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Introduction

e - e Inclusive measurement F,
0% well described by DGLAP

* Dijet cross section, jet rates
hard subsytem

* Jets in forward region
gluon emissions close to proton direction
well away from photon end of ladder

P N study parton dynamics
\/ most sensitive to different evolution
schemes in fwd region:
DGLAP ordered in k — soft emissions only

BFKL  non-ordered in k — arbitrary k
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Introduction

e - test QCD at small X
% parton dynamics beyond DGLAP?
X Bj xpj (small) Select phase space for evolution in x
BFKL
evolution Xbj << xet
from large
suppress phase space for
to small x o
evolution in Q2 DGLAP
2 . N2
forward jet Pt jt Q
_ Ejer
xjet_ ? (large)

S
-
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H1 detector at HERA

HERA: Ee=27.6 GeV

Ep=820 GeV
Vs =300 GeV Central jet chamber CJC
acceptance -1.75<n<1.75
=-Intan 6/2

backward
electromagnetic
calorimeter SpaCal

152°<0<177°
rec. of scattered e

Fwd jet analysis:
1997 data L=13.7 pb™
Kinematic Range:

) Hadronic final state: ; ;
Lar Calorimeter LAr calorimeter 5<Q <85GeV
4°<B<154° SpaCal 0.1<y<0.7

central tracker

0.0001 < Xy < 0.004
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Event and Jet Selection

Forward jet selection

inclusive kt-algorithm in Breit frame * single differential cross sections
dO'/dX

1.74<n,<2.79 forward jet O 5 <r=p 2/Q2 <5

Pre” 3-2 GeV suppress DGLAP

x ~E  /E >0.035 suppress QPM
SR e triple differential cross sections

if Njet>1: choose jet with highest n d’o/ dedezdptz
Dijet + forward jet selection
in addition 2 more jets = 2 highest pt jets
p.>6 GeV forall 3 jets * study n separation of
three jets

r] <rIJet1 r]JetZ <r']jetfwd (_31 < rl < 279)
no cut on ijetZ/Q2

other cuts on fwd jet as above
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QCD Predictions

Monte Carlo Event Generator (LO calc + PS + hadronisation)
*RAPGAP: LO ME + PS, DGLAP evolution, parton shower k ordered

direct y interactions

*RAPGAP RES: includes resolved vy interactions,
additional DGLAP ladder from photon to hardsubproces

*CDM ( ARIADNE): parton shower in CDM — BFKL like

*CASCADE: LO ME, CCFM evolution (initial state PS)
unintegrated gluon densities

all modesl| use Lund String Model Hadronisation

00000000000
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QCD Predictions

Monte Carlo Event Generator (LO calc + PS + hadronisation)
*RAPGAP: LO ME + PS, DGLAP evolution, parton shower k ordered

direct y interactions proton PDF: CTEQ6L

*RAPGAP RES: includes resolved yinteractions, photon PDF: 5aS1D
additional DGLAP ladder from photon to hardsubproces

*CDM ( ARIADNE): parton shower in CDM — BFKL like PDF: CTEQ6M

*CASCADE: LO ME, CCFM evolution (initial state PS)
unintegrated gluon densities

all modesl| use Lund String Model Hadronisation

NLO parton level Calulations
*DISENT:

dijet production at LO(GS) and NLO(GSZ) forward jet cross section PDF: CTEQEM

*NLOJET++:
three jet production at NLO(O(S3) dijet+forward jet cross section

hadr. corrections applied to caluclations: (1+0,, )
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Forward jets cross section: X,,

Comparison with NLO predictions

DISENT LO(O(S) and NLO(asz)
H1 forward jet data

2 2
= + Hi H, =Py
2 2, — 2
£ 1000 % E scale uncert H _<pT,fwdjet > =45 GeV
m 2 < 2 < 2
> — NLO DISENT 143, 0.5 <H <4u,
E 0'sur,f<l‘l‘r,f<2l‘lr,f (1 +6HAD)
© PDF uncert.
o
"¢  --- LODISENT :
500 143,15 at low Xy
* LO<<NLO
* NLO below data
at high X,
0.001 0.002 0.003 0.004 * NLO better agreement
Xg;

LO contributions suppressed
in selected phase space
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Forward jets cross section: X,,

