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Strong interactions

@ High-energy collisions

Fixed-target experiments (pN, TIN, YN)
DIS (HERA)
Hadron colliders (Tevatron, LHC)

@ Hadron properties

Hadron masses
Hadron decays

@ High-density media

Heavy-ion collisions (RHIC, LHC)
Star formation and evolution




QCD

@ an unbroken Yang-Mills gauge field theory featuring
asymptotic freedom and confinement

@ in non-perturbative regime (low Q4) many

approaches: lattice, Regge theory, X PT, large N,
HQET

Q in perturbative regime (high Q?) QCD is a
precision toolkit for exploring Higgs & BSM physics

@ LEP was an electroweak machine

@ Tevatron & LHC are QCD machines




LHC PP Vs=14TeV Ly, =10% cm® s (after 2009)

Liiiaq < few x 1033 cm2 s (until 2009)

+ Heavy ions (e.g. Pb-Pb at Vs ~ 1000 TeV)

TOTEM (integrated with CMS):

pp, cross-section, diffractive physics
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With | fb-! we shall get ...

final state events overall # of events (2008)
jets (pt > 100 GeV) 10°
jets (pt > | TeV) 10

W — ev 2-107 107 (Tevatron)
Z —ete 2-10° 106 (LEP)

5-10' 10° (BaBar, Belle)
8-10° 10* (Tevatron)

even at very low luminosity, LHC beats all the other accelerators




ATLAS simulation

4 dashed straight lines are the U’s

... the remainder are by-product of hadron interactions

but this is a golden mode:

if the background is overwhelming it is much worse than that




LHC: the next future

calibrate the detectors, and re-discover the SM
i.e. measure known cross sections: jets, W, Z, tt

understand the EWSB/find New-Physics signals
(ranging from Z’ to leptons, to gluinos in SUSY
decay chains, to finding the Higgs boson)

constrain and model the New-Physics theories

in all the steps above (except probably Z’ to leptons)

precise (DCD predictions play a crucial role




Tales from the past - |

Jets at high transverse energy

inclusive |-jet spectrum CDF Collab. PRL 77 (1996) 438
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more prosaic explanation:
gluon density at high x

= CTEQ 2M .
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Tales from the past - 2

B production: the 90’s

B* Mason Differential Cross Section
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B cross section in PP collisions at 1.96 TeV
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a(pr(J/¥)>1.25 GeV) BR:
19.9738 nb (CDF)
18.3*23 nb (FONLL)

®: CDF data
Theory: FONLL with N=2 fit
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FONLL = NLO + NLL total x-sect is 19.4 + 0.3(stat) "7 §(syst) nb

Cacciari, Frixione, Mangano, Nason, Ridolfi 2003 CDF hep-ex/0412071

use of updated fragmentation functions by (Cacciari & Nason)
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good agreement with data ===>  no New Physics




QCD

@ is a |-parameter theory: one just needs 0is(Mz), which we know at O(1%)

@ is formulated in terms of quarks and gluons, which we cannot observe
(confinement) although we cannot prove it

@ we cannot compute hadron wavefunctions

@ we cannot compute (yet) mass spectra, but lattice computations improve

@ we cannot compute (yet) nucleon-nucleon forces, but lattice ...

to summarise: we can make
- not-so-accurate statements about the matter content,
characterised by low Q% and motivated by the hadron spectroscopy
- much more accurate statements about the gauge content at high Q?
which probes the dynamics and is motivated by the scattering experiments




QCD at the LHC

Precise determination of

@ strong coupling constant o,

@ parton distributions
Q@ electroweak parameters
@ LHC parton luminosity

Precise prediction for

@ Higgs production
@ new physics processes
@ their backgrounds

Goal: to make theoretical predictions of signals
and backgrounds as accurate as the LHC data




History of QCD

Hadron spectroscopy

After WWI|, few hadrons known. Fit Heisenberg’s pre-war
SU(2) isospin symmetry
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Hadron spectroscopy - eightfold way

In the 50’s, more hadrons are discovered, some with a long lifetime,
which requires to introduce a new quantum #, the strangeness

Breakth rough: Gell-Mann Ne’eman 1961
fit hadrons into the irreducible representations of an SU(3) isospin symmetry

A

hypercharge Y=N+S§  charge Q =T3 +Y/2  Gell-Mann Nishima



Hadron spectroscopy
Bigger breakthrough:

Gell-Mann, Zweig (1964) propose to interpret the eight-fold way through
objects (quarks) associated to the fundamental representation of SU(3)

spin 0

udd uud uuu

spin 3/2




quark model

Mass

Baryon Number

Isospin

~ 4 MeV

1
T2

~ T MeV

~ 1.5 GeV

~ 135 MeV

_|_

~ 172 GeV
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Hadron spectroscopy

