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QCD and Hadron Scattering

QCD: perturbative or non-perturbative? That is the question.

. . 0.5
¢ pPQCD calculates interactions of quarks \
and gluons using pert. expansion in «g a4Q) \‘\
04 L\ \‘\ _

LO a, NLO a2 NNLO ags

+ + + ...

¢ Actudlly, hadrons are in initial and final state
due to confinement

¢ The limit for pQCD is where a4 is large

10 0 [GeV] 100
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Factorisation Theorem

Non-perturbbative input is given by universal parton distributions (PDF)

UepZZfi®5’i ‘TPP:Zfi@fi@&ii
i Ui

PDFs must be determined experimentally
and can be used for other scattering processes
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[nclusive Deep Inelastic P Scattering

DIS — best method to determine the proton structure with highest precision

] ]’
electron boson virtuality Q2
= resolution scale
Q2
S fractional momentum x
of struck quark
Xp
proton ‘ determine PDFs: g;(x, Q). g(x, Q?)
p
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Dietermination of Quark Distribuwtions

Neutral Current Charge Current

electron electron Nneutrino

i~ o NC NC CC CC
Cross sections: ¢} S0 T iy T

have different sensifivity to different quark flavours

Almost full flavour decomposition is possible with HERA only

Highest precision by combining with fixed target DIS, Drell-Yan, ...
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DG LAP Evolution of PD.Fs

PDFs - intrinsically non-perturbative but evolve perturbatively in Q2

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi (DGLAP)

PDF

d

/k + W D
/DGLAP >, | g

valence

d
Only need start-up distributions ¢(x), g(x) at starting scale Q3
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Inclusive DIS Data

| x=6.32E-5

Eo X=04%0838%61 == ZEUS NLO QCD fit
er - = X Z eé (q + {7) E’D XZO;(OS(?_ ?)?)z 4 —— H1 PDF 2000 fit
w5 Xigbo.(()();())f())ggg o H194-00
e » H199/00
¢ 5 orders of magnitude in x and Q? X003« ZBUS 96/97
~ » BCDMS
Only HERA covers low x domain oot

x=0.0032 o NMC

x=0.005

¢ At low x: rising K,
gluons — sea quarks dominate

x=0.008

¢ At high x: falling F,
valence quarks dominate
g

p 1 10 10 10 10 10

o ’ )
Q7 (GeV?)
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Inclusive DIS Data

n , E e o - soacon
E 2 =X Z eq (q + 67) ;:'IJD x=0;(()=()3 ?)Z?) . —— H1 PDF 2000 it
w5 Xigé)fg?)z)ggé o H194-00
' » H199/00
¢ 5 orders of magnitude in x and Q? X003 u ZEUS 96/57
~ BCDMS
NLO DGLAP fits well describe inclusive data \ e
NLO = 0@@), first NNLO O(ag) fits available x=0002 4 NMC
x=0.005 DG P
¢ Data precision 2 — 3% in bulk region ; X008 L )‘
1 — 2% seem feasible
¢ High Q% dominated by stat. errors 2|
Factor 2 reduction is aimed at with HERA I 7
1
So what is needed by LHC?
0 | | Ll | |
1 10 10> 10° 10 10°
Q*(GeV?)
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PDFs for LHAC

10" g o T T T T T T T T
LHC parton kinematics
p 10° £ M =10 TeV
H 107 £
106 UM =1 Ta\T
N 100 F
M - >
xX1p = —= exp (frapidity) 3 ,, _ _ _ &
VS >~ 0t s M=100 GeV /i et /]
! : R * E
Precise quark and gluon densities 3
g - 10
are required in the whole x range
Solution: 10°
Evolve from HERA Q2 to LHC scales M?
10’
107 10° 107 100 107 100 10" 1
X
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Luminosity Measurement at LHC with W, Z

o= % — Use reference ‘standard candle’ process to measure lumi: L = Nie

Oref

W and Z production is well suited
®) ¢ High rate: few Hz at low lumi — small stat. errors
W. Z ¢ Well measurable: 1 — 2% syst. error for Z
¢ Well-known parton x-section: 1% at NNLO
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Luminosity Measurement at LHC with W, Z

c=N —  Use reference ‘standard candle’ process to measure lumi: L = N
L Oref
re
W and Z production is well suited
®) ¢ High rate: few Hz af low lumi — small stat. errors
W. Z ¢ Well measurable: 1 — 2% syst. error for Z
¢ Well-known parton x-section: 1% at NNLO
Crucial issue — knowledge of PDFs; = .
3L w
-~ (0] ~ (0] m 18 i
4% for fotal o, ~ 8% for centralrap. g HERA ndlided
ey _I T T T T """_' ” 7
< 0 L Q’ = 10000 GeV* ]
- —— HERA included A L
- 2 uncorr. uncert. |
40 B [ ] tot. uncert. | i
20 __ __ o<s:—
: XS : 02 [
O Illi 1 IIIIIIIi 1 IIIIIIIi [T [ EEEET :
Tricoli, Cooper-Sarkar, Gwenlan 10* 10° 102 10 1 S

