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HERA and Hadron Colliders

Proton Proton
¢ P 5
LEP Tevatron / LHC = =
E— — o=y [ dxdxq[f00)f;(x)
" xAo(0;,g; > XX, X;)]
© P

» QCD Factorization Theorem

HERA
N -- Separate long- (‘soft’) and short-distance
;\\' - / contributions
Brep, e %w;_ [ -- Collinear divergence (‘soft contribution’) 1s
E\\'\.

absorbed into Parton Distribution Functions

P * Virtual v, (PDFS)
W, 7

If uncertainty in PDF:
o= Zj ax; [ 1;(%;) - “squared” impact at hadron colliders

. xAo(eq, = X;X)] 2



Deep Inelastic Scattering:
a straightforward tool to ”’look™ inside proton

Measured cross sections =» Structure Functions (SFs)
d’oc 27’

~ Y F ® Virtuality: Q> =—(k —k' )
2 /
dxdQ ? XQ v » > Spatial resolution of probe 4 ~1/ Q2
T ® Bjorken scaling variable: X =Q7/2pq
i g/lorr_l.flrac. Olf parton =» Momentum fraction of struck parton
patial resolution
fooons Q' 270 ! . F, SF parameterize target structure,

point like > dxdQ? xQ* * I.e how far from point-like

SFs =» PDFs : DGLAP evolution inspired Quark Parton Model

F, = xZe, (q + q) € Quarks and antiquarks (spin %2 ) PDFs
-> Directly sensitive to cross section
dF, R € Gluon (s.pm 1) PDF. | |
dInQ - Indirectly sensitive to cross section

via Q? shape




Determination of PDFs

DO, CDF (jets)
n bins, stat + syst.
correlations

® QCD tells looking (PDFs) depends on scale (Q?) to look:

10w L

gluon splits o 2 y
: S - into quarks > : H1, ZEUS sz f
%ﬂ% R i S 10% larger coverage !
it o : smaller errors [
4_
® How PDFs evolves w.r.t Q? is given by 10 Fo—Qsen

OF, /InQ*—~g[

“DGLAP equation” 10°
® But no prediction power how PDFs are ata 2
certain Q?, where evolution starts :

=> Initial PDFs at Q?, are determined by a _

global fit to various experimental data. ol 3

—> Needs wide kinematic range S e e E IR e

(Notice: gluon is given by slope in *log* Q?) e

—> Universality should be checked in (i) Fy , xF4

various processes (1) W —s, §
» HERA plays significant role, in particular: E866 D-Y—u,d

- Gluon At x=10" to 10!

- Sea quarks (_HC main kinematic region; See later)
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» Cross sections were precisely measured
and NLO pQCD describes F, over:
-- 4 orders in QQ?
-- 3 orders 1n x
» PDFs were determined
- “Invisible” gluon as well 5



Impact to LHC

. LHC main bOdy Of phase [:I Iﬂ\l . SR ::i:: ::: ::: rapldity plateau
space, i.e. ~1 TeV @ central “1070 = oo contralomwa. dess LHC

~=7 CDF/D{ Central Jete

rapidity corresponds to HERA’s g

. 4 -1 IS
x region of 10 <x <10 i3 e
BCOMS
ol e Tevatron

® At LHC most of the cross
sections are due gluons,

: P
whose PDFs are mainly 10%
determined by HERA 10
1 =
HERA provides key and ol
essential inputs to LHC . e S [ S ST, TR S—
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£ rapiaiy

HERA data excluded

W and Z rapidity distributions

W/Z @ LHC

HERA data included

Note

W and Z rapidity distributions

| 2. difference .. - -
Eoaf X in scale for : :} Pt
0s 0.5 N : 0s s -
- \{ fractional \
o - o g = of ¢ f -
i1 o1 errors ot o £
el o8 o |
N _— Note also:
ol TEe model errors§ 1
oz | Fasl are not  w 3
o7 : included . Cal
o 1 N f o =
K2 S ﬁ o e - N
o w: *» HERA _oﬁ 1 0 1 2 3 \-II _uﬁ _-I- -’;-;H-l o 1 2 : -II
inclusion T e R e e ]
® HERA brings big S | ]
7 « | 1mprovement in o €
E gluon/sea knowledge L= I
Cesmee N esmmeet gt small X N e T e
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© > brings significant : i
- reduction of

, uncertainty of W/Z : :
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Malin questions to current PDF knowledge

PDFs understanding and impact of HERA -> So far, so good? Are we done?

