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® Parton radiation - important also for Higgs production at LHC
Jet production - from central to forward (proton) direction
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The HERA collider and experiments
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The HERA collider and experiments




The HERA collider and experiments

E. = 27.6GeV E, = 920 GeV
Vs =319GeV @« FE = 54 TeV

fixed target

L L~ ¥ v




The general hard process in ep

s = (pe + pp)?
Qz — _(pe - pe’)2
y — scaled ~ energy
(p'y - 1019)2 Q? + ys

S F

/////////

a7 P (W, Q%) = T Fa(z, Q%)

-

F2(w9 Q2) — Zz e?wqi(wa Q2)

» Q? dependence of F;(x, Q?%) predicted by QCD
» test theory over large range in Q-
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The structure function F;(x, Q?)

L A
[ a .
o e
L A
x=0.005
s
N i x=0.008
® - 4
e x=0.013
o x=0.021
L M

HERAF,
| x=6.32E-5 4 000102
x=0.000161 =4 ZEUS NLO QCD fit
x=0.000253 H1 PDF 2000 fit
x=0.0004 !
x=0.0005
x=0.000632 o H1 94-00

x=0.0008
4 H1 (prel.) 99/00

x=0.0013 = ZEUS 96/97

x=0.0021 * BCDMS

x=0.0032 o NMC

x=0.032

Fy(x, Q%) = > efwqi(x,Q%) e
Q° Yo Q@
W?24Q? p_C Xp
® Precision measurements now:
~ 1 —2 % stat, ~ 2 % sys.
Scaling violations perfectly
described with NLO DGLAP:
0.63 - 107° < x < 0.65
1 < Q2 < 30000 GeV”
@ adjust input pdf to fit I, data
@ extract pdf’'s from F; fit
Similar pdf sets by MRST, CTEQ etc
@ use pdfs to predict xsect. even at pp
BUT what about the gluon ???
direct measurement with F; ???

€Tr —

}w
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xf

NLO analysis of F; (ZEUS)

Qe - asee NLO DGLAP fit to I,

— ZEUS-O (prel.) 94-00

° [] uncorrelated error 2.5 < Q2 < 30000 GeV2
? 6.3107° < a < 0.65

[] correlated error

5 L [ ] model dependence error 1L

L S 1L

= 10 pdf extracted...
0 = 11

]H} b Hm{ ]H} - | | HHHH

I Q*=7Gev? || Q*=20Gev? |
20 - ar

#® large uncertainty of gluon at

:1350.1

3 ® l|arge uncertainty of gluon at small
% Q? and small
O-mocey’ ||| Qi-mncev? « DGLAP not applicable for

30 -

] Q2 <1-—2GeV ???

| @ constrain gluon at large = with jet
: data

20 -

10 -

® what about small z ?
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Improve F; fits with Jets (ZEUS)
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® use DIS jets to constrain fits » use ~p (only direct) jets also !!!
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Parton Density Functions from F5 and Jets
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® NLO DGLAP fit to F5 and Jets
® pdfs agree within uncertainty

® further improvement on gluon - F7,




Heavy Quark Structure Functions F and F?

-~ & heavy quark pdf ® use silicon tracker for life-time info

or gluon ? ® large (Q? & small extrapolations
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Structure Functions at HERA
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Structure Functions at HERA

Structure Functions at HERA
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Is that all we can learn ???




Structure Functions at HERA

Structure Functions at HERA

are well described by
NLO - DGLAP
HERA and QCD is more !!!
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The challenge is Hadronic Final State !

F, -log,,(x)

N

F, ~o(v*p — X) bottom pp
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Where is the problem ? Hadronic Final State !

processes of O > o have not been calculated explicitely

investigate parton radiation pattern
forward jets !!!
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Where is the problem ? Hadronic Final State !

