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Jets and subjets at HERA

e Jet production and jet substructure has been extensively st udied at HERA

e Jet cross sections have proven to be a powerful tool
— to test pQCD and the SM
— Multi-jet cross sections in CC DIS ( ZEUS Collab, PRD 78 (2008) 032004 )
— to constrain the gluon pPDFs
— see Juan Terr On’s talk
— to determine g
— see Joerg Behr's talk
— to test the underlying colour dynamics
— Angular correlations in three-jet events (  ZEUS Collab, DESY-08-100)

e Jet substructure has been proven to be a powerful tool
— 1o test the pattern of parton radiation
— 1o test splitting functions
— to study colour-coherence effects
— to test underlying colour dynamics
— Subjet distributions in DIS (  ZEUS Collab, DESY-08-178)
— Three-subjet distributions in DIS (  ZEUS Collab, ZEUS-prel-09-007 )
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Jet production in DIS at HERA

e Jet production in NC and CC deep inelastic  ep scatteringupto O(as):

boson-gluon fusion
guark-parton model Jet

QCD Compton
e (v) Jet

roton
P IrOemnant P Femnant

Jet remnant Jet
e Jet production cross section for DIS is given in QCD by:

" Kinematics:
dojet = ) / dx fo(z, pr) déa(z, os(LR), LRs LF)

2 — momentum transfer:
a=qg,q,9 Q2 — _q2 — —(k - kl)2
— fa: parton a density, determined from experiment — Bjorken x: x = 2?3—.(1
- — inelasticity:
— long-distance structure of the target P v | _ Ei(1—cos6)
— &, subprocess cross section, calculable in pQCD Pk 25

— short-distance structure of the interaction

July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Jets and subjets at HERA

CC DIS and QCD

etp — v + jet + X (inclusive jets )
e Jets searched using the kr cluster algorithm in LAB frame
e Kinematic region: Q2% > 200 GeV? and y < 0.9
o At least one jet with  EI* > 14 GeV and —1 < it < 2.5
e L =359pb—11
e The measured cross section for the e p sample
decreases more rapidly than for the e~ p sample

e Comparison to NLO QCD predictions:
— the shape and magnitude of the measured
cross sections are reasonably well described
by the predictions

e Ratio of e pto eTp cross sections expected

tobe = 2 .

— increase at high E{ft values expected due to
iIncreasing contribution from valence-quark
densities at high @

— both reactions are sensitive to different quark

flavours
ZEUS Collab, Phys Rev D 78 (2008) 032004
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CC DIS and the proton PDFs

e Inclusive-jet cross sections in charged-current deep inel astic eip scattering:

60

‘ —

ET >14GeV « ZEUSCCép180pbt | 2 i EARRRRRRNL ]
1< <25 o ZEUS CC €p 179 pb* % I scale uncertainty ]
- ' ) - B 0 i |
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—~ - [ CTEQ6 (ep) ]
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- © N oo ]
o - é [ —— MRST(€p) ""=--eeoiiom™’ i
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P Pemnant 10'2 10'1

X X

— Good description of data by NLO QCD calculations
— Theoretical uncertainties dominated by PDF uncertainty
— measured cross sections can help to constrain further u and d PDFs

ZEUS Collab, Phys Rev D 78 (2008) 032004
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CC DIS and polarisation

e Inclusive-jet cross sections in charged current HERA Charged Current e *p Scattering
. . . . ~ 120 LI — T T T T T T
DIS with longitudinally-polarised e beams g% |  epow :
8 o H1 2005 (prel.) .
e SM prediction for polarisation dependence: > r e -
+ — 0 80| oo ]
O-CC(Pe) T (1 :I: Pe)O-CC - A?éjg 82—07 (prel.) il
olelectrons PeEsEmE
R 10_1?‘ R Wi 10-1; TzEuScC e I i
> ZEUSCCep 1 g * P=-0.37 (76 pb™) [~ HERAPDF 0.1 ]
Q I e P=-027(106pb™y, Q 10 L °_P=+0-32(105pb14: o1 ) i
g0l o P:-'IQI(I)_.?();)(mpb-lLE 2 indudivejets - -positrons :
N%’ inclusivejets N%’ 10 7 7 20~ > Q2> 400 GeV? 7
E 10 _3? E E 10 _4% é : y<0.9 :
© p 10'5E P 0_1...._0|.5....(|)....0|_5....1
s 3 E P,
0] 7 10 .
0 AN i “total”’ CC e* cross sectionvs P
E/ 25 ; = NE 25 [ ) Mpolarizationunfertaintl é _> Jet CrOSS SeC“OnS In CC 6
P2 1§ 2 e for different P,
= 15 = § 15 - E
T S 4t ... ... = Goodagreement with SM
g 10 0 Q2 (Gev?) ; 10 0

