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HERA Experiments
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Overview

s jets production in large range of Q?: inclusive jets(PHP) and multijets(DIS)
s measurements of the cross sections and extraction of o (M,)

s comparison with NLO prediction

H1-Prelim-11-032

H1: Eur.Phys.J. C67 (2010), pp.1-24 H1-Prelim-12-031
Photoproduction DIS Low Q2 DIS High Q2
pl//ullllll‘ ] ] |-||||| ] |Q| |||||‘_’| ] [ | gl QI [ N A I A .I H
0 1 10 107 10° 10°
Q*[GeV?]

ZEUS: Nucl. Phys. B864 (2012), pp. 1-37

Test of QCD evolution mechanisms (DGLAP / BFKL / CCFM)
using azimuthal correlation
between the most forward jet and the scattered positron in DIS
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Jet Production in DIS

DIS inc. jets, dijet trijet
q
q
g
The momentum fraction of the proton 1+ M
carried by the parton entering the hard subprocess ° § xBJ( + 12/Q )

Boost to Breit frame, 2P + g =0

o T %

coupling

Only hard QCD process generates significant Pt in Breit frame
Direct sensitivity to ag and gluon PDF
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Multi-Jet Production in DIS
)

Low Q2 High Q2
NC DIS and Jet selections
HERA-1 data 44pb HERA-2 data 350pb™
NC DIS Selection 5<Q?<100GeV? 02 <y< 07 NC DIS Selection 150 < QF = 15000 CGeV? 02 <y <07
Inclusive jet Pr = 5GeV Inclusive jet T = Prp < 50GeV
. .j-E:l‘I __:!:'.:2 - B 1.0 < jet < 95 i B e :.:d_!l'._ 3jatd < B0 CaV 1.0 < g, < 9k
2-jet . P'.r E P'.r >5 Gel My > 18 GeV LO <, ) Dijet J'a! . !»! , 1 My > 16GeV Tak
.-'I"_ii.‘l !”FF1 }'}]r-el_' Jr)_l_'r!:'.:: = -; [:,;("1'l|r Tl.'fh."l .".l - .'!_I:r:". |_ I::iﬂ_!l.'.'_ !::i:!l.l = -:-:|':_.'r|_-"..'

# Cross sections are measure # Cross sections are measure
as function of Q?, p(<p;>) and § as function of Q?, p(<p;>) and §
# main experimental uncertainties # main experimental uncertainties
- jet energy scale 2% - Ac/o = 4-10% - jet energy scale 1% —~ Ac/o = 3-10%
- uncertainty in acceptance - Ao/o=2-15% - uncertainty in acceptance - Ao/o= 4-5%
# NLO calculation: NLOJET++ # NLO calculation: NLOJET++
- MSbar scheme for 5 massless quark flavors - MSbar scheme for 5 massless quark flavors
- PDFs: CTEQ6.5M - PDFs: HERAPDF1.5, CT10
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Multi-Jet Cross Sections at High Q? H1-Prelim-11-032

Single Differential Cross Sections

Incl. Jet 2- Jet 3- Jet
T | InclusiveJet  § H1 Data (prel) "-% 10? - Dijet # H1 Data (prel) f:_ - Trijet ¢ H1 Data (prel.)
8 10°; =NO0®c,0Z | § =NL0®C,®Z | 8 gl =NLO® ¢, 82’
g gu ERAPDF15 2 10¢ HERAPDF 1.5 § s HERAPDF 1.5
ﬂ.l- 10:— A - A - e
3 Ei 1 3 % -
.8 1§_ o : E o } i eervaerey  weneny
[ H1 If'rellmlnarzl.r —'— 3 1‘71?!-'1. Il?’rellmmaﬂl.f —'— 2 W'z‘i'," !Jrlteltmlnary |
g 12t o 12} o 12}
« EREThTTEeTseEe p EEEEEEEREEEEs 1_
E D B B L ! ! ! E D'B B ! ? | ! I ! o n-B L |
8910 20 30 40 8910 20 30 40 8 910 20

P, [GeV] <P_>[GeV] <P_> [GeV]

NLO QCD with p, = V(Q? + P,)/2 and HERAPDF 1.5

describes well inclusive jet, dijet and trijet single differential cross
sections
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D la,.

