x and k)
+ parton correlations (GPD)
+ who is carrying proton spin ? (polarised pdf’s)

2. Tests and deeper understanding of QCD (write the Lagragian // understand QCD)
+ historical : scaling — quark parton model
Q? (DGLAP) evolution of structure functions
factorisation theorems // higher order calculations // etc
+ many fundamental open questions :
very high energy (BFKL evolution ), diffraction, saturation
soft to hard transition



Motivations (2)

3. Precision measurements of SM processes / parameters
+ Aqep » Os DIS, jets, heavy quark production

+ Higgs production

4. Input for any BSM studies
+ feasibility studies
+ SM backgrounds to any discovery claim

Basic tool for any physics at LHC !
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Deep inelastic scattering and structure functions
Quark parton model

QCD evolution, DGLAP equations

Factorisation theorems and parton density functions
Parton distribution parameterisations

Parton distribution uncertainties

Some (of many) uncovered topics

Some references



1. Deep inelastic scattering

and structure functions



e(k) e(k)
1. Rutherford formula

q=k—-K=p'-p
scattering of spin 0 (a particle) by spin 0 nucleus (no recoil) e
do o 2 iR 4 p(p) p(p)
dQ 4E?sin*(612) (@) Ip( )

form factor : extended target (Fourier transform of charge distribution)

2. Mott formula

scattering of spin 1/2 (electron) by spin 0 nucleus (neglecting electron mass)

J
2 [} <:|
do d E' cos?(oi2)

dQ  4E%sin*(0/2) E

Rutherford electron spin = > ) forbidden
recoil mass —

3. Spin 1/2 — spin 1/2 point-like scattering (« e — u »)

2 ' 2
do _ — Elcosz(orz) + 9 _ sin?(0/2)
dQ 4E“sin*(6/2) E 2M

Mott magnetic interaction (o*")

3 47a’

=5 (1—y+y?12) with Q*=—q? =4EE'sin*(0/2) y = 1-E'E cos?(4/2)




4. Extended spin 1/2 target ; form factors e(k) e(k)

Ao’ g=k—Kk=p'-p
M = e JLe)(Q) JHP)(q)

with Ui = (k") 7, u(k) p(p) p(p)

P) _ (' 2y u i K- 2 v
J# —U(p)[ﬁ(q)y +12MF2(q)qVG }U(p)

covariance : y* gq* g, c*” @ current conservation : 0,J*")(x) =0 = q,J*"(q) =0

F.(g®) F,(g%): 1 invariant variable (+ trivial azimuthal angle) + CM energy Js

In practice, combine F; and F, & Gg and G,, « form factors »

- Rosenbluth formula for e p elastic scattering

do do GE+(Q*/4aM*)Gh @
— =——(Mott)-| —E My 2G4 tg%(012
da ~ aq M 1+ Q% / 4M? a2 2 Cia 19°(072)
Experimentally : 1 _ o
G =Gy = (dipole parameterisation)

(Q?+0.79)
i.e. 1/Q8 compared to point-like target !



5. Deep inelastic scattering
e(k)

M ~ [J(e)(q) Jﬂ“’)(q)] rec =L, W

' ' 2 . .
/\ L, =2kk' +2k' k,-Q° g,  (forem interactions, y exchange)
w

p(p) p’ W =-W, g*" +W, p* p*+W, q* q" +W; (p* q" +q* p")

current conservation g, W*" =q, W*" =0 = only 2 of the 4 W functions contribute : W, and W,

proton dissociation < one additional invariant W in addition to Q2 (and s)
> W, ,(Q? W) or any combination, in particular ,, _ p.qg/M or x=Q%/2pg
do a’® E'

dQ 4E7sin'(0/2) E [Wy(v,@%)cos? (012) + 2W,(v,Q°) sin’(0/2) |

W, ,(Q? W) : physical observables (measured quantities)



