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MOTIVATION AND OUTLINE £

... from “simple” to more and more complex

Forward jets,

e “» . parton evolution
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_I will mainly concentrate on new results since ICHEPO4.
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JET PHYSICS AT HERA =D

The basic processes, kinematics

QPM process 2 _ —(k B k’)2 Real+virtual corrections:
>F2, PDFs NLO QCD, O(a..2)
) x=0"/2Pq
_1_FE'
y=1 E
O =xys
QCD-C and BGF processes: Resolved photon contributions:
Leading-order QCD, O(o.). Suppressed with increasing Q2
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JET ANALYSES AT HERA =D

General comments

= Jet reconstruction

m almost always with inclusive k, algorithm on calorimeter cells
or energy flow objects (cells+ tracks =» improved resolution).

m DIS analysis mostly performed in Breit frame - select events with QCD coupling.

m Data correction using LO MC models (acceptance, efficiency, hadronisation, QED)

= Main experimental uncertainty: hadronic jet energy scale:
m know to between 1-3%! Typical effect on measurements: 5-10%.

* Theoretical predictions for jet physics at HERA:

m LO MCs + models for parton radiation (PYTHIA, RAPGAP, ARIADNE):

good for soft, small-angle phenomena, does not provide normalisation,
includes detector simulation, hadronisation etc.

m Fixed-order QCD calculations (up to NLO, DISENT, JetViP, FMNR etc.)
describes hard physics well, no hadronisation, detector simulation, QED effects

« Theoretical uncertainties dominate many measurements.
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INCLUSIVE, 2, 3 JETS AT HIGH Q2

Well understood phase-space with high scales - pQCD!

o>

- g ™ 102 H1-Inclusive jets — h| h statlstlcsI
Typical scenario: > 10 Jets ZNgn stats
—— ® 150<Qf< 200 Gev2
o QZ > 125 GeV2, ET,]et > 8 Gev ---o.. (< 200) O 200« OF « 300 GeV?
-- Measurements dominated by 8 1 —o m o00<CF< 60 Gov
. — - 600 < GF <5000 GeV?
theoretical uncertainties (scale)! ¥ e — MOy, (075200
-- Full HERA-I data sets (80-120pb) 2 102 — . 30)
ZEUS 2,3 jets & 104 — "2
N DESY05/019 & ZEUS £8-00 Dijet a) 3 o EPSOS AbS 629 O
3 . ¥ ZEUS 88-00 Trijet 7 S ) N
B 10 e [ Energy Scale Uncertainty 3 10 20 30 40 50
o E, (GeV)
> 10— ] 2®F H1-3/2 jets - uncertainties cancel!
N E— NLE)““S(’&“Q);?GGV - “‘?51 05;_ ------ MLO t1+§_)
— NLO : Ofa8) @ ;o 3 5 F
10-3‘_ 1f15{p§f(02+E12_)<1 ' ] IINU.45 — ty-exchange only)
L N Ly .y c 025« pf /0f <40
el & Dijet bL; g 4:_ - Hadronization Uncertainty
1B E 035 '
o | — -
S o5 [ 3 0.3
: 1.6: : — x — E E
W 14 F ¥ Trijet 3 0.25—
B gzt 3 E
A, 0.2
T - EPSOQ5, Abs. 625
0.15— P L
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2 JETS IN PHOTOPRODUCTION (H1)# ¢

Further constraining the PDFs?
Emphasis on x, and x;:

> learn something about PDFs, 8.t = %<01 4 =t x> 01
especially gluon at high x LI 4 X §
5ok o =t ;
X, = (Z,- E;; exp(—nl.))/2yEe F oy ] 7w 3
[ Pythiz x 1.2 E F ] E
oo, oI I5 :
oy EPS05, Abs. 680
G 0F 03 04 05 0B OF 08 08 1 1 02 ﬂS ﬂ4 ﬂ.ﬁ ﬂﬁ ﬂ? CIB 09 1
X, Jet 1 ) \
xp e e e e e e e e e e L e I LI N o B e e e
Jet 2 E - X, <08 E 1n:§_".l X, >08 £
gﬂ- Et-“ﬂg.Lw : %n FoE 3
Xp = (ZiET,i eXP(+77i)) 2E, g 1%
Good description of data over ok o
wide kinematic range by both L oneis I
the MC and NLO calculation. [ hEPISOS” Abs. 68077
Data give access to proton PDF aa oz 03 o4 R 0.6 x::'? o [+ -] 03 0.4 0.8 CIE xCIP?

(used by ZEUS in QCD fits)

T. Schorner-Sadenius: Jets at HERA 6



a, FROM JETS AT HIGH Q-

The Method

= Determine dependence of cross-section on o (M,) in each bin

using NLO calculations with different input o (M,) values.
-- use, for example, MRST or CTEQ4 (3/5 different o, values, 0.110 to 0.122).

* Functional dependence on o (M,) then approximated by the

function

Gi(aS(MZ)):Ai 'as(MZ)+Bi 'asz(MZ)

-- A, B, determined in the fit.

= Use function to map measured

cross-section to value of o (M,).