If I would comment in view of (now starting up) LHC era
-- Main question is: Can we trust DGLAP and indirectly extracted gluon?
-- Further a lot to do! My possible shopping list could be:
@ Gluon  wm T @ HIAZEUS "Combined Fy

@ Small x evolution < e

e

@ FlaVOF decompOSitiOn ‘1 ...........................................

@ (Can we understand
diffraction altogether?)

Shown in previous slides are just introduction to what I will show
you hereafter; New measurements, analyses are coming up



D Gluons

@ Flavor decomposition ~ A issue in PDF fit
-- “Combined F,”

® Measurement is “correlated” systematic error dominant, resulting in that
extracted PDF errors are also systematic error dominant

g viteer 1 If we look the “Textbook” PDF plot, gluons
, ZEUS-JETS (prel) 9400 I from HI1 and ZEUS are: “center values are
w e —— w | different but consistent within large
N R A | uncertainty” due to experimental errors
* 5 modeluncertainty (and model uncertainties) T
xg (x 0.05) : 3 ,-.T i ]
| --Indeed, if we look carefully I -
| the “Textbook” F, plot there are | L
| some places where H1 and ZEUS [ .+ ML
data look “center values are -

10+ 10° 10 10! 1

. different but consistent within
large (correlated systematic) uncertainty”

=» Combine H1 and ZEUS cross sections by fully taking into account their
correlated systematic uncertainties : “Cross-calibration between experiments”



D Gluons

@ Flavor decomposition

-- “Combined F,”

HERA I e'p Neutral Current Scattering — HI and ZEUS

Combined cross sections

% NEW Prel.
@ LP ‘07

.(x,Q")

— H1 2000 PDF
— ZEUS-JETS

® HERA I (prel.)
O ZEUS

Q*/GeV?

HERA Structure Functions Working Group

® [ 153 individual NC and CC
measurements are “averaged” to

554 unique points
-- X ?/dof=510/599

Large reduction of systematic errors (significant than simple
statistical gain of 1/sqrt(2))

10



@ Gluons . . % NEW Prel.
@ Flavor decomposition c0MBDINed Cross sections  |[@vp o7
I ' F.”
Combined F, at |arge QZ
HERA 1 e*p Charged Current Scattering - H1 and ZEUS ® Not Only “F 2” data (IOW- and mld_
°§ s f Q' =300GeV’ [ Q=500GeV: [ Q7= 1000GeV? ; Q* = 1500 GeV> Q2 NC) but aISO bOth NC and CC at
© | g g g large Q? are averaged
e \ F\\ 3 : CC (Charged Current)
wim el 1) wim il wim X\; = Probe with W-boson
3 \ 3 3 4
a a %\{\ a E W, 2
10 10 10 X —— %
b : R ® Flavor selecting nature of CC
T e (7P o X[(1—y*)(d +5) + (U +C)]
. Tce(€7P) o X[(U+C)+(1-y*)(d +5)]
» HERA e+p CC will give cleanest
determination (w/o heavy-target corr.) on d-quark PDFs 11

» Note: only ~230 pb-! out of ~1 fb! is used for combination



@ Gluons
@ Flavor decomposition
-- “Combined F,”

6,(X,Q")

1.5

QCD fit to X NEW Prel

combined cross sections

H1 and ZEUS Combined PDF Fit

[ Q*= 27GeV? [ 3.5GeV? T

45GeV> |

6.5 GeV?

85GeV: [ 10GeV?

12 GeV?

15 GeV?

18GeV> [ 22GeV’

27 GeV?

35 GeV?

45GeV’ [ 60GeV’

70 GeV?

90 GeV”

HERA Structure Functions Working Group

120 GeV* | 150 GeV?

101010210 110410310210 1
X

101071010 11010710210 1

X

[ ] HERAIPDF (prel.)

HERA I NC €'p (prel.)
HERA INC ep (prel.)