Normalised Multi-Jet Cross Sections at High Q°
Double Differential Inclusive Jet Cross Sections
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H1-Prelim-12-031

Benefit:
partial cancellation of
experimental and
theoretical uncertainties

Comparison with
NLOJet++ and QCDNUM
corrected to hadronisation
effects

Scale choice:
u = Q2
2, = (Q+P2)/2

In all bins (besides the highest Q2 and highest P;)
the experimental uncertainties are smaller than the theoretical uncertainties

Stanislaw M1K0ocCKi1
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Normalized Multi-Jet Cross Sections at High Q?

Normalised

Normalised Normalised

H1

10"’ £ Inclusive Jet Dijet Trijet
E Preliminary
E . °
: . . NLO ®c, 4
108 ¢ . - NLOJet++ and fastNLO
E o o QCDNUM
:E o o e e CT10, Og = 0.118
- o °
o 10°F ° ° . ® 150<Q?< 200 GeV®
ol C = ° o o (i=10)
X 3 - Y om O 200<Q?< 270 GeV?
(z) 10°F - - (i=8)
L F - - . e W 270<Q?< 400 GeV?
r E a o g (i = 6)
- - a o
©  10%F o O 400<Q*< 700 GeV?
E ., . o o (i=4)
E x b A 700 < Q?< 5000 GeV>
1k . ’ ) s (i=2)
A, 4 A 5000 < Q* < 15000 GeV?
3 a ; Aa (i = 0)
102F t tg
i 111 I | 1 11 11 II | 1 11 11 l| | 1 11
710 20 50 710 20 50 710 20 50
P P GeV
I:,T,Jet ( T>Di jet ( T>Tri jet [ ]
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NLO Calculation: |

NLOJet++ and QCDNUM
corrected for
hadronisation effects

Scale Choice:

ufZ — QZ
12 Q2+ P2

Small experimental
uncertainties

Good NLO description of
the data



o (M) from Normalized Multi-Jet Cross Sections at High Q?

o.(M,) Combined Fit

Largest benefit is from a combined fit

simultaneous fit to normalised inclusive jet, dijet and trijet cross sections
(all correlations are included)

Sensitive to higher orders

Theoretical uncertainties estimated by variation of scale,
k-factor (k = 0,,,/0,, ) — an estimator of higher order contributions

reaches values up to 1.45

Restrict analysis to k < 1.3

faster convergence of perturbative series
trade-off between number of data points and smaller theoretical uncertainties

Normalised Multijets with k < 1.3 x?/ndf: 53.2/41 = 1.30

& (M ,)=0.1163+0.0011(exp.) +0.0008( had )"y oo (th.) £0.0014( PDF)

Consistent with other o (M,) measurements

Small experimental uncertainties
Theoretical uncertainties are larger than the experimental

Stanislaw Mikocki Hadron Structure'l3 9



Multi-Jet Cross Sections at Low Q?

Inclusive Jet, 2-Jet and 3-Jet Cross Sections

Incl. Jet
S 1%k * Hi data
5, - NLO ® hadr
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Eur.Phys.J. C67 (2010), pp.1-24

s measurements are well discribed by NLO
s Experimental uncertainty 6-11%
s theory uncertainty dominated by

renorm. scale uncertainty:

10%(highest Q% and P;) to
30%(lowest Q2 and Py)

s pdf uncertainty 2-6%

s low predictive power of NLO
at low Q2 and/or low P;

s orders beyond NLO are needed
to match the precision of data
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Multi-Jet Cross Sections at Low Q?

Ga-jet/ Gz-jet

Ga-jet/ Gz-jet
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1
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H1 40 < Q2 < 100 GeV?

Foo

'  H1 data
¢ NLO ® hadr

" eyreevy %

s in ratio normalisation errors cancel and other syst. Uncertainties reduced by 50%
s reduced sensitivity to renormalisation scale variation in theory
s good description of ratio by NLOjet++

Stanislaw Mikocki
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O, from Multi-Jet Cross Sections at Low Q?

