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Jet substructure at HERA 1
Jets and jet structure

e Perturbative calculations lead to partonic final states which are not directly
accessible to the experimentalist

jet
— hadrons and not partons are observed in the final state
— the observed hadrons are the result of the fragmentation of the

coloured partons /

— all hadrons originating from a parton are contained in a /hvadrons
narrow region around the original parton direction of
motion, forming a “jet” parton

— The first step in comparing experimental results with theoretical calculations
IS to group hadrons into jets to recover the parton topology (jet algorithms)
e Jet structure:

— the py, distribution of the hadrons in a jet scales with jet energy
— the pr distribution of the hadrons in a jet has a mean value of ~ 300 MeV
— pr/pr, (Mean angle between a hadron and the jet axis) should decrease
with jet energy — the size of a cone which contains a constant fraction of
jet energy decreases with the jet energy
— at high energies, gluon emission dominates and fragmentation effects become
negligible — structure of jets driven by radiation and calculable in pQCD
October 5-10, 2008

C Glasman (Universidad Autbnoma de Madrid)



Ringberg 2008 Jet substructure at HERA 2

Jet substructure

e The investigation of the internal structure of jets gives insight into the transition
between a parton produced in a hard process and the experimentally observable
jet of hadrons

e QCD predictions:

— jet substructure driven by gluon emission
off primary partons (at sufficiently high EJet,
fragmentation effects negligible)

— gluon jets are broader than quark jets
(larger colour charge of the gluon)

— jet substructure depends mainly on flavour of
primary parton from which the jet originated
and to a lesser extent on the hard scattering
process
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Jet substructure: integrated jet shape

e (r): fraction of the jet transverse energy that lies
Inside a cone in the n — ¢ plane of radius r, concentric with
the jet axis

Ep(r) r
"p(’l“) — ;]C-l?t — <'¢(7°)> — Nets ZJets E;iget)

mean integrated jet shape

Jet substructure: subjet multiplicity

e subjets: are resolved within a jet by reapplying the k1
cluster algorithm until for every pair of particles z, 3

d;; = min(ET;, Eijj)z[(m — ;)% + (i — ©5)?] \\
@@@

is above yeut - (E‘%‘ft)2

S i (Yeut)
=1 Sb_] yCUt Many subjets 49.1bjets Zsubjets 1subJet

The Jet

o..
—

(nSbJ (Yeut)) = N

mean subjet multiplicity Increasing .,

Jets
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QCD calculations of jet substructure

e QCD-based Monte Carlo models:
— PYTHIA, HERWIG, ARIADNE, LEPTO approximate the substructure of jets with
parton showers

e Fixed-order QCD calculations:
— at lowest order, a jet consists of one parton (no structure) Jet
— higher-order terms give the non-trivial contributions — Os
— NLO calculations in NC DIS are possible in LAB frame P

from (’)(ag) predictions since three partons can be S S 5
Inside one jet

e Measurements of jet substructure provide a stringent _
. ; e L aboratory Breit
test of pQCD calculations directly beyond LO  Frame Frame
ET

e pQCD calculations of jet shapes:
R
(1 — (r)) = [,."dET (ET/ET )[do (ep — 2partons)/dET]
_ _ - Ujet(EJet)
e PpQCD calculations of subjet multlpllcmes:

<nSbJ(yCUt)> =1 + — Z(] 1) - Usbj,j(ycut) =14+ Ciras+ C
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Jet substructure and QCD predictions

e QCD predictions:
— jet substructure driven by gluon emission
off primary partons (at sufficiently high
E‘%?t, fragmentation effects negligible)

'|i n].

i "‘:::_ﬂ-d-""-ﬂ"
-IT'T.

a Data |
— oy, p=E;

ey, o=E/ 2

ap, p=g,/ 4
—. Herwig 5.3 MC

i i i | . J
L
p 2?7
— Adequate description of data by (’)(af;’)
theory and QCD-based MC models
— QCD prediction confirmed!

& &5 GeVodets
O 75 GevV Jels
& 100 GeY Jets

CDF Collab, PRL 70 (1993) 713
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Jet substructure and QCD predictions

e QCD predictions:

c 15
— gluon jets are broader than quark jets (larger gg R
colour charge of the gluon) 6™ o0 d
1. — Conedefinition: —
- R=30°
0.9 } €=10 GeV N
0.8 f— ]
0.7 f— ]
o - OPAL
x :
% 00 = ¢ quark jet I
> = .
04 [ ¢ gluon jet B
— Gluon jets are seen to be substantially broader - ;
than quark jets Lk — mara
. . . L - Herwigh. ]
— QCD prediction confirmed! L/ — - Aniadneats
O. EllMllllllllllHllHll“lllllllllllll“llllll1A

0. 01 02 03 04 05 06 07 08 09 1
r/R

OPAL Collab, ZPC 68 (1995) 179
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)




Tests of pQCD using jet substructure at HERA



Ringberg 2008 Jet substructure at HERA 7

Jet production at HERA

e Jet production in photoproduction up to O(ay):

Jet

resolved: a:f;bs <1 direct: angs ~ 1
P proton
remnant Jet
obs__ 1 jet —17jet

— resolved processes give rise to quark and gluon jetsrmm

through g~gp — qg, gvgp — gg, ... g
— direct processes give rise mostly to quark jets through = +."