Q*(Gev?) predictions

ZEUS Collab, Phys Rev D 78 (2008) 032004
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Multi-jet production in CC DIS and QCD

Jet i
e ZEUSCC ep 180pb™ -

\Y Jet

o ZEUSCC €'p 179 pb™

e Additional jets
with EJet > 5 GeV

— NLO
o dies

TN T [ Q> 20Ge
.- . -2 y<09
e The measured dijet cross sections are  not well 10 yEJeu<z>>14(5) cov E
described by NLO - l<n®<25
e The shape of the measured three-jet cross sections J
are well described by LO P % w0 e ® e
1 e
e First observation of 3- and 4-jet production in CCDIS ¢ e
@) e ZEUSCC €p 180 pb
i ©) o ZEUSCC €' 179 pb™*
8_ — LO(norm.):
6 U_;" threejets
4“ _8 10 - _
3
2 2> 200 GeV?
: <09
0 T -1<n®<25

jet1(2,3)
-3\\\E‘\\\\ >14(55)Gev \‘\\\\‘\\\\‘\\\\‘\\\\

10
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0
ZEUS Collab, Phys Rev D 78 (2008) 032004
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Underlying group symmetry and colour factors

e The colour factors represent the relative g C X q
strength of the processes and their CF, 9 g1F
relative contributions \ g g

e Their values are predicted by the underlying gauge-group st ructure
— for SU(N): Cp = (N? —1)/2N,C4 =N, Tp =1/2

e Since the couplings ggg and ggg have different spin structures, the colour factors
give rise to a specific pattern of angular correlations between the final- state jets

e Colour factors extensively studied at LEP by measuring angu lar correlations
between final-state jets in  eTe™ — 4 jets and C4/Cr and Tg/Cy determined

e In ep collisions at HERA , colour factors are studied using angular correlations
In three-jet events

e The predicted cross section at O(aag) can be written as
Oep—sjets = Caoa + CpCp-op + CpTp-oc + TpCa-op

July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Angular correlations in three-jet events

INCOMING
POSITRON

e Variables to highlight the contributions from
the different colour configurations
— angular correlations between the three jets

— O the angle between the plane determined by the

highest ng’t and the beam and the plane determined by

the two lowest E‘%‘ft jets (Mu noz-Tapia, Stirling)
— 3. the angle between the two lowest E*;‘ft jets
(inspired by the variable agie_ for ete™ — 4jets)
— B sw . defined by
cos B sw = cos 5[/[(P1 X P3), (B2 X PB)] + Z[(P1 X PB): (P2 X P3)]],
where p; is the momentum of jet < (ordered according to decreasing E{ft) and

ppg IS a unit vector in the direction of the proton beam L
(inspired by the K orner-Schierholz-Willrodt angle %gw for eTe™ — 4jets)

— n‘iﬁgx: pseudorapidity of the most forward jet

INCOMING
PROTON

ZEUS Collab, DESY-08-100
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Three-jet events in NC DIS and colour conflguratlons

ep — e + 3jet + X & | | |
e Jets searched using the kr cluster algorithm in Breit frame E
e Kinematic region: Q* > 125 GeV? and | cos .| < 0.65 B o ]
o Three jets with Ely > 8(5) GeV and —2 < ' < 1.5 2"
e Predictions for the angular correlations show 7
sensitivity to the different colour configurations o0t - .
e The distribution for o g has a very different shape j
than the others in  all variables N S |
e The distribution chr o p has a different shape than 150 v o, (Zoeg)
the others in  1)pax =
(aal
e The predicted relative contributions of each colour g
configuration in SU(3) are T B 1 .
— o4 (C%): 23% - CV o = |
— o (CpCLy): 13% B q F.q 42| _
— oc (CrTr): 39% g o |
— O (TFCA)Z 25% g