DIS cross section

F(Q) =MW,  F(x,Q%)=vW,

d’c d’c 4ra® y? . .
= XS = s| (1-y) F,(x,Q%) + Z— 2xF,(x,Q° em interaction : NC y exchange
dxdy  dxdQ@ Q° {( y) Fy( ) > 31 ( ) Y g
- + G’% Q' y(1-y12) xF,(x,Q%) weak interaction : CC W exchange
1T 822 (1+Q2 I M) o '

"polarised cross sections" (with different y dependences)

1 _\ 4na? 4ra®
O'T=E(a++a): 2F, o0,=0"= ~

1
(F, -2 xF)) FLZZ(Fz_ZXFO
NB At high Q2 (HERA), in NC also significant contributions of Z exchange + y-Z interference

In the following, we shall concentrate on the structure function behaviour,
but don’t forget the 1/Q# factor in the cross section !



For completeness
Kinematical variables definitions and relations
S:(P+k)2 QZ=—q2 v=pql2M x=Q%/2M v y:;q

W2 = QQ(U/x-1) + M>=Q%/x=ys Q®?=xys 0<x<1 0<y<1

Laboratory frame v=E-E' y =é Q? = 4EE ' sin*(0/2) y = 1-E'E cos®(6/2)

CM frame 1-y= %(1 +cosd*) — controls helicity : y =1<«> backward scattering, forbidden for long. photon

10



2. Quark parton model

11



Scaling

ep scattering SLAC 1969, for sufficient energy and Q2 :
observation of « scaling »
i.e. no strong Q? dependence of cross section

(except for common 1/Q%)
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Point-like partons

Compare
d’c  4q’E*? ) Q> . Q? . . o .
= cos” (0/2) + sin?(8/12) | 5(v - — 1) elastic scattering on point-like spin 1/2 target
JOdE’ Q° { (60/12) VG (012) | o(v 2M) (1) gonp p g

40{2E'2

[Wz(v,Qz)cosz(G/Z) + 2V|/1(V,Q2)Sin2(9/2):' (2) deep inelastic scattering

If DIS is in fact elastic scattering on spin 1/2 pointlike « partons » with charge e, momentum p, mass m,

then one has (using d(x/a) = a d(x) )

2 2 2
Q ) 2mW,(v,Q%) = ° 2 5(1- Q

W, (v,Q%) =e? s(1-
v 2(V ) ( 2my 2my 2my

) Q)

- scattering on partons explains scaling,
i.e. the fact that the structure functions W, , depend on one variable only :
x = Q%2mv — or equivalently Wor v—
and not separately on Q?and v

13



Interpretation of the x variable

Let the hit quark carry be parallel to the proton and carry
the fraction £ of the proton momentum p
In the Breit frame, i.e. where photon is purely space-like : (ymZ +(£p),£p,0,0)  (0,9,0,0)

initial state inv. mass =mZ +(Ep)? —(Ep+Qq) U
o =m; +(EpY —(EPY —2Ep.g —q° = m? (final state quark)
=& = =X
2p.q

x is, in the Breit frame, the momentum fraction of the proton carried by the struck quark

NB Breit frame is also called the « brick wall » frame :

(ymi +(ép)*.£p,0,0)  (0,q,0,0)

=25pq = q=-2¢p I

(,/m§+(§p2,—§p,0,0) (0’_2§p’0’0)

More generally : x = fraction of proton momentum carried by the quark in /FM (infinite momentum frame),
where masses and transerse momenta can be neglected

14



Parton distribution functions

Incoherent scattering on constituent partons, « frozen » in the proton by time dilatation (NB also long.

contraction) : o _ _ o
parton-parton interaction time ~ y/R, < high energy y p interaction time

o(ep)=2 [dxf(x)oleq) )
hence :

where f,(x) = probability to find in the proton parton of species i carrying momentum fraction x (in IMF)