INCl JOt e st coss sector Combined Fit Incl.Jet+2-jet+3-jet :

s r H1 *+  H1data a)
N o (M ;)=0.1160:+0.0014 (exp.)* 22 (h.) £ 0.0016 ( PDF)

s

| a_ from Jet Cross Sections in DIS

5 ] T ]

o, G “s [ H1 + H1data
2- Jet o from 2-Jat Cross Sachions i - .. (High Q2 results: Eur.Phys.J.C65 (2010) 363), not this talk)
| i, fit to jets
% P H1 +  H1data b) n2s— TheoryzPDF {IS i
[ B o fittoop H I *  H1data for 5 <Q° < 100 Gev’
[ - i *  H1data for ° > 150 GeV*
0.2s TheoryzPDF B X -
[ 0.25 L Fit from Q° = 150 GeV* [arXiv:0004.3870]
- - o, = 01168 = QU007 [exp.) :300E (th.) = 0LOD1E (POF)
B B o == central value and exp. unc.
a.z0r L » Theory&FDF unc.
i i 0.20
E.'IE:— 015 -_ :
1 1 1 1 | B
3 & 7 8 9 10 1 L ! L ! I =
by [GeV] 5 & 7 8 8 10 0.15—
3' Jet o, from 3-Jat Cross sections Hy [GeV] -
% [ H1 + Hldata €) I
: -n,ﬁttuu.'s]__,,, ﬂ.1ﬂ_| A | 1 1 ] Lo ol
o TheoryPOF Experimental uncertainties 10 102
I reduced significantly u I GeV

020 wrt individual o extraction
i Remarkable agreement between
[ low, high Q? a_extraction

oIS

and QCD expectations

1Il '[I3
Wi g =y =y(Q*+ pl /2
d ( zH’aQ)iron Structure'l3 12
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Jet Production in Photoproduction

direct photoproduction resolved photoproduction

Direct sensitivity to ag, gluon and photon PDFs

Stanislaw Mikocki Hadron Structure'l3 13



Jet Production in Photoproduction

Data: ~300pb-1 (HERA-2)

Single and double differential inclusive jet cross sections are measured
as functions of jet transverse energy E.*t and pseudorapidity ni¢t for

photon virtuality: Q%<1 GeV?
yp centre-of-mass energies: 142<W, <293 GeV

Jets in lab frame:
EJjet> 17 GeV

-1 < et < 2.5

Jets were identified using the k,, anti-k; and SIScone jet algorithms in
laboratory frame.

Stanislaw Mikocki Hadron Structure'l3 14



Inclusive Jets in Photoproduction

Nucl. Phys. B864 (2012) 1

ZEUS ZEUS

— _I | T T 11 I L T T 11 | TT T 1T | T T 171 I T T 11 I TT 11 T T — 100“ T T | T T T T | T T T T | T T T T | T T T T T 1 T 1 T T 1 T
- e . 1 = - -1
© C » ZEUS 300 pb = [ ZEUS 300 pb
% 10 2F —— NLO (ZEUS-S/GRV-HO) z | — NLO (ZEUS-S/GRV-HO)

2 3 = B i
= : z 800

z = i ‘—3
= 10 F 3 L
‘?5 i 600 - -
= L s
1 E - -
: 400 | -
_1: d<n®<25 I ET >17GeV
10 £ Q<1GeV = Q' <1GeV?

142 < W <203 GeV
k; algorithm

142 <W_ <293 GeV 200 -

al k; algorithm

10 =
:l | 1111 I 111 | 111 | 11 | 11 11 I 1111 I 111 | 1 F
c' 0.5 f_l LI I LI | LI | T | T I LI I LI | I_I: c'
—_ E jet energy-scale uncertainty ] —_
Z 025F 1 3 <
1= » 1=
= o IR AT -
= T T T T R ] o : ]
_": .25 E_ 7777l theoretical uncertainty E _": .25 E_ 7777l theoretical uncertainty E
E _0.5 ?l 11 1 1 I 11 1 1 | 11 1 | | 1.1 1 | | 11 11 I L1 1 1 I 11 1 1 | I? E _0.5 : 1 | 11 11 | L1 1 1 | 1 11 1 | 11 11 | L1 1 1 | 11 1 I__
20 30 40 50 60 7O ?U 20 0.5 0 0.5 1 1.5 2 25
je jet
ES (GeV) N

Data compared to NLO QCD (O(a.?)):
Mp = He=H = B/
PDFs: proton PDF -ZEUS-s, photon PDF — GRV-HO, a, = 0.118

The NLO QCD calculation reproduce do/dE_*t well, do/dn*t is well described for nji¢t< 2
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Inclusive Jets in Photoproduction

Non-perturbative Effects

-0.25

= Ql<1GeV?