Comparison with QCD models : CASCADE, RAPGAP and CDM

H1 forward jet data H1 forward jet data
) ¢ H1 ) o H1
£ 1000 E. scale uncert £ 1000 E. scale uncert.
= —— CASCADE set-1 — J RG-DIR
5 ----CASCADE set-2 | ¢ ----RG-DIR+RES
L= T ——CDM
-~ ~ -
o ©
T _I:F T
500 |- | 500 |- +
e, b) e, C)
e .
| | . 0 | |#='=
0.001 0.002 0.003 0.004 0.001 0.002 0.003 0.004
Xp; Xp;
CASCADE RAPGAP
« harder x_ spectrum * DIR — similar to NLO
]

* DIR+RES improved description of data
CDM
* Similar to RAPGAP-DIR+RES

* poor description of data
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Forward jets cross section: X,,

Comparison with QCD models : CASCADE, RAPGAP and CDM
H1 forward jet data

) ¢ H1
= 1000 E. scale uncert
= —— CASCADE set-1
% ----CASCADE set-2
o
~
O
U }
500 [-—..
i~ b)
piaieiviuieh B
I | &
0.001 0.002 0.003 0.004
xBj
CASCADE

 harder X, spectrum
* poor description of data
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do / dxg, (nb)

1000

500

H1 forward jet data

r

o=, C)

o Hi
E. scale uncert.
[0 RG-DIR

---- RG-DIR+RES
——CDM

]%

0.001 0.002 0.003 0.004

X

RAPGAP B]
* DIR — similar to NLO

* DIR+RES improved description of data
CDM
e Similar to RAPGAP-DIR+RES
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dcrldxbj :

best description:
RG-DIR+RES or CDM

CASCADE, RG-DIR,
DISENT fail
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Triple Differential Forward Jet Cross Section: X, Q4L p
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r=p ? ? 2 2 2>
T jet 5<Q°<10 10<Q°<20 20<Q°<85
10 @ 1.2<r<7 'b)  0.6<r<35 0.08 - C)  0.1<r<1.8
g | <r>=3.5 1.5 <r>=138 : <r>=0.8
\/ Lo H1 [] RG-DIR o
N | E scale uncert ~--RG-DIR+RES | 0.04
o B 1 | — CDM
b 5 == e
m 0.5 |- k= 0.02
N~ 1
% 0 L1 1 1T T 1 (o QLTI ﬁﬁ 0 i '
O [d)  35<<19 04 e 1895 L) 0.4<r<4.8
2 B
o] o <r>=8.1 <r>=4.2 0.02 <r>=1.8
R 4 L3
§S as i
(4] N-l- ------- i
ae L 0.2 | Le== i
vV O 0.01 |-
g O _I .
U 0 L1 1 L1 11 D L1 11 I 1 I# D 1 I 1 | [
-~
_8 -9) 9.5<r<80 0.03 L h)  4.8<r<40 i) 1.1<r<20
o 0.15 <r>=22.2 - <r>=11.3 <r>=4.9
S : ol 0.002 i-li
N R et e 1
o B -
= 0.001 —
,_‘\; 0.05 0.01 [ -
o i i ; i .
- : -
0 11 1 L1 11 D 0 1 I 1 I 1
0.1 0.5 1 0.1 1 2 1 2 3 4
3 3 3
xBj><10 xBjx10 xBjx10

2
T

Cross Section as fct. of x__in 3x3 p,*-
Q? bins (no ijet2 / Q% cut)

Comparison with
RAPGAP and CDM

3 kinematic regions:
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Triple Differential Forward Jet Cross Section: x_, Q% p.?

RAPGAP and CDM

T
r=p.. */ Qz 2 2 2> ; i 2
Jet 5<Q°<10 10<Q°<20 20<Q°<85  Cross Section as fct. of X, in 3x3 p.*-

