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m Introduction

m QCD basics

m Experimental aspects

m Selected QCD topics at high-energy collider experiments

> Electron - Positron 1 ﬂ q
> Electron - Proton
: : B Summary and
> Proton - Anti-proton / Proton - Proton
e ﬁ et

Outlook
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Visible Universe

Galaxies, stars, people,...

Silent Partners:

Virtual quark-antiquark pairs
Protons & Neutrons (AE At ~ h)

3 valence quarks +... Gluons!

Structure and dynamics of proton (mass) (— visible universe) originates from QCD-interactions!

What about spin as another fundamental quantum number?

NEPPSR IV Bernd Surrow
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Introduction

Probing
smaller
distances
requires
larger
momentum
transfer q
(small
wavelength

¥V »

® Measurement of the final-

state (scattered electron):

= Structure of targzil

® Scatter point-like orobz

onto object (targzt)
NEPPSR 1V
Craigville, Cape Cod, 08/18/2005
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Introduction

m Exploring nuclear structure - elastic electron-nucleus scattering

® Scattering of electron (Spin 1/2) on point- ‘
charge charge (Spin 0): Mott cross-

section

fr)

Homogeneous o
N TS I I oscillatina

Exponential-like dipole

oint-like

IFel

do ) - ( do ) 9
— = [ — - cos”(6/2)
( ds2 Mott ds2 Ruther ford

® Take into account finite charge

distribution: Form factor

da) 7 (da>* 5 2|

— = — -1 F(q%) Ignore recoil!
(dQ exp dQ Mott | | 9

(%), (%), 5

dQ Mott dQ M ott E
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Introduction

m Exploring the Proton structure - elastic ep scattering

® Scattering of electron (Spin 1/2) on proton (Spin 1/2)

B)

dS2 point

()
dS2 cxp

10 29

= (%)Nm {1+ 27tan*(0/2)}

do

(1),

G%(q°) + 7G3,(q7)
1+7

+27G,(¢%) tan2(9/2)} l

e (liu )
E,/
e (kuj 6,

=
(=]
|

w

o

Electron scattering on o
hydrogen target:
188MeV

Nobel Prize 1961

T I 1

Point-
charge,
point-

? L moment ]
0.03 — Y (q) .E.
? S
g% = 3 GeV? » X=P (p,) -8
P(pu) ‘o-n__ -
0.02 §
do .
(50) Rosenbluth separation method: ! N 4
Exp eriment )\
do .
(E)Mot’( ( do ) : N \
ao Dirac 1
0.01 ds2 exp 2 2 2 i \
2 d_O' o A(q ) + B(q ) tan (9/2) -32 1 | | 1 1 \
Z% \SIope—B(q) ( Q)Mott 10
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EA’(qZ) 1 1 1 ) Hofstadter 0
0.2 0.4 0.6 0.8 1.0
tan? 19
NEPPSR IV Bernd Surrow

Craigville, Cape Cod, 08/18/2005



Introduction I .

m Exploring the Proton structure - inelastic ep scattering ﬁ;g*j;’";;‘f;’”QPj;:;.

® Scattering of electron (Spin 1/2) on proton (Spin 1/2) 10" B i
. \ o W= 2 GeV/c
ek) G| 3 i a-}p-- W= 3 GeV/c?
E, wia ’ A |- W=35 GeV/c?
, T |5
e(ku: 0, :g ;g 10—1 3 -
5=
Here: Deep-inelastic
scattering (DIS)
X (3, 10°- g I —
P o, Aied .
do\ _(do\ 2 (0 a|
(dQ) - (dQ)MOtt E {1””&“ (2)}‘ 1031 ¢ E
" Elastische Streuung ™. 2
d*c \ [do 5 5 2 (0 g
(azin) = (i9) V@0 om@awe ()} S 3
104 | 1 I | I | B
0 1 2 3 4 5 6 7 4
Q2 [(GeV/c)?]

Friedman, Kendall and Taylor
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QCD basics .

m Fundamental QCD ingredients ¢ (k)

e Asymptotic freedom: e (k)

" 2
%Lt\.l)'b

as — 0 at short distances: &
= perturbatve QCD anxi‘tex s G.,(\-()Zl:(

blue quark h
(¢

/1A

Xp

o large at long distances: ;
f; (x.Q") X(p,)

= non-perturbative QCD
P(p)

e Factorization: hard scale Q?, m., m, ® Evolution:

» Beyond Quark-Parton model,
Parton densities become
functions of Q2
T predict Q? dependence of parton
P - distribution functions (DGLAP

4
“W..l non-perturbative part evolution equations)

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005
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QCD basics I 9

m Asymptotic freedom

0.5 — April 2004
\ e 2 2 . % e
1 C— Th ; Q : g — .
a(Q) I\ Data 100 3z & Leading-log approximation
S ! — —
\ Deep Inclastic Scattering A 19
[ ¢ Annihilation o e T
0.4 [\ T 1 as(Q) =
Hadron Collisions o S 2 )
\ Heavy Quarkonia " = (11’]’Lc - 27’Lf) ln(Q /A )
a A(':i’s as(M2?
' cpy [245 Mev === 0.1209 Ilng > 2ny
0.3 Q 1§ 210 MeV 0.1182 |
() o
180 MeV — —0.1155
J
0.2 L Discovery of asymptotic freedom in the
theory of strong interaction (Quantum
Chromo Dynamics): Nobel prize in physics
2004
0.1+
1
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QCD basics l 10

m Evolution (1)