L I I I UL I
s ZEUS 300 pb™.
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NLO ® NP: 3
=== Prm=1GeV
= Do = 1.5 GeV E

ooooo

1<n™<25

142 <W_ <203 GeV
k; algorithm

0.25

A N LI i ol
S 2

- jet energy-scale uncertainty

do/dn’™ (pb)

rel. diff. to NLO

-0.5

f_lm tlheoreﬁltalum:lertaint?' | | 3

II|IIII 1
20 30 40 50 60 70 je?ﬂ 20
E} (GeV)

rel. diff, to NLO

1000 —
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0.5
0.25
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-0.5
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400

P

Sy fhhiczye:

—
-
-

AR AT

Data comparison to the NLO QCD calculation including an estimation of
non-perturbative effects from underlying events (not related to hadronisation )

Stanislaw Mikocki

Possible presence of effects in the data,
which are not included in the NLO QCD calculation

Hadron Structure'l3

| Multi-parton interactions
4] 1 notincludeed
1 in NLO calculation
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Inclusive Jets in Photoproduction

Dependence on photon PDFs

; _I | LU T 11T LU I LI | T T T I LI | LI TT E 1[}0“ T T
o * ZEUS 300 pb™ & I
% 10 © NLO: proton/photon PI}FS—; :,1
= — ZEUS-S/GRV-HO = 800
8 = - - - ZEUS-S/AFG04 =)
= 10 «—— ZEUS-S/CIJK 3 = i
2 ] 600
- i
1 = E I
: . 400
af len™<2s -
10 F  Q'<1GeV? E I
E 142<W_ <293 GeV 200
5 k; algorithm -
10 & -
) - | | | | | |
) 05 3 -
E E jet energy-scale uncertainty 3 Q 0.5 :L ! ! ! ! ! ! +—_
0.25 & = — 3
< 0 T E E 0-25 3 e ra e i w E
e HEOHHERR hale & ] < of . ::.;.'.ﬁ%:;ﬂ&ﬂﬂﬂﬂﬂﬁ;m E
T 0251 7777] theoretical uncertainty E a:—' F £I!£!ﬂ££ﬂﬁﬂ{w ;
- : ; 3 = 025 e
S 05F 3 . 3
L i | 11 | I L1 11 I | I | I | | | L1 1| I | | | L1 1 | I 1 — -
2‘“ 30 4“ 50 ﬁﬂ ?0 -E’-U gﬂ E_GIS:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII__
1€ 0.5 0 0.5 1 1.5 2 2.5
E; (GeV) njet

Some difference between three predictions, especially at low E*t. and high net

Potential to constrain photon PDFs
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Inclusive Jets in Photoproduction

Dependence on proton PDFs

; |||||||||||||||||||||||| E\lﬂﬂ“-llllllllllIIIIIIIIIIIIIIII
v [ s ZEUS 300 pb’! B
% 10 15 NLO: proton/photon PDFs- i: i
5 —— ZEUS-S/GRV-HO = 800
s = - - - HERAPDFL.5/GRV-HO E’
A 1[} — e—— - T = B
-.i‘:: MSTWO08/GRV-HO E 600
5 .
=
1 . L
E ] 400
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10 F  Q'<1GeV? 3 200 |-
E 142<W_ <293 GeV I
» k, algorithm -
lﬂ E_ 3 _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
i AT I T AT N T T T [ T A N W T I A B O MO A & 5 I I O O O O B
c' ﬂ q J_l 1T 1T | T 1T | T 1T | T 1T | 1T 1T | T TTT | T 1T | I_L Q 0.5 — +__
— g jet energy-scale uncertainty ] E E_ » _E
Z 0255 = 0.25 ¢ ]
g S1ee 2r ] S LF [E!EL'.E!’.'!!:::::;.?ﬂ:i@:ﬂtﬂ!{ﬂ{i{.{!ﬁ{fgﬂg{fgﬁ E
w O 5 g U E
ol r i = U0 -
1: -0.25 = [[/]] theoretical uncertainty 3 = s C ]
— » . - S —]
E _0.5 ?I 111 1 I L1 1 1 I 11 11 I 11 1 1 I 11 11 I 11 1 1 I 11 1 1 I I? h = _{:5 |{|}| L . “|5 ]I- Illql . 2._%
20 30 40 50 60 70 30 20 - e
jet rT]E-t
E; (GeV)
Small difference between three predictions
Low sensitivity to proton PDFs
Stanislaw Mikocki Hadron Structure'l3
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(ph/GeV)