O 10 |} 1.2a<7 D) 06aas | | [ oia<s Q? bins (no ol 2 [ Q*cut)

o ot <r>=3.5 ) _|:| RGf[r)TEm T jet

& | sesleuneen —cow | | Comparison with

g s P

N

&N

o L B 3 kinematic regions:

o |9) 3.5<r<19

e 18<a<95 -f)  0.4<r<4.8

ﬁr"\
>
Q
O
o] o <r>=8.1 <r>=4.2 . <r>=1.8
g = e | Prio ~ Q@ (1) eg. (B),(H
V a0 2@ becaead = . .
. P 1 02l i p_ordered emission suppressed
o B . .
P4 o — BFKL-like dynamics
5 . j RAPGAP DIR+RES gives best
-c 0 L1 1 L1 11 D L1 11 I 1 I# description
—~ 0.03
_8 -9) 9.5<r<80 L h)  4.8<r<40 i 1.1<r<20
0.15 <r>=22.2 - <r>=11.3 <t>=4.9
§ : o i 0.002 {§-
& o1 AT o FE 1 Ii
Q E § LI_
= 0.001 —
4 0.05 0.01 |- -
o F i . .
B | === - ~
0 11 1 11 1 1 D 0 1 I | I 1
0.1 0.5 1 0.1 1 2 1 2 3 q
3 3 3
xBj><10 xBjx10 xBjx10
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Triple Differential Forward Jet Cross Section: X, Q4L p
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r=p ? ? 2 2 2>
T jet 5<Q°<10 10<Q°<20 20<Q°<85
10 @ 1.2<r<7 'b)  0.6<r<35 0.1<r<1.8
g | <r>=3.5 1.5 <r>=138 <r>=0.8
\/ Lo H1 |[] RG-DIR
N - E scale uncert ---RG-DIR+RES
o B 1 | — CDM
b 5 == e
m 0.5 L
N~ —
% 0 L1 1 | I | D L1 11 L1
G L[ ssaqs] %[O 1sawes ) 0.4<r<4.8
o] o <r>=8.1 <r>=4.2 0.02 <r>=1.8
04— 4 L3
Vo - T —&
L | BE —~
V2 IS 0 ' 0.01 |-
g O _I .
U 0 L1 1 L1 11 D L1 11 I 1 I# D 1 I 1 | [
—~ 0.03 -
_8 -9) 9.5<r<80 L h)  4.8<r<40 i) 1.1<r<20
o 0.15 <r>=22.2 - <r>=11.3 <r>=4.9
S : ol 0.002 i-li
N R et e 1
o B -
= 0.001 —
,_‘\; 0.05 0.01 [ -
o 5 i ; i .
oo : -
0 11 1 L1 11 0 0 1 I 1 I 1
0.1 0.5 1 0.1 1 2 1 2 3 34
X x 10° Xo: X 10° Xo. % 10°
Bj Bj Bj

2
T

Cross Section as fct. of x__in 3x3 p,*-
Q? bins (no ijet2 / Q% cut)

Comparison with
RAPGAP and CDM

3 kinematic regions:

P, < Q (r<1)eg. (0
direct photon IA
DGLAP-like dynamics
RAPGAP-DIR: no good descr.
RAPGAP DIR+RES, CDM: better
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Triple Differential Forward Jet Cross Section: X, Q4L p

2
T

r=p, */1Q? 2 2 2
Tet 5<Q"<10 10<Q°<20 20<Q°<85  Cross Section as fct. of X, in 3x3 p_*-
- 0.06 2 2 1 A2
<r< b o<I<a. A<,
g [P ] [P temgt] [T vmat| Qbins(oopt/Qiaw
\/ |- -H1 [ RG-DIR
. - E scale uncert - ggi‘?'R"'RES 0.04 . .
. s g v Comparison with
ﬁ_ s o F e 0.02 RAPGAP and CDM
- i
% = o by 5.,,: ol L+ 1. 3 kinematic regions:
Of L,[@ ssaan|f| ™[ 18a<0s ) 0.4<r<4.8
<r>=8.1 <r>=4.2 . <r>=1.8
o 2 " 4 o0z fli ’ p,. > Q (r>1)eg. (d),(g),(h)
‘ﬁ_— sl oo | B2 Ll_ resolved virtual photons dynamics
s i = 0.01 |- RAPGAP DIR+RES: good descr.
» g . f I CDM: similar, RAPGAP DIR: too low
é 0 i 11 1 L1 1 1 0 I | I 1 I 1
_8 -d) 9.5<r<80 L h)  4.8<r<40 L) 1.1<r<20
. — <r>=22.2 - <r>=11.3 <r>=4.9
§ 15 E - 002 H§
N Joa R N it
S - 0ot | 001 —LI_
oo I l% !
0 11 1 L1 11 0 0 1 I 1 I 1
0.1 0.5 0.1 1 1 2 3 4
Xg; X 10° Xg; X 10° Xg; x 10°
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r= pT jet2 / Q2

