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Kinematics of Neutral Current Deep Inelastic Scattering'

e+ (k)
For a given ep centre-of-mass energyy/s,
the (fully) inclusive cross section for
Y / Z (g=k-k) ep — e+ X

e+ (k)

/ can be described bytwo independent
/ kinematic variables, e.g.
' QZ — —(k . k/)z
uark
1 _—— TBj; = Q2/(2p - q)

#
E’ \} — Inelasticity variable
proton (P y = Q*/(xp;9)
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Jet Production in Neutral Current Deep Inelastic Scattering'

e’ e’ e’
o,
e Jet production in neutral 1
current deep inelastic
scattering up to O (a): a
Quark-Parton Model Boson-Gluon Fusion QCD Compton

e Perturbative QCD calculations of jet cross sections:

do'jet = Z /diI} fa(ma .u*%‘) d&a(ma as(/JJR)a .U*?za /JJ%‘)
a=—q,q,g
— fa: parton a density in the proton, determined from experiment;long-distance
structure of the target
— &, Subprocess cross section, calculable in pQC3hort-distance structure of the
Interaction
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Jet Production in Neutral Current Deep Inelastic Scattering'

e In the region where the wealth of data from fixed-target and cdlider experiments has
allowed an accurate determination of the proton PDFsmeasurements of jet production
In NC DIS provide

— a sensitive test of the pQCD predictions of the short-distace structure
— a determination of the strong coupling constanio,
e To perform a stringent test of the pQCD predictionsand a precise determination ofa:
« Observables for which the predictions aredirectly proportional to o
— Jet cross sections in the Breit frame

x Small experimental uncertainties— Jets with relatively high transverse energy
+ Small theoretical uncertainties— NLO QCD calculations

— Jet algorithm: longitudinally invariant k- cluster algorithm (Catani et al)

(small parton-to-hadron effects, infrared safe, suppressn of beam-remnant jet)

— Jet selection criteria

e Exploration of the parton evolution at low « = footprints of BFKL effects?
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High- E+ Jet Production in the Breit Frame I

virtual
photon

virtual
photon

A NANNN

q
REMNANT VUUV \<_‘
proton

e+

BORN PROCESS BOSON-GLUON FUSION OCD COMPTON

e In the Breit frame the virtual boson collides head-on with the proton
e High- Er jet production in the Breit frame
— suppression of the Born contribution (struck quark has zeroEr)
— suppression of the beam-remnant jet (zerdzr)
— lowest-order non-trivial contributions from ~v*g — gg and~v*q — qg
= directly sensitive to hard QCD processesd)
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Inclusive Jet Cross Sections in NC DIS afQ? > 125 GeV? I

e New measurement of inclusive jet cross sectionsin & 10 ¢ L ZEUS :
the kinematic region defined byQ? > 125 GeVZand ¢ | N )
| cos | < 0.65 for jets with quf’jet > 8 GeV and Né o — NLO (1°=Q)

—2<nB, <1.5usingL = 81.7pb~" 5
— no cut is applied in the laboratory frame Y esce ;

e Advantages: 1070 e oes :
—s infrared insensitivity (no dijet cuts!) 0" ]
— Suited to test resummed calculations o |
— smaller theoretical uncertainties than for dijet O 04 e T

e Small experimental uncertainties: § °-§mmoume”aimy Mj ;

— jet energy scale (% for Er et > 10 GeV) £ 02 :

=~ 5% on the cross sections 9-0_42 S Y

e Small parton-to-hadron corrections (Cheq): < 10% v n Q@ (Gev)
e NLO QCD calculations (O(a?2)) usingur = EZ .., pr = Q and the MRST99

parametrisations of the proton PDFsdescribe the measurements well
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Inclusive Jet Cross Sections in NC DIS afQ? > 125 GeV? I

ZEUS
e ZEUS (prel.) 98-00 |
— NLO (uz=E%s) |
— NLO (HR:Q) =

e New measurement of the inclusive jet cross section

do/dES'; (pb/GeV)

da/dEﬁjet In the kinematic region defined by 10 ¢
Q? > 125 GeV? and | cos~v| < 0.65
forjets with EZ. . > 8GeVand—2 < nE, < 1.5 T 2ergers i
- Q°>125GeV
-1 |cosy, | < 0.65 B

10 =
e Small theoretical uncertainties: g

— higher-order terms (> NLO); varying ur between 2

10 - 4
2 Brjeand2- Ef = £5% 9 08 st
9.7- »J . i 025 [77777]  NLO uncertainty _

— uncertalnty on aS(MZ) (:I:O‘0027)1 - :|:4% ; 0; %/////?/////////}#///////////; asassans
— uncertainties on the proton PDFs;= +3% 8 o02- E
S 04" E

e NLO QCD calculations (O(a?)) usingur = E,ff,jet, pnr = Q and the
MRST99 parametrisations of the proton PDFsdescribe the measurements well
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Inclusive Jet Cross Sections in NC DIS afQ? > 125 GeV?
ZEUS

e ZEUS (prel.) 98-00 |
: — NLO (ug=E¥5) -
1051 — NLO (hg=Q) |

e New measurement of the inclusive jet cross
sectiondo /dEZ ., in different regions of Q?
for jets with EZ ., > 8 GeV and

-2 <0, <15

do/dES'; (ph/GeV)

W/

125< Q%< 250 GeV
(x100000)

e NLO QCD calculations provide a good
description of the data— validity of the
description of the dynamics of inclusive jet
production by pQCD at O(«a?)