jet
T

do/dE .
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Inclusive Jets in Photoproduction

ZEUS

» ZEUS 300 pb™ 3
NLO (ZEUS-5/GRV-HO) -

[
=
=

n

107
- Q' <1 GeV? .
4
10 "¢ 142<W_<203GeV 3
k. algorithm

2eqi®<ls _;
(x20000)
1.5:1?'*-:1%
xload ]

leni®<l5 _EI
(=100} 3

den™=0
1)

=1i"<1l |

(=10}

a3t jet energy-scale uncertainty

10 EIHHIHHIHHIHHIHHIHHIHHIE_

20 30 40 50 60 70 80 90
je
E; (GeV)

Hadron Structure'l3

Differential cross section based on k; jet

algorithm for inclusive jet photoproduction
with EFt.>17 GeV in different n® regions.

Difference between data and NLO at large
ne and low E*_could be from photon

PDFs or non-perturbative effects

The NLO QCD predictions give a
good description of the data , except
at (low E/*t and high njt)
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Inclusive Jets in Photoproduction

NLO QCD and Jet Algorithms Comparison

rel. diff, to NLO

_IIIIIIIIIIIIIIIIiIIIIIIIIIIIIlI_ J|Il!1[I1IJllll|llll]rlH|Tlll|llTl]!l:

- I LTa]gclinthm ] ZEUS‘.?!OUpb | ! l g i_l_z E anti-ky algori e ZEUS -W'ﬂpb'l 3

0 _ il - ol : ‘; 1 - f

[ dl<n®c2s 1<1Gev‘ 42<W,_<201GeV ] =0.8 fjfi!i ”L! 2 2 i -

_1 —] I [ I'} l Ll 11 | | IIQI | | | | | | [l I?l | I | I l I- E :I | |-l|{l‘rl‘ | |<|-I.5| I 1 I‘I:!IT]I.FIC‘I l 1 I:I.lﬁ'l2 F}.‘;mf Fglsl(l;el‘l | F

_I I L I | LI | L | L | | L L | | L | L I | |_ f | L L L | T 11 III L I L 1 _I LI I L rrnri 1 |:

- anti-k; algorithm —— NLO (ZEUS-S/GRV-HO) - 13 & SIScone algorithm —_— 6((!3 wrmee 6((13] @-'P_:

0 Pt —— || H !f!f!! :

; ST W T :

2 0.8 F | - | I ﬂ]lﬂ}rmtilﬂ nm:ertﬂmn | =

s | St s

: A 1 2

- [7I7] theoretical uncertainty 708 F =

_1 | I I I I L1 1 1 | 1 1 11 l I - l L1 11 l L1111 l L1 1] I 11 E ; | 1 111 | 1 111 I 1 111 I 1 111 J 1 1 11 I I 111 I 1111 I | F
20 30 40 50 60 70 80 90 = 20 30 40 50 60 70 80 90

E_i?t Ge - ]et
r (GeV) = E; (GeV)

s the agreement of the data to the NLO prediction is the same for all three jet algorithms
» no sensitivity of the result on the choice of the jet algorithm used
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Inclusive Jets in Photoproduction

Determination of a (M,) and Energy scale dependence

The measured single differential cross sections based on the three jet
algorithms were used to determine o (M,) values.

To minimise the effects of a non-perturbative contributions and reduce
uncertainties coming from proton PDFs only the measurements for
21 < Eet. < 71 GeV were used in the fit.