X rapidity
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Luminosity Measurement at LHC with W, Z

c=N —  Use reference ‘standard candle’ process to measure lumi: L = N
L Oref
W and Z production is well suited
P ¢ High rate: few Hz at low lumi — small stat. errors
W. 7 ¢ Well measurable: 1 — 2% syst. error for Z
o ¢ Well-known parton x-section: 1% at NNLO
Crucial issue - knowledge of PDFs: AT
: 2 +
Error would be ~ 15% without HERA Bef i
S HERA excluded
II T T T T """_' A e ———
o R Q" = 10000 GeV?] wf
- —— HERA excluded A L -
C\ B uncorr. uncert. |
40 __ [ ] tot. uncert. __ s
20 __ __ o<6:—
: xS : 02 [
O Illi 11 IIIIIIi 11 IIIIIIi 11 IIIII| [T : /,/:
Tricoli, Cooper-Sarkar, Gwenlan 0% 100 102 107 1 L= ——a— R—

X rapidity
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Questions

¢ How good is our knowledge of PDFs?

¢ Is DGLAP sufficient to extrapolate PDFs to LHC scales?

¢ Are non-linear QCD effects relevant?

Let’s look...
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PDF Extraction

Typical uncertainties: u density 2 — 5% , d density 5 — 8% , gluon density 10 — ... %

1 TTT

Gy
<

Q' =10GeV? | Example
1sl B "~ H1/ZEUS mostly agree but
7 - Ie‘il’fiszo Differences
06 | ] total uncert. ¢ Choice of dafa sefs
¢ Treatment of systematic errors
, ¢ PDFs to extract
04r ¢ Form of x distribution
¢ Number of parameters
0ol N / ¢ Constraints on parameters
- xS (x0.05) TN Y \ | ¢..
ol | ‘ | ‘ Many effects understood!
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Differences between HI1 and ZEUS

Cooper-Sarkar and Gwenlan, HERA-LHC Workshop

20 TTT T T \\\\H‘ T T L 20 TTT T T \\\\\\‘ T T L 20 TTT T T TrrTTT T T L T T \\\\\\‘ T T L
b= Q'=10GeV* | Y Q=10GeV* | B | Q' =10GeV*
—— ZEUS Data (ZEUS analysis) | | —— H1 Data (ZEUS analysis) | — HI Data (ZEUS analysis)
| | | | | exp. uncert. |
5 D exp. uncert. 5 D exp. uncert. ] 5 ] exp ]
i H1 Data (H1 Analysis)
| Bl oxp. uncert.
10 - i 10 [ total uncert.
5 , i 5L
07* Lol ST Ll 0 Oiw L S
10" 10° 10?2 10" 1 10 10° 102 10" 1 10 10° 102 10" 1
X X X
\ - _J/ \ - _J/
NV NV
Different data, same analysis Same data, different analysis

Differences already in the data

H1 and ZEUS intend to produce common data sets
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Next Question

¢ How good is our knowledge of PDFs?

¢ Is DGLAP sufficient to extrapolate PDFs to LHC scales?

¢ Are non-linear QCD effects relevant?
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e
QZ
dn
q3
DGLAP

q2

q1

Forward Jets

X Bj (small)

evolution
from large
to small x

forward jet

(large)

P ()
V)

at Low X

H1 forward jet data

~—~~
& ¢ H1
= 1000 E. scale uncert.
o 7] DGLAP
X
©
~~
@)
o
+
500 —
o
e
E%E S
=
b T —
e Sy
S A
o mﬂﬁmg SRR MWW
R e e S e e

0.001 0.002 0.003 0.004

¢ If using DGLAP for parton shower = kr ordering

2 o 2
7 <qy- -

P <KL = kpy<kro- -
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Forward Jets at Low X

i H1 forward jet data
¢ g H1
Q2 £ 1000 % E. scale uncert
& —— CASCADE
Tn xgj (small) ém ---- ARIADNE
. o o
evolution ©
q from large
3 to small x 500
12 forward jet
Eipt
a1 x].et=E]—e (large)
PN §
\/} ‘ | = @i
0.001 0.002 0.003 0.004