April 2008

® A QCD fit was performed on the
combined data

® Systematic uncertainties are smaller
than statistical uncertainties
—> Handling of systematic errors is not
an 1ssue anymore

® Resulted in ¥ 2/ ndof=476.7 / 562

12



@ Gluons
@ Flavor decomposition
-- “Combined F,”

"HERA PDFE”

% NEW Prel.
@ DIS ‘08

H1 and ZEUS Combined PDF Fit

v 1 TTT T T T T TTT T T T T TTT \2 T T TTT \‘ T T T T TTTT h 1 T T T T 17T \‘ T
Q =10 GeV? s *
L ZEUS-JETS (prel.) 94-00
08 uncorrelated uncertainty 4 08|
R [ ] correlated uncertainty :
".':.’ xu,
AR H1 PDF 2000
| X Il exp. uncertainty |
0.6
X\ ™ model uncertainty 0.6
04+ l\\\\\ -
xg (x 0.05) 0.4
0.2 - =
xS (x 0.05) 0.2
xS (x 0.05)
ol = I
L1l ‘ L I ‘ L I ‘ L I B ‘ L I B 0 L1l
10 107 107 10! 1 10

Q*=10 GeV?>

April 2008

—— HERA-I PDF (prel.)

B exp. uncert.

|:| model uncert.

HERA Structure Functions Working Group

10°

1072 10" 1

® “HI1 and ZEUS; consistent within large uncertainty” 1s now resolved

in “single HERA PDF; with an improvement in level of uncertainty”.

13



% NEW Prel.

@ Gluons T 1.
@ Flavor decomposition HERA PDE": @ DIS ‘08

~ “Combined F" Impact to LHC

H1 and ZEUS Combined PDF Fit

- CTEQ6.5M

- Q*=10000 GeV* |

E HERA I PDF fit (prel.) |

April 2008

HERA Structure Functions Working Group

® Significant improvement in
precision of PDF extraction
holds even at large Q2

of ~10000 GeV?, where LHC
concerns.

® Remind: only partial data
1s used 1n combination

=>» Even more improvement
will come!

See backup slides for a study

of impact to LHC W/Z
14



D Gluon
2 Small x evolution

Small x

® HERA PDF in previous slide would be the best-so-far determination of gluon
® However, gluon is mainly obtained indirectly via dInF,/dInQ?
—> Cross check with other processes which have direct sensitivity to
gluon 1s vital

® There 1s also an another question: 1s DGLAP valid at small x in the first place ?

* In QCD large log correction emerges if there are > 1 scales in the problem

-- If x is not so small, there is only one scale, Q> ~ s s=Q%(1/x—1)

-- However, if x << 1, large log correction emerges in

perturbative series, InQ?/s ~InX
A

Saturation

* DGLAP eq. accounts only for Q? ,
evolution, i.e. resummation of In Q? Q
—> Effect due to resummation of In x
(“BFKL”) may manifest itself at
small x




@ Gluon
@ Small x evolution m
-- Direct F, measurement -

I~

2
Spin Y2parton . = Q

O, +0,
contribution &  ° 472062( L R)

® [, is an another SF:
2

d’o 2ra y
= Y+{F -—F } Spin 1 parton _Q_
dXdQ ? XQ ) ? Y+ - contribution =» FL Bl 472-052

% Why two structures?
—> As seen differently. from the two states of the probe ¥ * (L, T)

® I, =0 at naive Quark-Parton-Model, 1.e. w/o QCD
—> Non-zero F; value can be directly related to parton dynamics
inside proton
® [, at small x 1s particularly interesting as it 1s a very good test of small x
parton dynamics / evolution
=> HERA is the only place where F; can be measured at small x

® How can we measure?
-- 2 unknowns in cross section formula = needs >= 2 values to solve
=>» Needs >= 2 cross sections at a same (x,Q?), i.e. different center ?f
mass energies (different y)



D Gluon - % NEW Prel.

® Small x evolution Direct measurement |eois’os

— Di (“mid-Q2”
Direct F, measurement Of Fl_ submittod o PLB)

® The last 3 months of HERA operations (Mar-June ‘07) were dedicated to

special runs with lowered proton beam energy: -- Ep=460 GeV : ~ 15 pb!
P “ -- Ep=575 GeV : ~ 7 pb!