Energy-scale dependence of o

o (M,) obtained from presented data are: L1 e — ZELS S
= + ZEUS 300 pb '
L . +0.0023 +0.0042 DIGF. T corr. exp. ]
{'YS (MZ) "LT —_— 0. 1206 —0.0022 (e}(p.) —0.0035 (th. ) . » : .."H. E ;;Lr_rﬁﬂptgth.
. _ +0.0023 +0.0041 T ’ E
s (MZ)|anti-kr = 0.1198 255555 (€xp.) 2y gp34 (th.), ouf :
-+0.0022 +0.0046 E ]
The value of o (M,) determined from the k., anti-k, and I e ™ I " T
SIScone measurements are nicely agreeing EJ-E[ (GeV)
These determinations are consistent with previous ) o )
determinations of o (M,) and have a precision comparable to Running of a,in single experiment
those obtained from e*e- experiments in good agreement with Renormalisation

Group Equations prediction at 2-loops

Stanislaw Mikocki Hadron Structure'l3 21



Comparison of oy (M,) values

Uncertainties: exp. theo. ------

EW Fit, Z decays, 4NLO P N—

Gfitter Group, EPJC 72, 2003 (2012) i Experimental precision
H1+ZEUS NC, CC and jet QCD fits —— as good as
H1-prelim-11-034, ZEUS-Prel-11-000  ==assssssssss=ss or better than

H1 multijets at low Q others measurements
H1, EPJC 67, 1 (2010)

H1 norm. multijets at high Q? (unfold)

H1-prelim-12-031

ZEUS inclusive jets iny*p
ZEUS, Nucl. Phys. B 864, 1 (2012)

= ETSTApPTOT TS —— Theory uncertainty

Do, PRD 80, 111107 (2009)  memeeeee-as .
DO angular correlations, NLO B dominates

DO, Phys. Lett. B718,56 (2012) ~ s==sssseeeseseaaeeae. and
ATLAS incl. jets, NLO NNLO is needed

B. Malaescuetal., EPJC 72,2041 (2012) = ====s=s==cccs=ss

CMS R3/2, NLO ®
CMS PAS QCD-11-003(2013)  ===ss=seeeman

World average -
J. Beringer et al. (PDG), PRD 86 010001 (2012)

Stanislaw Mikocki Hadron Structure'l3 22



Part Il
Test of QCD evolution mechanisms (DGLAP / BFKL / CCFM)
using azimuthal correlation
between the most forward jet and the scattered positron in DIS

Stanislaw Mikocki Hadron Structure'l3




HERA : DIS at low Bjorken-x

e long gluon cascades excha

e pQCD — multiparton emissions described only with approximations :

\nnunnnnnnnnnacnnnnnnnnn

Search at HERA for effects of parton dynamics beyond the standard DGLAP approach

QCD dynamics at low Bjorken-x

down to 10° — energy in y*p cms is large (W,., = Q?/ X)) Q°

nged between the proton and the photon

e DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) evolution

resums terms ~ (0¢ InQ? )"
Assumes strong ordering of parton k;

e BFKL (Balitsky-Fadin-Kuraev-Lipatov) evolution:

resums terms ~ (ag In(1/x) )"
No ordering in k;, strong ordering in x
Transition from DGLAP to BFKL scheme expected at low x

e CCFM (Ciafaloni-Catani-Fiorani-Marchesini) evolution:

emitted partons are ordered in angles
reproduces DGLAP at large x and BFKL at x — 0

e Strong rise of the proton structure function F,(x, Q2) with decreasing x

— well described by

NLO DGLAP over a large range of Q?

F, measurement too inclusive to discriminate between different QCD evolution schemes

e Look at hadronic final states — reflecting kinematics, structure of gluon emissions

Stanislaw Mikocki

Hadron Structure'l3
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Forward Jets in DIS

Forward Jet Azimuthal Correlations

e
- Forward Jets in DIS (Mueller — Navelet jets) :
2 A
Q {_.. \ BFKL — more hard partons emitted close to the proton
X —-—C_l Ad Study high transverse momentum and high energy jets produced
kerrrrerss close to the proton ( forward region in LAB )

Suppress standard DGLAP evolution in Q? :

2 ~ 2
P T.fwdjet Q

QoeLQoQ00 g

Enhance BFKL evolution in x :

