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Precision tests of QCD with jets and vector bosons at HERA and TevaTron

QCD

QCD processes are dominant at hadron colliders
— background to new physics
— need good understanding of QCD processes

Jet Jet
ete™ — 3 jets ete™ — 4 jets
— measurements of ag — color dynamics
(eg self-coupling
of the gluon)
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Precision tests of QCD with jets and vector bosons at HERA and TevaTron

QCD

QCD processes are dominant at hadron colliders
— background to new physics
— need good understanding of QCD processes

photon Jet
remnant

pI‘Ot proton
P remnant P remnant Jet

ep — e+ jet + X p — 2 jets + X p — 2 jets + X
— proton structure —s test of photon structure  — measurements of ag
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Precision tests of QCD with jets and vector bosons at HERA and TevaTron

QCD

QCD processes are dominant at hadron colliders
— background to new physics
— need good understanding of QCD processes

proton Jet
remnant

P anti—proton
remnant  Jet

anti—-pgpton

pp — 2 jets + X
pp — jets + X — tests of proton
— tests of matrix elements structure
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QCD

QCD processes are dominant at hadron colliders
— background to new physics
— need good understanding of QCD processes: o, pPPDFs,
_ matrix elements

Oppm H(W,Z,..)+X = 2 [ dx1 fo p(x1, u%) [ dxa fp/p(2s 03) b (w,2,...)

LHC parton Kinematics
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How do we study QCD at HERA and TevaTron ?

e \We measure:
structure heavy quark jet particle
functions production production production

Fp. FEC charm nadrons

FP F§, ... beauty jet substructure photons/ W/Z

forward jets event shapes
to obtain results on: underlying event

— proton, photon, pomeron structure: parton densities

— tests of pQCD: up to which extent does pQCD describe parton dynamics?
— parton dynamics at low a: breakdown of DGLAP?

— measurements of «ag: the fundamental parameter of the theory

— color dynamics: color factors, subprocesses

— non-perturbative effects: can they be described from first principles?

— Do we have enough information on QCD to understand LHC physic S?
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Jets: eTe™ vs PP

Initial state: only leptons ; final state: arising uniquely from short-distance
iInteraction (all hadrons in final state associated with hard process)

best frame: centre-of-mass system = LAB

variables invariant under rotations: energies and angles

distance between hadrons: angular separation

e Jets in are not as easily identified because jets carry only
a fraction of the available energy and are accompanied by several soft hadrons
not correlated with the hard interaction

proton Jet
remnant

e Initial state: colored partons
e Initial partons carry only a fraction
xp/xp Of the parent hadron momentum
e Spectator partons:
— remnant jets
L — “underlying event”:  soft/hard interaction
PP — jet + jet + X between the partons in the remnants

fi/ﬁ(wﬁ7 /-")a
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Jets in pp collisions

e In hadronic colliders, collisions do not occur in CMS:
— Initial-state parton-parton system  not at rest
— final-state partonic system boosted along beam axis

LAB system =
centre-of-mass system

large energy -+ small distance (ie hard scattering)
the beam remnant jets have energies, but they have undergone a
hard scattering

large momentum transfer small distance (hard scattering):

the use of transverse energies helps to disentangle between
and (absentin eTe™ annihilations)
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Jets in ep collisions

o Jet A | AB system =
hadronic-like collision (similarto  pp) cms system

P
e<—\> - E
Jet
e

hadronic-like collision, but no UE
initial-state ~*-parton system and

(v* carries pr)

e Effect of pp carried by ~* removed by selecting frame in
which ~* collides head-on with proton, eg Breit frame

e k7 cluster algorithm in longitudinally inclusive mode:
— best algorithm to reconstruct jets at HERA
— In use since many years for making precision tests of
PQCD — now at TevaTron (also: mid-point cone algorithm)

Advantages of kz/mid-point algorithm in hadronic-type interactions:
— transparent translation
avoids ambiguities of overlapping and merging of jets
— kr/mid-point finite
— with k7 at HERA
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NLO calculations

Ingredients of a pQCD calculation for ( ) jet production in  pp:

O pp—jets — D f dxyp fa/p(wpa ILF) f dzg fb/ﬁ(mﬁa IF) &ab—>jets(NRa Qsy L wﬁ)

— et cross sections sensitive to pPDFs, provide determinati ons of ag and test
QCD matrix elements

— pr and pg: functions of E%‘ft

need to correct for hadronisation effects

e Theoretical uncertainties:
— terms beyond NLO ( usually estimated by varying upg by a factor of 2 up and
down)
— uncertainties on the parametrisations of the pPDFs ( using PDF error analysis )
— uncertainty coming from the hadronisation corrections
— uncertainties on the value of ag(Mz)

® vector boson production
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Experimental uncertainties of jet cross sections

e Jet energy scale:
— Energy of jets known with a certain precision due to uncertali nties in response

of apparatus to hadrons : :
— Since jet cross sections go like 1/(E¥t)p, any uncertainty on E‘Ft translates
Into a larger uncertainty on the cross section

e The underlying event:
— Distribution of energy on top of the  hard interaction
coming from the soft interaction between the
spectator partons or multiparton interactions
— non-perturbative effects: not accounted for In
PQCD calculations

— more Jets In data than in the predictions at a
certain E¥t

— need to model UE well
— UE at LHC?