250< Q°<500 GeV
(x10000)

500< Q? < 1000 GeV
(x1000)

1000< Q? < 2000 GeV -
(x100) |

2000< Q? < 5000 GeV
(x10) =

e Inclusive jet cross sections in NC DISinthe 5%
Breit frame provide direct sensitivity to o, 02 i 18 o 5000 Go?
and the gluon densityin the proton with o Jcosy]<065 "
small experimental and theoretical uncertainties® ¢ 7

5 10 15 20 25 30 35 40 45

EJ'?:{B (GeV)
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Inclusive Jet Cross Sections and extraction odx, I

e The inclusive jet cross sectionlo /dQ? at 0

o]

Q? > 500 GeV? has been used to extracty,(Mz)

as(Mz) = 0.1196 + 0.0011 (stat.)

10.0025 40.0017
—0.0019 (eXP-)_o.oozg (th.)

e Experimental uncertainties:
— jet energy scale (% for Er jet > 10 GeV) o § .......... % o
e Theoretical uncertainties: : |
— terms beyond NLO Aas(Mz) =1 — 2%

— uncertainties proton PDFsAas(Mz) = 1%
e Consistent with other determinations ofa, e e e

. ) . 10 15 20 25 30 35_ 40 45
e \ery precise determination ofas(Mz)! ES, (GeV)

ZEUs

o ZEUS (prel.) 98-00

0.2 BT QCD .
% - (a (M) = 0.118+ 0.003),

e Study of the scale dependence aks(E7 . ,): from the measureddo /dEZ ., in each

Ef ... region — as(< Ef ., >) is extracted
e The measurements are consistent with theunning of o, predicted by perturbative QCD
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‘Dijet and Trijet Cross Sections in NC DIS (150 < Q? < 15000 Gevz)I

e New measurement of dijet and trijet cross sections over a wide nage in Q? —
150 < Q? < 15000 GeV? and 0.2 < y < 0.6 for jets with
E3°(Breit) > 5 GeV, —1 < niet(Lab)< 2.5, M;; > 25 GeV (M;;; > 25 GeV)
using £L = 65.4 pb—1
e Trijet cross sections test QCD beyond LOdirectly — o3t o< a2

_ _ N; 1 - H1 Preliminary 99-00
e Comparison with NLO QCD I * Dijets
: S101L a- . s Trijets
calculations: o E e ~---NLO(1+48, )
~ - g (y-exchange only)
— URr = ur = Q %’10_2—_ A T 025<42,/ Q<40
— CTEQ5M set of proton PDFs ek RS
— parton-to-hadron corrections applied ;s E}'e, > 5 GeV
- 1<n®<25 \
N Jet . )
e NLO QCD givesa good description of 10*t  Majerr Myt > 25 GV e
the dataover a wide range inQ? - N
10'5 1 1 1 1 Ll 1 1 1 1 |
10° , 10°
Q” (GeV)
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‘Dijet and Trijet Cross Sections in NC DIS (150 < Q? < 15000 Gevz)I

e New measurement of dijet and trijet cross sections over a wide nage in Q? —
150 < Q? < 15000 GeV? and 0.2 < y < 0.6 for jets with

E3°(Breit) > 5 GeV, —1 < niet(Lab)< 2.5, M;; > 25 GeV (M;;; > 25 GeV)
using £L = 65.4 pb—1

> >
o B ®  H1 Preliminary 99-00 Q B ® H1 Preliminary 99-00
O 16— 16—
£'°C DUETS .. NLO (145, ) £'°C TRUETS MO (155, )
< B (y-exchange only) s B 1
8 14l 0.25 < H,z,f/Qz <40 8 14 (y-exchange only)
B I Hadronisation Uncertainty B 025 <,/ Q° < 4.0
B B - . ¢
- - - Hadronisation Uncertainty
1.2— 1.2+
1—;-4—§ e 1M ”””
0.8 } 0.8
0.6 1 1 1 1 1 L1 ||3 1 1 1 1 1 L1 ||4 0.6 1 1 1 1 1 L1 ||3 1 1 1 1 1 L1 ||4
10 100, 10 ;0
Q" (GeV") Q° (GeV")

e NLO QCD gives a good description of the dataover a wide range inQ?
(Z°-exchange effects not included in NLO; significant only for he highestQ? point)
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‘Dijet and Trijet Cross Sections in NC DIS (150 < Q? < 15000 Gevz)I

e New measurement of the ratio of the trijet to dijet cross sectionover a wide range inQ?

— | R — Otrijet (Q%) b%O.SBE e  H1 Preliminary 99-00
3/2 = 4ijee(Q7) I 505 NLO (155, )
. N I 0.45 (v-exchange only)
e Small experimental uncertainties. s F 0.25 <12,/ Q* < 4.0
e Small theoretical uncertainties: e B +acronisaion Uncertany |
— uncertainties on the proton PDFs  *®F
— higher-order terms (> NLO) 03
(reduced to~ 5%) 0-252—
e SinceR3 /2 ox as at LO it allows 0.2F-
a determination of the strong couplingo.lsE iy T
constant with small theoretical uncertainties Q* (GeV")

e The measured values of?3 /» have been fitted with NLO QCD calculations to
extract a combined value ofas(Mz):

as(Mz) = 0.1175 4 0.0017 (stat.) & 0.0050 (syst.) o oocg (th.)
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‘Dijet and Trijet Cross Sections in NC DIS (150 < Q? < 15000 GeV2)I

_30.55 =
o° - e  H1 Preliminary 99-00
s 09 - e NLO (1+5,)
n 0.45 :— (y-exchange only)
D:g - 025 <y’ /Q*<4.0
04— o .
Z - Hadronisation Uncertainty
- ®
0.35—
0.3 :—
0.25 :—
0.2 :—
0.15 - L L L ooy |
10° 2104 ,
Q" (GeV")

e The observed dependence af, with Q? is
consistent with the prediction of QCD —

e Determination of ez as a function of the
energy scale using the measured values of