Y9 — 499 : 9

— It dependence of jet substructure expected to
show quark-like jets for njet < 0 and gluon-like e g
jets in forward direction due to HERA dynamics o
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Jet production at HERA

e Jet production in neutral and charged current deep inelastic ep scattering up to
O(as):

boson-gluon fusion

quark-parton model Jet QCD Compton
e (V) Jet

roton
P Pemnant

roton
P Pemnant Jet

— Inclusive-jet sample expected to be dominated by quark jets
— no dependence of jet substructure on ¢t expected

— Dijet sample expected to contain a larger fraction of gluon jets
— jets expected to become broader as ¢t increases
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e 1J°t dependence of (v(r)) in photoproduction

— Jets searched using the cone algorithm
— Kinematic region: 0.2 < y < 0.85 and

N
o
~ 1
>

Q* < 4 GeV? 08 - "

0.4 |

0.2 |

— At least one jet with EjTet > 14 GeV and 06 |
e (1(r)) vs r in different )°t regions:
— jets become broader as 7/¢* <
Increases
e Comparison to QCD predictions: 0.6 |
— models with only fragmentation oa |

predict jets too narrow
— models including initial- and final-
state QCD radiation give a good

@® ZEUS Data
£ > 14 GeV

PYTHIA
Res + Dir

07\
1

08 - .

0.2 04 06 0.8

description of the data for —1 < nJet <1
— parton radiation dominant mechanism responsible for jet shape

ZEUS Collab, EPJ C 2 (1998) 61
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e 1J°t dependence of (v(r)) in photoproduction

— Jets searched using the cone algorithm
— Kinematic region: 0.2 < y < 0.85 and

N
o
~ 1
>

0.4 |

02

Q? < 4 GeV?
— At least one jet with E%?t > 14 GeV and
—1 <P <2
e (1(r)) vs r in different nJ°* regions:
— jets become broader as njet §
Increases

e Comparison to QCD predictions:

— predictions for gluon and quark jets o+

show that the measured jets are
— quark-like for —1 < p’®t < 0
— gluon-like for 1 < et < 2

0.8 |

0.6 |

.
—
_e

@® ZEUS Data
£ > 14 GeV

PYTHIA
gluons
—e—e—equarks

O 7\
1
0.8 I

0.6

ZEUS Collab, EPJ C 2 (1998) 61
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Mean integrated jet shape in photoproduction
e ¢t and EjTet dependence of {(¢)(r=0.5)) in photoproduction

— Jets searched using the kr cluster algorithm A 1l e ZEUS, e
. . . A « ZEUS98'00yp Ei>17 GeV
— Kinematic region: 0.2 < y < 0.85 and ‘PLT —PYTHIA  PYTHIA M
Q* < 1 GeV? So9 . - quarks ]
— At least one jet with E%?t > 17 GeV and v e T
_ jet I \
<™ <25 08 - ---lvel o«
Hadron Ievel
jet 7‘Hmm\mmm\mmm.\mf
e The measured (¢ (r =0.5)) decre?ses with 7 07 105 0 s 1 s 2 T as
— the jets become broader as 7" increases n'®
t Al T 71T
e The measured (1 (r=0.5)) increases with EJe )
t .
— the jets become narrower as E‘]e mcreases 0o ]
\Y
O Compgrlson with the predictions for gluon and e ¢ —PYTHIA
quark jets: | : - resoly
— the broadening of the jets is consistent with 07 bl et
an increasing fraction of gluon jets as ¢t 20 30 40 50 Eﬁjg(G J;J
T e

Increases

ZEUS Collab, NP B 700 (2004) 3
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Mean integrated jet shape in photoproduction

e 22P5 and 79t dependence of (1(r)) in photoproduction

8l
. : dijet I dijet I
— Jets searched using the kp cluster algorithm Ao <”:7:amp ° Ao :Jsgamp °
— Kinematic region: 0.2 < y < 0.8 and %1 %1
Q2 S 1 GeV2 0.8-— 0.
— At least two jets with EX* > 7, 6 GeV and [
—0.75 < Pt < 1.5 0.6
o (1(r)) vs r in different 298 regions: o
— jets fo]; a:?ybs < 0.75 are broader than | // wha i A wha i
obs T E direct L direct
for m")f > 0.75 . [ e resolved T e resolved
o <’lp(’l" = O.5)> decreases with ’I’)Jet o Iole | Iof4l | Io.lel | Io.lsl | /iR o Iole | Iof4l | Io.lel | Io.lal | /iR
. : . r r
— jets become broader as 1€t increases dijet sample
o (1p(r=0.5)) increases with z3"® a0 :
— jets become narrower as m,‘;bs increaseg™ - ’
e Comparison to QCD predictions for o * H1 Data orel)
. 0651 085 --- direct
resolved and direct: HL (prel) oo ~reresolved
—s good description of data by predictions & ° © a1 S
— data consistent with being dominated by resolved for :cf;bs < 0.75 and by
; obs
direct for x> > 0.75 H1 Collab, H1-prelim-05-077
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Mean integrated jet shape in NC DIS