= evolve to correct scale

= combine various data points, using,
for example, a y? fit.

o/ AU.
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60/

NLOJET++: NLO (148, )
Measured cross sectiono
fit Ao (M) + Ba2(M,)

Propagation of ¢ to o (M,)
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a, FROM JETS AT HIGH Q- D

Results
a, from inclusive jets: _
small theoretical uncertainty! aig from ratio 63jer/Gje >
- N some uncertainties cancel out!
L 4 0.22
0 ZEUS (prel.) 98-00 H1 Preliminary 93-00
02T 0 B QCD - 02 o ofQ)
% | (e (M) = 0.118 + 0.003) | ¢ Averaged Us(Mz)
% - I 0.18 World Average (PDG):
. % - . oM,) = 0.1187 +0.0020

0.14

0.12

L I O B I
—+——
—_—
———

- EPS05 Abs.375

u.‘l ||I||||I||||I||||I||||I||||I||||I|||| 0.1 |3 |4
10 15 20 25 30 35 40 45 10 19

Elfs (GeV)

World average: o,(M,) = 0.1187+0.0020
H1 inclusive jets: a,(M,) = 0.1197+0.0016(exp)+0.0047(theo) Nice agreement!

H1 3/2jet ratio: o (M,) = 0.1175+0.0053(exp)+0.0061(theo) : :
ZEUS indlusive:  o(M.) = 0.1196+0.0025(exp)+0.0023(theo) L¥TOTS going down!

EPSO5 Abs.625
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a, FROM JETS AT HIGH Q- el

Summary plots for HERA measurements

Inchusive Jet cross sections in WC DLS
ZEUS prel. {contributed paper to EPS05)
Inchusive Jet cross sections tn WC DLS
HL prel {contributed paper to EPS0S)
Blultl-Jets in NC DIS

HL prel {contributed paper to EFS0S)
Blult-Jets i NC DIS

¥EUS { DESY 05019 - hep-ex/0502007)
Jet shapes in NC DIS

¥EUS (Nucl Phys B 700 (2004} 3)
Inchusive Jet cross sections n

#EUS (Phiys Lett B 560 (2003) 7)
Subjet multiphcity in CC DIS

£FUS (Fur Phys Jour C 31 (2003) 149)
Subjet multipheity in NC DIS

#EUS (Phys Lett B 558 (2003) 41)
WLO QCD fit

HL {Eur Phys ] CZL (2001} 33)

WLO QCD fit

ZEUS { DESY 05-0%0 - hep-ex/0503274)
WLO QCD fit

ZEUS {Phys Rev D &7 {2003) 012007)
Inchusive Jet cross sections in NC DLS
HL {Eur Phys J C 19 (200 1) Z89)
Inchusive Jet cross sections in NC DIS
ZEUS {Phys Lett B 547 (2002) L&4)
Ddjet cross sections in NC DIS

ZEUS {Phys Lett B 507 (200L) 70)
HERA average

(hep-2x/0506035)

World average

(8. Bethke, hep-ex/H0702L)

0.1 012

014

(C GIasman hep-ex/0506035%.(M;)

Many consistent results
=>» nice QCD test!

Typical errors:
theoretical: 4-8%
experimental: 3%

HERA average:
ag(M,) = 0.1186 + 0.0011 + 0.0050

RatiO Gexp/Gtheo:
0.0011 / 0.0050 1!

Errors of world / HERA average
are becoming comparable!

T. Schorner-Sadenius: Jets at HERA



GLOBAL QCD FITS

Supplement inclusive F, data to improve on q(x), xg(x)

= Usual global QCD fits:

Only inclusive input data =» large uncertainty in gluon density at high x (basically
only constrained by Tevatron jets data): 15% at x=0.3, 200% at x=0.5.

= Jet data sensitive to high x,
but use in fits difficult (CPU time: 10h/50M events)

= Idea: Use grids in X, u2 in which PDFs are approximately flat:

o= Za () e £, (5o t1,)- 6y %111

a=-5

Nza (/ur)ZZZf( aﬂf,j)’jd)%'O,\-(xBj/xiaﬂraﬂf,j)

a=—>5 i

= Derivation of total cross-section:

Sum over PDF x pre-calculated integrals over matrix elements for all x, pg? bins.
-) caIcuIatlon time reduced from 10h to 0.01s =>» usable in fits!!!
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GLOBAL QCD FITS el

Results, comparison with H1, extraction of strong coupling

ZEUS ZEUS
= T "'2'““' T T T [ "'2'“'" AR R 25— L Y I T T T T T 7
B0 o'=1GeV d9F  Q'=25Gev? - £ L
i i I j
2ot E Iy i
T of | | =g ZEUSHE
& asf E|: ER » with jet data
%.04_ m 1E B without jet data = e o without jet data
06 4F [ with jetdata = r
Lo o B o Wd B i i it B 15 b
06 rGev | 1F szlmaevz | | HO—| world average
04 3F E (Bethke 2004)
i3 E 10}
st
uﬁg Q7= 200 Ge¥? — = 2 g )
0_4__ e = -Bﬂ
02 —55- /_ 0 eipgaoni”
g 0
“ F‘\ : A% DESY-05-050
- 1F E AN N T I A TN A T T T A T A ) N B A
0sf DESY 05 050 B 01 0105 011 015 012 0125 013
0’ 0 110" 107 10 10" Xl U.s (MZ)
Large effect on gluon density at medium / Great improvement of value and error!