R3 /2
» 0.22
S B H1 Preliminary 99-00
0.2 ° as(Qz)
B ¢ Averaged og4(M,)
0.18— World Average (PDG):
N ag(M,) = 0.1187 + 0.0020
O.lG—i i s( Z)
0.14|— {
0.12]— * ;
01_ 1 1 1 1 1 1 | 1 1 1 1 1 1 11 |

2104 2
Q" (GeV")
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\ Parton evolution at low x I

+
© Searching for BFKL-induced effects
ot / e DGLAP equations sum the leading powers otx, log Q?
In the region of strongly-ordered transverse momenta
virtua Q* > k%, > ... > ki, > k1,
photon { e When log Q? < log 1/x terms proportional to

as log 1/ become important and need to be summed
¥k the BFKL equation accomplishes that;the integration is

n T taken over the full k1 phase space of the gluons
= no kr ordering
e Mueller and Navelet’s proposal:
s X sz forward (proton’s direction) jet production
_’ with x1 /x as large as possible
Xl le Jet and k1 ~ Q

proton
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\ Measurement of Forward Jet Production at lowx I

1000

750

dcyldej (nb)

500

250

H1 forward jet data

—4— H1 prelim.
@ E scale uncert

— NLO di-jet 1+3,,,,

|:| 0'5i'lr,f<l'lr,f<2p‘r,f
PDF uncert.

0.001 0.002 0.003 0.004

X

Bj
— NLO QCD (DGLAP) lies well below the data at low x
— MC models with extra parton radiation provide an
Improved description of the data )
— inclusion of a resolved-photon component (RG—DIR+RES§ sl “
— parton emissions not ordered ink, (CDM)

e Measurement of the differential cross sectiordo /dx

for jet production with p; jer > 3.5 GeV, 7° < B5e¢ < 20°,
0.5 < p?..,/Q* < 2andzje; = Ejet/Ep > 0.035
In the kinematic region
107t <z <4-1073%and5 < Q? < 85 GeV?
e Strong rise towards lowx is observed

H1 forward jet data

—4— H1 Prelim.
B E. scale uncert.
K] RG-DIR

-- RG-DIR+RES
——CDM

............. CASC setl
N CASC set2

e Comparison to calculations

:::::::::

0. 001 O 002 0.003 0.004

Xg;

J Terr 6n (Madrid)
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Measurement of Forward Jet Production at lowx

2 2 2 2 2 2
5<Q°<10 10<Q"<20 20<Q"<85 5<Q°<10 10<Q"<20 20<Q"<85
14 0.05 11 0.95 0.06
5 <r>=3.5 0.1<r<1.8 | 1.2<r<7 L 0.6<r<3.5 ... 0.1«r<1.8
9 [ 4-H1 prelim. 3 | e-H1 prelim. , ;
\ | EXIE scale uncert \V; | MlE.scale uncert
N —NLO di-jet 1+, ~_ RGDIR
o EO.Sur’fuerur’, o i 3B
Y 7 FppE theert. 0.025 Y 5.5 | T CASY 0.475 0.03
0 Lo i
(:' ~ | b) ) ‘(:J| — s a) b)
2 0 0 2 0 = ' 0 0
O 2.2 0.023 O 2.2 0.36 0.0265
o o
To)
o = =
X Na—a N-o—a
o 2 11 0.0115 Q 11 0.18 0.0132
NN N
e, o
ge) e) o e)
= X
3 0 191 0 028 0 0022 E 0 22 0 091 0 OOZg
o | 9.5<r<80| i 4.8<r<40 | b ' '
o © B * <r>=22.2 o
o ~
v -
c;f 0.07 |- 0.014 0.0012 0.105 0.02 0.0012
S i
B i
o . 9) h) h)
0 o 0 0 — 0 = 0 0
0.0001 X 0.001 0.0001 X 0.002 0.001 X 0.004 0.0001 X 0.001 0.0001 X 0.002 0.001 X 0.004
Bj Bj Bj Bj Bj Bj

e Measurement of the triply-differential cross sectiond®o /dxdQ?dp?
— NLO QCD fails at low Q?, x, p+ — RG-DIR+RES best overall
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Photoproduction of Jets' e eﬁ’ P e S o
a

e Production of jets in vp collisions has been
measured viaep scattering atQ? ~ 0

e At lowest order QCD, two hard scattering p Qs
processes contribute to jet production=- N froon D _ Ols
Resolved process \ proton

remnant

e pQCD calculations of jet cross sections Direct process

1 1 1
dajet — Z/O dy .f'y/e(y) /0 dw'y fa/’y(w'ya “%‘7) /O dwp fb/p(wpa U%‘p) da’ab—m’j
a,b

longitudinal momentum fraction of ~v/e™ (y), parton a/~ (z~), parton b/proton (x,)
— f~/e(y) = flux of photons in the positron (WW approximation)

— fa/~ (T, u%,y) = parton densities in the photon(for direct processess (1 — x-,))
— fo/p(%p; 13.,,) = parton densities in the proton

— Oab—j; SUDProcess cross sectiorghort-distance structure of the interaction
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N
wn

