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Perturbative approach to QCD | geressice

QCD: SU(3) gauge theory
e non abelian, self-interacting gluons, strong ! running coupling

e extremely rich phenomenology
e short distances: a, small & perturbative calculations
e factorisation of short (pert.) and long (non-pert.) scales
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Benchmarks for Precision QCD Exp. Tests of OCD

EPS 2003, Aachen

a, determinations: how good ? Zoom into SUSY
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Highest possible precision is vital !
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Benchmarks for Precision QCD Exp. Tosts of OCD

The high energy frontier:
Decade of Hadron colliders: Tevatron,HERA,LHC

Higgs production at LHC

Comparison NLO /NNLO
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What's New ? 20 15 21900

New Data
e LEP: close to final precision

e HERA I: close to final High Q2 data
e Tevatron: first Run 11 data

Better Theory

e Fixed order: NLO - NNLO

e All orders: resummed calculations
e factorisation theorems




Event Shapes at LEP

Cleanest measurements for o  at LEP: I'(Z = hadr.), Tt decays

Event shapes: thrust, jet broadening, MM
3-jet parameter, C parameter, jet mass Z/y*> g

New results from LEP1,2, rad events (L3) e q

Energy dependence,

NLO resummed calculations
corrected for
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Event Shapes at LEP

Refined treatment of
correlated errors
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Power Corrections at LEP Exp Tesioof OCO

Dokshitzer-Webber ansatz: T T
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Event Shapes at HERA
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New:

e resummed calculations

e fits to both means and shapes (H1)
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Event Shapes at HERA

Old result
All event shapes without resummation
well described by 5 [ romecomeienris
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Proton Structure Exp Testsof QCD

many Unknowns uV’ d\/, uS’ dS’ S, g LHI parion kinematics

many processes: DIS,Drell-Yan, Tevatron “f77 """ """
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Quark densities
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Gluon density 0I5 o9

HERA F,

HERA: Scaling violations,
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Tevatron Jets g Jese ol oD
eRun I: 100 pb-1 R IE:: ceaw CDF cone
Run 11: 200 pb-1 recorded un R L
e first prelim. results PO R i i
CDF: 85 pb**-1, DO: 34 pb**-1 o T
U e
- MAST
gluon density not g RO R
constrained at high x

w0 s om0 250 MG 350 &D
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Jet algorithms: e DON
Run 1: cone, K; (DO) i
RUN 11: also modified cone algor:
midpoint algor.: additional seed
allowed between found jets
(P recomb. scheme, instead E) differences cone/ K- due to
hadr. corrections 14



Tevatron Run 11: DO
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Tevatron Run 11: CDF incl.
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Parton Density fits
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QCD fits to parton densities

Fit only inclusive DIS data: theoretically clean (H1,ZEUS,Alekhin)
*Global fits: inclusive DIS, DY, Tevatron: jets, W/Z
more constraints (CTEQ,MRST,...)

Zeus/H1:
fit to only
HERA data !

similar precision
as global fits
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Gluon Density: Charm at HERA

Peter Schleper
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Gluon Density: F, £ ek 9k

 NLO: contribution from gluons to F, ‘

W f _ F, extraction from H1 data (for fixed W=276 GeV)
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Multijet: LEP 4-jet

Peter Schleper
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1 ag = 0.1170+-0.0001(stat)+-0.0013(sys)

Aleph 4 jet rate and angular correlations
NLO + resummed (small scale variation)

Colour factors
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Photon Structure from LEP
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Scale dependence of y

2

1,75
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Albino, Klasen & Soldner Rembold, hep-ph/0205069
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earlier reported:

full LEP 11 data._ | _ excess in 70
access to very high PT particles/jets 013 3
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Jets In y-p: HERA
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a global
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Higher Order Calculations |z

State of the art:
edata unfolded with LO+PS monte carlo
eresults compared to NLO (+NLL) + hadr.cor.(LO+PS monte carlo)