¢ Parton shower schemes with different ordering
o CCFM (MC Cascade)
e CDM (MC Ariadne)
work better than DGLAP at low x
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Resummation at Low X

‘ M|Ss|ng Terms’) 1 1 k White and Thorn 8 EIP%US
s IN " s L ) oot A NMC |
' x = 6.32x10™
Attempt to add these to evol. egs ya )
L L x = 8x10 LHC
¢ Difficult to see in inclusive fits
due to free choice of q(x). g(x) at Q3 %
25 g
PDF 2
le.S -
/ DGLAP \/QZ "
Y P ot —— NLL resum. |
----------------- NLO DGLAP
Critical corner - low x, low Q? e é'z"”i'oz w10t
/ GeV?
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Longitudinal Structure Function Ly,

White and Thorne
0.5 LRI lllllllll lllllllll lllllllll LI 0.5 l,.lllllll TTT
Q*=2 GeV?
2 : : : 04 | . N+ oy
Fr (x, Q°) — longitudinally polarised photons AT e LO -
¢ F. = 0in Quark Parton Model 0 0
¢ Sensitive fo QCD higher orders (gluon emission) = |
. . 0.2 0.2
F; ~ asxg — consfrains gluon density
0.1 0.1
0 Lol ol o 0 Lol ol 1wl ..........|A"?.:§:.
10°10%107%10%107 1 10”107 107107107 1
0.6 rrm—r T "'“-,:"I B LR BLRLLLL LR
Calculations 0 L\ |
e Large spread of calculations for gluon and Fy Q% =20 GeV?
vy 0.4
e Critical corner — low Q% and low x 0s b |
' ~J
e Can be used to fest resummation approaches =
0.2 \ 5,
02 —
0 Lol il ol " 0 Lol ol ol ...f.:.;.l"--.- o
10°10%107%10%107 1 10°10%10% 107107 1
X X
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Future Low Energy Run

White and Thorne
Cross section: 0.5 T
04 data at 6 GeV?2 |
2 2 Q4 2
O'(X,Q >0<F2(le >—WFL(X,Q ) . ]

0.2

Measure o at the same x, Q? for different s .

O 1 |||||||I 1 |||||||I 1 |||||||I 1 |||||||IA.A.I-\';.;" 11
10°10%10%10% 10" 1

H1 Simulation 0.6
30pb~! at E, = 920 GeV 06
10pb~ ! af E, = 460 GeV 04 \

04 .\

Can differentiate between calculations i \

0.2 02
Decision taken. Run in preparation

O I O 1l 11 S ulf
10°10%10%10% 10" 1 10°10%10%10%10" 1
X X
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Last Question

¢ How good is our knowledge of PDFs?

¢ Is DGLAP sufficient to extrapolate PDFs to LHC scales?

¢ Are non-linear QCD effects relevant?
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G oing to High Parton Densities (Lowest X)

Non-linear QCD dynamics = mulfi-gluon exchange
Gluon density rises steeply fowards low x

(o] :\HH‘ T \\\HH‘ T \\\HH‘

> E
8 - HERA Experiments
~ - [ H11994-2000 ]
(ol
10 4 = [III ZEUS 1994-2000 E
Fixed Target Experiments & 1
NMC 1
10°E E
77 BCDMS 8
L ]
(11771 E665 iy ]
i < i
2| [ SLAC < /
10 = = / E
I h
i LA
WA
10 = \ ?“”“ i
C J 2’ “
!
1 = R =
5 7
Lowest x = Lowest Q

. 1]
as(Q?) becomes large = confinment 10"~

quarks are no more free T T T R
10 10 10 10 10 10

R'_\ ml
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Data in Transition Region

= H1 svtx00 prel. * NMC ALLMa7
o H1 99 prel. s+ ZEUS BPT97 ST .
v H197 T VI
LS [ [
Q* = 0.35 GeV* | Q*=0.5GeV* | Q* = 0.65 GeV?
'] | - —
L :\....j At 2 L G V2
j’m‘.‘. L ..‘i“x~A " L | ‘?'*A.A ) ‘ Q ~J 2 e
~ O | Al ...-.:....'I_..-.:.-.....I- ..-.'..—....-.....I ool ol .-.;.-...-.I_ -. .......-.....I IERTTIT R ERTTIT BRI -h pQCD fiTS fGil
18 B i
I Q* = 0.85 GeV* Q*=1.2GeV* | Q* = 1.5 GeV?
1k F - % ¢ Only phenomenological
s [, | — models describe data
I -~-~':~§._,_*_** ...... _/\\M\\\tﬁw
R Q> = 2 GeV? ‘ 2= 2.5 GeV? Q* = 3.5 GeV? , ,
1 c is well described by
(@]
2
o
o _A 2
§ F «xx (Q°)
- | | | | - | | | | - | | | | E [ '
- 10°10% 107 107 10°10* 107 107 10> 10% 107 107 as in pQCD region
X X X
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Extraction of)\(Qz)