hlgh x — even with limited HERA1 data. Problem: Correlation of xg(x) and a..
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FROM PHOTOPRODUCTION TO DIS = @

The regime of low Q2 (and low x)

= For E;2>Q? parton “resolves” a(x;”” < 0.75) _ resolved

R =

hadronic photon structure olx™ >0.75)  direct

- [ i

g

R
4

[+

4

]

ot fa) 49 < E° <85 GaV’
T3] T
[

9
E:

[+]

-

B

Tet (b) 85 < E* < 150 GeV’

’ T [ NLOQED (OIS, u":q%gf)
T2 2 _ A2
v X, < 1 ’ % NLOQCD (DIS, 1> = &9
“direct” “resolved” B ;

= ZEUS (DESY-04-053): Quantify amount ":::fc:,:{g:éiézf/{é:[,g;\}é””' e
of resolved photon as function of Q?, E;! T EZ] NLOQCD {Photoproduction, GRY)

— NLOQCD (Photoproduction, AFG)

= yp NLO fine; MC+PS+resolved okay!

= Resolved relevant for Q2>100 GeV2,
Question of renormalization scale?

- ,
10*
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FROM PHOTOPRODUCTION TO DIS = @

The regime of low Q2 (and low x) _

= H1 triple-differential cross- | HERWIGdirtresy - cascape o
section in x, Q2 and p, Do T e
-- DESY-03-206) 8 2 Trhy i +
-2 < Q2 < 80 GeV2. 8o Wil T E ]

= Study interplay of Q2 and E;2 g 22 '

(photon PDF < proton PDF) B S

= Direct AND resolved NLO &7

QCD not enough at low x..

= In LO MC (HERWIG) need
parton shower, direct and re-
solved photons (longitudinal
and transverse polarization).

= CASCADE (CCFM) without k-
ordering best at medium Q?2
(does it mimic resolved?) 0

30>Q°>25GeV’ 25>Q°>10GeV’ 10>Q > 44 GeV: 44>Q >2GeV’
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PHOTOPRODUCTION JETS 2D

==
Sensitivity to the photon’s PDFs?

HERA dijet photoproduction

%':znnn [ 14 < B <17 GeV [ 17<Ep" <25Gev
= ZEUS dijet measurement 3 | czvsss KGN
‘ ’ o ES NLO(GRY)@ HAD
in photoproduction: g 1800 - - NLO(AFG)@ HAD
Cross-sections as functions of S uggertain ““"’g 1000 - N
X, in 39pb! from 1996/97 e N i o

------- - 500

o~

= For high x, (direct!) NLO QCD

fine & cross-check of gluon as e T TP —
[ 05 - EBYl = 35 GeV " 35 <EF" <90 GeV
extracted from DIS analyses. ool e %L\\ = :\%
_ i 50|
= At low x and for low EJet: 200 [ [
sensitive to y structure! ; 40
But difficult to exploit! 100 | - S 20:— 3
(see next slide) ' e K =
Dﬁ' L]
1 0.2 04 DB D8 1
X?bs
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JETS AND PHOTON STRUCTURE =D

=
Low E; jets and the photon’s PDFs
= Low E; jets (4/6 GeV) sensitive

= ~—x
to gluon content in photon. x _ :
o 7( ® Hi jet data ]
—_ — : : —— Wl x O H1 single particles ]
297 4 Hidata DESY-00-035 - T s 4 —— GRVO2 ]
’_Eq_;“.o.ef— — PHOJET (GRV) 1 . 5F “".‘ """ :H;? 3
— o - : .. ............ a :
% os| " PYTHIA(GRY) ab Y\ - Lact ]
s | HEZ = HR® = Prjee® i <py2= = 74 GeVZ2 i
T °4f ab l ]
T | N ]
0'32_ 2 Y, B
ozf i T i ““ # | n ;
o1 _i _____ _gluons SN o[ DESY-00-035
o ENNNN 2 . E— 1
1 1
’ Xy jets xT
= Large contributions from underlying GlUOf_‘ density in the |_:>hoton from H1 dijet
events for low E; values data in photoproduction:

=> subtraction procedure. _
Agreement with other deter-

= Size of correction depends on model! . -
minations; but very large errors.

=» large uncertainties!
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FORWARD JETS 2D

Hunting for signs of BFKL evolution

= DGLAP approximation: Resum terms InQ2 for parton evolution
=>» works very well for most of HERA regime (F,!)

= breakdown expected at very low x since terms In1/x neglected!
-- can we distinguish the onset of BFKL-like evolution?
= “forward / Mueller-Navelet jets”
= CCFM evolution as a bridge between DGLAP and BFKL?