NNLO: building blocks known/calculated
First results for DIS, Drell-Yan, Higgs,..
Within 1 ? year:

3 jets at LEP, 2-jet pp, 2-jet DIS
mmmmmd the only way to precise o, o, ~ Drell Yan at NNLO

W Tevatron Zix10)

COFe) Difeu CLaF e @) L

Monte Carlo: (the experimentalists view) -
Since ~5 years: 2->2,3,4 processes, LO+PS up =erewe |
Needed: NLO + PS for unfolding data !
Better: NLO + NLL + PS

mmmmm the only way to precise data
Both need strong support from the community ! o5

{nhj}
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Higgs Production at LHC Cop o35 1 OB

EPS 2003, Aachen

Benchmark test for status of QCD calculations

Higher orders Parton densities

e MEST2002 (L.ﬂ.lekhiﬂ_Lr::r::l}.f"{].-'mrsi |JHL
¢+§ :
;-."‘-.:'_fx

LO LL
0 1, leswsaliiel Lusul | el vl alwedende 0.2 : A . | ) A : ;
100 200 300 ?EDU 70O 1000 200 3931 15{3{3 70O 1000 — o0 150 200 250 300
My (GeV) My (GeV) My (GeV)
uncertainty ~ 10 % uncertainty ~ 10 %
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Peter Schleper

Beauty & Charm Production |z

Beauty: Problem for QCD ?
e Tevatron: data/theory ~3
e HERA: data/theory ~3

e LEP-yy: data/theory ~ 3
Charm:

e Tevatron slightly high

e HERA and LEP-yy ~0.k.

2 (3) scale problem: M,, P, (Q2)
*HERA/LEP-yy : M, ~ P, small,
Experimentally difficult: S/B ~ 1000

B as part of gamma structure ?
27



Charm & Beauty at Tevatron

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

CDF: charm, 5.8 pb,
but new silicon trigger

CODF Run Il prefiminary 5.8pb '

' 2000 -

- ]
= =]
3 =
= =

=
Emy T

Entries per 2 MaV,

18 1.85 9
Mass(K ) [GeVie']
CDF Run Il preliminary
e n’ DataTheory Cross Saction

Nason & Cacciari
hep-ph/0306212

u 1 " " 1 "
S 5 10 15 20
p{D" [GeVic]

theory factor 1.7 low

D& Run 2 Preliminary

i
New DO
sen silicon tracker
|m}‘/ﬁ-_--ﬂ.ﬁﬁ"ﬁ_-_}__ﬁ“_aq_:_i i
“lf a3 1 5 ]"';——:—;_T.*-F!'
D@ Run 2 Preliminary
3 [ |
ﬂ | - am B Frakmi Caaia
= 1E
=-_u‘; h i S e OG0 gl
5 W
10
| i
10" | A —f
e LO
10" L 0 40 50 &40 o 89 B::I T
E[' (GaV)
first beauty results from Run 11
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Peter Schleper

Beauty at Tevatron g Jese ol oD

Exclusive B Production

Previous excess partially

explained by: Update to more recent
resummation of In(Pr/Mp) fragmentation functions
data: jet with b

theory: b only

' j pp -+ 3'+X, VB~ 1.8 TeV, [y]<1 |

o
% bi.m. . Pp—> bX, vs=1.8TeV, m™<1.0
(9 10 K . e D@ Data 108 e, deshed: pg=py=pp=Y{my+py) |
= "’ Bl |
1d: B € o i < B
} ] LErrors have correlations) 53 "‘\-“ My, T3 - Ho/ udierid e
By, N
= 1 g ic | \"‘-\__“:“-H‘ :
& NN s S s
A N g -
- | ' =] T e o
L, ' | ~L o T
o | Vo, 10° £ & CDF dala T
\"'-.. s ' :.._ :-\-H-"‘-\-\_-\-_\_:-H-:-\__‘_'
o " NLO QCD, MRSA’ o~ T
" | Theoretical Lln::ertaintg,r g : |
bom b mom i meed sk mechmme b od med cm Ak om b mcm om oA m o b e d e me A e :.. 1D
20 30 40 S0 60 70 90 100 " W (G " o i
I:h.i!t [_G Pr LurE
eV)