— Jets searched usmg the kr cluster algorithm in Breit frame
— Kinematic region: 10 < Q% < 120 GeV?
— At least two jets with EJQtB > 5 GeV and

jet

—1 < Mg < 2

e The measured (1 (r=0.5)) decreases with nJet

— the jets become broader towards proton direction

— effect more pronounced at low E{fgg

e The measured (¢ (r=0.5)) increases with E
— the jets become narrower as E

jet
jet T.B
T.B mcreases

e Comparison to QCD predictions:
— the data are well described by the QCD-based MC
models
— MC models predict jet sample dominated by quark-
Initiated jets
— Oobserved jet substructure compatible with that
of quark-initiated jets

0.8

0.75

0.4

0.2

o L

> 8 GeV
< 8 GeV

1 ET,Breit

O 5<E

H1

T,Breit

inclusive K
\ \ \

n Breit<1'5 1'5<n Breit<2'2 n Breit>2'2

E E

- N Breit

T,Breit> 8 GeV
<15

H1

inclusive k;

® H1 data

— LEPTO (all jets)
-~ LEPTO (quark jets) 1

LEPTO (gluon jets) |

-~ LEPTO (all jets before

hadronization) |
R

0

| | | | |
0.2 04 06 0.8 1
r'R
H1 Collab, NP B 545 (1999) 3
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Mean integrated jet shape in NC DIS
e ¢t dependence of (1 (r)) in NC DIS

A I B R

— Jets searched using the kr cluster algorithm in g 1o Ef>17Gev B

LAB frame v 08 | T | .

— Kinematic region: Q% > 125 GeV? 06 - A<n®eo osn<l
— At least one jet with B > 17 GeV and 04 - "ZELSSB00DIS + Hadron level . A
—1 < et < 2.5 0.2 * . ,, ] D(data—DISENT)/DISENT*; 01§
: . 1 - o—% oo oo oooo—0 00000 o000 0 F
e ((r)) vs r in different n’°* regions: : i 013
. L. L . ‘ot A A | | | } 5

— no significant variation with ) is ¢ 1} + =

= C
observed v 08 T .
06 1<n®<15 15<n®<25
e Comparison to QCD predictions:

— NLO predictions in NC DIS are p055|ble " -
&L 1 B 2
in LAB frame from O(a?) calculations o foit
- T 1018
since three partons can be insideonejet . . ... ... ... foin 032
O 02 04 06 08 10 02 04 06 08 1 ©

ET ET r r

— the data are well described by the NLO
. . QCD calculations for r > 0.1
e L aboratory Breit
Frame Frame

ET ZEUS Collab, NP B 700 (2004) 3
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Mean integrated jet shape in NC DIS
o Eﬂ;ﬁt dependence of {(¢)(7)) in NC DIS

N
— Jets searched using the kr cluster algorithm in g
Vv

21 < Ei%< 25 Gev

LAB fl’ame 1 Hadron level ] =
— Kinematic region: Qz > 125 GeV2 0 5 = ZEUS 98-00 DIS T o U (dataDISENT)/DISENT %1%
— At least one jet with EI¥* > 17 GeV and A1 AR £

—1< njet < 2.5 3 05 - 25 < El#< 29 GeV

— DISENT

o (1(r)) vs r in different EJS" regions:
— the jets become narrower as EJet
increases

OIN/(OIN-erep)

e Comparison to QCD predictions:
— NLO predictions in NC DIS are possnb&
in LAB frame from O(a?) calculations

since three partons can be inside one jef | T r T o T T o T T
O 02 04 06 08 10 02 04 06 08 1

OIN/(OIN-erep)

05|

OIN/(OIN-erep)

ET ET r r
— the data are well described by the NLO
. . QCD calculations for r > 0.1
e L aboratory Breit
Frame Frame
ET ZEUS Collab, NP B 700 (2004) 3
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Mean integrated jet shape in NC DIS
e ¢t and EjTet dependence of {(1(r=0.5)) in NC DIS

— Jets searched using the kr cluster algorithm in A R — ZEUS e
LAB frame @ = ZEUS98-00 DIS
: : : _ —DISENT |
— Kinematic region: Q2 > 125 GeV? %0'95 s 1 e
. . i > e
— At least one jet with EJ** > 17 GeV and v !
Hadron level

