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Today we'll be covering the following topics

@ Introduction to HERA physics & kinematics

? ep cross-sections and structure functions

> Applications of HERA structure function data
» Measurements of Fz, XF3 and FL

s HERA QCD fits

> Summary



_ﬁ_m Introduction to HERA Physics
—==

» HERA 1s the largest of the
particle accelerator rings operated
| by DESY (Hamburg,Germany)
conamenes W @ The world's only ep collider.

\ @90% of the delivered luminosity
| between 93-04 has been with e

= ecrene st @ Currently delivering e

- ' luminosity

» ZEUS and H1 are two general

purpose experiments located on
the HERA ring

=1 Synohrolron Radiation

27.5GeV € mmmipy < 920(820)GeV p



== Introduction to HERA Kinematics

et et v

v/ Z° exchange Neutral Current (NC)

gk K W™ exchange Charged Current (CC)

current jet \/;:320 (300)GeV CMS energy

zz—qzz—(k—k ’)2 yvirtuality
Q2> 1GeV*  Deep Inelastic Scattering (DIS)
b Py Q2< 1GeV’ Photoproduction
Qz
X = Fraction of proton's momentum carried by the struck parton
2P -qg
p
P q
y= Fraction of lepton's energy transferred to the proton

O’ =sxy Y.=1%(1-y)



_£_U3 ep Cross-Sections and Structure Functions
=———

Modified at high Q° by 7’
propagator.

dzUNc<eip) _ 2o’
dxdQ’ xQ*

Y, Fy(x,0°)~y'F,(x,0)FY_Fy(x,0)

dzacc(eip) GiMxZ}v

dxdQ’ - 2 x(M;,+Q°)

Y, Wi(x, 00—y Wi(x, 0)FY_W:(x,0)

F,oc Z ( xq,+Xx q_l) Dominant contribution
HERA inclusive data

: xF . oc Xa.— X a. Sensitive at high Q°
provides valuable 3 Z (xq,—xq))
. 5 2 o . .
information on sea and F ocex xg(x,Q°) Sensitive at high O° & high'y
valence quarks. similarly for W= , xW* and W~ .
Gluons probed P (e p)
: : ; . Occ\€ ..
indirectly via scaling dcile P oc|(@+e)+(1-y)(d+s) Selziscl;lvelto u
: : : s and a valence
violations and directly Lo (e p) } quarks ai LO

via jet data. xd o | (utc)+(1-y)(d+5)]



_ﬁ_:s\ The Importance of HERA Data )

E 1{] 5 fiid HIL P L \}?
~, [ ] ZEuUS P = 2 . .
o oD e s o e ;_/ *Q dependepce is directly
10 = Do tmemsivejets 1<d A calculable using pQCD
[ Fixed larget Experiments: !:"f _ (DGL AP)
10° €T TG BEDNS s x dependence has to be
E665, SLAC . ..
determined empirically
2 o
10 @ Measure cross sections ->
perform fits
10 » HERA PDFs extrapolate into
LHC region
1 . . .
@ Crucial 1n calculations of
ot new physics and
measurements at LHC
10 0> 1wt 1w 1w? 10 1



_£_U3 Precision F Data

m,.T

F;“-llogm(x)

2

HERA F,

x=6.32E-5 \ _9.000102

x=0.000161 — ZEUS NLO QCD fit
x=0.000253

_‘!’.’ x=0.0004
74 x=0.0005
x=0.000632 = H194-00
x=0,0008
A 4 HI1 (prel.) 99400

—— H1 PDF 2000 fit

#} x=0.0013 = ZEUS 9697

» C
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t,:‘-”
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g - - S ogealg & g x=008
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N s s -.-"...!=:1,._ : 2 x=0.13
SR R B T — -g_._*_ :__'_ l' <—0.18

B L T T P Y - : §=0.25
i gy ﬂ-ll.l...“:_ & - g " __.__.I x=0.4

Bl NI U —— l._.__ﬂ=ﬂ.ﬁ5
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1 10 10 10 10 10

Q*(GeV?)