F2 = VWQ
0 The presence of QCD related diagrams leads to a modification of F, l
’7Tlp

B g [ () {51 g) () ) L,

q(y) = fq (y) Parton model Gluon radiation
Splitting
2 function
(x d €T
Q ZQ / (—y> {aly) + Aq(y, Q%) } 0 (1 - —) -
Y Y
Z Q7 (q(x) + Aq(z, Q%))
2 1
Quark densi‘rues o0 Q d_y x
depend on x and Q?: > Aqle @) = (27T> o8 (M ) /:1: ( Y ) 1) Faq (y)
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QCD basics I -

m Evolution (2)

O Consider the change of the quark density Aq(x,Q?) over an interval of AlogQ?
a(x,Q?) g(x Q) a(x,Q" ax Q)

d 2 e . dy
q(z, Q%) = (—) / (—) q(y, Q (—) < ¢
dlogQ2 ( ) 27/ Jo Y ( qq Y q(yQ) q(,Q"%) %(yQ) g(yQ‘) /"‘

Q General including other types of splitting functions:

qaq
. s - 2 n 2 — 2
Singlet distribution X(w, Q%) => 2 ai(x, Q%) +qi(x, Q%) Probability of finding a
Gluon distribution g(z,Q?) :\c;:\rz:&:r:fjcitx:i
: 2y ©?) 1 which originated from
dX(z,Q oas(Q dz 1 L 2 (x) 2\ | parton j having
din@Q? 27 ), 2 _qu (z) 22,07 + Fyg 2 9(z,@Q ) momentum fraction y!
d9.Q)  au(@) [Ydir, (u : . -
U o) [ g (2) 100 1y (e
d1n Q2 o ). = L9\ (2, Q%) + Pyg - g9(z )

DGLAP evolution equations:
G. Altarelli and 6. Parisi, Nucl. Phys. B 126 (1977) 298; V. Gribov and L.N. Lipatov, Soc. J. Nucl. Phys. 15 (1972) .
P;. -
Y

438; L.N. Lipatov, Soc. J. Nucl. Phys. 20 (1975) 96; Y.L. Dokshitzer, Soc. Phys. JETP 46 (1977) 641.
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m Factorization

® Unpolarized proton

structure:

NEPPSR 1V
Craigville, Cape Cod, 08/18/2005

long-range short-range

Opp—nX — Z fl ®f2®(}®D;‘r
f1,f2

QCD basics I

® Three step process:

® Partons (quarks/gluons) in
initial state: Long distance
(non-perturbative QCD
domain)

= Parton (quarks/gluons)
distribution functions

® Hard interaction: Small
distances (high energies)
(perturbative QCD domain)

= Cross-section
prediction (LO,NLO,NNLO)

" Quarks in final state: Long
distance (non-perturbative
QCD domain):

= Quarks fragment into
observable hadrons
described by
fragmentation functions

12
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QCD basics

m QCD at work: Jet production
0 First observation: SLAC-SPEAR (197

0 Discovery of gluon: PETRA (1979)

e 7

NEPPSR 1V
Craigville, Cape Cod, 08/18/2005

13

7, DELPHI Interactive Analysis
) Peam: 45.6 GV Run: 26154
G proc. 30-gep-1991 EVE: 567

DAS' : 25-Aug-1991

0 .
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Experimental aspects -

; . [] Short
B ee-ep-pp QCD collider studies ® 0 distance  Q: large momentum scale
Long
] PEP,
2 \\ /O/ PETRA,
N Q Cornell,
sV —— LEP,
Ve
4 SLD,
l{ -~ I NLC
! ﬂ ! e R SLAC,
e, L,V e FNAL,
CERN,
—> > /& HERA,
eRHIC
e ﬁ et p, d, A
p, D, A ¢ FNAL,
CERN,
Tevatron,
RHIC,
RHICII,
Q LHC
p,d, A
NEPPSR |V Bernd Surrow
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Experimental aspects l -

m Experimental QCD tests in ee

Q

Q

Q

Q

Q

NEPPSR 1V

Measurement of o,

//

Fragmentation functions Q

R AVAVAVAVAN /Oi

Color/spin dynamics A
Quark-Gluon jet properties

Event shape variables (Sphericity, thrust, ...)