Design phase-space to suppress
DGLAP and enhance BFKL:

DGLAP: "] ¢, . =forward region: n > 2 (close to proton)

k; large

k; ordering! ) = jet E;2 ~ Q2 (suppressed in DGLAP)
BEKL: " = large X =Eje/Eproron (r€alized in BFKL)
x ordering! K.
9 kn All results: Problems at low x!
x large NNLO? Resolved? Evolution?
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H1l AND ZEUS FORWARD JETS =D
as functions of x — spot problems in evolution?
= only 1997 data, 13.7pb-1

E— T I T T T T E 1 1 T 1 I 1 1 1 1
= : z“”féfﬁﬁm = [ ¢ ZEUS [preL) 95-00
- 2 T I - LEPTO 1 & _+ — DISENT |
5 < Q? < 85 GeV?, uy=E; £200 "L| _______ L] & 200 & 0o
HA1 forward jet data H1 forward jet data B ToeaeamEs) B : uncertatnty
) 4 H1 Y H1 i
= 1000 % E scale uncert ;"_. 1000 % _(E)hﬁﬂlgﬁ:;—n 100 T 1DD i ]
- — NLO DISENT 145, ;m ---- CASCADE set-2 [
-._-n_ 0.5p, emp =2 — I T |
3 PO uneent 3 - | P05 AbS.278
B + === LO DISENT D 1 1 1 1 | 1 1 1 1 D 1
00 +Bann 0 0.0025 0.00%0 0.0025 0.005
a) Tighter cuts; than H1 - same *
ek statistics from 72pb-1. u;=Q.

0001 0002 0.003 O 0001 0002 0.003 0004

X

5 [ forwerd jetdeta " All models below data at low x.
P -- CCFM unclear
3 —cow (PDFs, missing g->qq terms?)
3 35 -- resolved photons better
-- ARTADNE (BFKL-like) good

x Bj
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FORWARD JET+CENTRAL DIJETS =@

Further constraining the phase-space (H1)

Request dijets in central detector An <t A1
(same E; > 6 GeV for all jets > g | e b, w9
no k;-ordering > DGLAP suppressed): & I 5 + = KBl
a, et YT Tl 3 S F— 3 om|
Xq Mier An, oo N — § ______
A Nierz
Th x [ |an, j | 2
Tlfwd—j:t Tlfwd—j:t an,
i = resolved LO MC fails!
= CDM (BFKL-like) close to data
Choice of An,, An, selects specific = CCFM does not describe shapes.

evolution scenarios:
-- An, small = no PS for BFKL radiation
-- An, large > BFKL between jet1, jer2? ~CONCLUSION: UNCLEAR!

-- 'BFKL’ region: An;<1, An,>1 But clearly more kq-unordered
-- But: correct ordering of jets? necessary than in resolved y.
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SUMMARY AND OUTLOOK =D

Jet physics at HERA delivers many nice results!

= Many measurements and QCD tests performed with jets.
Interesting areas (transition DIS-photoproduction, forward jets)

-- Detailed Xsections and o, measurements make HERA a precision QCD
machine (QCD fits); input crucial for LHC physics (QCD background).

-- Many analyses contributing to better understanding of QCD fundamentals!

= Many measurements dominated by theoretical uncertainties;
progress relies especially on theoretical advancements:

= NNLO: splitting functions already available!
Effect: More reliable cross-section prediction, reduction of scale uncertainty

= MC@NLO program (S. Frixione) with NLO matrix elements and parton showers attached
already implemented for pp; work on ep has started.
Effect: Simultaneous description of small-angle and large-angle phenomena; reliable
estimates of hadronisation corrections

= HERA lumi aim until 31/07/2007: 700pb!; 10x HERA1 statistics!

-- Improve existing measurements and stay open for the unexpected!
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NOT COVERED IN THIS TALK ED

Too many interesting subjects!

= Subjet measurements in photoproduction (ZEUS) - QCD radiation
pattern

= QCD color structure analysis using three-jet angular correlations (ZEUS)

= Interjet energy flow and the question of high-p; color-singlet exchange
(ZEUS)

= Event and jet shapes.
= Forward neutral pions (same questions as for forward jets).

= More results on the hadronic final state (multiplicities etc.).
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EXPERIMENTAL ENVIRONMENT

£

HERA, H1 and ZEUS

= p(920 GeV) on e(27.5 GeV)
= CMS energy: 318 GeV
= H1 and ZEUS: ~400 physicists

Halle NORD (H1)
Hall NORTH (H1)
Hall nard (H1)

Halle OST (HERMES)
Hall EAST (HERMES)
Hall est (HEAMES)

Integrated Luminosity (pb™")

p (920 GeV)

Halle WEST (HERA-B)
Hall WEST (HERA-B)
A\ Hall ouest (HERA-B)

Halle SUD (ZEUS)

Hall S0UTH (ZELS) 5
Hall sud (ZELS) /

HERA dellvered

— — — — n
= L] = o =

o

0 200 400 600 8OO

1000 1200 1400
days of running
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MOTIVATION AND OUTLINE

. from “simple to more and more complex
Forward jets and
parton evolution §

3 i i .NI\..!HH“IE"",_\ . i
NLO (1, =) { X .

* g
- ““ { g Xk 2
: e’ § s )
) ] =
; - camon' 3 S .

1§ - { o

af B R— 3 R

Wy e ] =
; | 2z

WJE- 2arions o._\.. = 1 o

af leosy)<0.68 | o X Kpy?