Photoproduction of Jets' A B e bt
ig; 27 ® JADE (0.1<x< 1.0 ¥ L3prl. (0.3<x<0.8)
e Measurements of jet photoproduction provide b b o030 | Thsso 2009
— Test of NLO QCD predictions based on current B TSR
parametrisations of the proton and photon PDFs B i }
— Dynamics of resolved and direct processes s ATEed
— Photon structure: information on quark densities o
from Fy in ete™; gluon density poorly constrained.  **f*7*  ~*
Jet cross sections in photoproduction are sensitive ) 1 s 1995 Y e
to both the quark and gluon densities in the photon ~ § s P57 0RECT +REsOveD
at larger scalesu. ~ EZ ., (200 — 10* GeV?) " a0 [ eRwi 5.9 omecr + resovue
— Proton structure: well constrained by DIS except 200 [lnerwesgomeer |

for the gluon density at high . Jet cross sections inyp ~ *°| .+ zeus 1905

are sensitive to parton densities atr,, up to ~ 0.6 i
e Observable to separate the contributionsthe fraction
of the photon’s energy participating in the production of

the dijet system | ,.0BS _ jets ,—mioti
J y w’)’ o 2E Zl_ E

600 |

400 |

200 |

0

0"01 02 0.3 0.4 05 06 0.7 08 0.9 o
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Dijet Photoproduction: photon structure I

e New measurement of the dijet cross sectiondo /dx~ and do /dx,, for dijet events with
ET maz > 25 GeV, ET secona > 15 GeV and —0.5 < 7€t < 2.75 (both jets)
in the kinematic region Q2 < 1 GeV? and 0.1 < y < 0.9
o x, variable: z, = 5 S22 ESetien

e Measurements ofdo /dx~, for ,, < 0.1 (g, processesand x,, > 0.1 (g, processes)

e Comparison to NLO calculations usingCTEQ6M (proton) and GRV-HO (photon) PDFs
— Good description of the data

] 3 :" """I""I""""I""I"'_'I_"_"_: 3 IIII""I"".""I""I"r"_l'_"_I
along the entire range ofx, Sool- X, <0 R %>01 |

for both ranges in z,, - - -
_ _ _? [ @ Hiprel + E ssok. -

e Consistent with QCD-evolved 20f- - ~NLO :
. C __ NLOx(1+ ] 200 -

photon PDFs determined from b o E
faxt. 150 - ]
measurements iny~ at lower scales ;- e R 1 E
and proton PDFs as determined from,} ] s ;
HERA and fixed-target experiments f.... % e T T
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1

X, X,
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Dijet Photoproduction: proton structure I

e New measurements odo /dx,, for ., < 0.8 (resolved processesynd
x~ > 0.8 (direct processes)
e Comparison to NLO calculations usingCTEQ6M (proton) and GRV-HO (photon) PDFs
e Theoretical uncertainties:
— terms beyond NLO; estimated by varyingu g up and down by a factor of 2
= dominant at low x,,
— uncertaintites of the proton PDFs;=> increasingly important as x,, increases

e The NLO QCD calculations agree g‘“’;' X <08 Ews%
with the data in the low =, range ¢ [© 1 e |
e At high =, (z, > 0.32) there are Ewg— 5 %10{
discrepancies between data and NLO} Z :
— Measurements at highz., provide | ®# e ]
further constraints on the proton | —woxus I
PDFs, particular the gluon density, | - ™" = 1
free from the photon PDFs oo e e e s x;’ }
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Dijet Photoproduction: proton structure
. r]1,2<1

S- T II”I”II<|6_I8”|IIIIIII”_;; i"l""|"">|d.'8"|""|""? E1&5:|""|""|'<'(')'.é""|'"'|""_3 :."-.I "|'"'|'>'('):8|""|""|"":

3 & e H1 prel. E & 1f % e H1 prel. E EQ & e H1 prel. fa 19 & e H1 prel. 3

= ----NLO 18 ¢ ----NLO 3 s | ----NLO 1z ----NLO ]

. — NLOX(19_ )] Twl e —NLOx (19, )] 3 wu} —NLOX (19§ )4 8 — NLOX (149 )]

g Pythiax 1.2 E e Pythiax 1.2 S I Pythiax 1.2 0 Pythiax 1.2 3

g EQ 0 3 !

'8 '8 g 3 3 E 1k .

103: E ..;.I....I....I..;llx.;.I....E g Ll o e sl o .l....E

0.2 0.3 0.4 0.5 0.6 Xg7 0.2 0.3 0.4 0.5 0.6 X0P7

do/d Pt max [pb/GeV]

do/d Pt max [pb/GeV]

do/d Pt max [pb/GeV]

do/d Pt max [pb/GeV]

dcr/dxp [pb]

dcr/dxp [pb]

10

i o

[ = . =
10 o4 <&

E T

: <)

i ] °

Measurements atz~ > 0.8 => useful constrain in a global determination of proton PDFs
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Improving the Determination of the Proton PDFsI /W) 4

: - - 2 r B 3 ; M:O.OQ(X?.S) i

e Observables used in the fits to determine the proton PDFS:|t | w0 | o
({ i

— Inclusive measurements of deep inelastitlN scattering +/ oo
P eeeateened KL

e Advantages: — inclusive (only final-state lepton is tagged)
= no QCD corrections associated to the final-state lepton , ! / [ R Y ST

17 —

0.7

e e e 0.9 & x=0.025(x20) | 06 | |
—e.—/ _e._/ ¢/ s 08 | 1 o5 | oewy 0275
" >_q> " iLLL : v ! { & 07 + x=0.035 (xL1.5)] 04 M il |
* / 3 x=0.275 |
' EB{ ;;\E P EB< q " / 7 M 612
P g o, ' “'%:0.05(x1.2) 0 | ® |
§ 05 A o J %FO-%

Quark-Parton Model Boson-Gluon Fusion QCD Compton & + x=0.07 +

: . . . . . ) 04 ,
e Disadvantages:ithe gluon distribution contributes indirectly we ok [ §
I ' ) (cr:grielcteg foz\?édowmg) 8:8: I X=050 |
e Observables based on jets have hardly been used oo | RABE oyt
— large QCD corrections and hadronisation corrections ’ ey

e Fixed-target DIS: higher twists, heavy-target correctiors and isospin-symm. assumptions
e That's the past! NOW there are measurements of jet cross sections at HERA
= directly sensitiveto the gluon densitywith small experimental+theoretical uncertainties!