—1 < et < 2.5

e The measured (3 (r=0.5)) shows no significant
variation with nJet | S

e The measured (¢ (r=0.5)) mcreases with EJet
— the jets become narrower as EJ, increases

e Comparison with NLO QCD calculations
— the calculations provide a good description
of the data and show sensitivity to the value
e From the measured (¢ (r=0.5)) for E}." > 21 GeV "0 o w0 e 70

a value of as(M ) has been extracted: Ej* (Gev)

as(Mz) = 0.1176 % 0.0009 (stat.) To-0090 (exp.) 100075 (th.)

0.5) >

o
©
a1

< y(r

0.9

ZEUS Collab, NP B 700 (2004) 3
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Jet substructure at HERA

® ycut, M and EJet dependence of {(¥)(r=0.5)) in photoproduction and NC DIS
— Same conclusmns as for the integrated jet shape

~, PHP_ZEUS
o oZEU89800yp
=] —PYTHIA
T luons
= uarks
\>;: R
B - [
2 2 - // -
\s - .. G
El®>17 GeV
Hadron level
1 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
-1 05 0 05 1 15 2
n'®
/\ 3 ‘ T T T ‘ T T ‘
9 — PYTHIA ]
i - -
i . [fpgyed
>
5 _
e 2
c
\Y
1\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘7

40 50 60 70
Eit (GeV)
e From the measured

has been extracted:

ZEUS Collab, NP B 700 (2004) 3

Nsbj

as(Myz) = 0.1187 £ 0.0017 (stat.) =

NC DIS
’D_\ 5 T T ‘ T T T ‘ |
3 ® H1 data -
Q — LEPTO (all jets) i
L 4 --- LEPTO (quark jets) ]|
@ S LEPTO (gluon jets) -
= 3 [ \\\ --- LEPTO (all jets before |
N hadronization) -
10 - H1
Tl ~_-inclusive k|
1 B
i Npreit <15 ]
i ET,Breit > 8 GeV i
O | I I | |

-3 -2

-1
10910 Yeur

H1 Collab, NP B 545 (1999) 3

Chad

15 F
14 F o

- ycutzl0
13 F

12 F

o ZEUS 96-97 -

Q%> 125 GeV?
_1<njet<2

IIIIIIII IIIII_
% parton/hadron correction < 17 %
pQCD predictions (DISENT):
(corrected to hadron level)
=== LO QCD (CTEQA4L)
— NLO QCD:
CTEQ4A5[o,(M,)=0.122]

— —> CTEQ4M [aM=0116] ]
CTEQ4ALia,Mp=0110] |

— ARIADNE ]
---- LEPTO-MEPS .

(Yeut = 1072)) for EJet > 25 GeV avalue of as(My)

0.0024
—0.0009

(exp.

30 40 50 60

(GeV)

T]et

) +0.0093

"0.0076 (the)

ZEUS Collab, PL B 558 (2003) 41
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€ e/ ZEUS 1994+1995 ZEUS 1994

Jet (quark) < —~ 1.1
y > L ci<om<2 st
H 1 n . e ° ? | @ ZEUS yp (Inclusive Jets) > 14 GeV
r ®
i e = - r N
° S 1 L AZEUS yp (Dijets x3*20.75
p 3\ eq SN eq L g i % > 1 I vp (Dij )
08 . : | % ZEUS NC DIS (Inclusive Jets)
DIS I o ¥ E > 14 GeV i
€ L e 0.9 *
e % : * *
e 06 o - * A * l
e ¥ o —é , e
y v Y Jet (q) S L
g Jet (gluon) q H 0.8 —
g 0.4 ® ZEUS NC DIS (Q* > 100 GeV?) L ?
g Jet (gluon) Jet (anti-q) L -
0 \ i % ZEUS yp (Dijets x™ < 0.75) i °
p N L
AN AN 0.2 I O ZEUS yp (Dijets s = 0.75) 0.7 =
RESOLVED PHP DIRECT PHP - B
g9 — gg Y9 — 4qq L | | | | |
. | . . . | . . . | . . . | . . . | . 0‘6 L1 | | | L1 | | L1 | | | L1 | L1 | | | | |
0.2 0.4 0.6 0.8 1 -1 -0.5 0 0.5 1 1.5 2
. . r jet
e r dependence: jets in NC DIS are 7

— narrower than in vp with az,oybs < 0.75 — resolved dominated by gluon jets
— similar to vp with w,oybs > 0.75 — direct dominated by quark jets

e 1/t dependence:
— inclusive jets in vp: the fraction of gluons increases as 7/°t increases