— Atotal of 38% for diagrams which involve C 4 (TGV) o s % 05 1
ZEUS Collab, DESY-08-100 cos(By sw)
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Angular correlations and underlying gauge symmetry

e Measured normalised three-jet cross sections in NC DIS vs (’)(ag) predictions
based on different symmetry groups
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L 4 teV] L L — r
[ L
S L — - zEUSDISE2pb? | O | Q?>125GeV’ ° L S |
o) 3 o) @ L B L
© -- U@ () w ho]
— L o] (@] L —~ 15 —
b ..l - SU(N), largeN = 1Ir 1 8 o 3
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= R CF =0 © o = ~ [
—~ o L
- S0@) © ~
............... E‘, o ir B
i 2
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s
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A 05F 1 3 o5 - B o5 - B o5 E
I ar a s e e = 2 o S T s = S B o g
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o -0.5 - | o -0.5 - | o -0.5 - | o] 05 - |
T R L ! ! l ° R ! ! ! R ° R L ! L ° R T ! l
0 20 60 80 -1 05 0 05 1 -1 05 0 05 1 - 1 0 1 nj(—I
©y (deg) cos(ay;) cos(By sw) max

e The data disfavour SU(N) in the limit of large N and Cg = 0 symmetry groups

e The measurements are consistent with the admixture of colou r configurations
as predicted by SU(3)
— the discrepancies observed can be attributed to higher orde rs —

ZEUS Collab, DESY-08-100
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Angular correlations and underlying gauge symmetry

e Measured normalised three-jet cross sections in NC DIS vs (’)(ag’) predictions
based on SU(3) symmetry group

— ]
®I0.03 ‘ - ,\% 15 w &
[ 7 [ [ [
% A 0(c?) « ZEUSDIS82pb? | % | Q°>125Gev? & | o
o T — 0(d 8 w 3
L o (@] L 15 —
o B 1 18 =
= 002 - 41 B S 10 -3 I
N—' o b F ~— =
&) © I
= ° 1r a
N—r L
! 2
001 |- 05 i 05 - . I
i i 05 - 4
a» OFf a» O i i i a» O i i i a» O
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O "~ O "~ O M O ~r
S of S oF S S = | S SOy e
I I £ ¥ I =
S -05[ 1 B 05 1 B 05 1 B 05 e
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e VVery good description of data by SU(3) at O(af;’)

e Potential to extract the colour factors from these measurem ents
— NLO analysis and more statistics to be able to distinguish SU (3) and U(1)3
are required

ZEUS Collab, DESY-08-100
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Two-subjet distributions

e Subjets: jet-like substructures identified by reapplying the k1 algorithm at
smaller values of the resolution parameter  ycut

e Subjet distributions can be used to study:

— pattern of parton radiation from a primary parton
— direct test of splitting functions  P,p(z, 1)

and their scale dependence 5 broton subjet
remnant
— colour coherence
— soft gluon radiation tends to be emitted towards proton dire ction

e Measurements of normalised cross sections as functions of , ¢ qe
sbj ;jet sbi et | 4sbj_ sjet sbj "
Ep"/Ep", n°P) =%, [¢°P) — 1% and o
and their dependence with E‘;’t, Q2 and x