d’oc 27’ Y { = Yy 2 F } (Nominal: Ep=920 GeV)
- =i i)
dXdQ ? XQ NN, EYJ; \
e RRRE Rt R = H1 Preliminary Q? = 25 GeV? medium Q°
~, 16 x=000049 [ x=000061 [ x= 0.00076
. EXperimental Challenges ooooooo xz': ooooo |pecccccccccccccccccccccco g L L
. < 141 r -
to measure cross sections . & | } & * u pat
up to large y L 12[ £ s -
- Largey corresponds VoAb :
to small energy of 16F  x= 000100 I x= 0.00159 02 04 06 08
scattered electron : :
- Large backgrounds, 14F - H1 (Prelim.)
- ; m E,=920GeV
i S(.:ale’ : : 1.2_—+*§ — * E,=575GeV
electron identification etc. : ﬁ o E, =460 GeV
(see backup slides for details) 1T - — Linear fit
T2 04 06 0.8 02 W& 0B 08

Y I1+(1-y )]



@ Gluon
@ Small x evolution
-- Direct F, measurement

Measured F

H1 Preliminary FL

% NEW Prel.

@ DIS ’08
(“mid-Q2”
submitted to PLB)

medium & high Q2

‘8 1.5¢ Q% =12 GeV? 3 Q% =15 GeV? 3 Q% =20 Ge\? : Q% =25 GeV?
x 1 3 3
R S = S o
of 3 3
150 a*-ascev T Q-45GeV T QP-60GeV? T a?-e0Gev? |
150 - 110 Gev:  F QP-150Gev® [ QP-200GeV? Q? = 250 GoV?
1F 3 3 3
o : C
1.5¢ 0'2 _ 300 GeV? | 3 0'2 _ 400 GeV? | 3 0'2 _ 500 GeV? | 3 0'2 _ 650 GeV? '
1F 3 3 -
g — 4| JEN
i SRS DU SUSUUI S L SIS SULY
T Q" =800 GeV* 10° 102 10" 10® 102 10" 10° 10% 10"
O'gi ® H1 (Prelim.)
é , , , E, = 460, 575, 920 GeV
10° 102 10" — H1 PDF 2000
X

® First direct F| measurement at small x

18



D Gluon
2 Small x evolution

Measured F

-- Direct F, measurement

Vs Q?

H1 Preliminary FL

% NEW Prel.
@ DIS °08
(“mid-Q2”

submitted to PLB)

B . — H1 PDF 2000
e HI1 (Prelim.) ~~ CTEQ 6.6
— Ep = 460, 575, 920 GeV _ MSTW
— 0 M~ D o <« 0] o] o0 < - O O O o 0 -
AN ™M T O " ™ < (22 O M~ T O N 0 M~ n o
— o O o O o L o AN AN ™ n O© O AN - 0
| X 88 88 88 8 S 88 888 58 8 8
B 66 66 o o o 6 66 o6 6 o6 o o
L 3
N )
o
B c
i 3
N Qo
N 3.
Q
B -
B o
— N
II| | | | | | | | I| | | | | | 11 I|
2 3
10 10 10
2 2
Q“/ GeV

® [ predicted by QCD fits using gluon that was derived from
scaling violation of F, is consistent with the measurement

19




D Gluon

@ Small x evolution MeaSU red FL[ZEUS]

-- Direct F, measurement
ZEUS

Q’= 32GeV? T Q%= 45GeV?
o ZEUS (prel.)  T\5 =225 GeV (14.0pb™) 1
T —ZEUS-JETS  [\s=318 GeV (32.8pb™) |

N

A —
Q*= 110 GeV?

1073 102 107 102
X

® Measurement consistent with QCD fit F; prediction as well as

with F; =0 within large uncertainties

% NEW Prel.
@ DIS ‘08

20




@D Gluon
@ Flavor decomposition  Hegvy quark PDFs and gluons

— cc bb
I:2 ’F2

® Other cross check of gluons and QCD dynamics : heavy-quarks
-- Sensitive to gluon and heavy-quark PDFs altogether

¢ massless
(Q?% >> m.2)

©

® Heavy-quark PDFs at large scale is also important at LHC
-- For particular type of new physics search

21



D Gluon

Charm contribution

® Flavor decomposition
- cmc’ |:2bb

cc
FZ

to total F,

% NEW Prel.
@ LP ‘07

HERA F
8B T -
r I:| H1 HERA I (D* 1
® D*> KT T R0 T o x= 000003 (x4 ° H1HERAIEVT)X) ]
E ;e/ x = 0.00005 (x 4" o ZEUS HERA1 (D*) ]
7 A7 x=0.00007 (x 4'%) OEZUESU(§) IEF)R}?EIR%)HD D+)
. o Xx=0.00013 (x4") o D* e D" ]
® H1: Inclusive Impact Parameter e x=0.00018 (<4 ]
tagging in VTX X=;? :"(’)050(0*3: (i ) i
® ZEUS: Signed 2D decay length 7 AT R w0008 oca®) |
. 10 ' x=0. x 412 E
in MVD to tag D*-, DO S Zzzzzz : ; |
10 6:7 Plad _ X X ]
-"&/.} x = 0.001 (x 4')