NB : f; =valence + sea

Using p; = x P, and thus formally m = xM (= 0 in IMF !), putting in (4) the W, , structure functions (3)
and integrating over the ) fun&tgon only an x dependence remains at high energy, high Q2 (DIS regime)

vW,(v,Q%) = ® 5(1——) — F(x Ze X f(x)
Q? Q? 1 }QPM
MW,(v,Q%) = &? o 5(1—2mv) N Iﬂ(x):EFZ(x)
dZU 272'&2 2 2
o @ s[1+(1—y) ]Ze’ X f(x) QPM

Note that in QPM F, = 2xF, (Callan Gross relation)
- measurement of F, = 0 indicates that partons are massless spin 1/2 objects - identified with quarks

(Note also if quark spin were 0, o7 = 0 — cf. Mott formula) 15



Sum rules, first pdf measurements

> _[ dx X f(x)=1 momentum conservation

I;dx[u(x)—ﬁ(x)]=2 j;dx[d(x)—a(x)]=1 valence quarks I;dx[s(x)—§(x)]:0 sea - idem for ¢, b,t

)1—(F2(x)= Zeg X fq(x) proton < neutron: u(x) < d(x) (isospin)
1 6 4 1 1 _en 1 4
;sz(x) = §u\, +§dv +(S§e§ S(x)] ;Fz (x)= §u\, +§dv +(SZE/;e§ S(x)j
R g 2w , Uy +4dy BP0~ F2"(30) = (4, (1)~ (x)
o 0 B T au,+, T ) =50

1mE T T 1 I

08 = ¥ *l —

A EC W 1l
...aMMm N -

02 =

1 i 1 1
o 0.2 0.4 [X3 0E 10 [ X 05 1]

Using j;dx F;P(x) and j;dx F5"(x) — dluons =0.46 proton momentum 16



Fixed target electron and muon scattering on hydrogen and nuclei - F, for p and n
» neutrino scattering = F, and xF;

Fy Y = x> (q(x)+q(x)) Fy~ = xz d’(x)- xzuv(x)
q
FyY =2 @()-q(x) =, q"(x) Fy7 = z<d x)+d(x)) - z u(x)+ (%))
q q

- first determinations of pdf's

NB Remember that structure functions are observables, but pdf’s are « theoretical » quantities !

R
0.8

= GCoft o = 10 Ge\V®




3. QCD evolution

DGLAP equations

18
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« structure of the quark »

Gluon emission by the quark : S /\/l/‘/\’l
zp; = xp S,
a quark « structure » shows up 000000, o
p;i=ép
NB 1. we consider hard gluon emission, over timescale comparable to interaction time > large p,

well separated jets <-> soft gluon emission during hadronisation (see later)
2. « before » and « after » are frame dependent - the second diagram for gauge invariance

Take over the SF formalism, with proton > quark
p p; = &p
x=Q%2p.q z = Q%2p;.q = x/&

JT(Z QZ)

Hence 1F2(X,Qz):2F1(x,Qz)—GT(XQ) Zj 2 dé £(&) 5(x - ¢z) Tme=
X Sy y*quark

4z d2(QP)

where og = and similarly for 6y with § =¢s

f,(£)is the probability to find in the proton a (« primary ») quark with momentum fraction £,

~ 2
&and z can vary from 0 to 7, but x = £z is fixed (hence the ¢ function)

dé G-(x1&Q%)
2F(x,Q%) =Y [[L= £ (g) X o)
After integration on z : il ) Z/:IO S e Sy 20

is the photon-quark transverse cross section, for a (« secondary ») quark of momentum



quark evolution equation

Atfirstorder:;/*q—>q>_, where z=x/&=1

Hence 2F,(x,Q°) Zfdgtf, M Z J.d(’gf —? )= el fi(x
7
At next order, the photon quark cross section containsa y*q —q g contrib% (and others)