Bernd Surrow

Craigville, Cape Cod, 08/18/2005



Experimental aspects I 16

m LEP and LHC at CERN, Geneva

Q LEP: Centre-of-mass energy (ee) up to 205GeV
Q LHC: Centre-of-mass energy (pp): 14000GeV = 14TeV

O Circumference: 27km

LHC - B CERN
’."'i Point 8

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005



m LEP and LHC at CERN, Geneva

O Luminosity

Experimental aspects

260

Integrated luminosity seen by experiments from 1993 to 2000

240 -
220 -
200 -
<180 A
&

360

o,

2140 1
£

Phyeics 93
—a3— Physics 94
—=— Physics 95
—a— Physics 96

o Physics 97
a— Physics 98
—o— Physics 99
——Physics 00

Zo

Z0

Zo, 65-70 GeV
805 - 86 GeV
91 - 92 Gev
04.5 GeV
96-102GeV
100-104GeV

10 weeks
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Runzevent 2419\ B
Ebeam 45,623 Ev

Centre of scn = 04000,  0,0000, 0,0000)
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Experimental aspects

ete”— BO B° 0
B
b ‘
od)
~ /o0
e . %
et {N= 0 Su > or <\ <\
\{?g,/\

~& Z \?\\ a\

An electron and positron —
(antielectron) colliding at high energy can B
annihilate to produce B® and B® mesons
via a virtual Z boson or a virtual photon.

Electromagnetic
calorimeters

Hadron calorimeters
and return yoke

Jet
L —+— chamber

Vertex
] chamber
[~ Microvertex
detector
\
Z chambers

Solenoid and /'-“
pressure vessel i

1
Time of flight A
detector .__/

Presampler

~

Forward
detector

p

Silicon tungsten
luminometer
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Experimental aspects 19

m Experimental QCD fests in ep

0 Measurement of ag
0 Fragmentation functions

0 Extraction of parton distribution -7 ;

functions e, U,V .[/mei
a Color/spin dynamics /K

p,d, A

0 Quark-Gluon jet properties

0 Event shape variables (Sphericity,
thrust, ...)

0 Diffraction

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005



Experimental aspects | 20

m ep kinematics (1)
k,

e(k) +P(p) — (k) +X(p)
k /
q

Y

o Four vectors: k., p, k', p/
0 Neutral current exchange (NC): v, Z° ,

QO Charged current exchange (CC): W™ p

O Measurement of structure functions:

® NC: Scattered electron and/or hadronic final state
Determine kinematics!

® CC: Hadronic final state (neutrino escapes detection)

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005



Experimental aspects =l

m Kinematic variables

(momentum transfer)?
virtuality of v*, Z%, W=

= ("size” of the probe)!

K —
s = @ o __t 0<rz<1 fraction of the proton
q 2(pq) — _ uts — momentum carried by
P the charged parton
p q u+ts :
> y = 4 ~% 0<y<l1 fraction of the electron
/ _
%i

Y

energy carried by the
virtual photon
("inelasticity”)

\ 4

— (E 2 ~ AE.E center of mass energy
. (k+p) s of ep system

(mass)? of y*p system
\p’ W2 = (p+q?* = (p)? :m229+%2(1—x)23—|—t—|—u

Q2:3~x-y|

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005
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Experimental aspects l =

m Collider experiment: Electron-Proton collisions at HERA (DESY, Hamburg, Germany)

Q> -9

')
particle . ) o - Q‘ detector
detector Equivalent to fixed target of particle  target

CToIIidmg-Bea}' EXF riments Ee = 50600 GeV.

2 &
P — O =0
Fixed-Target o <
Experiments .

particle

Circumference: 6.3km

NEPPSR IV Bernd Surrow
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Experimental aspects I =

m Collider experiment: Electron-Proton collisions at HERA (DESY, Hamburg, Germany)
0 Luminosity: HERA luminosity 1993 - 2000

T T T T I T T T T I T T T LI

2000 €"

HERA delivered HERA I

200 F
175 —
150 _ HERA Il &
125 —

100 |

Integrated Luminosity (pb'1)
Integrated Luminosity (pb™')

50 |

e .
1000 1200 1400
days of running

0: I IS TR N T S| |

0 200 400 600 800

100 200
Days of running

15,0,
——

10 weeks
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Experimental aspects l 24

m ep collisions: Here ZEUS at HERA

® Onion-shell structure of various detector
systems around the collision point:

137. GeV — elec
0 Energy measurement i

. AN

Et=180C GeV Pt=4 GeV (uncorrected)

O Momentum measurement

O Particle identification

Tracking Electro-
detector magnetic
calorimeter

Myon
Neutral .
hadron RO
« =N\ ¢ Proton
|
Charged N
hadron Elektron i Z))) B 3
- -~ ‘
~
Photon s
q ~
- ~
- —
Electron/ * S
Positron SA
Elektron
NEPPSR IV Bernd Surrow
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Experimental aspects %

m Experimental QCD tests in pp
0 Measurement of o,
0 Fragmentation functions

0 Extraction of parton

D, pv A o
distributionfunctions

a Color/spin dynamics
0 Quark-Gluon jet properties p,d, A

0 Event shape variables (Sphericity,

thrust, ...)

0 Diffraction

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005



Experimental aspects I 26

m pp kinematics (1)

0 Two incoming hadron beams:

® Spectrum of longitudinal momenta determined
by parton distribution functions

® Centre-of-mass of parton-parton system is
boosted with respect to two incoming hadrons,
ie. X; =X,

® Therefore: Classify final state using variables
that transform simply under longitudinal
boosts:

" Rapidity:y

) ) 1 E+p.
mr = 1/[)% + m?2 Yy = 3 In (E — pz>

" Transverse momentum: p;

"  Azimuthal angle: ¢

® Four-vector formulation: p* = (E,p,,p,,p.)
= (mq cosh y, prsin ¢, pr cos ¢, mr sinh y)

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005



m pp kinematics (2)

O Property of rapidity:

® Additive under the restricted class of

Lorentz transformations corresponding to a

boost along the z direction.