Jet — veto

processes of O > o have not been calculated explicitely

investigate parton radiation pattern
forward jets !!!
« jet veto in Higgs production
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Di - jets at small = in DIS

DIS selection: f
5<Q?<100GeV: [ >An

1074 < 2 <1072

0.1 <y <07
di-jets

BT es1,2 > 5(7) GeV
—1<niet <25 —

jets
Ansmall @ small z,
Anlarge @ large z,

NLO ... agrees ...
within large scale uncertainty

L+, 5 <Q?<10 GeV?

x=1.17-10"
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-4
x=1.7..3-10
(x 10)

- -4
x=3..5-10
(x2)
104 —V_\_*_IT -4
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-4
x=1.7..3-10

i (x 1000)

-4
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® H1 Data

NLO-Dijet (DISENT) | ¢ | &
= =E? ui=70GeV’ 0 x=5..10-10"
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¢
10 | x=1...10-10_3
B (x0.5)
$
1 L L L L ‘ L L L L ‘ L L ‘ L ‘
0 1 2 3 4

&
|An |
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Di - jets in DIS: one of the problems !

Ad* < 120°

do
dA P

° Measurement of
° Measure:
2 _
S(w, Q7 A(I)) — [389% dod®
@  sensitive to finite k; ...
@ un-integrated gluon density !?!

exp. difficult

J32°° dode

Data higher than NLO - 2jet (3jet)

new dynamics ???

beyond DGLAP ? ? ?

S 2 2
- 5<Q°<10 GeV
0.1} i
B ) I
: —
0 . . . R
0.2 0.5 1
X [x 10°]
S : 15<Q%*<20 GeV?
0.1
S I
0 . . | .
0.5 1 2
X [x 10°]
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NLO-3jets (NLOJET)
u.f: E.}z, u%=70 GeV?
(Corrected for Hadronization)

:

S
0.1

10<Q%*<15 GeV?

e H1 Data

$

. . . e
0.2 0.5 1
X [x 10°]
20<Q%<30 GeV?
. L L .
0.5 1 2
X [x 10°]
50<Q%<100 GeV?

NLO-Dijet (DISENT)
ul= E.;.z, u?=70 GeV?
(Corrected for Hadronization)
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electron

do/dn, (pb)

0,4 data/NLO

Inclusive Jets in Deep Inelastic Scattering

—
o
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Y
o
w

-1.5

0
ZEU

S 3.0

K
s

T r T T T T ‘ T T T T ‘
® ZEUS (prel.) 96-97

[ ] Energy Scale Uncertainty

—— NLO Disent : O(c?) ® §,
..... CDM : Ariadne
.......... MEPS: Lepto

7771 NLO:0.5Q<puz<2Q ° )

i MY NLO PDF Uncertainty

1.5 2 25 3

proton

n lab

Q? > 25 GeV?

incl. k. jet-algo
E: > 6 GeV

0 < Niap < 3

® central region ok
® difference to NLO

in forward region
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electron

do/dn, (pb)

0,4 data/NLO

Inclusive Jets in Deep Inelastic Scattering

—
o
IS

Y
o
w

-1.5

proton

Q? > 25 GeV?

incl. k. jet-algo
E: > 6 GeV

0
ZEU

® ZEUS (prel.) 96-97

]

Energy Scale Uncertainty

NLO Disent : O((xg) ® Opaq
CDM : Ariadne
MEPS: Lepto

0 < Niap < 3

® central region ok

® difference to NLO
in forward region

| » watch out !!!!

N\

NLO PDF Uncertainty

~ 20 % of jets
deviate significantly

from
DGLAP + O(«a ' ' '
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Forward jets: going beyond DGLAP ?

DGLAP works fine in central region !
Investigate forward region

. Xp; small
Anything new there ? :
Observe deviations from DGLAP ? -

: evolution
@ evidence for BFKL ? from large
or to small x
C = ?

CCFM * "forward’ jet
or Ejet

= large

X.
& no approximation is good ? Jt Eproton

Mueller - Navelet jets in DIS: Jet (7) in p - direction with
p; ~ Q% . large, BUT small T
@ suppress DGLAP (Q?) evolution, allow evolution in z (BFKL)
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Parton dynamics at small x: Forward Jets

H1 forward jet data

Xpj small 3 1000
c H1 lim.
evolution ~ + prefim
o sl 2 250 B E. scale uncert.
©
“forward’ jet ~ NLO di-jet 1+6,,p
X EJ:t = large S with scale uncert.
¢ roton
500 [
5 GeV? < Q2 < 75 GeV? 250
forward jet (incl. k. algorithm)
L7 < 1njet < 2.8
Tjet > 0.039 ‘ |
ey 0.001 0.002 0.003 0.004
0.5 < =57 <5