— ~p With a:,‘;bs >0.75 — mainly quarks
— Inclusive jets in DIS — no 7't dependence
ZEUS Collab, EPJ C 8 (1999) 367 ZEUS Collab, EPJ C 2 (1998) 61
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Comparison of jet shapes in photoproduction and NC DIS

e /¢t dependence: ZEUS
— DIS: no significant dependence AL T e
— vp: jets become broader as 7®" increases  § | **SEON B ks ]
e Comparison with QCD: 7o [N
— DIS: consistent with being dominated by I ° |
guark-initiated jets %8 :V—' |
— ~yp: broadening of data consistent with I | ' Hadronlevel
increase of fraction of gluon-initiated jets "1 05 0 05 1 15 2 25
n'®
A 1 | | | REmm
o E‘]et dependence: = ]
Vv
— DIS and ~p: jets become narrower as E‘]et :
increases 08 ]
07 7\ \ [0 ] \

20 30 40 50 60 70
Ei® (GeV)

ZEUS Collab, NP B 700 (2004) 3
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o E{ﬁt and Q7 dependence of (ngp;(ycut =1072)) in CC DIS

— Jets searched using the kr cluster algorithm in

LAB frame A 197 — ‘ZEUS‘ S
— Kinematic region: @* > 200 GeV? and y < 0.9 551-8 i‘yc“‘:m_ * ZEUS9500€pCCDIS
— At least one jet with EJ** > 14 GeV and T O ZEUS96-97€pNCDIS -

—1 <t <2 s N :
e The measured (nsbJ(ycut =10"2)) decreases up ) ;
with EJet or Q? N Q<;:OO . e Bt

— Jets get narrower as E ® or Q2 increase NN P R
e Comparison with NLO QCD calculations e  Eew)

— the calculations provide a good description &b o —— CCNLOQCDMERJET

of the data i; . . NC NLO QCD MEPJET :

o Comparlson with NC DIS data 15| :
— EJe dependence: (ngp;) slightly largerinNC .. =~ ¥4 5
than in CC Lenter o
— Q? dependence of (ngpj) similar in NC and CCut? . ——

— differences in EJ, °t dependence can be Q" (Gev)

attributed to dlfferent Q2 spectrain NC and CC ¢ ;5 cojap £pJc 31 (2003) 149
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ZEUS 1995+1996

e Jet (quark) ~
'1,,_‘1 Jet (quark) e+ Y . . % % -
y j O B
YIZ f % ®
== 4 SRR
\ LEP Jet (anti—quark) I
eq — eq ete” — qq : ?
HERA / s L
p Ea/ I i * ZEUS NC DIS (e* p) (37<E/*<45 GeV)
9 Jet (gluon) o4 L 0 ZEUS CC DIS (e* p) (37<E*<45 GeV)
gg Jet (gluon) gqg — gg I i OOPAL (e*e”) (E*>35 GeV)
D 0.2 B A CDF (pp)(40<E/*<60 GeV)
~ I
AN I ®DJ (pp) (45<EM<70 CeV)
TEVATRON | | | | |

0 0.2 0.4 0.6 0.8 1

e Jetsin epand ete™ are:
— similar: jets in ep and eTe~ come predominantly from quarks
— pattern of QCD radiation within a quark jet is to a large extent independent
of hard scattering process
— narrower than those in pp: jets in pp come predominantly from gluons

ZEUS Collab, EPJ C 8 (1999) 367
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ldentification of quark and gluon jets

e Charm photoproduction provides a handle to identify quark and gluon jets by
selecting dijet events with one jet tagged as the charmed jet and measuring the
substructure of the other (“untagged”) jet in the event: enriched and unbiased
sample of charm jets

e In photoproduction: o v

— In direct processes, the “untagged” jet is also a
charm quark

charm

resolved excitation

— In resolved processes, there are several contributing
processes: O
— gluon-gluon fusion (“untagged” jet: also charm)

— charm-excitation processes (“untagged” jet: e
gluon or quark)

charm
resolved excitation

October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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Substructure of quark and gluon jets

e (¢(r)) in photoproduction with charm jets

— Jets searched using the kr cluster algorithm e &/ o
— Kinematic region: 0.2 < y < 0.85 and
Q? < 1 GeV?
— At least two jets with EjTet > 7, 6 GeV and
—1< 77jet < 2 0 untagged charm

jet
e Subsample of dijet events with a D** meson

matched to one of the jets ZEUS

= % ZEUS(pre.) 96-00' untagged charm' jet

e The other jet in the event (“untagged” charm jet) > 1|
provides an enriched and unbiased sample of charm
jets