® Therefore: Rapidity differences (Ay) are
boost invariant!

® Pseudorapidity: y for m — O

1 . 0
n=—In M = —Intan —

2 |pl—p- 2
p. = |p| cosf

® Transverse energy: Measured quantity in a
calorimeter system, rather than p!

Er = Esinf

NEPPSR IV
Craigville, Cape Cod, 08/18/2005

Experimental aspects l =i

Jet definition: Cone jet finder

Concentration of transverse energy
E; ina cone of radius R:

R=/(An)2 + (A¢)?

® Tnvariant under
longitudinal boost!

® TIn the two-
dimensional plane,
curves of constant
R are circles around
the jet axis!

Bernd Surrow



Experimental aspects I

m pp kinematics (3)
0 Partonic centre-of-mass energy:
§ = (w1p1 + T2p2)° s = (p1 +p2)?
0 Bjorken x; and x, and rapidity y:

1
T = ixT(eyfs _|_€'y4)

rr =2pr/V/'s

1
To = 5.’,UT(€_y3 + €_y4)

Y= (Y3 +ya)/2

1 * inh v* _
?725111 (ﬂ> cos* = L= MY o (?J3 y4>

X9 ﬁ_ cosh y* 2

Partonic centre-of-mass angle!

NEPPSR |V
Craigville, Cape Cod, 08/18/2005
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Experimental aspects I 29

m World's Highest Energy proton-anti-proton collider - Tevatron (1)

FERMILAB'S ACCELERATOR CHAIN

0 Centre-of-Mass Energy: E.,=1.96 TeV =

O Circumference: 6.85km

TR

TEVAT!

( | DZERO

N

- MAIN INJECTOR
(SN
\(RECYCLER ™)
RON \Ki\ \ \
— S\ \
S S S\ N
f ™~ S 7,‘/74/ TARGET HALL
\\‘ " ANTIPROTON
\V

/ BOOSTER

LINAC

" COCKCROFT-WALTON

Direction  Direction

NEPPSR IV Bernd Surrow
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Experimental aspects I —

m World's Highest Energy proton-anti-proton collider - Tevatron (2)
O Vs=196 TeV (RunI— 1.8 TeV)

O Peak luminosity is now ~ 1032 cm2 s!

Collider Run Il Integrated Luminosity

DDDDD

24 .00 1200.00
_ % ' f"‘f-» 240.00 /
g 80— Tevatron - RUNI 5 27" " 2
H . Tevatron - RUNII ' | ... 2
"U) ;' 'g 12 600 00 ;’l
B 0Eg B £
P T |
i "5 3 i e HH]HINWHHHHH\IHHHHHWH\WMNHHH o
e .ﬂ....lmmnmummHH!H\H HHH HHHHH!WHHHH\HHHI\HHHWHI!HHIHHWHHHHH
50 55 B0 65 70 75 B8O 85 90 95 100105 110 115120 145 5 195 205 215 225

eek

10 weeks 10 weeks

® RUNIT Long term luminosity goal
* Base 4.4 fb-!
- Design 8.5 fb-! by the end of 2009

NEPPSR IV Bernd Surrow
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m Proton - Anti-Proton collisions: Here DO at the Tevatron

“particle jet” “calorimeter jet”

uit]

NEPPSR 1V
Craigville, Cape Cod, 08/18/2005

CRL+TEE RE-Z WIEW 25-MAR-19%7 132:33 | Bun BY18H Ewvent 22409(25 -TEC-19594 Q2:20

Experimental aspects I

31

Bernd Surrow



Selected QCD topics at high-energy collider experiments l =

m Structure function measurement: Formalism

do do 9
0 Interms of laboratory variables: (d—Q> o - (d—Q) Ruther ford - cos”(0/2)

N 2
d20' do 0 do 4()12E/
= — Wa(Q? 2W1(Q?, ) tan? | = (-) =
(dE/dQ> (dQ) Mott { 2(Q ’ 517) * 1(Q ,-T) o (2) } df2 Ruther ford q4

O Formulate this now in relativistic invariant quantities:

O, Ei — ye, Q

0 Instead of W, an Fl — m Wl F2 — VWQ Longitudinal structure
p function: F|
d*o 2ra?Y. 2
5 o T F2—y—FL FL:F2—2ZUF1
dydQ yQ* Yy

YVi=1+(1-y)’

NEPPSR IV Bernd Surrow
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Selected QCD topics at high-energy collider experiments I 33

m Structure function measurement: Kinematic coverage and measurement

a0 i

> 5_ H1

SF s 1. Determination of kinematics
"O " [0 CDEDO Inclusive jetsn<0.7 (69 electron method):

10 4:_ E= DO Inclusive jets 1<3

]  Fixed Target Experiments:

Q° =4E'E, sinz(%)