X

5
o DGLAP with NLO-dijet too small

# heed something different @ different evolution ?
#» more hard parton radiation « BFKL/CCFM ???
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Parton radiation at small x

® describe multiparton emissions only in approximations

| QCD evolution equations |
# put everything beyond O(« ) Into approximation of higher orders

DGLAP BFKL / CCFM
. single ladder 2 ladders ordered in
2 WhICho each ordered in p; energy/angle
use When - resolved photon k - factorization
B B |
\DGLAP

Hardest — h o
Scattel‘lng g 1) : g(x.K¢,lL)
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Parton radiation at small x

® describe multiparton emissions only in approximations

. o | QCD evolution equations |
# puteverything beyond O(a;) into approximation of higher orders

DGLAP BFKL / CCFM
. single ladder 2 ladders ordered in
2 WhICho each ordered in p; energy/angle
use When - LO proton proton k, - factorization

Hardest
scattering

\ il el BFKI
' E . CCFEM
. 1 g(XakD“’)
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Parton dynamics at small x: Forward Jets

do/dQ? (nb/GeV?

© i CASCADEs. |

® ZEUS (prel.) 98-00 -
—— ARIADNE |
- LEPTO .

- CASCADEs.2 -

||||||

ZEUS

IIIIII
|||||||||||||||||||

------

[ | Jet energy scale

|||||

20 GeV” < Q? < 100 GeV?
forward jet (incl. k. algorithm)
E: > 5 GeV

Zjer > 0.036

p%'t
0.5 < QJ; < 2

® data above DGLAP

® approaches with different
radiation pattern: better !

® CCFM/BFKL close to data
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Why worry about forward jets ?

® forward jets: ~ 20 % of jet production

® forward jets probe QCD radiation along the
parton ladder

® is there more than NLO calcs and DGLAP
Xpj small evolution ?

® understand QCD radiation pattern !

evolution

from large
to small x

“forward’ jet x.. large

jet
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Why worry about forward jets ?

X b; small

evolution
from large
to small x

“forward’ jet x

p E E $ rapidity gap A

p

)

jet

large

® forward jets: ~ 20 % of jet production

® forward jets probe QCD radiation along the
parton ladder

® is there more than NLO calcs and DGLAP
evolution ?

® understand QCD radiation pattern !

» diffractive dijets: 5 - 10 % of jet production

» diffraction: suppression of QCD radiation

» diffraction: understand QCD radiation
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Why worry about forward jets ?

® forward jets: ~ 20 % of jet production

® forward jets probe QCD radiation along the

_— parton ladder
® is there more than NLO calcs and DGLAP

X bj [ evolution ?

® understand QCD radiation pattern !

diffractive dijets: 5 - 10 % of jet production

K

» diffraction: suppression of QCD radiation
» diffraction: understand QCD radiation

K

diffraction: the bridge to multiple scatterings

it multiple exchange
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Why worry about forward jets ?

® forward jets: ~ 20 % of jet production

® forward jets probe QCD radiation along the

_— parton ladder
® is there more than NLO calcs and DGLAP

evolution ?

® understand QCD radiation pattern !

diffractive dijets: 5 - 10 % of jet production

diffraction: understand QCD radiation

K
» diffraction: suppression of QCD radiation
9
9

diffraction: the bridge to multiple scatterings

it multiple exchange

understand radiation in forward region:
suppression of radiation and multiple scatterings
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Diffractive Parton Density Functions

e

P —

diffractive !
pdf —— | |

XIP{

p

®» measure diffractive
Cross section in
6.5 < Q? < 120 GeV?
rpr < 0.05
0.01 < 3<0.9

® cxiract diffractive PDF
using LO/NLO DGLAP

z ¥(z,Q°)

0.2

0.1

0.2

0.1

H1 2002 6,> NLO QCD Fit

Singlet

) )

z g(z,Q%)

02 04 06 08 1

Z

H1 2002 .0 NLO QCD Fit
= (exp. error)
| (exp.+theor. error)

—— H12002 6,2 LO QCD Fit

H1 preliminary

Gluon

02 04 0.6 0.8

[GeV?
6.5

15

90
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Diffractive Parton Density Functions