X’I: kT1 forward jet e o
3 X

Xswdjet = Efwdet

n

Data:H1, L=38.2 pb"’ Jets reconstructed in the Breit frame
and boosted to LAB, all cuts in LAB

Pr fwaict > 6 GV Measurement of the azimuthal angle
, fwdje ’

Bjorken

DIS selection

difference Ap between the scattered

1.73 < Nqugir < 279
0.1 <y <07 fuvdiet positron and the forward jet
=E_ .. [E > 0.035
5< Q*< 85 GeV? Xtwdjet = Etwdjet | Ep as a function of the rapidity distance
0.0001 < x < 0.004 0.5 < Prauge/ Q> < 6.0 Y between them.
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Monte Carlo models with different QCD dynamics

RAPGAP - DGLAP

LO QCD matrix elements
+ HO modelled by leading
log parton showers

=

F----

g —---

S

DGLAP

0

Single DGLAP ladder
with
strong ordering in k;

Stanislaw Mikocki

ARIADNE

Colour Dipole Model

CDM: QCD radiation
from the colour dipole
formed by the struck
quark and

the proton remnant.

Chain of independently
radiating dipoles formed
by the emitted gluons.

Jet
Jet

p

1'=.-"I 17 L T LY

BFKL- like Monte
Carlo :
random walk in k;

Hadron Structure'l3

CASCADE - CCFM

Off-shell QCD ME
+ parton emissions
based on the CCFM
equation

l{.[ — factorisation

——

7

-0

Angular ordering of parton
emissions
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Fixed order NLO DGLAP predictions

Forward jet cross sections — comparison with the predictions of pQCD
at NLO (a¢?) accuracy

o, kS

2

® Forward jet analysis — reconstruction of jets in the Breit frame - at least dijet topology

NLOJET ++ program ( Nagy & Trocsanyi, 2001 ) :
dijet production at parton level in DIS at NLO (a.?)

e PDF:CTEQ6.6,a (M,) =0.118

® parton level cross sections corrected for hadronistaion effects
using the RAPGAP model

Stanislaw Mikocki Hadron Structure'l3 27



Forward Jet Azimuthal Correlations

Eur. Phys. J. C72 (2012) 1910
At higher Y correspondig to lower x the forward jet is more
decorrelated from the scattered positron :

100 forward jet Cross sections best described by

[ * H1data . BFKL-like model CDM
e — ® DGLAP predictions below

80 - — com —

the data

® CCFM (set A0) as good
description as CDM at large Y

dol/dAd (pb/rad)

_..................----.....: The Shape of Am distributions are
u similarly well described by all MC

. 20=Y =34 i 3.4=<Y <425 425<¥Y <575 mOdeIS
<X >=0.0012 <X >=0.00048
| | | | |
E _ norm. MC
B n R= norm. data
IR TN TN U N N N N TN T N N T T N Y NN NN S N ANV SO A
0 1 2 3 1 2 3 1 2 3
Ad(rad)
Y = |n(Xfwdjet/ X) rapidity distance between the most . 1 doMC / 1 dodata
forward jet and the scattered positron -\ oMC dAG odata J A
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dol/dAd(pb/rad)

Forward Jet Azimuthal Correlations

Different splitting functions used in unintegrated gluon density function ( uPDF):

set AO — only singular terms of the gluon splitting function
set 2 —includes also non-singular terms

forward jet

100

| * H1data : i

5 Energy scale uncert. | I
Rl I N Lo ® Cross sections

i i I - i strongly depend on uPDF
60 [~ L Y o 1; i

i = E Z} I }- } f{i ® Shape of A@ distributions
40 |- I - at low Y shows sensitivity

|
ro!
-
LI_‘
™1 1

— ] to uPDF
- well described by the set A0

20
20=Y <34
<X ==0.0024

34=Y =425
<X =>=0.0012

425 =¥ < 5.75
< X >=0.00048

1.5

k

1
I
i

_;_I— C B R = norm. MC
™ B norm. data
B Ll 1 1 | Ll 1 1 | L1 1 1 | i L1 1 1 | L1 1 1 | | I | | B L1 1 | | Ll 1 | | Ll 1 1 |
0 1 2 3 1 2 3 1 2 3
Ad(rad)