N , ,
with for d_i:eg &012%(@ )qu(z) where quq(z)=ﬂ 1+ 2
200000 de pr 2w 3 1- 7

1q(2) is the probability of a quark emitting a gluon and reducing its momentum by the factor z : « splitting

function »
6(r"q - )—j32/4d 2£~e2 G “S(Q ) P, (2) lo Q2 = cut off for p,- — 0 (see below)
2 2
and x 5(X, Q%) f (5(1—§)+ 0532(: ) qu(g) Iogi—gj logarithmic scaling violation

Z 2

7 q

Z 3 [q(x +AqQ(x,Q? )] log. dependence formally absorbed in quark density redefinition
q

Hence integro-differential evolution equation for quark distribution :

2
a0 Q) _ (@) (195 o ooy Xy

dlogQ®>  2r & e 21




DGLAP equations

Similarly : quark in gluon P, %D<
/@/6@

. R
%
gluon in gluon P, 4 Yconnann,

Notation P, ®f(x,Q*)= J';% P"f%) f(£,Q%)
2 2
dq(X,Q ) _ aS(Q ) |:qu ®q(X,Q2)+qu ®g(X,Q2):|

dlogQ? 27
dg(x,Q%) _ as(Q°)
e [Pyq ®q(x,Q*)+Pyg ®g(x,Q)]

22



Remarks

1. DGLAP equations = Renormalisation group equations (RGE)

as(@®), Q% (1d¢

o log 2 X ¢ qq(g) q(¢)

Choice of factorisation scale ug is arbltrary - q(x,Q?) should not depend on  :

q(x,Q%; uf) = g(x) +

dg(x, Q% 1R)
dlog ur

=0 — the DGLAP equations

2. Singularities in splitting functions

Remember qu comes from 2 2
+ 7
702000 ey

and is singular 4 (1+2°
P,(z)=—
wl?) =3 (1-2

But interference of virtual corrections

with leading order diagram regularise the
singularity in P,

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




4. Factorisation theorems

and parton density functions

24



Infrared singularities

Remember logarithmic singularity for quark structure, due to collinear gluon emission ~ *——
2 - 200000
2 da
6(r*q - q9) = e S0 2—qu(2) 0g 5 +IO ps —
H de
For gluon structure, log (Q/m) singularity due to y g fusion diagram "

) P
) A
(b’@,@m m’@/b’@

In general, singularities coming from vanishing gluon mass

Generally speaking, infrared singularities due to soft and collinear configurations (degenerate kinematic
situations)

correspond to on mass shell intermediate parton, with k2 =m? =0 }_—
Q0080

Correspond to long d/stances

+v°)/
light- -cgne coordmates (vV*£v?) V2
k?=m* =2k*k k2 (=0 if parton on mass shell )

X-k=XK +xk —% -k,

E+p - KE+m®* kE+m®
k* = Z~s/2 verylarge! k==L S very small !
NG ry larg ok NG ry
k — x space by Fourier transform (_[d k e*X..) with x* = time
- X"~ Js > very large ! X ~ 1 very small ! 25
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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 (or fragmentation functions)
- which must be measured (cannot be calculated !)
- at some factorisation scale 1
- of which the evolution from x can be calculated using the P;; coefficient kernels
(DGLAP and in general RGE equations)

Very much like charge and mass are redefined to dispose of familiar UV singularities due to loop corrections
>&WVW =>H(\’/\N\/v\ +>N<:>u\/\ +>/\O\(j'w
physical charge bare charge bare charge screened

« renormalisation » is factorisation of UV divergences

« factorisation » is renormalisation of soft / collinear divergences 26



Master formula

o'(x,0M= 3 k

=94 g

%w

ggg s nEopr )

coefficient function pdf

4 renormalisation scale (fixes ay (1))
U factorisation scale
ones often takes - = 4 - can be Q? or E7 (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 presentin 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)

27



Parton distribution functions

2 2
S wP)= Y Jlde& §7L as(®) (&t i)

=44 g

QO coeff. functions are QCD calculable as power series in «,
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?)
U 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 » ¢,,, ¢;,, at the same order (in a given factorisation scheme)

thus derive the coefficient functions C' (at same order, in the same scheme) (see fig. NNLO !)