10 3| CCFR, NMC, BCDMS, , ,
: E665, SLAC bin in y=l—£cosz A
i E o \2
: x and i
10 24 Q? 2
Sy

10 =
: 7 2. Determination of cross-
1L W section and extraction of F:

Number of selected \ Background
events 2
d°o (N B
:l Illl L 1 Illllll 1 IIIIIIII 1 llllllll 1 1 Illllll 1 IIIIIIII 1 llllllll

-6 5 4 3 2 1 dxdQ* L-¢
10 10 10 10 10 10 1 \
X Luminosit Efficiency

NEPPSR IV Bernd Surrow
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m Structure function measurement: Picture of the Proton

Fs .
Three
valence
quarks

Three
bound
valence
quarks

Three
valence
quarks and
sea quarks +
gluons

NEPPSR 1V

Craigville, Cape Cod, 08/18/2005

1

F2

QCD

X
Momentum
fraction
of struck
quark

Selected QCD topics at high-energy collider experiments I -

Proton = valence quarks + QCD sea

=18 —? INCILGGSBCDMS 0% = 150 GeV?
b M i Q=15 GeV?
14 F $ Q*=1.5 GeV>
120 1‘; %
: 1
1 ¥, b
0.8 v L ;
0.6 [ % # bay, %I
5 |
04 - al ,
0.2 F % § %a:: o lim%jg
o dn E— _%j
valence 0 -5' Lol | Ll -‘I, 1 | i [EREAll
quarks 10" 10 10 10 10 xl
and
QCD
sea

Bernd Surrow



Selected QCD topics at high-energy collider experiments l 34

m  Structure function measurement: Q2 and x dependence

HERA F2 HERA F2
~~ [ 2 2 |- 2 2 - 2
33@ | X=632E-5 4 000102 2 Q:=27GeV? | 3.5GeV’ | 4.5 GeV 6.5 GeV
= |/ x=0.000161 —— ZEUS NLO QCD fit [ L L r
20 / x=0.000253 . \ - - - :
D #L/ x=0.0004 — HIPDF2000 fit 1k k " B
T« 7/, x=0.0005 L L L L
= /s /) x=0.000632 e H194-00
/7 /7 x=0.0008 L ,;\,M ‘,N. o - . |-
= 4 HI (prel.) 99/00 of i i
g g [ [ L1 [ \ L1 | | 1 \ [ | 1 | [ [ | [ 1
000 " ZEUS 96/97 2 - 8.5 GeV? || 10 GeV?
em0.0021 BCDMS STF‘OHQ :
violation of 1 r
_ x=0.0032 NMC < | ; i
ca mg a L
x=0.005 F .
>lowxand 0 | T T N N I N B W 1t T
 <=0.008 1 5 2 - 18 GeV: [ 22 GeV?: [ 27GeV?: [
- high Q -\ I : :
E e : : :
- ' ~ 10 N r r
r ' 0 x‘}‘ Tttt 7\ i
- I . 2 [ [ 2
RV WO . FTLU. [ . [ i [ [
RS PR iy In contrast [ I 5\ " \
I : 0 I— f 0 S S S s N T t
i ‘ IRt . to: 2 120 GeV? j 150 GeV: | 1o 1 107 1
| It S . - - —— ZEUS NLO QCD fit
| o 65| > . 1 - —— HI1 PDF 2000 fit
f s — Low Q2 high : |
T T BT N B r r ° H196/97 BCDMS
0 2 3 4 5 x| i j = ZEUS 96/97 E665
1 10 10 10 10 10 0 [ i B —— [ I NMC
2 2
Q7 (GeV")
X
NEPPSR |V Bernd Surrow
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Selected QCD topics at high-energy collider experiments I S

m Global fits - Basics

0 Starting point: DGLAP evolution equations

diig) - %532) /: % :qu (%) X(2,Q°) + Pyq (%) 9(z, 2):
dgﬁzg? S C / 1 Z P (2) 5 Q%) + oy (£) 902,07

0 Strategy to extract parton densities from a measurement of F,

O Specify a set of parton distribution functions as a function of x

) H 2 ). .
Starting scale Q xfz _ AZ.’L' i (1 . CL‘)T]ZF(Q'J)
® Take into account flavor sum rule and momentum sum rulel

Jo folw.@)dz =2 [ fa(@,@)de =1 [ef,(x,Q3) +zfalz, Q}) + xf.(x, QF)
+afq(z, Qf)ldx =1

i- valence (u,d), sea (s) and gluon (g)
NEPPSR |V Bernd Surrow
Craigville, Cape Cod, 08/18/2005



Selected QCD topics at high-energy collider experiments 3
m  Global fits results from ZEUS
O Determine F,¢P in ferms of parton distribution functions
Q Evolve F,RP through parton distribution functions based on evolution equations
Q Minimize »2 in terms of F,a% and F,%% by adjusting parameters in xf (x,Qz) - valence (ud), sea (s)
and gluon (g)
O Net result: QCD prediction for xf,(x,Q?) and therefore F,(x,Q?)
Q Various global pdf analysis: “adal:
® GRV g \\ SR oy Q=10 GeV’
° CTEQ 0.8 B CTEQG.1
* MRST
¢ ZEUS/H1
rf; = Az (1 — x)"F(z)
Low x: A,
NEPPSR IV Bernd Surrow
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m  Extrapolation of ZEUS NLO DGLAP fit towards low Q2