- Good agreement in different 10°F x= 00012 (< 4) E
. . x=0.0015 (x 4% ]
techniques 104 2 0002 e ]
- Agree with NLO within 03 X=000364)

uncertainties (expect to start 02 JPUET S
. 3 i x=0.006 (x4
to constrain PDFs) P I . ;
10 L R —- x=0.008(><4_)0012 .
NLO QCD: ﬂ—‘f—'f— x4) |
Note: only partial data is used L T MRSI20048F3 _ax=00 ;
9 P « . . . -1; (X4) -] x = 0.03 ;
recision will improve 10 | 1 )
. . . L] | R S I

(luminosity ~2-5 times) . o 102 e 22

Q* (GeV?)



@ Gluon
® Flavor decomposition

F,°°: Bottom contribution

— cc bb
F.cc F,

% NEW Prel.
@ LP ‘07

j
® H1: Impact Parameter tag o
ZEUS: U+ jet 02l
® First measurement of F,%

10

® Large spread in theoretical predictions

® Current data 1s not conclusive
-- Only partial data is used

=>» Prospect in result with full statistics
(luminosity ~5-10 times)

to total Fz

HI1+ZEUS F,bb(x,Q%)

[« HI HERA I+11 06 e p (prel.)
. = ZEUS (prel.) 39 pb™

| - MRSTO04

- —— MRST NNLO

o CTEQ6.5

x=0.0002
/7 iss

x=0.0005
i=4

f x=0.002
=3

HVQDIS + CTEQ5F4

2 3

10
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® Flavor decomposition

- XF3 XF3

® There is one more SF: xF, which 1s sensitive to valence quark PDFs

d 20'(ei) 2ra >¢ Why third SF?

Y {F, - y: F, T XF)

2 : 0
dxdQ XQ * y et f > AsscenalsobyZ
1102 = 3000 GeV? —1Q? =500 Q2 = 8000 GeVE:
HERA 0.8 C T ]
N, 1 T T A 0.6 u
m L - -
> H1+ZEUS Combined (prel.) - 0.4 N
i | 0.2 -
08 | Q’=1500 GeV’ - ok el ST e
=+ —lllllll| T llll|||| 1T TTTH IIIIIII T IIIIIIII T IIIIII"IIIIIIII T IIIIIIII T T TTITH
I — H12000PDF | 1-Q% = 12000 GeV? TQ%=20000 GeV? T Q%=30000GeV® 1
0.8 10 ZEUS NC T e ZEUS NC (prel.) .
f -- ZEUS-JETS PDF | 0.6 I p I . 4 ]
0.6 - ¢ | - T e'p(63.2pbT) T ep(121.5pb™ ]
I ] 0.4 T—- SM (CTEQSD) T— SM (CTEQED) ]
0.2r T P.=0 T P.=0(corected) L:
0_ | poant— il Lol Lo vl Lol L1111
10 10° 10 10° 10"

X

€ xF~ z§(2u\, +d,)

® Valence PDFs at small x which only
HERA can access by now

-- Impact to LHC W+/W- asymmetry
24

Prospect: stat will improve (~2 times) + H1&ZEUS “Combination”



summary

® HERA ended its run at June 2007: ~1 fb-! collected by H1 and ZEUS

® HERA has provided most precise inclusive structure function measurements,
which brought significant improvements to our knowledge on proton structure
-- In particular, a key and essential inputs to LHC, e.g. gluons at small x

® HERA is still providing new high precision results which will further
improve our understanding on proton structure
-- Combination of HI and ZEUS cross-sections brought significantly
improved precision of data, and hence best determined gluon
-- First direct measurement of F; was performed
-- Precision of measurement on heavy-quark contribution to F, 1s

improving

® Final publications with ultimate precision to come in the next years.

25



Backup
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HERA Running

» HERA-I : Until year 2000

® Unpolarized e” and e beams

» HERA-II : from year 2002 to Mar/2007

® High luminosity to allow more
statistical sensitivity for large Q?