YV V VYV V

combine the C' with the experimental cross section ¢” 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 28



5. Parton distribution
parameterisations

29



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

= jsospin (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 30

= (for errors — see below



Main parameterisations

0 MRST
starting scale : 12 = Q,2 = 2 GeV?

u quark xu(x,Q8) = Ay (1= )T (1+ £ + 7,x)x°"

d quark Xd(%,Q8) = Ag(1— x)T (14 g /X + ygx)x°e

sea XS(x, Q) = As(1— x)s (1+ eg/x + ysx)xs

AQ=U-d xA(x,Qg) = A (1-x)2(1+ 7/Ax+5Ax2)x5A

gluons xg(x, Qg) =Ag(1- x)% (1+ gg\/; + ygx)x5g [—A_(1 —x)T- x % }
s(x)

strange sea k=

Gx)+d(x)

sea asymm. As(x)=s(x)—s(x)

2 CTEQ 1+5\/—+7/, - (1+;/,-Xg")
Q DIS (H1, ZEUS)

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
31



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 nuclear target
problems) 2 2
Fee Fpp

—>direct aseesspciglupasc(phaton gluon

@ = 15 GeV*

e

__:f T bbb Lo 6l S O Hlep — SMep (CTEQ6D)
i e 0 ZEUS e 98-99 -== X (u*c)
1 Y o s | T (1y)’ (d+s)
3 A i h L :::';“mm, ob L L] ) B B L B B B L1 L) B B R AL L] B B AR
1 " By B [ Q’=280GeV® T Q°=530Gev® T Q?=950GeV’
" 2 F + + .
\ ] i Y r T T ]
2F N\ 4 W, C T I ]
+ 1% " 1k T T ]
AW 0.6 . r T I 7TE T 1
4 L T e, T ]
1F _.+’\ » 4 o4 i, [ P i
T ot ~ u L QP=3000GeV’ T
| L | \ 1 - .
? . R E oo S o _ ‘ N r r % T
0~ 10~ 10° 107 " 3 2 1 [ r N T
10 10 10 10 X 05 = = N T
x L. L r T
1993, 20 pb" 2 — 3 % precision L e F . T
ﬂ < = 7!}}‘ } H\'\H\‘ \*\HHEJ b
1 F Q%=9500GeV> F  Q?=17000GeV? F ]
7 C i i A
H1 PRELIMINARY 0.75 E + T ]
— nj T T III”“f T T T T T oo LI R R T T T r1r111yg 05;7 7;7 7;7 7;
g E HI1 Preliminary 3 H1 P.I'El.l.llll.n;’i;’}’ ] 0.25 ; % % \§\:
:é _1 T . fc . f — 1 :HH‘ L1 HHH‘ Aol 1] \;:HH‘ L1 HHH‘ L1l \;:HH‘ L1 \\HH‘ L1l \;
= 10 F = o s £° 5 -2 -1 -2 -1 -2 -1
< f : 2L 107 10 107 10 107 10
—_— .. 4
5 o T : Charged Current X
10 _:_ = =
E bl v - =
E Q=200 GeV" z ]
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Data sets (2)
DIS (2) vp vhn vp vn CCFR x > 1072 : total quarks, valence

NuTeV + strange sea (dimuon events from CC charm prod.)
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Data sets (3)

Jets

Tevatron collider
Jets in DIS at HERA ZEUS

Sample of LO diagrams:

CDF, DO - constraints on high x gluon
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Data sets (4)

Drell-Yan (muon pair production) : Fermilab, p and n %, d valence; u, d
q(py) I'(ky) q>v\/\/\/
7
q(p) 1"(ky)

Large K-factor (= NLO / LO) - convergence ? factorisation true ? now understood : a(uu) not small
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Data sets (5)