Now: data/theory ~16 Now: data/theory ~ 1.7

Problem partially solved 29



Peter Schleper
Beauty at HERA g Jese ol oD

Exp difficult: low PT jets, S/B ~ 1000

« Comparison data/theorie

 Former: extrapolation of data to parton level and
full phase space with LO+PS monte carlo

Now: data as is, apply hadronisation corr. to NLO in
visible phase space

ZEUS ) ZEUS
Deep inelastic § & worewx et | 8
g, [m—— O e =
Now agreement * SRIER] | mh e
with NLO ; | ?
I' _"II“ .'Ir My .
16 T of (c.e'l.u':'I: £ 4 a5 i 2 2 hg”i;:l



Peter Schleper

Beauty at HERA g Jese ol oD

3 s ¢ '
— |::I-:$-'r|:l'r]|l [ep — ebbX — efjpX} 8 Bp — ebbX — ejjuX
= 60 _ _ ]
° R ® Hi Data = ®  Hi(Prel)
- 02y =08 v
25 Gov A  ZEUS Data = 5 ZEUS (Prel.)
Py T(B} Gov NLO QCD & Hagd © g NLD QCD © Had
™ 25 E
40| e Y
4 @1 GV 2.y oDa
5 g 708) Gev; 1M <25
055011

| EARFI I i |

-1 0 1 2 5 10 15
n, p [GeV]

Data still slightly above NLO, but main effect found:
LO+PS differs from NLO invisible part of PS.
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Charm & Beauty in yy at LEP

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

Direct Process

Single resolved
process

T “L—— b, ¢

L - b, T

— speclalor jel

e’cc,bb X) pb

.'.

ale'e" = e

New data

e L3: full LEP 2 data
e Delphi: first analysis (K in RICH)

10° CETRC R
[ Wt g Confirmation
Y of previous
10 BRI o
- ALEE O] results
OPAL lept prel
v OPFAL [, pral
10 ‘>EIELPH|E|}E-;:| prel
AM“.&.ZHL:E JEph. m =45 GeV
-: '#‘Eggaqun m, EEG-r'H' .
 JADE D bb o
o TPCRy D -
Yo~ ""50 100 150 200
Vs (GeV)

Charm o.k., beauty low
°no explanation yet
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Parton Dynamics

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

- . Jat i il |
DGLAP factorisation: Selection: P’
integrated over trans. momentum 2J ets, unbalance
f(X;QZ) :.n” i 5:0%10 GeV’ r.n i 10-0%15 GeV*
expected to fail when Q~K; { * (nariaary - LR
un-integrated PDFs: |
; NLO3j—F —_ b i wat N
f(X’Q 1KT) NLO 2j4> e — L —
BFKL,CCFM evolution " at "
"'nm 15:0° 20 GeV* mm 200730 GeV™
} |
i _l * !. fi i i
Important at low -x A x
High parton density “ [ swowmew |® [ st
A e

o [k

o=

lorTeciad for nedcenion |




Low - X physics: LEP

Oyy (Y) [nb]

y*y* scattering:
2 hard scales

= = N N
o ol o ol
(= B s e [T T T T T [ T Tl

(&)

o

e test case for BFKL dynamics i

QPM
- ALEPH DATA /’
- BFKLLO ® 3 /
— BFKL NLO ,/
¢ OPAL y

T

1

2 3 4

5 6
— 2 2212
Q2 to 10Q2 for LO, Q2 to 4Q2 for NLO Y=log(W 1/ (Q1Q2)™)

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

gluon exchange BFKL

. mm cFKLin NLO
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Diffraction:; factorization

jet

~ No colour

®t exchange from
Proton

(o> Soft QCD?