. ! =
5‘ iU 1‘5 . -3 35_ -IIE

)y (GeV)
Extraction of
QCD parameters
DLUD
o T inclusive et definition

0 ZEUS (prel,) 93-00
9
0z = Qcp

’ (0, (M) = 0.118 £ 0.003) ] i‘\ “ Jets at IOW QZIX
+% | P =3 W : (
015 [ § o 7 . J

et 2

ot M More fun with jets

I will mainly concentrate on new results since ICHEPO4.

Cross-section
measurements -
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EXPERIMENTAL ENVIRONMENT =D

HERA, H1 and ZEUS, kinematics of ep physics

HERA dellverad

[~ ]
=
T

Halle NORD (H1])
Hall NORTH (H1)
Hall nord (HT)

_. _.
8 ol

B

Halle \WWEST [HEH

Integrated Luminosity {(pb™)
8

ol

Halle SUD (ZEUS)

Hall SOUTH (ZEUS) :
Hall sud (ZEUS) /

o W0 w0 mo i 1m0 m
Momentum Proton momentum Energy days of running
transfer fraction in scattering transfer Lumi summary:

2
2 (kP ye Q/ _|_E « HERA-I (ZEUS): 91.7pb!
O ==k} =215 g 7 /E e HERA-II (e+) : 40.6pb-!
At given CMS energy only two ) e HERA-II (e-) : ~100pb
kin. variables independent: Q" =xys

PHOTGN200
31,08:4:09.2006, Wars T. Schorner-Sadenius: Jets at HERA




INCLUSIVE, 2, 3JETSATHIGHQ? =&

==
Well understood phase-space: Q? > 125 GeV?, Er ot > 8 GeV
: ZIEIIJS Inclusive

I TTT I [T
% 0.4 e T EEEE]NLtj@tLSﬂainty 7
= 02 © T =
= T ]
2 o g
g Ok + .
ﬁ-ﬂ‘-z n oI .
- * ZEUS (prel.) 98001 —— NLO (U,=Q)
-0.4 ?IlllllllllllIlllll??llllIIIIIIIlIIIIlIF
04 LA IR U UL M UL UL U L
- -2<Tgt< LS T leosvy,|<0.65 .
0.2 :_ I _:_ T _:
o 3 : + ﬁjﬂzﬂm :
02 | + .
04 - —
II 11 11 II 11 II 11 11 II 1 I 11 11 II 11 1 o
II LU II LI II LU II T I LI II LI 1]
04 - T - B
02 [ } —+ } 1 -
0 }E% . Fmrae—— ;
02 | +r [ -
-04 :_E|PSOS|’ Ab|s | + | | | | E

3d5 20 30 40 10 20 30 a0
Ef's (GeV)

Excellent description of data
by NLO QCD calculations.
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2 JETS IN PHOTOPRODUCTION (H1)= @

Further constraining the gluon in the protor

67pb-1, 99/00 g TR O B TR O T
o : 1 =

Q2 < 1GeV? 0.1 <y <09 R k- =
oo ---NLO s E

112 > 25,15 GeV (asymmetric e E E
cut’> safe NLO region) p e : : E
oo S B BN :

Results compared to LO MC N ER E
and NLO calculations. : 1 EPS05, Abs. 3

Lol b by bov by by e
D1 0E 03 04 05 08 OF 085 08
x’f

%'nnlnnlnm-lnnl

vl a b b 1
1 02 03 OOWSs o8 07 08 03
x’f

Special emphasis on x, and x, (momentum fractions of photon and proton
participating in the interactions = learn something about PDFs, especially xg(x)?

» Ipb)

do/dx
g

%

a N BN NLNL LI = L sl LR IR o LA AR B S AR RN
f x.rﬂ:d.B _ -9&1 xT:-a-d.B
:‘-mﬂ‘__ 1=
i — bt
L =
E E "E'mz: =
18 3
w
® Hi pral _
LD 3 e

— ML w3
| e B B L EPSOS Abs ‘S
Iﬂll.1I ”U!Ellllﬂ!'.’il IUL!-I IU!EII”U!E” ICl.]" 68(}12 ”IUB” U4 ”IU.IEI”IUIEIHI;?

Good description of data over
wide kinematic range by
both the MC and the NLO
calculation.

Use direct part of these data in
PDF fit (as done by ZEUS -
see later)?
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a, FROM JETS AT HIGH Q*: H1

Results
5 022 H1 prelim. 98-00 o 922 2
i prelim. E . . . )
0.20¢ 2 ofE) 0.20-  weremeoeagy| 1 data points in x* fit with
0.18; 0.18; PG M) Xz/dOf =1.44
0.16; 0.16¢
0.14: 0.14;
0.125& 0.125
0100 1504 Q7 « 200 GV’ 0105 200" <300 Gev’ 202
008020302050 008 8~ ""50"""30" 20 50 FEPSO5 Abs.625  Hi Preliminary 99-00
E, (GeV) E, (GeV) 0zl o oQ)

02 O from inclusive jets - o Averaged u (M,)

® 020- ° 0200 EPSO5 Abs.62 o181 World Average (PDG):
0.18" g - { tfM,) = 0.1187 £ 0.0020
016 0.16]- {
0.14;— B
0_125.4 § 0.14_—
010 300« 07 < 60D eV’ o L *
0082630 "% 50 a, from G3jet/52jet ?