35<p,2<95 12.25<p,2<35

do / dxdQ’dp.2 (nb GeV™)

95<p,2<400

10

N O

—

o

o
—

0.05

Triple Differential Forward Jet Cross Section: X, Q4L p
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P
2 2 2
5<Q°<10 10<Q°<20 20<Q°<85
| a) 1.2<r<7 2 b) 0.6<r<35 Lc)  0.1<r<1.8
N <r>=3.5 i <r>=1.8 0.06 [ <r>=0.8
| -@-H1 1.5 —=NLO DISEN{;I' ===LO DISE_II\I'IE'5
+ B +
: E scale uncert NE g_ggr{fn%éﬁ::fn 0.04 f!_ HAD
+ —— ) | +
- 05| == 0.02 f—y—
[ - ool
alnd ol Je Lol 0 - 0 il el s il 10 L1
0.4
| d) 3.5<r<19 | )  1.8<r<95 f)  04<r<as
- <r>=8.1 <r>=4.2 0.02 <r>=1.8
—— -+ + -
i B : B
| 0.2 — B
0.01 —
i i —— B
- . = I - .
il T LI 0 'I'l"l"l'f'l_'l'& 0 ' T--I-
- g) 9.5<r<80 h)  4.8<r<40 1) 1.1<r<20
B 3 <r>=22.2 .!_ <r>=11.3 0.002 kB <r>=4.9
— 0.02 — E
R oo
humi mmm | Femmm
[ IS D|||||||'|"l' 0 ' T
A 05 1 0.1 1 2 1 2 3
Xo, x 10° Xo x 10° X x 10°
Bj Bj Bj

2
T

Cross Section as fct. of X, in 3x3
p.>-Q* bins (no p_ */Q*cut)

Comparison with
LO(a,) and NLO(O(SZ)

predictions by DISENT
NLO undershoots the data

e large X Q3 pT2
NLO describes data better
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Triple Differential Forward Jet Cross Section: x_, Q% p.?

T
_ 2 2 -
r=p_ _“/Q 2 2 2 : .
T et 5<Q°<10 10<Q"<20 20<Q"°<85  Cross Section as fct. of X, in 3x3
2 2 A2 Wk 2 2
| a) 1.2<r<7 b) 0.6<r<35 L C)  0.1<r<1.8 -
g 0p EaT P 0| o Yt | Pr-Qbins(no pp /1 Q7eut
\/ | oH1 1.5 |— NLO DISENT - --LO DISENT
N - E scale uncert = 1+0yap i T+8ap
g - L okt | 004 TR
é 5 __+_ 1 :’_ ) L +
d - 05| == 0.02 f—y—
" | - :E.I?hau Fgeepeqesy d3cldxbde2d ptZ:
0 baled e SoT eI 0 - 0 LLL
o |9 35<19 04 (&)  1.8<r<9.5 f)  0.4<ras8 best description: RG-DIR+RES
= r>=8.1 <r>=4.2 0.02 -!- <r>=1.8
—— 4+ - or CDM
- 4+
1+

e I RG-DIR below data, best at r~1
2L 0.01 —LI_|:L= DISENT better at larger
i —— : ij’ QZ’ pTZ

i gbeevredmd o U] | CASCADE as single diff o

o

35<p,2<95
do / dxdQ’dp.2 (nb GeV™)

L g) 9.5<r<80 h)  4.8<r<40 1) 1.1<r<20
o g o2 [ 113 | gooa g o409 too hard x - spectra
g 0.1} 0.02 |- E
N_‘_ B =
Q | -
X 005 0.01 |- 0001 — —+
3 I R ——
XTRL] mEmm | LR L]
0 T e 0 b1 | T Al e 0 ' R
0.1 0.5 1 0.1 1 2 1 2 3 4
Xo: X 10° Xo: X 10° X.. X 10°
Bj Bj Bj
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High p_dijets + forward jet