® [ ongitudinally polarized e+ and e-
beams to allow direct sensitivity to EW

» Low Energy Run : Mar — June 2007

® A special run with low proton beam
energy (460, 575 GeV) to measure
“F_” structure function

-1)

Integrated Luminosity (pb

600 [
500 |-
a00 |-
300 |
200 |-
100 |-

o i

HERA delivered

0

LER/MER
HERA Il '

comerstll AT R R EU T EERR N
200 400 600 800 1000 1200 1400

days of running

HERA-I HERA-II
e | ~20 pb! ~200 pb-!
et | ~100 pb! ~200 pb-!

1 fb collected by H1+ZEUS

27



1

Notice that they
are plotted with P D F _[ fq (X )dX
scaling faCtOI‘ 1720 zrus X min i.e. how many partons are there
0.8 2 with x Iarger than xmin
= i 10 |

0.7 : sea

i sea
0.6 -

0.5 |

0.3 -

-
0.2 - XS(x 0.05)

If we consider until the limit of HERA min
kinematic phase space, there are

~60 gluons

~30 quarks and anti-quarks

in a single proton

There are many of gluons and quarks with small x in a proton 28



D Gluons

-- “Combined F,” Method to combine H1&ZEUS

» An idea to use Hessian method without theory assumption
-- Fit each cross section values at each (x, Q?), rather than to fit theory
parameters (PDFs for instance)

&F IlZEUSJ! AF
554 data points each from ZEUS and H1 ?
E', shijf_caii_fﬁ__,
Fit for data points (554 of them) -log y
|||' And st?s‘remahc uncertainties E. shif‘r:za_-_a__"‘
¥ Ke =
N ”":‘g —H; = Zﬂ;;’f Ke ( )
2 ' J=1 e\
Zo (. Ar}) = - + )\ g
- E', shifted +53
m; = measured cross sectionin bini byexpe -
U = true cross section in bin 7 _______________ ! IOQ Y
¢ = statistical uncertainty in bin 7 by exp e ahifted X
(7; statistical un eﬂ"illll'l}-' ll'll l:.LlI Vexpe E‘3 Shlffed _6 _\\
B = correlated syst.unc. nbin/ byexpe
5;.7; ~ N(0.1)
=» Cross calibration. Can get reduction of systematic errors if
29

-- Similar size of errors but different “shape”



@ Gluons _ * Work by
@ Flavor decomposition ¢ H E RA P D F” . A. M. Cooper-Sarkar

* NEW

~Combined " Impact to LHC W/Z | @ Hera-LHc ws 08

W and Z rapidity distributions W and Z rapidity distributions
= 2 - 2 Z Ir ]z 2
- . M
i %” B | E
+ C r F 12
r 1r £ 1 = 1 15 1F
n.s- s [ 0.5 1 0.5
: of =
o o | 0 b . _~ oo
o | o008 | 008 | o o
-01 = -01 = 4 3 2 10 1 2 3 4
v
= 04 = 06 ¢ = 04 z: 06
3 T oos [ g £ oosp
S o3 o 12
%‘..n.s Eu.q 2 IEM
1 =
d 0z b Joez b 4 3 03f
F ;M_ E :u—
0l 0l —
F 01 | 01
of aof | ol -
0.6 4 005 E 006 F 005 il =
0 0 0E— 0L = 3
0.0 <] 008 0.6 F - ~ 0% T ~
M 0 1 2 3 o4 M M 00 1 2 3 4 B T S S R R R T W
¥ v ¥

® Experimental uncertainty is now reduced to be ~1.5%
® Note: model uncertainty (systematics of QCD fit) is not yet
included in the above figure. = It’s time we can think it.(Next slide) 3



@ Gluons _ * Work by
@ Flavor decomposition ¢ H E RA P D F” . A. M. Cooper-Sarkar

* NEW

“Combined F,” Impact to LHC W/Z | @Hera-LHC ws ‘08

W and Z rapidity distributions W and Z rapidity distributions
iZ_ 1 e 2 > Ir = 2
EHE Els %LS_ Ea.]_s
L = 1 4 i l d
- E - 4 _1: z 1
0.5 -. 0.5 0.5 [
ol - of £ ol & =
ilfg UJIE'E U‘Eg= uﬂgg
005 | 0.5 £ I
= 04 o 06 - 04 - 06
E Zoas E| z
E..n.s Eu.q g 03 Eu
l:] % ] E—.'H
0.2 fﬂ-‘i- 4 oz J a3 |
- - -
01 | 02 Z gzl
L ol | 01 [
[ ['._l_
u&sg - u%%'- of of
° ﬂ o ok |
-0.06 006 :
0TS 10 1 34 01 -0 ;O k
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Q. 7 Model errors shown in blue