0.5
FZ = C(Qz) 5 x_/\(Qz) A’
. i 0.4 | o HI i
At > 2GeV~ . I i
> Q7R 2Ge | e ZEUS
A~ InQ? f
0.3 hadron—hadron
Parfonic degrees of freedom ’
0.2
> At Q2 <2GeV?: .
Transition fo hadronic d.o.f. i | ‘+~;j;,
Q? — 0: A — 0.08 (Regge model) [ Y
10° 10710 1 10 10°

Q*(GeV?)
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Extraction of)\(Qz)

0.5
FZ — C(Qz) o x_/\(Qz) A'
) 0.4 | O HI -
2 > : i
> At Q NZGeZV ! . 7EUS *!.
A~ f
nQ 0.3 hadron—hadron T
Parfonic degrees of freedom [
0.2 |
> At Q2 <2GeV?: *
Transition to hadronic d.o.f. 0.1 La
Q? — 0: A — 0.08 (Regge model) [
0 L 5 5 1 e 5
» Example dipole model 10~ 10 10 1 10 10

Q*(GeV?)
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Dipole Models

Use colour g4 dipoles as degrees of freedom
Proton rest frame: Photon fluctuates in g7 pair which intferacts with proton

proton
® o
@)
e 0 Jr-1/@
dipole D dipole size
electron O ®

photon wave function dipole x-section
(calculable) tfransverse gluon distribution
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Dipole Saturation Model

Photon fluctuates in g7 pair which interacts with proton Golec-Biernat, Wisthoff

Dipole—proton cross section:;

R R
g 25 5 ~ saturation
~
© 20
proton
@
o 15 =107

Q

O

o

)
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘

10 1 10
r/ GeV'!

At smallr: & ~ At large r: non-linear interactions — saturation

R(x)?
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Saturation Region in Dipole Model

o\ Fr LR LR 2
% HERA Experiments ]
~ - [_1 H11994-2000 1
10 4 = [ ZEUS 1994-2000 2 E
" Fixed Target Experiments &&Q) : 2 ) .
i S 1 @ For Qc <1-—2GeV- saturation model
3 NMC fz;.& . . . .
075 ) pepms @’*‘Q’& 3 describes fransition to soft inferactions
(I E665 & ] with only 3 parameters
0 »| [ SLAC <> 9 |
% /,{,,q’;:':}l{‘é 2 . '
b ? ¢ For pQCD Q“ scales safuration region
10 | Ny | is beyond HERA reach
" :qur ki N ¢ Still, non-linear effects can affect
Sgion ’  PACD evolution atlow x and Q3
af 1
10 £ il E
7\\‘\‘\“\‘ L L \\HH‘ L L \\HH‘ L L \\HH‘ L L \\HH‘ L L \\HH‘ L L \\\Hi
10° 107 10t 10° 10”7 10 1
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Dipole Models

¢ Dipole models describe very successfully inclusive diffraction
and exclusive channels (light VM, J/¢, DVCS)

¢ They can be used to describe diffraction at pp
and multiple interactions (underlying event, minijets .. .)

Outgoing Parton
PT(hard)

Underlying Event

Proton Proton

Initial State
Radiation

Outgoing Parton Final State Radiation

‘.-III.'
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Summary

¢ The quest for precision and deeper undestanding continues
Experiments — stafistics, combined dafa, F;, ...
Theory — NNLO, resummation, non-linear effects . ..

¢ DGLAP limitations are clearly visible in semi-inclusive measurements
— Alfernative parton cascade models

¢ Models for non-linear dynamics are further developed
— Transverse picture of the proton
— Understanding of soft hadron inferactions
— Diffraction, Mulfiple Interactions
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Additional Informmation



Forward Jets at Low X

H1 forward jet data

e/
e ~~
fo! —4 H1
c
Q? ‘ Y < 1000 % E scale uncert.
) om
NLO xpj (small) x — NLO DISENT
5 ~ PDF uncert.
evolution ©
from large -~  --- LODISENT
to small x 500 [
forward jet
_ Ejet
Xoof™ ? (large) .
C’ 0 el et S=mmamma T
0.001 0.002 0.003 0.004

¢ Low x —long parfon chain
¢ Look af forward jet — start of the chain

¢ NLO is not sufficient



Including Jet Measurements in PDF Fits

¢ HERA data are stat. limited at high x (high Q?)