Lﬁl 2 hardest jets (p_>6GeV): jet1, jet2
9 + forward jet (p.>6GeV) selected
Ar]1 2 2 !
L qa; (no P et / Q° cut)

xg——E ]
1 r-]e < r-]jet‘l <r]jet2 < r]fwdjet
= An, An=ng, N,

jet1 —

gn Ar’|2:r’|jet2 - Iﬂlfwdjet
FORWARD JET

rapidity separation
An <1 :jet1 and jet2 close in n, small X

many emissions in x

further handle to control An >1:large n separation between

parton dynamics 2 hardest jets
shorter parton ladder

An, small and An_ small: all jets “fwd”,

2 or 3 jets from gluons?
non-ordering in kt!
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High p_dijets + forward jet

Lﬁl Comparison with NLOJET++
| d, An NLO(a_’) three jet production
L q; : «good agreement with data at large An_
Xg— E g, edata less well described at low An_,
An, especially if An small
g / 2 gluon + 1 quark jet: only LO in O(O(S3) three jet calc.
E;r;_: F(':RWARD JET 3 gluon jets: missing
All An, An,<1 An,>1
% : +II-EI19caIe uncert a) g b) g : C)
~ 0.06 |- = NLO NLOJET++ 148,,,| ~ 0.02 |- ~ 0.03
=g 2| BB =
3 | 3 [ 3
B - - i — 0.02
R : ik T b
j © 001 % T SO
0.02 & PP 0.01 |
i I e
Am, An, An,
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High p_dijets + forward jet

%1 CDM Comparison with RAPGAP and CDM
| g, A * good description everywhere
| ] n, RAPGAP
X — c 2 » too low cross section, best when An_and An_ large
g Ewm 9, dijets-produced by gluon radiation — k ordering broken

likely if both forward i.e. if An_and An, small:

: An
g / ? CDM best description, RAPGAP DIR, DIR+RES fail
E: : : : : n dijet+fwd jet sample can differentiate RG DIR+RES and CDM

FORWARD JET additional breaking of kt ordering needed !
All An, An<1 An>1
) + H1 alg | b2 | c
5 — CDM 3 3 i
3 0.04 __I__I_ S + ________ E 002 +
e 0.01 F ] :—IE """""
0.02 I | B N 0.01 |-
i |
o ; ° : b —
An, An An
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High p_dijets + forward jet

Lﬁl Comparison with CASCADE
. q1
Anl * does not describe data
L d;
Xq
SARARE
: An,
9n
FORWARD JET
All An, An<1 An>1
-g - II-EI‘!.e.caIea uncert a) -g - b) 'g - C)
R = I R
e 0.06 - === - c I =
3 3 3 |
S I P T S IR ———"
0.04 ——I—+ © + © 002 +
I 0.01 — : I t
0.02 |- _ """""""" 0.01 |~
A T S
0 7 % — ° —
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Summary & Conclusions

*Jets in forward direction in DIS
with constraints in order to suppress DGLAP evolution and
enhance phase space for non-ordered parton evolutions

e Single and triple differential forward jet cross section as fct of X, and Q,, pt2

best desription of data by RAPGAP-DIR+RES and CDM
while CASCADE, RG-DIR fail

NLO(ocSZ) dijet only good description at large Xy; OF large Q,, large pt2

* N separation in dijet+forward jet sample
further handle on parton dynamics,
best description: CDM and RG-DIR+RES

« higher order parton emissions which break k ordering needed,
while simple DGLAP evolution restricts phase space too much

* dijet + fwd jet sample can differentiate between CDM and RG-DIR+RES:
CDM gives better description

additional breaking of k ordering compared to resolved y model needed
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Additional material
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forward jets:
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2 2 2
5<Q°<10 10<Q°<20 20<Q°<85
| a) 1.2<r<7 b)  0.6<r<3.5 0.06 L C)  0.1<r<1.8
N <r>=3.5 1.5 <r>=1.8 - <r>=0.8
@ H1 | —==CASCADE set-1
~ E scale uncert = =:CASCADE set-2 0.04 ;:*
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------ 0.5 |- W 0.02 B —.—|""
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I 11 I L 1 11 D I 1 11 I | | D i 1 I 1 | 1
0.4
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—— -3 0.02 F§-
— 02 L. -- -
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| —o— =
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5 0.02 [ 5 'l'h
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Cross Section as fct. of X in 3x3
p,>-Q* bins (no p_ */Q*cut)

Comparison with CASCADE

harder X, spectrum than in data
over full kinematic range
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