H1 2002 6,> NLO QCD Fit

H1 preliminary

I - Singlet < Gluon Q?
Q2 c - 9 o [GeV?
N 020 N 6.5
- A B (o)) .
B (__ — N 0.1 f >
diffractive ! - -
pdf — | = 0 0
X”'{ - i/\ 1 15
p — 0.1 —
p)
® factorization in diffraction 90
D D 2 ~
o :ff (B,ZEP,Q 7t)0
2
atlarge @ 02 04 06 0.8 1 9 ""02 04 06 08 1
®» as in non-diffraction ... y 2 y 4
. , H1 2002 .0 NLO QCD Fit
® apply diff PDF to jet pro- I (exp. error)
duction | (exp.+theor. error)

—— H12002 6,2 LO QCD Fit
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Diffractive Jets at large QQ°

TP —=q9
TP —>q98

diffractive
pdf

4 < Q2 <80GeV2,0.1 < y < 0.7
T p < 0.05, MY < 1.6 GeV,

PT jer > 4GeV, —1.0 < nlab < 2.2

® use diffractive pdfs
from NLO fit to £ !!!

® use NLO calc for dijets

H1 Diffractive DIS Dijets

e H1i Preliminary H1 2002 fit (prel.)
[T correl. uncert. DISENT NLO*(1+6, )
DISENT NLO DISENT LO

b GeV?)

oy |

do/dQ? (

L L L L L L
10 %.3 035 04 045 05 055 06 0.65

2 2
Q° (GeV") y
(a) (b)
— 27 — 140y
> 18 [
% 8; — 120}
o 16} 2 I
Q 14f & 100}
9/_1.45 5 :
><12:7 & -8 80} ......................
g 1 :
© o0sf 6of
© _é [
0.6 FrrTeeeeenennen 40f
I e — :
i 20 :
0.2f i
O’ | | | | | % “““““““““““ N R
10 15 20 25 30 35 40 4 05 06 07 08 09 jets1
M, (GeV) X

H. Jung, HERA rfgtj/ts and implications for LHC physics, LHC days in Spli(ta%roatia, 5-9 Oct 2004 - p.21



Diffractive Jets at large Q2

H1 Diffractive DIS Dijets
e H1i Preliminary H1 2002 fit (prel.)

1 correl. uncert. DISENT NLO*(1+6, )
TP —=99 s DISENT NLO - DISENT LO
Yp —q9g L
(]
diffractive g
pdf oy |

do/dQ? (

L L L L L L
%.3 035 04 045 05 055 06 0.65

Q? (GeV?) y

—l
10

® Good description of mea- N
surement (a) e
o factorization in

diffraction at '_? / ° . 4
jarge Q: v :

1‘5 26 2‘5 3‘0 3‘5 40 %.4 0.5 0.6 0.7 0.8 0.9 Jets1
M, (GeV) X,
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Diffractive dijets at the Tevatron

N C
~m [ H120020,p ~+ CDF data
L QCD Fit (prel.) E%eﬂ 2.7 GeV
gg —>qq 1oo§- (Q°= 75 GeV?) 0.035 < X ;p < 0.095
Z diffractive [t< 1.0 GeV*
pdf
10
XIP
p 1L
p)
$® using diffractive PDF from HERA o1t
to predict diffractive jets in pp ] T
0.1 1
@ factor ~ 10 too large Z1p
® factorization breaking in diffraction, #® suppression due to multiple
why ? scatterings 77?7
® study dijets in vp at HERA ® different models ....
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Diffractive photoproduction of dijets

TP —>9q
TP —>qqg

diffractive
pdf

pdf

with z., turn on res. photons

resolved photon
«similar to proton ...

study suppression of diff. jet
production

L

S

=
T

do/dy (pb)
[=2)
=

=
S
=)

200F

1 8.15000

ZEUS

10000

5000

y

do/dE

05 0 05 1 15

n

jetl

(pb/GeV)

jetl

T

Xip
F T T T T ]
10 2 E . —s- | 3
1 F PRy
E -‘!-'F-..-'!-'F.;
[ 1 1 1 1 ]
7.5 9.5 11.5 135 155 17.