2

— Reduced
20(7T2 Y+ dde2 cross section

. _Ox 1 do

O-NC

oc=F,whenF,=xF,=0

» Range in x : 0.00001 -1

» Range in Q° ~ 1-30000Ge V>

» Measured with ~2-3% precision
» Directly sensitive to sum of all
quarks and anti-quarks

» Indirectly sensitive to gluons via
scaling violations.



&8 HI Measurement of I,

@ Here we discuss the 'Shape method'.

D _||||

0.5 -

Q" = 4.2 GeV*

FL extraction from H1 data {for fixed W=278 GeV)

o,=F,(x, Qz)_;_FL<x’ Q2>

@ For fixed s and Q* very
distinct overlap in G_observed

2

+

at low x, or high y (Q’=sxy).

s At fixed Q*, F parameterised

as cx™ and FL assumed to be

constant across the region of
overturn 1.e.

1.2 |

’] -

L e H1 preliminary
r = Hle"

L o H1e
0.8 [ °

NLO «, fit (H1)
NLO fit (ZEUS)
NLO MRST 2001
NLO {Alekhin)
NNLO (Alekhin)

H1 Callaboration

|
)
i

@F=1.35 GeV* FPm2.2 CeV*

=075 GeV*

0.8 :—

FL(X-O!)

H1 Collaboration

vl Lol
1078 107*

& H1 svix00 (prel.)

m H1 mb9g (prel.)
--=-NLO a, fit {H1) extrapol.
| — NLO &, it {H1)

~| — BKS {GRV off—shell)
| =+~ - cBW {dipole model)

F,=cx “and F,(x,Q°)=F,(Q°)
Therefore, fit |
fly)=ex == F,(Q)
with measured G:(y) to find
F,(Q)
a At presently reached accuracy F data is

reasonably well described by NLO QCD in
which the gluon distribution is determined from

the scaling violations of F,



&8 ZEUS Measurement of I 7

» The only way to measure F directly is to make measurements of ¢_at fixed x and Q’ but

differing values of y. :
o F can then be disentangled from F o=F,(x, QZ)—;—FL(x, 0’

+

ZEUS
w” R 2 ISR reduces s
1 Q* =55 GeV @ At fixed x and Q°, y is different
08 | » Changes contribution of F and
0.6 FL.
04 | ' | @ Measure 6 vs y and fit for F .
0.2 -____ @ Measurement only made in one
' + _ 2 s
0 b YT | Q° bin. |
| @ Measurement is not very
-0.2 0 0 2
| | precise but is clearly consistent
04 | o ZEUS(prel)iSRosET | = ZEUSNLO-GCDF, | with the expectations of pQCD.
I i = ZEUS NLOD-QCD F, i

10 10~



— Hzgh O’ NC Cross Sections

2000 GeV>

3000 GeV?>

S000 GeV>

BO000 GeV>

12000 GeV> [

20000 GeV>2

30000 GeV>

102 107t
ZEUS-JETS
[ tot. uncert.

O ZEUSNC e'p
9900

a FEIUSMNC ep
SRS

s ZEUS NC e'p
QHSITF

| | R

102

10! 1 102 10!

1 102

10!

0.8

0.6 ']

0.4

0.2

@F = 1500 GeV?

m Hi 94-00
® ZEUS 96-99
—  SM(CTEQ6D)

1

@ At high Q° NC cross sections for e*
and e deviate

Y

~F F—

xF,

~
O-N

@ Subtract NC positron from
electron cross section

@ High Q° NC cross sections directly sensitive
to different species of valence quark
@ Errors dominated by statistical error of the

e sample

@ Need greater luminosity
@ Currently running with e



=8 OCD fits

General method
a Parameterize PDFs at some starting scale QO2

@ Evolve to arbitrary Q* using DGLAP
@ Calculate cross sections and compare to data
@ [teratively change the starting parameters until best fit 1s found