E, (GeV) o | o B

i
Q (GeV")

10°

World average: o,(M,) = 0.1187+0.0020 Vv : "
H1 inclusive jets: o (M,) = 0.1197+0.0016(exp)+0.0047(theo) =iy e a_greemenl-
H1 3/2jet ratio: o (My) = 0.1175+0.0053(exp)+0.0061(theo) ~ EFrors coming down!
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a, FROM JETS AT HIGH Q“: ZEUS

Results
o from ratio 63,1/05er 2
some uncertainties cancel out! a, from inclusive jets:

5 05 o ZEUSee00 e small theoretical uncertainty!
3 f " r : - EPSO05 Abs.375

3 E o2pri B QCD _
o . % (0 (M) = 0.118 + 0.003) |
) =

3 % %

014

. _ oe _ : § % _

0.13 [ —

og(M;)

0, (M,)=0.1196=0.0025::0.0023

e S

10 15 20 25 30 35 40 45

o Theoretical U I ; Bfa (GeV)
- = W:roldreat:earag:?;ﬁa'lg? +0.0027 DESY-05-019 -
0,09 ) ol Ll 1 L

10" 10

1
2 3

Q*? (GeV?)
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GLOBAL QCD FITS AND

Effect on gluon uncertainty

Strong correlation between o
and the gluon density for in-
clusive F, data

=» large increase in gluon
uncertainty when o free!

ZEUS

=] s]
b

ZEUSNLO QCD fit

EZA tot.ecror (o, free)

[ tot.error (cx -fixed)

3 +
10 10

QX(GeV?)

Us

ZEUS

[ T T TTTTIT ! ||||||| T T TTTITIT T TTTTIT ]
2 |— ]
| x=0.001 |
15 — —
B —— ZEUS-JETSfit 7
L - tot. uncert. (o, free)
10 — I:l tot. uncert. (o, fixed) ]
s *=0.01 N
. x=0.1 —
0 2
1 1 ||||||| | |||||||| | 1 ||||||| 1 1 |||||||
1 10 10 10* 10*

Q’ (GeV?)

Jet cross sections directly sensitive to o, via
v*g — qqgbar (coupled to gluon) and via y*q
— g (NOT coupled to gluon)

= o, NOT as strongly correlated to gluon
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SUBJET DISTRIBUTIONS —[elil)
in high-Q? DIS — study QCD radiation pattern / jet structure
= Subjets are resolved by applying k, algo ] ZEUS

to ObjECtS of one jet as function of T’g{: I i IZEIUS (l;ml)l 98_0'0 S ld o
distance measure d =Y, Et>. Chosen m 3 ' ET>14GeV _
- - = o — jet g
here: Jets with two subjets at y.,=0.05! T [ NLO e l<TT <25 ]
cut = 2 2
= | —— LO A Q =125 GeV"
2 , [ Yt =005 ]
e . : o lll.-'f;' l‘:" lr." .l'l.:' II'?
P
‘O: 1+ -
. o Lo, N N . o I ]
. .'. - .'. 3 .'. . .'. o HHHHHHHHHHAHH A
.. B . B . & . @ é 0.4 E A4 theoretical incertamty e
. . Tt . Tt 0.2 - =
'.. e ® ® E ok H’;’;ﬂ T T ]
> g 02 . .
Increasing Y, © .04 EPSO5, Abs.384 4
0 01 02 03 04 05 0.6 0.7 0.8 09 1
shj _ jet
T

= Basically tested variables
ETsub/E _I_jet, nsub_njetll (I)SUb'd)jetl and
orientation of subjets in n-¢ space with
respect to proton beam.

All distributions nicely described by NLO
QCD within 10%.
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QCD COLOR DYNAMICS

3-Jet angular correlations and the underlying gauge group

Aim: Investigate color dynamics and e ZEUS
underlying gauge group using color ? I photoproduction
g 15 | * ZEUS (prel) 95-00 -
factors Cg, C,, and T. of QCD. €7 | sue _
= - —— Uy -
The 3jet Xsection is sensitive to various 3 [ — sum),largeN Il
color factor combinations: o e ]
O ot s — Cﬁ 0,+CC -0,+CT;-0,+T.C, -0y
0.5 —
a,3: angle between two lowest-
~.energy jets in 3-jet events!
%1.5 |+ ZEUS (prel.) 95-00 | = 0 F - - — ! !
':-g Fixed-order QCD = I ]
E, % 0.5 | F7774 theoretical uncertaimty —
=) 7 - ¥
1 ‘ N A N
> [ EPS05, Abs.379 E
0.5 . T o es e s 1
| cos(ix,,)
0 — SU(3) favoured, but U(1)3 not excluded!
cos{t) CF=0 and SU(N) (N large) excluded!
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QCD COLOR DYNAMICS i

3-Jet angular correlations and the underlying gauge group

Aim: Investigate color dynamics and
underlying gauge group using color
factors Cg, C,, and T of QCD. a,,3: angle between two lowest-

At LO 3jet Xsection sensitive to various Ielnlergy jets in 3-jet events!