e Sufficient sensitivity to determine the proton PDFs within asingle (ep) experiment
J Terr 6n (Madrid) Prague, PIC 2005 July 9th, 2005
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‘ Determination of PDFs using structure function and jet datafrom ZEUS I

ZEUS
S} r 2 r r r
I bZ 1.5i Q B 2.7 Ge\; i 3-5 GE\ﬁ i 4.5 Ge\ﬁ i 6.5 Ge\f 9 ET T ‘ T T T T ‘ T T T T Z‘\E\LJ\S\ ‘ T T T T ‘ T T T T

N ] : * & 1wl Y*>075 ZEUS-JETS <
K A r r S E [ tot. uncert. 3
050 : : : e i ZEUS dijetyp 96-97
r i i i b= - E ImmE Jet energy scale uncert]
0 : FSTIITY EETIT EAETIT A Hmu: Ll ol [ umu: FSTIITY EETIT EAETIT A Hmu: ol il il ?Lg i

8.5 GeV : 12GeV | B

15 S

1<n]et
(

1 1229 4
X 20000)

0.5

7
I

0 [ wl 1 [
L 18GeV? | L 27GeV [ 35GeV E
15F E r iy r ot ]
i i g i 10° - s
0.5%— \ 7 \\\\ 102% é
OEHW\ ol ol kuzum ol ol mzummw ol ol kuzwm\ [l 103% 0<nie_t1<1 (x0.01) E
: 45GeV? | 60GeV? | 70GeV? | 90 GeV? g -1<*?<Q 1
15: i g i 104 = ) .eu'2<(()x 0.0005) .
b g g g wsliforfooqm)
¥ : : : 20 30 40 50 60 70
0.5§ f f f Ej_F_'tl (GeV)
Oy . . R
L wev | wce | 0070 10100 1 @ Determination of the proton PDFs usingSF data
1, E ZEUS-JETS
" ot uncert =16.3-107° < = < 0.65,2.7 < Q* < 30000 GeV?
E g ZEUS NC €p 96-97
0L r . M -
10710710 1 10°10° 10° 1 and jet data in NC DIS and «p collisionsfrom ZEUS only (!)

e Sufficient sensitivity to determine the proton PDFs within asingle experiment
J Terr 6n (Madrid) Prague, PIC 2005 July 9th, 2005
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‘ Determination of PDFs using structure function and jet datafrom ZEUS I

e Data sets used in the fit (577 data points):
— Structure function measurements: reduceq;
double differential cross sections inc and Q?
e neutral current DIS etpande—p
e charged current DISetpande™p
— Jet cross section measurements:
e inclusive jet production in NC DIS
e dijet production in ~p collisions
e Evolution of the PDFs with the energy scale:
DGLAP equations at NLO (M S scheme);
11 free parameters o when free)
e Full account of correlated experimental
uncertainties using the offset method
e A good description of the data is obtained:
x? = 470 for 577 data points

0.8

0.2

ZEUS

0.6

0.4

1 TTT TTT I T T T T TTTT
- 2 2 -
Q =10GeV~” |
- B — ZEUS-JETS PDF .
B o, (M,)=0.1180 xu,
% uncorr. uncert. 7\
- [ ] total exp. uncert. \ N
— xg (x0.05) |
T xS (x0.05)
| ’:7-277;: ~ il 1 ] ul L1l
10~ 1073 1072 107! 1
X
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Comparison of proton PDFSI ZEUS
b~ S L O B B R DR B

1.5 + .
ZEUS - -
L el 1“‘ T T o 1“‘\ T R T o : :
x I QZZ 10 Ge\f | I 1; T B
08- )\  ZEUS-JETS PDF o8 [E zeus-spor i i
a{M,)=0.1180 Xy I i -
H 4 uncorr. uncert. r B
0'6f total exp. uncert. /" 0'5? BB ]
O PR A
15~ B
1 -
0.5~ -
0/ o
. {10*  10° 102 10 1
15} — Q° =10 GeV
- 1 —— ZEUS-JETSfit
10+ - [ ] tot. uncert.
= e === i H1 PDF 2000
10* 10° 102 10" 1 10* 10° 10° 10t 1 S) B ] I tot. exp. uncert.
X i I model uncert.
e Compatible with MRST2001 and CTEQ6.1M Ol vt vl -
e Compatible with H1 analysis X
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Improving the gluon distribution: jet data

e Comparison of gluon distributions from fits with
and without jet data

— no significant change of the shape: no tension
between jet and inclusive data

gluon fractional error

' '
o

¢ © o o
N OO R O
T 1T T 1T T 1T T 1T T 19

S ©
(o2} B
ETT T 171 T

— the jet cross sections constrain the gluon density

In the range 0.01 — 0.4

— | Sizeable reduction of the gluon uncertainty

— similar reduction by a factor of two in

the mid-z region over the full Q2 range

0.4f
0.2f

-0.2f

e.g. from 17% to 10% atx = 0.06 and Q% = 7 Gev2'§'§

0.6
0.4
0.2

0

-0.2
-0.4
-0.6

of

1F M without jet data
1F [ ] with jet data

Q%=20 GeVf

= Q%=200 Ge\i

104 103 102 101

1 104

10°

10? 10t 1
X
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Determination Ofas(Mz)I —

total X*- X2,

e Simultaneous determination of the proton PDFs e
and as (MZ) | o without jet data

e Jet cross sections are directly sensitived ais(Mz) T ot wors sveage
via~v*)g — gq (coupled to gluon density) and 10 pees

viav(*)g — gg (NOT coupled to gluon density)
= The inclusion of the jet cross sections allows an .+
extraction of as(Mz) thatis NOT strongly correlateds. SO 5l
to the gluon density