HERA QCD fits — A brief history

@ Performed by both HI and ZEUS, broadly compatible

@ Valence quarks constrained by heavy target data (vFe and uD)
» World F_ data used -> Many different experiments, not just HERA

@ Inclusive cross sections indirectly sensitive to gluon (scaling violations)
» o, and gluon strongly correlated via DGLAP -> poor o,  and gluon extraction

dq,(x,0Q’) aS<Q2)j dy

X
Z q]'(y’ Qz)qu_qJ_ ;

J

X
+g(y’ QZ)Pqig y

dinQ’ 2t Ly

HERA QCD fits — New developments

@ High Q> NC and CC data constrain valence quarks -> No fixed target data

a Exclusive (Jet) cross sections tie down the gluon, accurate determination of 0.

o Fits done entirely with HERA data, no external experiments



&8 ZEUS QCD fits — Jet Data
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dc/dE}ijet (pb/GeV)

10!

10°

10‘;

1w
10
0

10

10°

£
3
rﬁ‘

S

S

q @666
g7

ZEUS
\I\Illl\l‘l\

BGF

ZEUS-JETS
[ total exp. uncert,

125 < (F < 250 GeV?
(% 10%

% 230 < O < 500 GeV?
(< 10%

- 00 < Q° < 1000 Ge
* (< 10

< 10}

Q> 5000 GeV?

\t 1)

ZEUS incl jet DIS 96/97
Jet energy scale uncert. E

5
: 1000 < QF < 2000 GeV*
s (< 100)

Sy, 2000 < Q7 <5000 GV

V2

40

Ly
45

EE. (GeV)

T,jet

DIS inclusive jets

do/dEF"! (pb/GeV)

;
)
)

2 QCD Compton and Boson-Gluon fusion processes give
rise to events with distinct jets in the final state.
@ QCDC depends on O, & qi(x,Qz), dominates at hard

scales.
ZEUS
F T | T 177 | L ‘ T 17T | L ‘ T 177 5
- 0BS 1
wk  XP>075 ZEUS-JETS =
F 7 total exp. uncert. 3
10° = = ZEUS two-jet yp 96/97 =
"y T Jetenergy Seald uncert, E
ol e ;
B
[ By ~
103 = B l_— 1I:| 3
%T_‘l—_.:| == %
T by 1<rf™2e2.4
L:.:‘ = (¢ 20000)
C ‘i_«I
10 3 l:s:‘ Ii‘ 3
le_ l:}: (1]ﬂ:2<%.4, E
F <24 <
L G20
102 ;T—L.:l =
F =5
L o<l i
10° b o, G001y
r _1<nja12<0
10% 5 (x0,0005) 4
E <0 3
10’5 L 1 % 1 (\>< qlw]?l)l 1 1 1 ‘ Il Il 1 | 1 1 Il Il ‘ 1 Il | Il
20 30 40 50 60 70
E!ﬁﬂ (GeY)

W dijets

3 qi(x,Qz) well constrained

from NC and CC data.
@ Thus, at hard scales 0L,

may be extracted without
strong correlation to
2(x,Q%)

@ Further, BGF depends
directly on g(x,Q°) and
provides a means to
constrain the gluon



J Q" =10 GeV*?
] ZEUS-JETS fit

1 1 tot. uncert.

H1 PDF 2000

I tot. exp. uncert.
[ model uncert.

107 100 107 10!

xf

ZEUS

0LE-

| total exp. uncert. §

Q= 10 GeV?

ZEUS-JELS PDF
e (M1, =01 18D

@ ZEUS and H1 PDFs broadly consistent
@ HERA PDFs consistent with those of MRST

and CTEQ



_1% ZEUS OCD fits — Impact of Jet Data

o o
L =

gluon fractional error
5 5 5

=
o

0.6

04

0.2

0.2

0.4

-0.6

0.6

04

0.2

0.2f

0.4F

-0.6

ZEUS

1 | with jet data

I without jet data

1F Q=20 GeV?