. . L L L B AL L BN
color factor combinations:
= Cﬁ 0,+C,.C,-0,+C.T.-0.+T.C,-0

__' ZEUS (prel.) 95-00
Fixed-order QCD

G

'—I.
in

O-ep—>3 Jets

(lis) dofdcos(oy )

| Og

[
o

— C
__GD

0.5

u L 1 1 1 1 1 1 1 1 1 1 1 1
-1 -0.5 0 0.5 1

cos(0r,,)
Sensitivity to different contributions!
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QCD COLOR DYNAMICS i)

3-Jet angular correlations and the underlying gauge group

___ZEUS ___ZEUS
§ - photoproduction | ¥ | . . ZEUS (prel) 98-00  DIS -
=2 1.5 | = FEUS fpl"&l.} 95-00 _ \E:-" 1.5 — SU( —
B SU(3) = [ — U 1%) 1
= - — Uy 1 = - T
g : —— SU(N), large N E 1 E : (S:Ug?f largeN

1 L C,=0 41 =~ 1L F _

=

=
0.5 . 0.5 —

- L ¥
g 0 i I — | | & u'g :_: ——— :_:
% 0.5 ;— theoretical uncertainty !_; % 0.2 E_ _E
@ E e - - 1 =5 F -i- P I
§ T F e T ) p 025 - I T3
T.0s5 | 4 £ ™F E
FEPSOS, Abs379 ., ... .3 ~ oapEPSO5,Abs383
T -0.5 0 0.5 1 1 0.5 0 0.5 1
cos( 0L, ) cos(CL.,)
SU(3) favoured, but U(1)3 not excluded! C-=0 excluded!
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INTERJET ENERGY FLOW

in photoproduction dijet events with large rapidity gap
= Study color-singlet ZEUS

exchange with large E FPS05, Abs.380 =
momentum transfer $ oosl  pmbe dEZ*
by looking for u ™ E——

rapidity gap dijet pomeron: ; II ~ *

events. g 8 0279,

photon proton 0.15 ‘

¢ .. .
o S SO o]
oo |, Gap » Og
® o o . ZEUS (prel.) 1996-97
.o ’ ® e 0.05 ... HERWIG + BFKL x 145
o | TR PYTHIA '
P . ®* s | PYTHIA + high-t y x 426
0 2 4 6 8 10 12
= Compare data to MC models with(out) E7™" (Gev)
CS contributi_on: = 3-4% CS exchange necessary to account
-- PYTHIA: high-t-y exchange; for small E82P cross-section. Amount
-- Herwig: BFKL-Pomeron. depends on rapidity separation of jets.

T. Schorner-Sadenius: Jets at HERA



FROM PHOTOPRODUCTION TO DIS

The regime of low Q? (and low x)

//nR 3 O'(x;bs < 0.75)_ resolved )
[ O'(x;’bs > 0.75) direct !
z% $

(a) 49 < Ei < 85 GeV’

= For E;*>Q? parton can probe resolved
hadronic structure of photon; Resolved
photon contributes to hadronic final state.

o —7 e»—*ﬁ:v(“: Jet (b) 85 éEi <//156 GeV’
|

7 <Xy M NLO QCD (DIS, n? = Q%+E>
“W, Jet ¥ ~. ) 1)

v ¥ 2% NLO QCD (DIS, 1 =Q?)
~ *
o7 = $ o,
X A Xp - T e
—{ Jet = Tet Tt

"(c) 150« E2% 700 GeV®
T E=1 NLO QCD (Photoproduction, GRV)

T

b
]

o(x°*<0.75)  o(x°"*>0.75)

= Structure suppressed with increasing Q2. of — NLO QCD (Photoproduction, AFG)
= X, quantifies the amount of the photon’s 1 :
energy that enters the hard scattering: A Y. s ST
X < i =1. 10 107~ 1w 1 10 10° 10°
resolved x,<1, direct x =1. Q% (GoV®)
= Test influence of resolved photon -- Resolved relevant for Q2>100 GeV?!

contribution to the DIS dijet cross-section
as function Q2 using the ratio of resolved-
over direct-enriched events (x,<>0.75).

-- Direct NLO for low E; ~ 8 GeV even
at Q2 = 5 GeV2 not enough!

-- NNLO? Resummed?
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FROM PHOTOPRODUCTION TO DIS

The regime of low Q2 (2-80 GeV?) — H1 triple-diff. cross-sections——

* HI dafa HERWIG dir — HERWIG dir+tres res;
HERWIG dir+res . --- CASCADE

S<E<10GeV  10<E,<20GeV  20<E.<60GeV = not shown: direct NLO fails at low Q?,
X 100 - resolved decreases with Q? increasing.
5 Also JetViP with resolved cannot cover!
= Full LO MC (HERWIG) with resolved
contribution reproduces all features
of the data (problems at high x ).
= Parton shower necessary to describe
data at low Q? and x !

—
=
(=]

44> 0Q°>2GeV’
n
(=]

&0y, /(dQ? dBdx,) (pb GV )

= Some interplay between resolved
(mimicking ks-unordered!) and CCFM
evolution — also CASCADE does a
reasonable job (sensitivity to PDF!!!!)

Older study of dijets with small azimuthal
separation: 2(3)jet NLO cannot account for
the data completely; ky-non-ordered models
i os .1 (CCFM) do a better job.