50

1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
A 0.105 0.11 0.115 0.12 0.125 0.13

ayMy)

e Determination of az (M z) from the ZEUS-JETS-a fit:0

as(Mz) = 0.1183 £ 0.0007 (uncorr.) & 0.0022 (corr.)
+ 0.0016 (norm.) & 0.0008 (model)

+ estimation of the uncertainty due to terms beyond NLO— Aas(Mz) = 40.0050

= Precise determination as(Mz) = 0.1183 #+ 0.0058 | from ZEUS data alone
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Photoproduction of Three-Jet Events: Colour Factora

e Direct processegrovide a clean way to study the effects of the different

color configurations

Cr-Caxp

e The predicted cross section a® (aa?) can be written as

Cr-Tr

Tp -

Ca

Tep—sjets = Coroa + CpCa-op + CpTr-oc + TrCa-op

J Terr 6n (Madrid) Prague, PIC 2005
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‘ Photoproduction of Three-Jet Events: Colour Factora

e Variables to highlight the contributions from the jetl
different color configurations
= angular correlations between the jets
— Oy (Munoz-Tapia, Stirling);
— (23
— cos Bxsw= cos z[Z[(P1 X Ps), (P2 X PB)] + Z[(P1 X PB), (P2 X P3)]],
where p; Is the momentum of jet | (ordered according to decreasin Jot

jet2 /

0.03 ——

7 ) and
ppg IS a unit vector in the direction of the proton beam; T

) do/de

(9]

Fixed-order QCD

e Fixed-order (O(aa?)) calculations using direct processesz ]
— separation of the different colour components Rl I |
Tepsjets = Cpoa + CrCa-0 + CrTr-0c + TrCa-op
— The predicted relative contributions for SU (3): oo1 -

A — 13%,B — 10%, C — 45%, D — 32% :
e Example: the distribution in @g for the contribution op

IS particularly distinct from the other color configuration s o

J Terr 6n (Madrid) Prague, PIC 2005 July 9th, 2005



Tests of perturbative QCD with hadronic final states inep collisions 30

‘ Photoproduction of Three-Jet Events: Colour Factora

G903 — ZEUS —— e Measurement of the normalised cross section
S - 2EUS (prel) 95-00 1 ./0' do / d.HH for.the. production of events
® T BYTHIA restdir with three jets satisfying
0.02  — PYTHIATes _ E%?t > 14 GeV, —1 < Pt < 2.5
[ — PYTHIAdIr and wng(Sjets) > 0.7
- — HERWIG 1 - : -
, t | inthe kinematic region
001 ] Q2 <1GeV?and0.2 < y < 0.85
* e Comparison to the predictions of PYTHIA
and HERWIG (leading-logarithm parton-shower
0 H—+—+++++F+++ | calculationsbased on SU(3)
< B
Z o5 -  HERWIG - — PYTHIA reproduces reasonably well
% 0 . P R B R B the m.eas_ure_d dlStI’Iij[IOI’]
& 05 - — The distributions for direct and resolved
= R N B - processes<{ 34%) are very similar
0 20 40 60 80
eH
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‘ Photoproduction of Three-Jet Events: Colour Factora

o£.03 T T T T T T ‘ T T T ‘ T T T T ’%N [ T T T T T T T T ‘ T T T T T T T T ] ’\; [ T T T T T T T T ‘ T T T T
o 1 o L 2 L ]
= [%2])
S . zEUS (prel) 95.00 8 15 | ZEUS (prel) 9500 ] s * ZEUS (prel.) 95-00 _
5 - 2L —suE) S I — SU@)
= | — SUE) 3 - Uy ] S U@y
S 3 ) L | S 1
0.02 - u@) 3 | —— SU(N), large N il ) —— SU(N), large N
- —— SU(N), large N 1 | —Cg=0 | 2 1 - —C=0 |
C —C.=0 P !
0.01 ~ z
L 0.5 B 05 B
g 0 } } } } D 0 I T i i D 0
) ] L @ [
5 0.5 o I I i [///]] theoretical uncertainty 5 0.5 B [//]) theoretical uncertainty . 3 5 0.5 3 [//]]] theoretical uncertainty A
2 r > F ] ) L
E 0 31— ) L g 0 F | L =t . 7 g 0 : ¥ !‘ i
§ ! N B g
-05 -05 - -05 - -
1 ! ! ! ! - ! ! ! 1 ! R
0 20 40 60 80 -1 0.5 0 0.5 1 1 0.5 0 0.5 1
S} cosf,;) cosBysw)

e Comparison to fixed-order calculations based on different&aymmetry groups

SU (3), SU(N) with N > 1, U(1)? and the extreme choiceCr = 0
e U(1)3 vs SU (3): similar shapes due to the smallness af 5
e The data disfavourTr /Cr =~ 0 (SU(N > 1))orCr = 0
e The predictions of SU (3) describe reasonably well the data
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Jet Substructure.

e At sufficiently high E{'ﬁt, where fragmentation effects become negligible, )
the jet substructure is expected to be calculable by pQCD

e Measurement of jet substructure allows investigations on

— the differences between quark- and gluon-originated jets iad

— the dynamics of the different partonic final states,

— as well as determinations ol

1 ET (’l")

Njets Aes ET(T — ]-)

e Integrated jet shape (¥ (7)) =

e Jet substructure in photoproduction:

— Resolved processes give rise guark and gluon jets
through g9, — qg9. 949, — 99, ...