@ quarks have fractional electric charge & barion #

@ "= uuu violates spin-statistics theorem: A™ puzzle

solution: Han Nambu; Greenberg 1965
introduce new SU(3) global symmetry, with colour as quantum #

colour is not observed = hadrons must be colour singlets

Indirect evidence for colour:
T1° = Yy (Adler-Bell-Jackiw anomaly)
ete = hadrons

In 1971 Fritsch, Gell-Mann propose to promote colour SU(3)
to a local symmetry




ete- = hadrons
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e*e- — hadrons
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up, down, strange charm, bottom




from A. Schoning’s talk (HI) at DIS 2008

data taking \\v, longitudinally polarised e* beams:
until mid 2007 19 Ge o s Lo

E =27.5GeV / E =920 GeV
e ,/j/\/\ p /'LmRn wi

integrated luminosity:

Status: 1-July-2007
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polarisation of more than 45%




Neutral Current (ep — eX)

A. Schoning

do/dQ? (pb/GeV?)

107 &

- 8% =319 GeV
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H1 HERA I+ll e*p (prel.)
H1 HERA I+ll e p (prel.)

H1 2000 PDF e*p

——— H1 2000 PDF & p

without Y-Z interference, no difference between e* and e




HERA I e"p Neutral Current Scattering - H1 and ZEUS H E RA I_'2
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HERA Structure Functions Working Group
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DIS08 Joél Feltesse

horizontal lines => Bjorken scaling
straight (non-horizontal) lines => scaling violations, logarithmic in Q?




HERA I e'p Neutral Current Scattering - H1 and ZEUS
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HERA I e'p Neutral Current Scattering - H1 and ZEUS
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HERA I e p Neutral Current Scattering - H1 and ZEUS
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A. Schoning

@) ‘ Measurement of F, I

NC cross section: F

F,(x,Q% -

2~ Opt0O
1’2 2 Fu(x,Q) F,~o,
(F_term contributes only at high y!)

L d
acp:  F=2= ) z—f[g—ﬁﬂ +8Y, wi(1-%) zg(z)]

1+(1-

#» indirect method:
+ F, extrapolation method (Phys.Lett.B393:452,1997)

» direct method: Rosenbluth plot:

+ measure o for same (Q?,x) at different y:
QZ

s = H — measure at different beam energies

high s

E =920 GeV - lowery
E = 460 GeV — highy (high BG!)




A. Schoning

H1 Preliminary medium & high Q°
Q*=12GeV® |+ Q°=15GeV* | L *.Q% = 25 GeV®
N\"'x._

S

Cl?} 90 GeV?

Q% = 120 GeV?

|

Q? = 300 GeV?

107 102 107
B E,=920GeV — o?°H1 PDF 2000
* E,=575GeV — o®’® H1 PDF 2000

@ E, = 460 GeV = —— % H1 PDF 2000
==F; H1 PDF 2000




Parton distribution functions (PDF)
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just to get an idea | dowr

of the PDF size, | antiup
take some PDF fit antidown
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from H.Abramowicz talk (Zeus) at DIS 2008

Systematic uncertainty greatly reduced
when data combined

H1 and ZEUS Combined PDF Fit
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coefficients of the [ function

dos 2 3 4 5 6
dln(QQ/,u2) — _60048 o 51@3 o 62&8 o 63&3 T O(O‘s)

Bo
bo = 47
Gross Wilczek; Politzer 1973
Caswell Jones 1974

Tarasov Vladimirov Zharkov 1980

van Ritbergen Vermaseren Larin 1997




coefficients of the [ function
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Evolution

@ factorisation scale 1+ is arbitrary

¥ cross section cannot depend on /r
do 0
HE——— =
dp

I I . V. Gribov L. Lipatov;Y. Dokshit
mplies DGLAP equations 507 ¢ 1 2=

2
dfac(l% HE) _ po( as(i2)) @ il i) + O(—=)
UE

Q2
A 2 2 2
i 20O /CZLFPi 2ste)) —Poc(w, as(p5)) ® 6e0(Q° /1o, s () 4+ O(

1

HE

O Pul(z,as(pz)) is calculable in pQCD




Parton distribution functions (PDF)

@ factorisation for the structure functions (e.g. F5P, sz
Fi(z,up) =Cij @ q; +Cig @ g

1
d
with the convolution la ®b|(x) = / ?y a(y) b<§>

Cij, Cig coefficient functions

¢;(v,up)  g(x,up) PDFs
@ DGLAP evolution equations
d (qi):<PQqu' qug>®(qj>
dinpz \ g Paq; Feg g

Q perturbative series  I;; &~ %P( ) e 2p( ) 4 3p(2)

szg SZ]

1
Q@ anomalous dimension 7, () = —/O dz o™~ Py;(x)




PDF’s
@ general structure of the quark-quark splitting functions
Pyiar = Paian =0ikPyq + Poq
Pyiar = Paiqr =0k Pyg + Pyg