08 -

K ES276Gev
/ 1sn® <2

— Model predictions for charm jets and light-quark
jets describe the data well

—— PYTHIA

| — — PYTHIA gluons
02 - «—+— PYTHIA quarks
L%, ce++  PYTHIA charm

O S SO H R B
00 0.2 04 0.6 0.8 1

r
ZEUS preliminary 2001
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Substructure of quark and gluon jets

e Characterization of the substructure of gluon jets:
— extraction of Oy, from

ZEUS
§ - % ZEUS (prel.) 96-00 'untagged charm' jet
— @ ZEUS (prel.) 96-00 gluon jet
Odijet = f q- Oquark + f g ogluon ol (pret) g,l,J;r-]é'g‘: -t
08 - ;,./i 3
— Ogjsjet 1S the measured observable f ST,
- - I '/
—_ Oquark 1S apprOX|mated by Ocharm 0.6 - /_II_ /}/ _____ PYTHIA charm
— fq (fg=1 — fq) is estimated using the MC Ty ~ - PYTHIA gluon
04 - ; }’
models f ) Ei¢ >15GeV
o 1<n® <2
) . jet 02 /
e Extraction of gluon properties for E." > 15 GeV {
— gluon jets are broader than quark jets ol

0 0.2 0.4 0.6 0.8 1

— Model predictions for quark and gluon jets describe the measurements well

ZEUS preliminary 2001
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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e (¢(r)) in photoproduction with charm jets

muon

: : matched
— Jets searched using the kp cluster algorithm . &/ '

— Kinematic region: 0.2 < y < 0.8 and Q? < 1 GeV?
— At least two jets with EX* > 7, 6 GeV and —0.75 < ni*t < 1.5

e Subsample of dijet events with a 4 matched to one
of the jets D

untagged charm
jet
e The other jet in the event (“untagged” charm jet)

provides an enriched and unbiased sample  ¢narm sample charm sample

of charm jets AL xr<o075 A b xpe>075
— purity of the tagged jet: 71 — 73% 7 | =
e The predictions of PYTHIA (including ™ >
charm-excitation) describe the data o6l
well for a;,‘;bs>0.75 |
oa ¥ .
e Differences are observed for a:gbs <0.75 | /- wipaa(prel) /7 - HiData(prel)
— the data suggest a smaller fraction o2 J T YMa oz [ e
of gluon jets at low x9S than S resolved S resolved
) ol b v b b ol b v b b
pred|cted by PYTHIA 02 04 06 08 r/lR 02 04 06 08 r/lR

H1 Collab, H1-prelim-05-077
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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Substructure of quark and gluon jets

e Differences between quark and gluon jets were R ZEUS
Investigated by exploiting the different type of ok - ]
. . . one je = E
parton content in the final state for one-jet and A I®t = :
- - - 08 ,/i H ?,
dijet events in NC DIS in LAB frame 07k <two jet (lowest £7')
e Jet e Jet 0.6% ,'I * onejet f
05 - = twojet (lowest EI§ -
0.4; — NLO (onejet) f
03" y NLO (twojet)
02 - 1<n%<25 =
P Pemnant PP a P Pemnant Jel 01f =20 EP>14Ge
P T e
———t — =1 :
one-jet events two-jet events F,00 oOnejet E
enriched in higher content Vg o E
quark jets of gluon jets ' ~*wo jet (lowest EXY)
. . . 0.7 £ b ZEUS (prel.) 368 pb™
— Jets searched using the kr cluster algorithm in LAB frame 06 E , . onejet E
— Kinematic region: Q% > 125 GeV? . 05 E - wojet (owest £ -
— At least one (two) jet(s) with E*’Tet > 17GeVand —1 < it < 2.5 4L — NLO (onejet) -
.. jet . . - - : _ ]
— In the dijet sample, the Iowest-Eﬂﬁ jetis considered o3~ ¥ NLO (twojet) -
if distance jet-jet = v/ An? + A¢? < D =2 L.
j t ' : ' - | E | | | .Mm\m\Mm\T\m\uuMm\m;
— The Iowest-E%i3 jet in the two-jet sample is broader TR TTIY NI TN T R
than the one-jet sample r

ZEUS Collab, ZEUS-prel-07-013
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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bq- aé——bzoag DISENT program
<]_ — \If (T‘)> — 0 1 S. Catani and M.H. Seymour
anx;.;Ta1
0°Cg 1°Cg Nucl. Phys. B485 (1997) 291

e DISENT program: as(Mz) = 0.118; urp = pg = Q; CTEQ6 proton PDFs
— Dominant theoretical uncertainty: terms beyond NLO, < 5% for » > 0.2

ZEUS Collab, ZEUS-prel-07-013
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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NLO QCD calculations for two-jet production

DD

d2‘a3“d3‘a§ NLOJET++ program
<]. — \Ij('r‘)> — 1 > Z. Nagy and Z. Trocsanyi
clro.+coa
. 1" e2°Cg Phys.Rev.Lett. 87 (2001) 082001

%/ AN
T

e NLOJET++ program: as(Myz) = 0.118; up = ur = Q; CTEQG6 proton PDFs

ZEUS Collab, ZEUS-prel-07-013
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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Substructure of quark and gluon jets

e Differences between quark and gluon jets were R ZEUS

Investigated by exploiting the different type of ok o ]