— Direct processes give rise mostly tquark jets
through vg — qq

direct

= The n7¢t dependence of the jet substructure should show: g .
quark-like jets for n?¢* < 0 and gluon-like jets in the forward direction
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Jet Substructure in Photoproduction

. Ijet sample dijet sample
e New measurements of the integratedl — "> A e
jet shape (¥ (r)) forasample of Y1 =1
.. V I V
dijet events ol N

E3%!(Lab)> 7 GeV

o
D
T T T T

EZ%?(Lab)> 6 GeV
20° < §7°*(Lab)< 160° ol i/ €L
in photoproduction (Q? < 0.01 GeV?)[ /f < HiData(prel) ~ i/« HiData(prel)
: — Pythia i — Pythia
with 0.3 < y < 0.65 R direct ordl direct
e resolved S — resolved
oMeasurementsIntworeglonsof:c oLl .|...|...|...|. | T N B I I
0.6 0.8 1 02 04 06 0.8 1
r~ < 0.75 (resolved) andx., > 0.75 (dlrect) r/R rIR

e Comparison with model predictions for resolved and direct processescluding initial-
and final-state QCD radiation (PYTHIA): good description of the data

e The jets in theregion z, < 0.75 are broader thanin the region -, > 0.75,
consistent with a larger fraction of gluon (broad) jets in resolved-photon events

than in direct-photon events
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Jet Substructure In Photoproduction'

e The dependence of ¥ (r = 0.5)) onnet, E{,ﬁet, E’¢t and z.,:
—s the jet becomes broader ag)?¢t increases (proton direction)
— the jet becomes narrower asE?; <t or x~ Increases (direct processes)
e The measured dependencies @i (» = 0.5)) on the different variables are well
described by the predictions of PYTHIA

e The observed decrease i{¥ (r = 0.5)) diljet sample
asn’et increases is consistent with the’o‘oogz;- & o
increase in the fraction of gluon jets 5 g

as predicted by PYTHIA ;E;tﬁ‘?a (orel)

o P, ] ottt

e Dominant hard subprocesses: ! P [GeV]
~vg — qq in direct processes g ____________________ g
g,9p — qg inresolved processes Tt Lo | T
with a large and increasing fraction of

gluon Jets as']”Jet Increases f-pOIe) Ozzé_é"'l'o' BECEE VR T .ﬁlﬁé(.;)éi!\.i]‘% 0052;_oéé"o"e"'o'é's"6'7"6'735"6'é'b!_§3|;-'(5(g'rt)>e'(§!{'s'JL

© Y
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Jet Substructure in Photoproduction: Charm jets'

e Investigation of the different processes contributing to barm photoproduction
by selecting dijet events with one jet tagged as the charmeefand measuring
the jet shape of the “other jet” in the event

e At high z., the major process contributing to the sample is boson-gluofusion
= the “other jet” in an event is also a charm quark

e At low z., there are several
contributing processes:

— gluon-gluon fusion;

the “other jet” is a charm quark

— charm-excitation processes;

the “other jet” is a gluon or a quark AMAM=

C \/ C
Y CHARM

resolved EXCITATION

CHARM
EXCITATION

direct
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Jet Substructure in Photoproduction: Charm jets'
charm sample charm sample

xgbs <0.75

36

xgbs >0.75

 H1 Data (prel.) A + H1 Data (prel.)

g — Pythia ol ff ~ —Pythia
...... direct L ; ------direct
\ ----------- resolved [ e resolved

II|III|III|III|III|I 0III|III|III|III|III|I

02 04 06 038 1 1
'R r'R
e Sample of dijet events with au-tagged jet: measurement of(W (r)) for the “other” jet

(purity of the tagged jet: 71 — 73%:; the background is statistically subtracted)
e The predictions of PYTHIA (including charm-excitation) describes well the data
In the region z, > 0.75; differences are observed in the regiorx., < 0.75
= the data suggest a smaller fraction of gluon jets at low., than predicted by PYTHIA

proton 02 04 06 08
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Jet Substructure in Photoproduction: Charm jets'

A [ xos<0.75 A | xo5>0.75
= o &1 -
—4 s 2 — s

\V £ V 2

0.8 ¢ ! 0.8 !

;¢ g
0.6/ ¢ 0.6 2
W 04L 3
i N H1 Data (prel.) i H1 Data (prel.)
02— « charm events . 2— « charm events
B + dijet events s + dijet events
O_III|III|III|III|III|I O_III|III|III|III|III|I
02 04 06 0.8 1

02 04 06
e Comparison of the measurements of W (r)) betweeninclusive dijet events

and the “other jet” in p-tagged dijet events (“charm events”)
J Terr 6n (Madrid)

0.8

1
r/'R
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Jet Substructure in Neutral Current Deep Inelastic Scatteing I

e The lowest non-trivial-order contribution to the a
measurements is given by) (aas) pQCD calculations

1 — W _ [dEr Er [dqgep—>2p§r::ons)/dET]
< (r)) ET" ojet (ET)

e NLO QCD calculations of jet substructure can be made
In the laboratory frame since it is possible to have 3 partons
In the same jet(not possible in the Breit frame)

e The dependence of the pQCD calculations on the knowledge
of the proton PDFs is reduced

e Measurements of jet substructure in NC DIS provide:

— a stringent test of pQCD calculations beyond LO

— a determination of o, z Z

e/ L aboratory Breit
, Frame Frame
ET
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Jet Substructure in Neutral Current Deep Inelastic Scatteing I

e Measurement of(¥(r)) for aninclusive - ZEUS o
: . ; — T 1<n®<25 T 7]

sample of jets with E2°*(Lab)> 17 GeV § | 17< Bl 21 Gev 1< e 25 Gev
: . v 051 e Hadron level 0
and —1 < nﬂet(Lab)< 2.5 In NC DIS -, = ZEUS9800DIS 1 _ o (data-DISENT)DISENT 01‘?’5‘
0 012
a’[Q2>]_25GeV2 A 1;:11‘H:‘:H‘HHHH:;HHH:‘:H‘H:‘:H‘L'O'l%