¢ Theor. group include TeVatron jet data
Large systematics due to jet energy scale

¢ ZEUS included its jet data in PDF fits
— Improved gluon at medium-high x

o - [ T rorrTTTh T T ' ::'" T T T T T T ' """i

g 06 F Q*=25GeV 4F  Q*=2000 GeV? =

=04 e ]

S oF

S 02 JE -

. = - ’
jets 9 0f :
e 02: ]

o r - ]

S 041 1 ]

0 %)D "t [ without jet data e /ZEUS ]
~0.6F [ withjetdata 1E —

m ol vl il D00l vl vl vl

10* 10°  10% 107! 110* 107 10 107" 1

X



Heavy Flavowr Measuremernts

e
X
IS ¢ Inclusive ¢ and b based on long lifetime
1021 ¢ Inclusive D* production
C

10 -

* H1 Data % Possible impact on PDFs

v H1 Data (High Q°)
'1 I:l ] ]
10 - °HID » Sea decomposition

ZEUS D" )
; _° MR%STM (F5¢ already used by some theor. fit groups)
[ R » Improve gluon distribution?
b Large stafistics is expected at HERAI
1 10 10



Indirect Extraction of F.

& NC ep cross section inelasticity ¥ = Q?/ (xs)
d*c 27Tn? e Y 5
Jxd? - Ofx ot {FZ(x’Q )=y Rl )} st

F;, contribution is significant only at high y = at low x

¢ Reduced cross section o, = F(x, Q%) — %FL(’C’ Q?)

+ 2
' B 2 _ 2 F. extraction from H1 data (for fixed W=276 GeV)
S b Q? = 25 GeV .
- \‘ o~
"I>~ 1.5 — { S NLO a, fit (H1)
LS - LS| e H1 preliminary NLO fit (ZEUS)
[ L mHle' NLO MRST 2001
© - og [ H1e NLO (Alekhin)
[ o Hi196-97 ! mmme NNLO (Alekhin)
a4 BCDMS -
0-5 - B3 QCDFit (H1) 08
I F,QCD :
O_IIIII 1 1 IIIIIII 1 1 1 11111 1 1 1 11111 1 1 1 1IN 0‘4 j g
-4 -3 —2 —1 f 2
10 10 10 10 — o2l i 7 ‘_é‘
: T M3
Drawbacks s s 2
T

e No x-dependence
e F,-model dependent (esp. at low Q?)




Geometric Scaling at X < 102

0" " (Mb)

7ZEUS Low Q7

- 4 > O *

T
o2

/‘Oi/‘ | \\\\\H‘ \\\\\H‘ \\\\\H‘ \\\\\H‘ \\\\\H‘
1072 107 1 10 10° 10

T

Stasto, Golec-Biernat, Kwiecinski
updated plot by Marquet, Schoeffel

3

2
v = QR (x) ~

04+p Is function of only one variable 7

Data manifest existence
of saturation scale
as used in dipole model

profon profon
= @
.~ \. dipole
l, u g IR ®
r @ ! @ 1@
\ . // \\ ’/
\C{IDOLG,’ o "¢ ©

Athight: o~1/71
At lower t: saturation?



> Description by Saturation Model

full ZEUS
o~ r B r o~ [ 2
Lo Q%=0.045 - Q%=0.065 - Q%=0.085 Lo Sl
0.2 | - -
0 :\HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1 1] :\HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l :\HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l
0 g Q%=0.11 5 Q%=0.15 g Q%=0.20
02 - -
0 :\HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l :\HHH Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l :\HHH Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l
+ 2_ - 2_ + 2_
i Q%=0.25 i Q%=0.30 i Q%=0.40
oa f ;
0 7\\\\\\\‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1 1] 7\\\\\\\ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l 7\\\\\\\‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ L1l
: Q*=0.50 F N Q%=0.65 10° 10° 10 107
0.6 — N X
0.4 |- - I
02 ;7 % 0 : | | | | | | | | | | | | Ll | |
0 Covvod vl vl v Pl v vl il 10-4 10 2 10 4 10 2 10-4 10 2 10 4 10 2
10°10° 10" 10° 10°10° 10" 10° X
X X

Bartels, Golec-Biernat, Kowalski GBW (+ DGLAP evolution in pQCD region)
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