. . . one je = E

parton content in the final state for one-jet and A I®t = :
.- . . 08 ,/i . jet
dijet events in NC DIS in LAB frame 07 oo, 3§<§!3§’%§§ng% )

0.6% /; * onejet f

B 05 - = twojet (lowest EI§ -

e e Jet 04 - — NLO (onejet) -

03" ;,' ----- NLO (twojet)

02 - 1<n%<25 =

01~ D=20 Elf> 14 GeV -

P Pamnant PP Ja P Pamnant Jel ~. T

w W 5-/0-9 One Jet z 3
one-jet events two-jet events V0-8§ /"i;/vo et (lowest B

enriched in higher content 07 - ¢ ZEUS (prel.) 368 pb™

quark jets of gluon jets 06| ® onejet E

05 |- = twojet (lowest Efj

0.4? —— NLO (onejet) f

ot 03 - R NLO (twojet) -

— The Iowest-E%i3 jet in the two-jet sample is broader ¢z} ' L<n®<25

: . . . 01~ D=20 14<Ef<17Gev -

than the one-jet sample: consistent with a higher E R

010203040506 070809 1

r
ZEUS Collab, ZEUS-prel-07-013

October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)

gluon content in dijet events, as predicted by pQCD
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ldentification of quark and gluon jets

e The Monte Carlo predictions of ¥ () for quark- and gluon-initiated jets show
the expected differences

e Statistical identification of quark and gluon jets assuming:

) ZEUS
T T ‘ T T T T T T |
L.i?j broaé jets narfow
jets |
2003 - . gluons _
£
=)
z

PYTHIA quark jets < “narrow” jets

gluon jets < “broad” jets 002 |

0.01

— Samples enriched in %0 02 04 06 08 1
gluon-like (*“broad”) jets: =09 quark-like (*“narrow”) jets:

b(r = 0.3) < 0.6 are obtained by requiring b(r = 0.3) > 0.8

ZEUS Collab, NP B 700 (2004) 3
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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o da/dnjet for broad and narrow jets in photoproduction

— Jets searched using the kr cluster algorithm =450 O — ZEUS —
Wi . PR 2 C °ZEU898 Opr(broad Jets) ]
Kinematic region: 0.2 < y < 0.85 and s 400 ° ZEUSB-00yp (narrow ) E
Q? < 1 GeV? § T PYTHIA ]
o s} - — gluons
— At least one jet with EJ** > 17 GeV and s3I0 - quarks E
—1 <t < 2.5 300 | )
o do /dn°t for “broad” and “narrow” 250 | ]
jets show different shape 200 E
150 -
e Comparison with leading-logarithm parton ioo \
shower MC calculations: 50 | L
* same jet-shape cuts as the data ol S ]
* MC area normalised to data LS00l s 2 2

— good description of the shape of the data

e Parton content of the final state from MC calculations of PYTHIA (HERWIG):
— “broad” jets: 17(15)% gg, 58(54)% gq and 25(31)% qq
— “narrow” jets: 54(56)% qq, 41(41)% qg and 5(3)% gg
ZEUS Collab, NP B 700 (2004) 3
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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Substructure dependence of jet cross sections f

e do /d| cos 8*| for samples of two “broad”-jet events and two “narrow”-jet events
exhibit a different slope: ZEUS

*x data and MC normalised to unity at | cos 8*| = 0.1 & 10

T ‘ T T ‘ T 1T
- *ZEUS98-00yp (broad-broad  jets)

»w
f=
— dO’/d| COS 9*| at | COsS 0*| = 0.7 for > o - 0 ZEUS98-00 yp (harrow-narrow jets ;
(11 737 (11 77 § 8 PYTHIA -
broad-broad” (“narrow-narrow”) E U _ _ ]
) s 7 jet shape selection 3
events is more than seven (only two) = ]
: ® 6 -
times larger than at 0.1 g8 .
=
. . T 4 b
e Comparison with MC:
3 [
* same selection cuts as the data for “broad”/“narrow” , b
sample
; .. 1+
— PYTHIA gives a reasonable description L
O T O T T Y T Y Y
of the Shape of the data 0O 01 02 03 04 05 06 07 08

|cos e*|

— Different slope understood in terms of the dominant two-body processes:
qg — qg (dominant in “broad-broad” sample) rises more steeply than vg — qq
(dominant in “narrow-narrow” sample) due to different spin of exchanged

particle ZEUS Collab, NP B 700 (2004) 3
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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= <