ZEUS

Q’=0.3 GeV*

T I S B S |

0.4 GeV?

P AN T T N |

P AN I AN N

0.585 GeV*

0.65 GeV*

0.8 GeV?

LI O I B I B B O B B N

-1
10 1
— ZEUS NLO QCD fit

[ tot. error

e ZEUS 96/97

* ZEUS BPT 97
¢ ZEUS SVX 95
o E665

v NMC

-5I -3
107 10

0.6

0.4

- Q0.3 GeV? - 04GeV: [ 0.5 GeV?
ol | [ | | | | | Il | [ | |
u 0.585 GeV> [ 0.65 GeV> [ 0.8 GeV*

ANEVAVANEIVAVESEIVA
.l | || | I—_ | | || | | | | || | |
- 1.5 GeV? - 2.7 GeV? n 3.5 GeV?
:_y\ —
- | | [ | I__ | | L 1 | I__ | | | | |
- 45Gev: | 6.5 GeV? 07 107 10"
3 _ — ZEUS
o & - NLO QCD fit

r [ tot. error
-_|| [ I T | ||;|| T I I I | o
107 107 10t110° 107 10l F, negative at low Q2
X and low x|

Bernd Surrow



m  Measurement of o,

O The success of perturbative QCD lies on the
precise determination of o, from diverse

phenomena

0O There is a wealth of determinations of o, at
HERA from a variety of observables (jets,

structure functions, ...)

O Good agreement with current world average:

0.1182 + 0.0027

S Bethke, hep-ex/0407021

O HERA jet measurements are by now as
precise as more inclusive measurements such

as those from t decays

NEPPSR IV
Craigville, Cape Cod, 08/18/2005
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Jet shapes in NC DIS

ZEUS (Nucl Phys B 700 (2004) 3)
Multi-jets in NC DIS

ZEUS (DESY 05-019 - hep-ex/0502007)
Inclusive jet cross sections in yg

ZEUS (Phys Lett B 560 (2003) 7)
Subjet multiﬁ)licitv in CC DIS

ZEUS (Eur Phys Jour C 31 (2003) 149)
Subjet multi]ﬂicitv in NC DIS

ZEUS (Phys Lett B 558 (2003) 41)
NLO QCD fit

H1 (Eur Phys J C 21 (2001) 33)

NLO QCD fit

ZEUS (DESY 05-050 - hep-ex/0503274)
NLO QCD fit

ZEUS (Phys Rev D 67 (2003) 012007)
Inclusive jet cross sections in NC DIS
H1 (Eur Phys J C 19 (2001) 289)
Inclusive jet cross sections in NC DIS
ZEUS (Phys Lett B 547 (2002) 164)
Dijet cross sections in NC DIS

ZEUS (Phys Lett B 507 (2001) 70)
World average

(S. Bethke, hep-ex/0407021)

0.14

o (M)
Bernd Surr
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Selected QCD topics at high-energy collider experiments I -

m  Measurement of a,

O The HERA determinations are consistent HERA
with the running of o over a large range in E; I
0.5 “
0 Dominant uncertainties are: . (Q) '\\ l
* Experimental (jet energy scale): ~0.9% A e
® Theoretical uncertainties (parton distribution . \m °  Hadron Collisions

3 : : : = ® Heavy Quarkonia
functions, hadronization corrections, terms

beyoind NLO): ~4%

675 0.25 T T T T T
* * HERA

" 1 0.2} \IT\ :T'\li ]
0.2 -

—————- QCD Mz =0.118 £0.003

0.15 f iii 1 0.1

______ QCD . 1 10 100

01 - 01 (My) = 0.118 + 0.003 i Q [GeV]
I I \ 1 1 1 | | I 1 | J
10 100
B (GeV)

NEPPSR IV
Craigville, Cape Cod, 08/18/2005
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m Jet production: Jet reconstruction

O Traditional choice at hadron colliders:
cone algorithm

Sum up energy inside cone

O Traditional choice in e+e-: successive
recombination algorithms (k; algorithm)

Sum of particles/cells close in relative k

NEPPSR IV
Craigville, Cape Cod, 08/18/2005
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Particle shower in
calorimeter cell

Calorimeter
Hadrons

ragmentation process
Hard scattering

Outgoing parton

Bernd Surrow



m Jet production: Inclusive jet cross-section

0 Inclusive jet cross section @ Tevatron
® Stringent test of pQCD
® Tail sensitive to new physics

* PDFs at high Q2 & high

0 Direct comparison with NLO

® QCD Hadronization / Underlying Event

corrections small

0 Good data-theory agreement

® Experimental uncertainty dominated

by jet energy scale

® Largest theoretical error from PDFs
(gluon at high x)

NEPPSR IV
Craigville, Cape Cod, 08/18/2005

data / theory

d’c/dp,dy (pb/GeV)
22 .3 373233
o !