Hard scattering: Q2 large
Factorisation in
diffract. PDF and partonic c

Dif

Opis ™ Py (‘Bpataﬂ?an) ® Fpqer

should follow DGLAP
QCD evolution with Q2

F;"l”mﬂz}

)

e DS

[-'1| r|2|f!'j..
2

0.03%

002

0.1

[[]

] u‘ dlu.-.\-‘
s Q) = 6.0 GeV’

1 I | e O | .

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

ZEUS 98-99 (prel.)

x, =001 Q°

Curves:REKWi(rad.fit) 1.7

' Q‘

tl

Q=

04 05 06
L ]

-1
[[1]

14
1)

80 GeV’
l:l-l'l{n::"lr
27.0 GeV’

0T D& 09 i

p

X =001
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Diffraction in NLO QCD

z ¥(z,Q%)

0.2
0.1
0
0.2
0.1
0

0.2

0.1

H1 2002 6,© NLO QCD Fit
H1 preliminary

5 6.5
N NLO QCD fits to
0 | Incl data
{/\ 1LA ;s Same as in standard
| QCD fits to DIS

)

oo PDF(X,Q2) for fixed
Proton momentum
U.-E 04 0.6 028 1 0 0.2 04 06 DB 1
Z Z - -
H1 2002 5,2 NLO QCD Fit Large gluon contribution

L {exp. error)
. {exp.+theor. error)

— H1 2002 6,2 LO QCD Fit

Use diffr. PDF to predict o(jet) , o(charm)
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Diffraction in NLO QCD

da/ dQ® [pbiGeV]

Jets

H1 Diffractive Dijels (prel.)
H1 fit 2002, =pZ, | Z=40 GeV’

pa
(£

= H1 D818 Py ., ~504) GoV =
ES DOISENT NLO *[145,,) 2
L - DDISEMT NLO s 2
i - - DDISENTLO 2
10 =4 e [
Em = 15 |
F 5 : "l-}
| l_.;.'. ...__ 1 ;.-. b A
1 ) -..h.r_r._::,;. na = ._. ' { ___jlllu'tl.—: *
- gy 05 i N
1 :- _=
W "20 a0 0 80 O joo 150 200 250
oF [GeV®| W [GeV|

*NLO QCD fit to inclusive data
describes jet and charm
esuccessful test of hard scattering
factorisation

.05

N S
= ;
1|

.05

=015 ¢
=4 i
.1

0.ns

20,15 |
‘B

p,/D ) GeV)

l:]II'J 2 04 0o 08 1

x(D

e

“ I
S 1M 15 M) 250

WoGeY)

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

s FEITS 98-
x = 028
— NLOOCD
1.3<m <16 eV

Current state: ~ all hard diffractive processes at HERA

are described by NLO QCD

(D7)
o | o =2
o= i 1
01 - =
s T

i {

B e e A
Log( QY Gev™)
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Skewed partons

[

e.g.. DVCS (deeply virtual compton scattering)

1y v initial

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

= correlation between

B quarks and gluons

o T(xX%5,Q7)

'E 10 B'q e H1 DVCS prel.
= N H1 DVCS
g [ 1?\:“ A ZEUS DVCS
- - S P ikt o
Factorisation for 1 f-%w —
o : rrrd -+ Donnochie—Dosch
large Q2 "= L e
= FT T & e |
10 f A _-_‘T___:%—_
— R el
NLO successful SW2> = 82 Geb
-2
10 ] 10 20 30 40 50 [11] Fii; 30 o0
Q% [GeV?]