Substructure dependence of jet cross sections

e do /d cos 8* for a sample of events with one “broad” jet and one “narrow” jet
measured wrt the “broad” jet shows different behaviour on the negative and

positive sides: | | ZEUS |

% data and MC normalised to unity at cos 8* = 0.1 7 0 e ERRRE
» ] S g - *ZEUS98-00yp (broad-narrow jets) -
— (?a/d cos 0* at 0.7 is = two S . o THIA ]
times larger than at —0.7 g, jet shape sdlection E
e Comparison with MC: _f6
* same “broad-narrow” selection as for the data 8 5 - ]
— PYTHIA gives a reasonable S o4r ;
description of the shape of the data | 3 - s
—F :
— Observed asymmetry understood b
in terms of the dominant resolved w—channel 't . ... ... . ... t—chan‘nel
subprocess: q~9p — 49 quark -08 -06 -04 02 0 02 04 06 08 gluon
exchange c0s® axchange

— The asymmetry is due to the different dominant diagrams for cos 0* — =+1:
+ t—channel gluon exchange at cos 8* = +1

+ u—channel quark exchange at cos 8™ = —1
ZEUS Collab, NP B 700 (2004) 3

October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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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, 1)
and their scale dependence

jet
— colour coherence

— soft gluon radiation tends to be emitted
towards proton direction

p  proton subjet
remnant

e Measurements of normalised cross sections as functions of
ECSFbJ/E‘]et, 77sbj _njet’. |¢sbj _¢jet| and a'Sbj ol  Subjets
and their dependence with Ejﬁt, Q? and x

— Jets searched using the k7 cluster algorithm in LAB
frame A

— Kinematic region: Q2> 125 GeV?

— At least one jet with EJe >14 GeV and —1 <Pt < 2.5

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

Subjet with higher E.

proton
direction

ZEUS Collab, 2008
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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Subjet distributions

e Normalised subjet cross sections compared with NLO calculations:

Sbj jet_ - TR [ R L Z EUS [T
o EL /ET . the '][DV.VO subjets tend to W e zeuse 1 % 0 E
i i g+ — — = L i
have similar E. SO S 1
. . 3 815 4
e 5P _plet: asymmetric two-peak g2 -5
structure o ]
. . 1 - —
o |pSPI — pI°t|: suppression around 0 _— = E
because the two subjets cannot be ol o111 el
02 04 06 08 -05 0 05
resolved when close ET/ET n*n'®
. . 3 . I —T——7 7 5 06—
e o5PJ: higher E;bj subjet tends to be in¥ - R |
. . s T 3
rear direction 3 T g0 :
— consistent with asymmetric peaks S 2% . 7
sbj _ jet i = ] s =
Of ?7 TTJ 1 B B 02 — ]
— The NLO predictions, which contain * "L
these diagrams ) S B S .= ) ARSI B I
g 0 0.2 04 06 0.8 0 1 2 _ 3
l¢™-¢0°| (rad) a® (rad)

q

describe the data adequately
ZEUS Collab, 2008

October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)
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Subjet distributions

e 15PJ — et normalised cross section for E;beW/E‘Ft < 0.4

ZEUS

[ T T ‘ T T
~ ZEUS82pb™
bj

w
m

(Vo) do/d(n™-n'®)

N

-0.5 0 05 , .
r]sbj_n]et

— The higher (lower) E}bJ subjet tends to be in the rear (forward) direction
— colour-coherence eﬁ;()e.cts between the initial and final states
— subjet with lower E; J emitted predominantly towards proton beam direction

ZEUS Collab, 2008
C Glasman (Universidad Autbnoma de Madrid)

October 5-10, 2008



Ringberg 2008 Jet substructure at HERA 34

Subjet distributions

e Comparison with predictions for quark- and gluon-induced processes

ZEUS

g
: Ly Tuees esew Foo :
i ! F ] “ 8
— NLO prediction: 2 = = 3,
81% of g-induced and 19% of g-induced | ] :
e Predictions for these two types of - = r
processes are different: 0 e Lok
— the two subjets |n g-induced have EVET
more similar ET and are closerto ¢ | T a-go-e I T
each other than in g-induced % T - ]
— The data are better described by the § , s = 4 2% =
calculations for jets arising from the ? 1
splitting of a quark into a quark-gluon : - : 1 **r il
pair O:H‘\H‘\HT:?‘A: N T B
0 02 04 06 08 0 1 2 3
-4 (rad) a® (rad)

ZEUS Collab, 2008
October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)




Jet substructure at HERA
Conclusions

Ringbe

rg 2008

e Jet substructure has been extensively studied at HERA in terms of jet shapes
and subjet multiplicities and distributions in DIS and photoproduction

e Measurements allowed
~ stringent tests of pQCD directly beyond LO
~» comparison of quark- and gluon-jet properties
~» comparison of pattern of QCD radiation in different hard scattering processes
~~ determinations of as(My)
~+ study of underlying subprocess dynamics
~+ study of pattern of parton radiation

% Jet substructure: a powerful tool to test QCD

October 5-10, 2008 C Glasman (Universidad Autbnoma de Madrid)