% %

80>Q°>25GeV’ 25>Q°>10GeV’ 10>Q°> 4.4 GeV’

T. Schorner-Sadenius: Jets at HERA



FROM PHOTOPRODUCTION TO DIS = @

The regime of low Q2 (and low x)

Say something about the S measurement from H1.
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FROM PHOTOPRODUCTION TO DIS

Low E; jets and the photon’s PDFs

e H1 data

a

-]
T
|

a
= Low E; jets (6 GeV) are sensitive to = :
the gluon content in the photon. Bosf — PHOJET(GRV) L
- L 4
Z [ - PYTHIA (GRV)
- - . [} 05
= Large contributions from underlying % : 2= g = prjed?
events — o4l
=» subtraction procedure, amount of I
subtracted energy depends on model! >
= large uncertainties! ozf %Ii
———— - 01 § gluons i3S
o 2r ' = e IR
E | e HiData — PHOJET (GRY) ; I NN
“~ T PYTHIA (GRV) o ¥
5 | He2 = g = Prye® ] vjets
HP- 1651 ]
L I s S :
0 N :
o 1
PR } ]
o i
T
05—# ’;%
of . ]
* XT,JG-::S
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PHOTOPRODUCTION JETS =D

Low E; jets and the photon’s PDFs

Effective parton distribution /., = (q(xy) +q (xy))+ % g(x,)

—t
h

T T
]

b e H1 Data

— GRV 92

- quark/antiquark contribution

\ <p2= = 74 GeV2

x, (a(x) +q (x) +9/4 g(x))

-

o
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FORWARD JETS

Hunting for signs of BFKL evolution

= Perturbative expansion of evolution ~3 4 1n(Q2)’" In(l/x)
equations -

DSBS (o, n@* ) AIUBEY Y (o, In1/x)'  CCFM: In(Q?) and In(1/x)

= DGLAP approximation scheme for parton evolution works very well
for most of HERA reglme (F,D

-- breakdowi - W X since terms In1/x neglected!
- can we dis .. ' BlSuppress DGLAP, enhance BFKL:
ky large = forward region: n > 2 (close to proton)
DGLAP: e, = jet E;2 ~ Q? (suppressed in DGLAP)
k; ordering! kT““ " Iarge Xiet=Ejet/ Eproton (r€alized in BFKL)
BFKL: . All previous results: Problems at low x!
x ordering! “
- -- NNLO? At all orders all schemes work
x large -- Resolved? May mimic higher orders

-- Evolution? Is it really BFKL?
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H1l AND ZEUS FORWARD JETS

as functions of x — spot problems in evolutlon?

- T T T I T T T T En ) T T
u OnIy 1997 data 13. 7pb 1 £ ' ¢ ZEUS(preLi9800] © ' + IZEUS[mew&m
— s — ARIADNE — -
> 5 pal i - 1 % i — DISENT
"5< Q < 85 GeV Y HR_ET EMEDD 2 o T CASCADE 51 EMEDD + e i
H1 forward jet data H1 forward jet data B L ‘= CASCADEs2 | B L [ uncertatnty
") 4 Hi prelim. r 4 H1 Prelim. © © B
£ 1000 - @Esml& uncert £ m E_scale uncert.
o) ) El RG-DIR 100 k.- 100 .
% — NLOdijet 148,,,| % 750 - - - RG-DIR+RES
E TH0 I:l u‘ﬁpr.ﬁpr.fﬂpr.f E
i PDF uncert. (] L T —
= =
soo - W LO di—jﬂt 5(.‘!.') ..... D 1 1 1 1 | 1 1 1 1 1 ] 1 L
T+ Bpa0 0 0.0025 0.0080 0.0025 0.005
250 — 250 o X i . Mg
Tighter cuts tharf H1 > same statistics
T from 72pb! of data. u;=Q.

0001 0002 uma 000 nm1 nmz 0.003  0.004

xBj xBj

= All models below the data at low x values.
= CCFM unclear (PDF dependence!)

= resolved photons / ARIADNE (BFKL-like)
better / good
— is it non- k -ordered contribution?
But why then CCFM not better?
— is it mimicking higher orders (NNLO)?
—is |t a photon or a proton feature?

an

an—]
Koo

kTZ
le

=
—

il
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FORWARD JET+CENTRAL DIJETS

Further constraining the phase-space (H1)

H1 then requests dijets in central detector __ous Any<1 o an>1
(demand same E; > 6 GeV for all jets > £ | LP05, Abs. 384 | 2
no ky-ordering - DGLAP suppressed): %_ﬁ | %_ﬂ‘
An Miett WA Tt @ 0175
: lel:'l‘z ﬂn'h © °
Xg
A Nierz
le Kg ﬁng J 0 P T N 0 ! ! ! |
Tlfwd—jct nfwd—j:t 0 ? m']z ‘ E‘ﬂ‘nz
j = resolved LO MC describes An, > 1
= CDM (BFKL-like) better for An, <1
Choice of An,, An, selects specific evo- than for An, > 1
lution scenarios: o = CCFM PDF set 2 describes ‘BFKL’
-- An, small - no PS for BFKL radiation region
-- 'BFKL’ region: An,<1, An,>1
-- An, > 1: resolved photon picture .
-- But: correct ordering of jets? CONCLUSION: UNCLEAR!
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