Prompt photon production

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

MRST do not use these data

« R806 Ys=63.0 GeV
* RBO7 Ys=63.0 GeV
R110 ¥s=63.0 GeV
= CDF s=1800 GeV
0 D@ Js=1800 GeV

=10 . ———— ‘ ————
8 Direct Photon production |
E WA??J 1230 Gev by proton beams

B o UA6s=24.3 GeV ¥ P!

g » E706 Vs=31.6 GeV

= o B706 Vs=38.8 GeV +

3
lﬂn.. wﬁ

] + +++i+#+iﬁl

"‘T+‘
f

NLO Theory
W=p /2
CTEQ4M parton distributions

.
f

Tt

Stat and sys uncertainties combined

ﬂ

-1
10

XT—)

10 T T T I B BN e B
10 p Be at 800 GeV/e |
1 =L00=sy, sﬁnjn :
107%™ = v [pbAGeV/e) per nucleon]s
o 1 [nbAGeViey per nucleon] |
10 stat and sys uncertaintics combined |
1
-1
10
2
10 ,
3 ]
10 Q=p,/2 3
af = LO Theory |
0 g NLO Theory S :
5 o 13GeVie(y ]
?l —— NLO Theory (k.. il
10 NLO Theary (k) 1.4 GeVie (n) 1

. CTEQ4 parton distributions
" L 1 1 1

i 1
3 4 5 ] 7 8 9 10 1 12
py (GeVie)

36



Results...

xP(x)
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The gluon at low x (HERA)

D ERE I QCD Fits
<20 M (H1+BCDMS) total uncertainty
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Fast increase of F, at small x = fast increase

of number of gluons and sea quarks

-« saturation », recombination effects ?
- DGLAP not applicable

- BFKL evolution

- non-linear evolution

remember small x is large y#*p enerqgy :
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and maybe even < 0. Problem \%th_ol)geer\\{ables ?

Indication of higher order effects ? (non-DGLA?If’g



6. Parton distribution
uncertainties
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Experimental uncertainties

Q

selection of data

choice of accepted Q2, W domain
effect of experimental errors ?
correlated / uncorrelated systematics

how to combine « poorely compatible » experiments ?

Hessian estimate of errors (correlation matrix)

deviation in y° of the global fit from the minimum 4 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 4y° =
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 40

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

(I Sy Iy Ay N Iy Iy My I/

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

inclusion of e-w corrections (significant at NNLO)

0000

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 41



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
34 F

3.2
3.0
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1.8
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LO

sensitivity to scale = indication of size of next order contribution

y7,

a
du

CM(x, @2, ) ~ O

small scale sensitivity at NL for DIS and D-Y

large for heavy quarks and prompt photon
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Heavy quarks

C

No HQ in the nucleon at small scale _
C
> v
» dynamically generated (photon gluon fusion) ,@/@/B
s

Works at not too large Q? but logarithmic divergence at Iarge@R)gm—
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 E7 to 2 Er



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? H'S

resums ag log” Q2 terms (+ NLO etc.),

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

» BFKL evolution : in DIS domain (sufficiently large Q?), very high energy Xy kT_n

1
resums ag Iog” terms
“:n-ll

corresponds to stfong parton ordering in x (long. momentum) n

but not necessarily in kr

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 44



In 1/x

Regge

confinement

»
»

In Q2

45



At the LHC...

Precision predictions for SM processes are essential

for discoveries :

e.g.

Experimentally : 2 orders of magnitude larger

pp —>ttbb <« pp—>ttH H-—bb

kinematic domain

Importance of settling theoretical uncertainties !
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/. (Some of many)
uncovered topics
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Other parton distributions

a 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

a generalised parton distributions
correlations between partons

7’L A NP, @

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

a spin parton distributions
dedicated experiments (HERMES, COMPAS, etc.)
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Other hadrons or hadronic objects

Q

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

y —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 ») 49



Some references

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

» Introduction to pdf's and QCD
CTEQ site hitp://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
Il. Theoretical errors arXiv:hep-ph/0308087

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