E (GeV)
e ZEUS (prel.) 99-00
Energy scale uncertainty
.............. NLO (R=1)
=~ NLO (R=1) ® had.
NLO (R=0.34) ® had.
H1 2002 fit (prel.)
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Diffractive photoproduction of dijets:

bridge to diffraction in pp

H1 lefractlve Dljets (prel )

9 14 i data b|n correlated uncertalnty E
CZU *1 H1 2002 fit (prel.) |
"ES' 1.2 *
a -
0.8}
) o 0.6|
® DIS dijets agree with NLO ;
calculation 0.4/ ]
~ Il 0.2} . -
® resolved photon ~ proton !!! | DIS NLO 0.5<p /EX*!'<2
® photo-production data factor :
~Jd - I = 2 ;
2 larger than NLO calc - in 0.2} =165 GeV W=242 GeV
resolved v and direct ~ 0.4k | | | |

03 035 04 045 0.5 055 06 0.65
y
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Diffractive photoproduction of dijets:

bridge to diffraction in pp

O ,
= 14}
£ 12|
0

0.8
® DIS dijets agree with NLO 00
calculation 041

® resolved photon ~ proton !!! 0.2
#® photo-production data factor *
~ 2 larger than NLO calc - in 0.2

resolved v and direct ~ 0.4k

H1 lefractlve Dljets (prel )

.

[ H1 2002 fit (prel.)

data b|n correlated uncertamty

DIS NLO 0.5<p, /Ex*"<2

Of

W 165 GeV W 242 GeV

03 035 04 045 0.5 055 06 0.65

Important also for diffractive Higgs production at LHC !!!
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Performance and Program of HERA I

® detector and lumi upgrade
- ——
® efficient data taking since Oct 2003 f‘ - H1 integrated Iuminurlit:r .
® 1st results presented at ICHEP04 = L Summer 2004 f
- | unpolarized |
X ) Program: = ‘ positrons
: : T RO | _
F, at high @Q? (high stat.) £ | p.oye |HERAIL | /l
polarized charged current, Z [ positrons | 2003-2004 i T
electroweak sector xF3(z, Q%), T [ y
F2CE<[U7Q2), F2bb<flf,@2) gt I /{111}:“4”_{; ,-:’/
AND also high stat. for E 1 posiiran / |
Eeart]vy qu_ark X-sections, _/ u;njh:nlartmljf HERA I
igh Er jets, i eeetrons 71 1094-2000
parton dynamics in new range, ; ﬁff,f |
multiple scatterings etc, T R TN
diffraction - new proton spectrome- days of running

ter




HERA - LHC workshop

Aims of the Workshop:

® To identify and prioritize those
measurements to be made at
HERA which have an impact on
the physics reach of the LHC.

® To encourage and stimulate
theory and phenomenological
efforts

® To examine and improve
theoretical and experimental tools

® To increase the quantitative un-
derstanding of the implication of
HERA measurements on LHC
physics

Midterm meeting next week !!!
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Conclusions and Summary

» [ - total cross section, 2 — 3 % precision reached:
v standard DGLAP plus fixed NLO matrix elements at Q% > 1 GeV? ok
BUT more than DGLAP at small Q2 needed

» high precision measurements of jets from central to forward region performed

either NLO predictions have very large scale uncertainties Calals
Ol measurements much larger than standard DGLAP + NLO

» need to go beyond DGLAP, BFKL ... CCFM ???

» Diffraction @ understand parton radiation
@ bridge to multiple scatterings
@& measure it ...

» Future:

» more data still to come ... HERA 2, and ?
» fruitful collaboration between HERA and LHC

Understanding QCD at small z

Is the challenge ' ' '
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Q* (GeV?
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Overlap of HERA and the LHC

© X 5= (M/14 TeV) exp( +y) ]
Q=M M=10TeV =

M=100GeV /o

y= /6 4 2

Q2, or p2 or E2 gives the
maximum possible &,

® for most applications small &,

important

® large Q? gives larger tail of
distribution

10° 100 10 107 1072

X

107!

10 @ goto uPDFs ?
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Is our picture correct ?

LO NLO
> 0.05 |
— X :

—%/ ] 0.045 ——  Bottom (HERA)
:r ,____: i_g____: % ooa T Bottom (LHC)
— 0.035 |

/é." évv l 0.03 |

“ A 0.025 |

2 0.02 |

® is Q?, or p? or E? the 0.015 |
relevant scale ? 0.01 ||

® largest x-section at small k; 0.005 1}

® itis the k, that matters....

‘ ®» £,’s in the same range for HERA and LHC !!!! I
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