Selected QCD topics at high-energy collider experiments l =

D@ Run Il preliminary

e |y|<0.4 (x10)
o 04<]Jy|<0.8

CTEQ6.1M
-3
10 U = U = Pt
10-4 | 1 | | | | | | | 1
0 100 200 400
pr (GeV)

422: D@ Run Il preliminary
3.22— NLO QCD ly| <0.4
252 CTEQ6.1M

2E- e
151;: acssesesees e o .-0-.—0.-:-'-1-'1"';"_-'
0'52_ T T s s LI e L
“SE 0.4<|y|<0.8
35E. e MRST2004
22%: - --- CTEQS.1 PDF uncertainty

26 e
156 ce—rg - —"'}"

R TXTR S & Sl M S —
05e- . ToTTTTEmET ==

Pr (GeV) ernd Surrow



m Jet production: Jet shapes

O Jet shapes governed by multi-gluon emission from primary parton

® Test of parton shower models

® Sensitive to underlying event structure

® Sensitive to quark and gluon mixture in the final state

CDF Il Preliminary

Ve
n: L
D 'F @ DATA
) — r
> [ = PYTHIATune A
0.8 )
70 i — gluon—jet
: ............. quark—jet
0.6 —
I 37 < P < 45 GeV/c
0.4 —
I 0.1<I1Y* <07
0.2 —
0 I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
4] 0.2 0.4 0.6 0.8 1
r/R
NEPPSR |V

Craigville, Cape Cod, 08/18/2005
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\\\\\

CDF Il Preliminary

=, 0.4
% Midpoint Algorithm (R=0.7)
pj(lSS'—
S ® DATA
\9—_’03_ } ——PYTHIA Tune A
e PYTHIA
o’ PYTHIA (no MPI)
o N - HERWIG
- 0.1 <1Y*1<0.7
0.15 —
01 - ............
0.05 [ )
0 :I | | 1 | | | | | 1 |

1 | 1
50 100

1
150 200 250 300 350

P (GeV/c)
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m Helicity average and helicity difference parton distribution functions

® Unpolarized proton
structure:

f(z) =
@ ©
fr@ (@)

Fy = E :I;eéq
q

Quark (q) distribution and A =
Gluon (g) distributions: rdo-pzz!—fﬂ'—}—X ., dAc
Well known experimentally!

® Polarized proton
structure:

Af(z) =

1
91 = 5 Z eﬁAq

q

long-range  short-range

dAUpp—»w+X

Quark (Aq) distributions:
Known only at high x.
Gluon (Ag) distributions:

fy f, / Poorly constrained!
Quarks and Gluons carry A far X A fafX
50% of the proton  XnpAL®Af®dE? -arly ®DFl How do quarks and gluons

momentum, respectively! B > g [1® f2 ®d61 T2 @ DY make up the proton spin?

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005



m RHIC SPIN program (e.g. AG)

e Fundamental question: How is the proton spin
made up (helicity)? ‘oton sp'

iy

O EMC/SMC result: Fraction of proton spm
carried by quarks is small:
A, =038 00 at Q7 =1GeV?
0O Where is the spin of the proton? AG and (L + L¥)
O SMC QCD-analysis:

X-AX(X)

ET IIIIIII

AZ+AG+ LI+ L}

I\le—*
l\Jlr—*

(AB)

X-Ag(X)

T T TTTT T T TTTTIT T T TTTIT

i

T T TTTT

T IIIIIII

0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4

0.3

[ EEETA EUT RTRTY SRAN ARRNA FRRRA NN

I|Il|||||l |IIII IIII|IIII|IIII|IIII|

-0.4

11 IIIIII|

1 IIIIII|
102 107 1 102 10

IIIIIII| 1 IIIIIIII L1 1111 111111l

>
>< - ELri

NEPPSR IV
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e Af present: AG is only poorly constrained from
scaling violations in fixed target DIS experiments

AG (07 =1GeV?)=0.99 * {11 at Q] =1GeV’

B. Adeva et al., SMC Collaboration, Phys. Rev. D58 (1998) 112002.

e Need: New generation of experiments to explore
the spin structure of the proton: polarized
proton-proton collisions at RHIC

RHIC spin program:

e Unique multi-year program which has just
started..!

e Explore various aspects on the spin structure
and dynamics of the proton in a new domain:

O Spin structure of the proton (Transverse spin dynamics
and transversity, Gluon polarization and Flavor
decomposition of quark/anti-quark polarization)

Spin dependence of fundamental interactions
Spin dependence of fragmentation

Spin dependence in elastic polarized pp collisions
Bernd Surrow
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m Access helicity difference distribution functions (gluon and quark/anti-quark)

e At RHIC, any combination of beam polarization (longitudinal (+/-) /transverse (1/])) is possible,
which allows to access different aspects of the proton spin structure

Double longitudinal-spin asymmetry:
e Double longitudinal-spin asymmetry A A a A
= € = L e G|
i (0,+0.)+(0, . +0.) A Ag Aq Ag
H—I . ~" - H—I