® Experimental uncertainty is now reduced to be ~1.5%, and
they are now smaller than model uncertainty (~3%)
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@ Gluons
-~ Gluons from Jets at HERA NLO QCD fit including Jets

ZEUS

Photoproduction (Q%=0) dijets gives  § & x>0 ; mmmnem.,
direct access to gluon and a = £ I
.gLu._ ¢
/ g

BGF

—

Boson Gluon Fusion H@-

1<n®2c2.4
(x 5000)

ﬂééEEEEEEEE 1 ; :i}__ o é
i'-: ; 1 <'r|je"<2.4,-1 <nje'2<0 2:711:3:;2.4’0<nle'2<1 %
4 [ (x 20) ]
10 ¢ J
ZEUS 107 ,
; g\ T 1T ‘ LI ‘ T ‘ LI ‘ T T ‘ T T ‘ LI LI T \g s F - (o:gl:;:j<1
6 10° ; \ ZEUS-JETS ; 10 0<'r]ie“<1,-1<niw<0
= E [ tot. uncert. 3 10°F (x 0.0005)
=) L ] E _{emietls
T *  ZEUS incl jet DIS 96.97 . _1— &?},SS;%
m;& E Jet energy scale uncert. E 10 T T S T S A A H ) B
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g 125<Q’<250(;}375’) E!f.e“ (GeV)
10 ; E . - -
: mcemen 2 4= DIS Inclusive jet gives general
102 E \\ =
E 500 < Q” < 1000 GeV> E 1171 I d
o ; Il ] SEﬂSlthlty to gluonana @
10 = , , 3
: ~—_ 1000<Q(><< fgg;) GeV
1c B
2000 < Q% < 5000 GeV?

w0 et > A first fit to use HERA data only but
e g HERA SFs + HERA Jets
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D Gluons

Errors of Gluon PDFs

-- Gluons from Jets at HERA

» Gluon determination improved at
Medium-x: 0.01-0.3 owing to Jets
WI/QO Jets
With Jets,
» Also, jet helps to constrain @ :
=>» alpha_s was determined precisely
compatible as the world average!

IS
IS
%

Y
‘e

ZEUS
X?2Vs. O
R 20| ZEUS fit i
E * with jet data
8 o without jet data |
15| With Jets
I —O—| world average ]
i (Bethke 2004) 1
10 | -
I Py
: /,@"
51 i
World average
0 o, o
L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L
0.1 0.105 0.11 0.115 0.12 0.125 0.13

o.(M,)

» gluon fractional error

B without jet data

[ ] withjetda

ta

Q=20 GeV?

Q% =2000 GeV?

10*

10°

102

10"

110*

103

10
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@ Gluon | Technical issues

2 Small x evolution

-- Direct F, measurement N measu ri ng |:|_

® High-y events are also experimentally very challenging, as huge photoproduction
(Q?=0) backgrounds are foreseen.

% | ®
Eal Signal+ E
o | ] correct dharge =
E background
Wrong charge || .
"~ | background Hit Fraction in
e | Jﬁ ] vertex detector
~l k | 002 04 06 08 1
| ! . .
L )f ~— | . B MVD Hit Fraction
"""""""" " Slides still und '
H1 Preliminary —— divole
o AT fake e P
= :
o5 5“
E.g_ . e.|. ' e'|' true e
Deic_ard €m * e Ecrifcm Coe 1Pl'a""‘1rE5:""""E':' 6m tagger
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D Gluons
2 Small x evolution

-- Direct F, measurement

o Ut= Fz—Y:FL/Y+

» Large uncertainty in theory ©

.5

0.5

Q* = 0.75 GeV*

S

T R RTETT M AR R YT S S RTATIT| AR TITT|

Q= 4.2 GeV®

Model-dependent extraction of F,

® “Shape Method” : Fit cross sections with: o=F-3

FL

FI.( X, Qa)