@ flavour non-singlet

flavour asymmetry
+ - ~ v A\
qns,ik — q; + q; — (qk + qk) « Pn:;;: — qu + qu

=

sum of valence distributions of all flavours
ng

qgs — Z<QT_Q_T) « Pn\; — Pq\(fl_Pq%_l_nf(Pqu_Pqu)

r=1
d 9s | _ Paq
dlnpg \ 9 P

Q@ flavour singlet
o Pn—is_+nf(Pqu+PqS)

b;'_-_..:.
nf
q

= nf Pqg s Fgq = qui




PDF history

@ leading order (or one-loop)
anomalous dim/splitting functions Gross Wilczek 1973; Altarelli Parisi 1977

@ NLO (or two-loop)

Fs, Fy, Bardeen Buras Duke Muta 1978
anomalous dim/splitting functions Curci Furmanski Petronzio 1980

NNLO (or three-loop)
F27 FL

Zijlstra van Neerven 1992; Moch Vermaseren 1999
anomalous dim/splitting functions Moch Vermaseren Vogt 2004

la.;,_, the calculation of the three-loop anomalous dimension is
the toughest calculation ever performed in perturbative QCD!

¢ one-loop v, )/P(0 => |8 Feynman diagrams

L) two-loop %] /P SO 2 350 Feynman diagrams

O three-loop 7 (2) /P.(f) = 9607 Feynman diagrams

20 man-year-equivalents, 10° lines of dedicated algebra code




L HC kinematic reach

_ LHC opens up a
Atlas amd CMS - . .
ARbtlas and CMS rapidity plateauw ..I.'T-E. new klnematlc range

D) Capntral+Fwd. Jekts

COF/DD Central Jets ; i
e Al i x range covered by HERA

azls

S/ i~ but Q% range must be provided
Ao by DGLAP evolution

EGED

100-200 GeV physics is

large x physics (valence quarks)
at Tevatron, but smaller x physics
(gluons & sea quarks) at the LH

rapidity distributions
span widest x range
Mo

F ’s for th ducti f ticle of M =
eynman XS 10r e pI'O Uuction or a par ICIe OT mass 331,2 14 TeV (&




QCD at high Q2

@ Parton model
@ Perturbative QCD

 factorisation

~ universality of IR behaviour

& cancellation of IR singularities

IR safe observables: inclusive rates
O jets

© event shapes




FaCtO ri Sati O n extracted from data

evolved through DGLAP
computed in pQCD

is the separation between
the short- and the long-range interac|/ons

-

1
Oy = E fD driadr{ 1. '__Lr.,r-“t"],..l'-f].—.," fs 'Er._ri”fa.u]-_;'
ah

2 O

"' - ( . . T If*. If'-. . .
////\3‘::: X OgpX | XLy Loy {JJ } ':-"-.':T[_r.'-i;':‘.__;l:n ':"-[_r.'-ij-_;ls 'u:- 3 ,u'_if JlIl
.... N, J.D-I. J.L_.-

. }X X =W, Z,H,QQ, high- Erjets, ...

1999998 0 is known as a fixed-order expansion in as

\i‘””’.

" 6 =Cad(l+cias+cpaz +...)
@ c1 = NLO ¢z = NNLO
or as an all-order resummation
6 = Ca[l+ (ci1L + cio)as + (caaL? + cor L + ca0)as + .. ]
L=I(M/qr),In(1 —x),In(1/x),In(1 —-T),...
C11,C22 = |L c10,C21 = NLL c20 = NNLL

%,




LHC Event Simulation

Parton showering and hadronisation are modelled
through shower Monte Carlos (HERWIG o PYTHIA)




Jet structure

the jet non-trivial structure shows up first at NLO

Ye-ut
™

leading order




World average of as(Mz)

as(My) = 0.1189 + 0.0010
S. Bethke hep-ex/0606035

Process g Mga ) excl. mean og(Mzo) | std. dev.
DIS [Bj-SR] 0.121 * Bona 0.1189 4 0.0008 0.3
T-decays 0.1215 +0.0012 | 0.1176 & 0.0018 1.8
DIS [v; xF) 0.119 * oon 0.1189 + 0.0008 0.0
DIS [e/y; Fal 0.1166 £ 0.0022 | 0.1192 £ 0.0008 1.1
DIS [e-p — jets] 0.1186 + 0.0051 |  0.1190 £ 0.0008 0.1
T decays 0.118 + 0.006 0.1190 4 0.0008 0.2
Q0 states _ 0.1170 £ 0.0012 | 0.1200 4 0.0014 1.6
ete™ [[(Z — had) 0.1226% Do 0.1189 + 0.0008 0.9
ete 4-jet rate 0.1176 £ 0.0022 | 0.1191 & 0.0008 0.6
ete~ [jets & shps] ' 0.121 + 0.005 0.1188 4 0.0008 0.4

Rightmost 2 columns give the exclusive mean value of Oés(Mz)
calculated without that measurement, and the number of std. dev.
between this measurement and the respective excl. mean