Spin Parton Distributions

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

proton spin: 2=%(Au,+Ad,+AqQ.,) + Ag+Lqg+Lg

oton
xg 006 , cuc P | t‘?
1 B HERMES F ::
0.04f @ HERMES prel. A ‘}, .
| HERMES prel. rev. .L 13
s Ei155 "
0021 o E143 h&h %
& []
D - -5 Ll s
0.04 deuteron
Py
0.02 ;{
' wr'v""}
g
w -
Q)= ' " -.-*nn;iﬂ';'* '
reutron |
0.02 (He)
L]
0 .
'R
'TATER.
 E142 i
=002 A E154
JLab E98-117 prel,
-0.04
0.0001 0.001

0.01 0.1 X

L x-Au e '-'-'-'.+f:-i
0.2 r ) TF.\.«--T +
SR e
of Y 1
 x-Ad
0 pnsageaiing
: + TSN P e
0.2 |
' =
0 L_1++ bt -
0.1} e
0.1 Fx.ad + | +
e e e B B
o1t * « HERMES prelim.
T o TR (1996-2000)
OF bxos. 4 - GRSVALiR)
0 :=---=—-——+———---- -_-?.___+-,_.J...--,+m.-,.u.---...*.
0.1 b _ Q’=2.5GeV’
0.02 0.1 0.7
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Spin Parton Distributions | g

'NLO QCD fit |

os | ._ (L — Next
i Mufd=NO - P xad() -N0 L Gluon distribution
na =) ":-::'}:""I [ e
I d : ==----..,_____{_? Y. -
o o T / Compass Experiment:
P S = data taking started 2002
a3 f - MC e first results on particle
: y o _ = e gluon density from
i | -_ *
s L XAG(x) - NLO oo [ X83(x) —NLO ¢ Vg > cc X ... soon
I.L:' i : i '{E...-
075 GRSV -1 -f!:?'-'-‘TT:f-f:—_;;.é’y, i
s | N ——
st | T
5 A}
<28 | AAC
M5 - ik
T I 1 The W o
X X

well determined: u, d N



Pentaquarks: |

Peter Schleper
Exp. Tests of QCD
EPS 2003, Aachen

Evidence from 3 experiments: LEPS,DIANA,CLAS

LEPS: yn & K- K*n
v beam up to 2.4 GeV

hep-ex/0301020

e« Mass(K* n) from K- recaoill
e background from comparison

yn and yp

DIANA: K*n > K°%p
In Xe bubble chamber

e Mass(K* n) from K- recoil

hep-ex/0304040

—_
Ln

Events/{0.02 GeVic™)
=

.
-

D:'

by

i )

1.5 1.6 1.E
MM:‘;H {GovicT)

1.6

Claim: 4.6 ¢ evidence

M(K®p)

Claim: 4.4 ¢ evidence
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. Peter Schleper
Pentaguarks: 2 R e 29

3 experiments taken together:

Observation of a new state
CLAS: Y d 2> K"K PN (although size of effect in each

experiment can be debated)

mass consistent: 1540 + 10 MeV
w width smaller than exp. resolution
| (10...20 MeV)

Interpretation:

J{q] Bound system of uudds

1.Constituent Quark Model

: . 2.Chiral symmetry breaking:

T il « Prediction from Diakonov, Petrov,Polyakov:

e ? T ',,';' TT.; e decuplet of strange 5-quark systems
wan il M,=1530 MeV , [y< 15 MeV  hep-ph/o703373

Claim 5.8 o observation Related to di-baryon, 4-quark states ,



Peter Schleper

Conclusion Exp Jesis o1 QCD

Overall: QCD is in excellent shape

ag: higher orders vital
e Now: uncert. ~3 %
e NNLO: 1-2 % possible

Beauty puzzle:

« Tevatron and HERA slighty high,
but much better with new

Parton distributions: calculations/observables

« pp> H: uncert. 10 %  Lecture for LEP yy ?
e Requires new data from
Tevatron/DY/HERA L3 vy
: e Huge excess seen, needs to be
Much progress in resummat., confirmed
power corr., diffraction,
spin, ...

Ready for LHC ?
not quite, but Tevatron RUN 11, HERA 11, THEORY...
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