% 05 25< i< 29 GeV

jet . ~ b ——— DISENT E 1 5
e Study of the Ex. -dependence. of¥(r)): :
the jets become narrower asE’S* increases, o2
3 o]
V —~
.CompariSOntONLOQCDcaICUIaﬁOnS R 2'8.-12
corrected for hadronisation effects s E |
. v 05— T .
(< 5% for EIS* > 21 GeV atr = 0.5) : | 3
o2 6 0000000 T o 1912
Lol b b b T b e b 0 1,1 7022
0O 02 04 06 08 10 02 04 06 08 1 %

r r

e NLO QCD calculations provide agood
description of the data: — (DATA-NLO)/NLO smaller than 0.2% for » = 0.5
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Jet Substructure in Neutral Current DIS and extraction of as(Mz) I
.. ZEUS

e The measurements of W (r = 0.5)) for .
E’°*(Lab)> 21 GeV have been used to extract %0_95 " ZEUS 93.00 DIS |
the value ofas(Mz): s Et> 17 GeV

i Hadron level
as(Mz) = 0.1176 £+ 0.0009 (stat.) o
40.0009 10.0091 o 4 "
T 0.0026 (€XP-) g g7 (th.)
-1 05 0 05 1 15 2 25
e Small experimental uncertainties: Aas /as =155 % e
e The theoretical uncertainties dominate: Toos  -1<n<25 i
+0.0089 >

— terms beyond NLO Aas(Mz) = ;o070
— parton-to-hadron effects Aas(Mz) = 40.0018 0.1175+ 0.005
— uncertainty due to those of the proton PDFs (negligibles'9 I |

L | N | L L1 ‘ L
20 30 40 50 60 70
Elet (GeV)

Improvements depend upon further Theoretical Work

July 9th, 2005
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Summary of o, determinations'

th. Uncert. " . e \Wealth of determinations of oy at HERA
e e brar (Conibutad paper to EPS05) :
exp. uncert. o Inclusive jet cross sections in NC DIS from a Va”ety Of Observables:
""""" H1 pr_el. (gontributed paper to EPS05) .
e Neouted paper o EPSOS) — NLO QCD analyses of structure functions
. ZEUS (Nucl Phys B 700 (2004) 3) — Inclusive jet production in NC DIS
gR o o ygglge(géns%g(l)slg-hep-ex/0502007) — Dijet production In NC DIS
o RS (Phys Len B 5600005 7)
Lcro . ) .
——i— Subjet mu?:iplicity in CC DIS — Tl’l-je'[/DIje'[ rate N NC DIS
-------- ZEUS (Eur Phys Jour C 31 (2003) 149) -
..... ol ggggt(gg'yﬂsp[ggtvén;gg IS 3 a — Jet substructure in NC DIS
ek NI (Eur Phys J C 21 (2001) 33 — Jet substructure in CC DIS
IR - QESSQ(CDEg( 05-050 - hep-ex/0503274) — Inclusive jet photoproduction
"""" QESSQ(%EJS Rev D 67 (2003) 012007) H . ' I
) Inclusive jet cross sections in NG DIS e Theoretical uncertainties are dominant
""""" H1 (Egr Phys JC19 (2.001). 289) . .
e ey — Biggest contrib. from terms beyond NLO
R 2US (Phys Lett B 507 (2000) 70) e Average of HERA determinations
T Sl epennionz o (Mz) = 0.1186 % 0.0011 (exp.) == 0.0050(th.)
0.1 0.12 0.14 e Consistent with world average (Bethke, 2004):
as(M Z)

— g (Mz) = 0.1182 4+ 0.0027 (only NNLO results)
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The running of o, from HERA data alone I

HERA
5 0-25 I ® ZEUS (inclusive jetyp - p=E") : : :
ZEUS (djet DIS -p=0) T e Determinations of as(t):
t -11=F& .
} * HI (Eir]ncc?ussl\i/\/eﬁejfet DIS !llle?P) — Dijet NC DIS (u = Q) .
0.2 i % . — Inclusive jet NC DIS (u = EX°)
1% { | — Inclusive jet yp (u = ES*
N ii 5 0.25 —
| ; ﬁﬂiﬁ% : « HERA
| = QCD I 0.2 % i
0.1 a (M) = 0.118+ 0.003 i T, ]
10 102 0.15 - i i ~
o - .. n(Gev) ~ e S
e Combination of a5 (EY.") determinations . Qco S— -
L a(M,) = 0.118+ 0.003 |
at similar energy scales_' . T

10 100
Observation of the running of o from HERA jet data alone EF' (Gev)

— Consistent with the running predicted by QCD over a large rarge in E{ﬁt
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Summary and Outlook (HERA II) I p ki
7 HERA Dijets L=500 pb™

0.18 -

e HERA | has made possibleprecise measurements |

Ao, (M;) (stat) = 0.0006

of jet cross sections andet substructure in neutral | e
current deep inelasticep scattering and ﬁ R Oweiad
photoproduction i

e These measurements have provided ﬁ

—s tests of perturbative QCD beyond LO o12f

— precise determinations ofa
— improved determination of the gluon density inpe|-
— tests of the partonic structure of the photon

10 20 30 40 50 60 70 80 90 100 110

QlGeV]

e In many areas the measurement$iave reached a level of precision such
that the theoretical uncertainties dominate in the accuracy of the fial results

e To further improve the accuracy of the determination of the fundamental parameters
of QCD and of the tests at higher orders, ando fully exploit the HERA Il programme,
= further theoretical work will be useful
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