0 Study helicity dependent structure functions

(Gluon polarization) pp—=vX pp—jet(s) X pp—>ccX, bbX
e Single longitudinal-spin asymmetry: Ad+u — W~ "
=} ) Ai+d =W~
: Ad+u—=W" ~(+)
= - L2 _ " . =k
Au+d—=W"

O Study parity violation effects
(Flavor decomposition Quark/Anti-
k polarization)l : ;
Quarigpolosifaimed 0 Single spin asymmetry: P [Ldt

e Statistical significance (FOM=figure-of-merit):
! : J ) 0 Double spin asymmetry: 2 -det

NEPPSR IV Bernd Surrow
Craigville, Cape Cod, 08/18/2005
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m Dedicated high- ener'gy QCD physncs program at Brookhaven National Laboratory

PHOBOS ' : - 12000cock - BRAHMS&PPZPP
10:00 o’clock i 7,‘ e ——— oy 2:00 o'clock

Au+Au (d+Au)

PHENIX(p}
8:00 o'clock

p+p (long. polarized)

= €=

Experiments:

0 PHENIX Experiments:
Q Z;‘AR , O PHENIX
0 BRAHMS s O STAR

0 PHOBOS

® RHIC facility: Unique collider facility which allows to collide different species (Au-Au and d-Au as well as
polarized p-p) at variable beam energy

Uniqu
® Explore the nature of matter under extreme conditions (Relativistic-heavy ion program) ngbe
® Explore the nature of the proton spin (High energy spin physics program) lab!

NEPPSR 1V

Bernd Surrow
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Summary and Outlook I -

®  Summary

0 Wealth of QCD data from high-energy QCD collider experiments

eRHIC Up to 10 GeV injector

a Parton distributions functions are known over a large range in

Bjorken-x with large uncertainties at high-x

0 LEP/HERA/Tevatron will provide critical input for LHC QCD
background studies

o After 2010, RHIC and LHC will be the only high-energy hadron

collider facilities for the foreseeable future
m Outlook

o LHC will allow to probe distance scales (high E1) beyond the

current reach

0 Explore new QCD regime in eAu (high parton density) and polarized
ep scattering (complement ongoing RHIC physics activities)

0 Unique opportunity to establish such a QCD facility (eRHIC) at
BNL = Continuation of collider based DIS program beyond HERA

NEPPSR 1V

Bernd Surrow
Craigville, Cape Cod, 08/18/2005
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Having fun
with a

Wolfgang Pauli spinning top! Niels Bohr

bz

(]
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Backup I —

®m  Machine performance overview (FY02-FY05)

e Overview of performance parameters g B
£ ok Yellow Beam FYOS {‘|‘; k. ll -
Vs [GeV Lpeak L [pbt Polari zation [% SR S T
s [GeV] [lpgsao] [pb] olari zation [%] - |i: '“'l _" ||||yl&l| Inl I|| li.n','l Ju;h'é“y:
cm- S P R I b Hl ............ Q”MH 1|éﬁ|][~ ||||ﬂ l,l]llhj .......
A R V1Y b dit
S n"mm b i Jutu'w e
FY02 200 2 0.35 15 o0 foi u_.yl]ﬂf]ﬂ! (R T 1 A
L : i 3
FY03 200 6 1 30 " ;;p,.‘ i"’t ! :h'l i hh ! ! =
TS Y RN R TR [T .
FY04 200 6 0.4 40 - - h i I |I||] | .g
NI LA
=V 200 (410) 5 5 = A TR “M ..... : _____ ...... I|||I::[: ................................ %
S } _______ | ” ______ . o
e Status S |"l E
M Siberian snake and spin rotator magnets e 1 2 % 4 o 6 1 s o0
M Fast polarimeters in AGS/RHIC g
M Local polarimeters at STAR/PHENIX : o
c
©
M Spin transfer AGS to RHIC @
M Polarized gas-jet target >
M Warm AGS Siberian snake
M Installation of cold AGS Siberian snake magnet and
commissioning started | _
| Commissioning towards 250GeV ramp started (AT 20566\/) o I1.ol B I2.ol B Islol | I4‘o| | Is.oi B Is.o } I7.ol } Is.ol a0
Time (1=04/01/05)
NEPPSR |V Bernd Surrow
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m PDF uncertainty (Ratio fo CTEQ6)

2 pr e ' I

8-0 .III II . L) l L) L) I
[ 4 at Q = 9.168 GeV r uet @ = 5.10 GeV

!.. ate,
»” 1 'l |

1.0 1.0

1]}
o 5 2 1 l 2 1 I 1 1 l 2 2 2 1 2 2 .. oe III 2 | 1 1 l 1 1 l 1 1 1 1 1 ‘
10%o™o* 1.0 .06 . A .o 4 5 .0.7.891 1004 a® or1.0m a8 .2 B 4 4 4 487.AaD1
=

O RHIC can reduce errors of valence PDFs at
large x!

NEPPSR IV Bernd Surrow
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m Comparison of kinematic coverage
W kinematic coverage

o RHIC LHC Tevatron RHIC
a1 y=-4 | y=-3 | y=-2 | y=-1 y=0
o Tevatron
o LHC )
-1
10
-2 I
10
-3 I
10
-4 I
10 3 | 2 1
107 10 10 10 1
X,
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