Predictions of the CCFM model depend on the choice of uPDF
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Forward Jet Azimuthal Correlations

Comparison to NLO (O(a4?)) predictions

doldAd(pbirad)

forward jet
100
| e H1 data i i
B Energy scale uncert. |
80 |- —— NLOJET++ — —
: ===-0.5 -ur,f < l‘lr,f{ 2 -ur,f : n
oo | - 3 {----}-;I __1__.-£-. |
sl e t e -
PSS o e N
20 - ===~ L. """
S 20sY <34 | 34<Y <425 - 4.25<Y <575
i <x>=0.0024 [ <X >=0.0012 [ <x >=0.00048
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0 1 2 3 1 2 3 1 2 3
Ad(rad)

NLOJET++
PDF : CTEQ6.6, 0(M,)=0.118

Renormalisation and factorisation scales :

_ | Pr et @
I"lf_l"lr_ 2

Theoretical uncertainty :

factor 2 or V2 applied to p, and [, scales simultaneously

Stanislaw Mikocki Hadron Structure'l3

NLO predictions

e shape of A@ distributions
described, but
central value too low

® |arge scale uncertainty
( of up to 50% )
indicates importance of
higher orders
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do/dAd(pb/rad)

Forward Jet Azimuthal Correlations (+central jet)

e Subsample of events with forward jet + additional central jet
pT,centet >4 GeV, 1< N centet <1 :

AN = Ngugiet = Neenier > 2 ( €Nhance radiation between the forward and central jet)

e Ao still between the forward jet and the scattered positron

forward and central jet

| e H1 data
Energy scale uncert.
[ —— NLOJET++ i NLO (O(a¢?) predictions
50 == 0.5 < <21 — . Sl
' --F- e at low Y reasonable description
I__: I { of the data
e at high Y, central value to small
but still within theory uncertainty
® |arge scale uncertainty
( of up to 40% )
indicates importance of higher
B 2.0=Y <40 B 40=Y <575 order contributions
| <xX=>==0.0018 B <X >=0.00058
IIII|IIII|IIII|IIII|IIII|IIII|
0 1 2 3 1 2 3
Ad(rad)
NLOJET++

PDF : CTEQ6.6, 04(M,)=0.118

<p >2+Q2 (p 'e+p cen'e)
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Summary

Jets & o

HERA jet data among the most precise data for precision test of QCD
Perturbative QCD NLO calculations in general describe the data

Precision Measurement of Jet Production in DIS
- inclusive jets, dijets and trijets measurements
- absolute and normalised single and double differential cross sections
- multi-dimentional unfolding of various measurements simultaneously
Precision Measurement of Inclusive Jet Production in Photoproduction
- single and double differential cross sections
based on the three jet algorithms (k; , anti- k;, SIScone)

- the three jet algorithms give very similar results

Extracted values of a (M,) from jet production in different regimes competitve with other

measurements, precision dominated by theoretical uncertaintes
Running of a_ determination over a wide range of scale

Theory: Missing higher orders calculation (NNLO) often is dominated source of uncertainty

Azimuthal correlation of forward jets in DIS

Cross sections as a function of A and rapidity separation between the forward
jet and the scattered positron are best described by the BFKL — like model CDM

The shape of A distributions are well described by LO MC models with
different QCD evolution schemes

NLO DGLAP predictions are in general below the data, but still in agreement
within the large theoretical uncertainties

Stanislaw Mikocki Hadron Structure'l3
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Snapshot: Jets in PDFs fits

No Jets, o (M,) free + Jets, a (M) free
Hl and ZEUS HERA I+1I PDF Fit Hl and ZEUS HERA [+II PDF Fit with Jets
o 1 = o 1
o Q=10 GeV* : B Q=10 GV
ke rpmme—— g il gmemen
- HITE. QAT - #ITE. BACHTL

ramsiTizyizan BRcert.
od

Adding jets

HEBAPDF Simeciwre Fasoian Warking L sup

Adding jet data dramatically decreases
the low-x gluon uncertainty, not only
the experimental but also
the model and parametrization uncertainties

—pp- See Achim Geiser's Wednsday talk

Stanislaw Mikocki Hadron Structure'l3
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