0.6 -

0.6 |
0.4 F

0.2 -

=>» Data will help to constrain

F

+

- A is extrapolation from low-y E oy
=

| Extracted F_

Q*=0.75 GeV*

Q*=1.35 GeV*

H1 Collaboration

Q°=4.2 GeV*

QF*=7.5 GeV*

>< This is not a model-independent extraction

10°° 10

® H1 svtx00 (prel.)
m H1 mb99 (prel.)
A H196/97

| — NLO a, fit (H1)

—— NLO fit (ZEUS)
—— NLO MRST 2001
— NLO (Alekhin)

| == NNLO (Alekhin)
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@ Small x
-- Forward Jet

Small x and Forward Jet

DGLAP

Evolution & resummation
in powers of InQ2

2 2 2 2
O >>ky,>> .. 5>k, 5>k

,[ .............. The DGLAP gluon cascade

.is strongly ordered in k,
and ordered in x

BFKL

Evolution & resummation
in powers of [n{1/x)

==X, 20022 22X

X se T e,
S l ~*. The BFKL is only
..................... strongly ordered in x

Forward jet:
Xiet = Ejer / Ep, large if BEKL

» How it relates to LHC?

Forward jets

9 2y Jet
H:l
W2 jonn = e ¢
% 2 Jet .
Higgs Decay M
£ a1 H — yy
g [Ldt=306 = ttH (H — bb)
= (no K-factors) 4 H = z2" -4
é ATLAS H — ww™ = iy
= 102 » qqH — qqww"'
% 4 qqH — qq7T
& Total significance

10

1 100 120 140 160 180 200
m_ (GeVieH

VBEF is a most promising channel for
Light Higgs search
-- Forward high p; jet
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D Gluon

® Flavor decomposition F cC
— |:2cc’ |:2bb —Z

Meazsurement of F3* and F3"

1w
® H1: Inclusive Impact Parameter §7F - momen g
tagging in VTX -

10*

® ZEUS: Signed 2-D decay length in
MVD for D+-, DO identification

LEUS
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@ Small x

~ Forward Jet Forward Jet @ HERA
> | Q2

5<Q*<10 10<Q%<20 20<Q°<85
10 |- 1.2<r<7 'b)  0.6<r<3.5 0.06 gy 0.1<r<1.8
g | <r>=3.5 1.5 = <r>=1.8 <r>=0.8
\/ |-®-H1 RG-DIR -
o | E scale uncert ---RG-DIR+RES | 0.04 F#5
o - 1 |— CDM
V
Te)
3 0.02
[
= ® Large K-Factor

T Tevas ET ® Not sufficient yet with NLO

<r>=4.2 0.02 K <r>=1.8
1

0.01

= How QCD Models describe
(Next slide)

35<p,2<95
do / dxdQ’dp2 (nb GeV™)

r 9.5<r<80 4.8<r<40 1.1<r<20
8 0.15 [~ <r>=22.2 <r>=11.3 0.002 <r>=4.9
< B
V
Nd—l
V2 0.001
n
»
0
v 1 2
3 3
Xgj X 10 Xg; X 10

d*0/dxgidQ?dp?+ jet
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Small x

-- Forward Jet

Forward Jet @ HERA: QCD Models

12.25<p,2<35

35<p,2<95

95<p,2<400

2 2 2
5<Q°<10 10<Q°<20 20<Q°<85
10 |-@ 1.2<r<7 ) o6wss | 9 oiwas
| <r>=3.5 1.5 = <r>=1.8 <r>=0.8
|-®-H1 RG-DIR :
| I- - -RG-DIR+RES
i E scale uncert 1 |— cbm
—_—
<
>
()
U} €)  1.8<r<95 0.4<r<4.8
o] <r>=4.2 0.02 <r>=1.8
(=
S’
N‘-l
[}
;‘U 0.01
o
T
5
g 0
O 9.5<r<80 4.8<r<40 1.1<r<20
T 0.15 - <r>=22.2 <r>=11.3 0.002 <r>=4.9
0.001

4
Xg; X 10°

Higher order effects missing in NLO can be recovered by appropriate

Rapgap
DIR

Rapgap
DIR+RES

® Resolved: Supply part of missing phase

space as evolution from photon
® CDM: Emit gluons isotropically

® CCFM: Angular ordering evolution

—> CDM best describes data.

(the same plot as in previous page)

QCD models to some extent, but no conclusive theories / models
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