%= 200 GeV?

4 Q7=2000 GeV?

@ Jet data has a significant impact on the
precision of the extracted gluon PDF.

@ MRST and CTEQ also include jet data in
their fits (High-E_ Tevatron jet data),

however the cross sections are included
using approximate techniques.

@ ZEUS utilizes a rigorous method of
including jet data in its fits.



== HERA QCD fits — Determination of @,

ZEUS

..... 25 — T
L Jet shapes in NC DIS , [

exp, uncert, ZEUS (DESY 044072 - hep-ex/0405065) sol. ZEUS £t
—3H Multi-jets in NC DIS -
""" ZEUS prel. (contributed paper to ICHEP04)
te+  Inclusive jet cross sections in yp 15
""" ZEUS (Phys Lett B 560 (2003) 7) o

=5
=
2
-
b
n

2

® with jet data
< without jet data

total

world average
Subjet multiplicity in CC DIS i (Bethke 2004)
"""" ZEUS (Eur lEhys our C 31 (2003) 149) 10}
bk Subjet multiplicity in NC DIS !
""""" ZEUS (Phys Lett B 358 (2003) 41) [
- NLO QCD fit ST
""" H1 (Eur Phys J C 21 (2001) 33) i p
o NLO QCD fit ol al e
""" ZEUS (prel.)
o NLO QCD fit
""" ZEUS (Phys Rev D 67 (2003) 012007) T N R

. Inclusive jet cross sections in NC DIS 0.1 0.105 0.11 0.115 0.12 0.125 0.13
""" H1 (Eur Phys J C 19 (2001) 289) o (M)
e+ Inclusive jet cross sections in NC DIS

ZBUS (Phys Leti B 547 (2002) 164 o = 0.1150+0.0017(exp)0.0007 (model) H1

HH4 Dijet cross sections in NC DIS
""" ZEUS (Phys Lett B 507 (2001) 70)

o World average o, = 0.1183£0.0028 (exp)=0.0008 (model) ZEUS

(S. Bethke, hep-ex/0407021)

@ Scale uncertainty = +0.005

0.1 0.12 0.14

@ Quite large but would significantly improve
o (M) with NNLO fits



&8 Summary

@ HERA continues to produce important research on proton structure and provide a

stringent testing ground for QCD

» PDFs and o can be extracted with minimal data from external experiments

@ Rigorous inclusion of jet data into the fitted data sets leads to a significantly more

precise gluon PDF and « to be extracted from HERA data alone

@ HERA II measurements already reaching publication stage

Y |
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@ Luminosity has now been collected
with 0, (-) and (+) polarisation
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i L
50|~ H1 Data €p VX

Oce (D)

m P= 0(I=652pb™)
aol = P 033 (pretim, L=15.3pF") )

- a P=-0.40 (prelim., L=21.7pb") -
- —— HI PDF 2000 '

30— ... Linear Fit

20

1ol 0 > 400 Gev? ]|

y=09

[P I I ! I ! ! ! ! I I ! I I !
-1 -0.5 1} 0.5 1
P,

@ First measurement of the helicity
structure of CC interactions with a
space-like gauge boson



S8 Future Plans

* HERA II program well underway -> Increased statistics -> even
more precise Cross section measurements

@ Currently running with electrons -> More precise electron NC
and CC cross sections -> More precise extraction of xF,

a Combination of ZEUS and H1 data sets to produce Global

HERA fits

» NNLO QCD fits

@ Inclusion of more exclusive data in to the fitted data sets: heavy
flavor cross sections, optimized jet cross sections etc

a Possible dedicated reduced Ep (still in the early stages of

deliberation) running periods allowing a direct measurement of F

Thank you for paying attention! Any queries, please contact us

target@mail.desy.de
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