— Jets searched using the kg cluster algorithm in LAB | gl AN
frame

— Kinematic region: Q2> 125 GeV? |

— At least one jet with  EJS*>14 GeV and —1<ni*t < 2.5 st centre

— Final sample: jets that have two subjets for ycut =0.05

Subjet with higher ET

proton
direction

ZEUS Collab, DESY-08-178
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Two-subjet distributions and pattern of parton radiation

e Normalised subjet cross sections compared with NLO calcula tions:
Sbj jet. - hﬁ’}\— T T T ‘ T T T T Z Ef\US ‘ 1 T 1
o E . /ET . the two subjets tend to | e zEUsE2pb? 1% ,0 ;
.= sbj By S [ EHNLO 185 i
have similar Er. 5 [ e <
. . 3 815 ]
e nSPJ —pJet: asymmetric two-peak g2 - 3
structure F ]
. . 1 - —
o |¢SbJ—¢let|: suppression around 0 e — ]
because the two subjets cannot be ol vt vl gbelL
0.2 04 0.6 o 1%.8 -05 0 0.5Sb .
resolved when close ETET o
hd . b. . . w_ T T T T T T T T T T T ] = 06 T T T T T T T T T T T T
e oPJ: higher E; subjettendstobein % | 1% |
rear direction T | 5 . ;
— consistent with asymmetric peaks § 2 -

of ,r,sbj_njet r : I
I 7 0.2
— The NLO predictions, which contain ) ]

\\I\IA7 0 I

these diagrams )
0 0.2 04 06 0.8 0 1 2 ' 3
] l¢™-¢/° (rad) a® (rad)
q describe the data adequately

ZEUS Collab, DESY-08-178
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Two-subjet distributions and colour coherence

o o . . b' 3 t
e 1°PJ —pIet normalised cross section for  E) /EY" < 0.4
9
ZEUS
~~ L ‘ T T T T ‘ T T T
:glc  ZEUS82pb™
_3 « EY
E ,
3
5
=)
2
i
O I I I I I I I
-0.5 0 0.5 i i
e

— The higher (lower) E;bj subjet tends to be in the rear (forward) direction
— colour-coherence effects between the initial and final stat es

ZEUS Collab, DESY-08-178
July 16-22, 2009

C Glasman (Universidad Aut 6noma de Madrid)
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Two-subjet distributions and parton splitting

e Comparison with predictions for quark- and gluon-induced p rocesses
g q ZEUS
i g [ —qinduced & R
-§E 3 ginduced e ZEUS82pb’ 17 o 2 - - -
q o T 0 : 3 |
=4 i 21.5 B
— NLO prediction : s ?h ] N
81% of g-induced and  19% of g-induced | ]
e Predictions for these two types of e —— >
processes are different: ol ot 1 Tl
0.2 04 0.6 " J%S
— the two subjets in q iInduced have E/ET
more similar ET and are closerto £ T g 00 ]
each other than in g-induced ﬂg °F r 3 ]
—s The data are better described by the & , .« F= J =T ]
calculations for jets arising from the : . ] R ,
splitting of a quark into a quark-gluon 1 . 1 °r il
air B = ]
P ol vty iy ] P N B B
0 0.2 04 06 0.8 0 1 2 _ 3
l¢™-¢0°| (rad) a® (rad)

ZEUS Collab, DESY-08-178
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Three-subjet distributions

e Subjet distributions can be used to study:

— pattern of parton radiation from a primary parton
— direct test of splitting functions  P,p(z, p) and their scale dependence

— colour coherence
— soft gluon radiation tends to be emitted towards proton dire ction

— underlying group symmetry
— angular correlations between three subjets should show sen sitivity to the
colour configurations

e Measurements of normalised cross sections as functions of
sbj , ajet bij jet bij jet bij
EL7JER", nPPl—nI®, | 9P — I, 5P, °
HH’ a3 and ~y

— Jets searched using the kg cluster algorithm in LAB
frame

— Kinematic region: Q%> 125 GeV?

— At least one jet with E%?t >14 GeV and —1< et < 2.5

— Final sample: jets that have three subjets for ycut=0.03 -

A

ZEUS Collab, ZEUS-prel-09-007
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Three-subjet distributions and pattern of parton radiatio

e Normalised subjet cross sections compared with LO calculat lons:

T [aEsEayspt ] £ [zeus@eaysel’ ]
Sbj _]et ) ﬁ%" \ :,-LO 7 % 1 - BELo ]

o E . /ET .'the thrS%? subjets tend 2 ~_ 3 "
to have similar  E, S 50 A= ]
e 5P —piet: asymmetric two-peak N [
structure 5 1 ]
. . 1 L 10 . .
o |pSPI— pIet|: suppression around 0 : L |
because the SUbjetS cannot be %01 oz s oa o.sEsbleJ%e T s o s sb, 2
T T n-n
resolved when close g’ T zeusealmant| B [zevspdyames’ )
. bi ] % ; B3 Lo |5 [ B0 ]
e 3°P): lowest E;”) subjettendsto  § TR :
be in forward direction g O e O —
— consistent with asymmetric peaks . : r b
of ,r,sbj _njet 02 - ]
— The LO predictions describe the o1 ]
Sbj : | | | ! | | | |
dgta adequately, except for 3 T AT S T—
(higher orders? ) -9 ) B (rad)

ZEUS Collab, ZEUS-prel-09-007
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Angular correlations in three-subjet events

e Three-subjet angular correlations 0
— O the angle between the planes determined by
the highest- E7 subjet and the beam and the two
lowest- Ep subjets
— «23. the angle between the two lowest- Ep subjets
In the n — ¢ plane
— ~v: the angle between the highest- E7 subjet and the

vector difference of the two lowest- E7 subjets inthe n — ¢ plane n
£ 0.6 ‘ \ L I \ Q L >1.25 L e
®© _ ) _ R O -
5 SU@) 3 1 | U@ | B c SUEB)
5 A A - M- g
s _l._ -3 _'_': CF:TA s - _'_': CF:TA S 1 - f.--'._.._.z :'_'_ CF:TA _
2 :_:_.1 R . Ci.T,F: 1 2 I T oee Ci.T,F: i i _L ..... Ci.T,F:
04 b N - 0.75 |- il 7 i S— 1
ke I 075 - H— B
- e T D s s ; ]
Coconsl 05 L .. } : B I 1
. . EXEXE] 7 0.5 [ -
02 - -1 I | I 2o 1
“eeeen L cI..-—..-—-. B L T 4
e 0z~ . 025 |- T .
o IR,
O I I I I | I I I I | I I I I | O | L L O kress —:\-_:-:\o...\." L I \.."\":
0 1 2 3 2 3 2 3
O, (rad) 0, (rad) y (rad)

— The C'r - C 4 and C 4 - T'r configurations display distinct behaviour
ZEUS Collab, ZEUS-prel-09-007
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)




HEP 2009, Krakow, Poland Jets and subjets at HERA 19

Angular correlations and underlying gauge symmetry £

e Measured normalised three-subjet cross sections in NC DISv s (’)(ag) predictions
based on SU(3)

0.6 1 ‘Z‘E‘US — o — ‘Z‘E‘US T >1.25 — ‘Z‘E‘US —
%I ' K ZEUS(preI‘.) 334pb™ | | -SN e ZEUS(preI‘.) 334pb™ | %. Ce ZEUS(preI‘.) 334pb™ |
5 B Lo s ' B Lo ] S | B5 L0
g | 3 S
v0_4 v0.75 B ]
I ] 075 |-
05 - L
: 0.5 B
0.2 L J |
025 |- — - 0 | I
i ] : -
0 0 0 e
0 1 2 3 0 1
O, (rad) 0, (rad) y (rad)
e The measurements are consistent with the admixture of colou r configurations

as predicted by SU(3)

e SU(3) predicts: 47% (6’12;), 17% (Cp - CQL),27% (Cg - Tr) and 9% (Tg - C4)
— a total of 26% for the components which involve  C'4 (TGV)

e Potential to extract the colour factors from these measurem ents

ZEUS Collab, ZEUS-prel-09-007
July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)
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Conclusions

e Jet production and jet substructure are still being extensi vely studied at HERA

e Results shown:
* Multi-jet cross sections in CC DIS
* Angular correlations in three-jet events
* Two-subjet distributions
* Three-subjet distributions

e Measurements allow
~~ stringent tests of pQCD and the SM
~~ constraints on the proton PDFs
~~ test of the underlying gauge symmetry
~~ study of pattern of parton radiation
~~ study of colour coherence

% Jet analysis at HERA: a powerful tool that provides stringent tests of pQCD

July 16-22, 2009 C Glasman (Universidad Aut 6noma de Madrid)