Jet profiles:

=2 Indication of presence of UE == " b (e

CDF, PRD 44 (1991) 601
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Precision tests of QCD with jets and vector bosons at HERA and TevaTron

Underlying event: Drell-Yan processes in pp

o — ~*/70 — or
in this analysis, everything except 1 ( )in
final state is underlying event
Drell-Yan events very probe of underlying event

— Study of UE observables for 70 < M;; < 110 GeV in DY
and comparison to leading-jet UE

“Transverse” region sensitive to UE in DY and jets
All Three Regions Charged Particle Density: dN/d ~ ndg

CDF Run 2 Preliminary CDF Run 2 Preliminary
p+> 0.5 GeVicand |n| <1 p+> 0.5 GeVicand |n| <1

Transverse: PYTHIA Tune AW Dell-Yan PYTHIA Tune AW
Transverse: Data Drell-Yan Data
Toward:PYTHIA Tune AW Leading Jet PYTHIA Tune A

Toward: Data Leading Jet Data

Away: PYTHIA Tune AW
Away: Data 70< M, < 110 GeV/&

70< M, < 110 GeV/&

w
ol I
w
ol

w

“Toward*

“Transverse” - “Transverse”

Number of Charged Particles Density
Transverse Momentum Average (GeV/c)

& ‘4"& W a}- >3

30 40 50 60 70 80 90  10C 10 20 30 40 50 60 70 80 90 100
Transverse Momentum of Lepton Pair (GeV/c) Transverse Momentum of Lepton Pair or Leading Jet (GeV/c)

— UE observables constant with lepton-pair Py in “Transverse” and “Toward”
— UE observables increase with lepton-pair  Pp in “Away” region

— Adequate agreement between DY and leading-jet UE results
CDF, abstract 419, CDF/PUB/CDF/PUBLIC/9351
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Underlying event: multijets in photoproduction

photon Jet
remnant

obs_ 1 jet _npiet, Wdirect: x°PS ~ 1
Ly _E—,Y(ZjetsET e~ ) g

Measurements of multijet cross sections in PHP
allow tests of " femnant Je .

photon
remnant

MPI

proton
remnan

roton
P Pe mnant  Jet

e Multijet production is directly sensitive to high orders: O 3jet X ag
®

Sensitivity to multiparton interactions/underlying even t —
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@ Underlying event: dijets in photoproduction

e In dijets in PHP, the UE ( defined as everything except the two leading jets ) can

be studied similarly as at TevaTron

(] mean Charge g 16EH1 Preliminary PR leIIData (prel.) 5 16EH1 Preliminary ot . lel?ata (prel.)
S XS < 0.7 P - Pythia MI o X > 0.7 o1 --PythiaMi
= I [=y= . - — Pythia NMI 2 — Pythia NMI
multiplicity as a function of Ao 51 N

wrt leading jet —

200 250 Jg?0h+ 350
, Ap T[]
Leading Jet

Toward Region Low Activity Region

H1 Preliminary

* H1 Data (prel.)

---- Pythia Ml

— Pythia NMI
H1 Preliminary H1 Preliminary

H1 Preliminary

* H1 Data (prel.) * H1 Data (prel.) * H1 Data (prel.)
---- Pythia MI ---- Pythia MI . ---- Pythia MI
— Pythia NMI — Pythia NMI — Pythia NMI

In “high”/“low” activity (highest/lowest- Er density) regions, (NN.,) decreases

— Inclusion of MPIs improves description of data in all region s for z°Ps < 0.7
H1, abstract 8497H1—pre|im—08—036
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Underlying event: multijets in photoproduction

Three-jets (25 <M,<50 GeV) S Four-jets
ZEUS 121 pb™

O(aa?) O had. corr.J MPI corr.

-1
« ZEUs121pb® © ZEusiziph
HERWIG+MPI (x2.1)
—— HERWIG+MPI (xL.7) R =
i HERWIG (x3.1)
"""""""" HERWIG (x1.7) - weeee PYTHIA+MPI (x5.3
-------- PYTHIA+MPI (x3.1) Ll g (%3
By, oo PYTHIA (x9.2)

-------- PYTHIA (x3.8) ! _-
7771 HERWIG (xL7) - direct - s I

do/dM  (nb/GeV)

v MPI corr.
A had. corr.

Corr. Factor

min(mpi)

PYTHIA MPI (simple model: = 4.5(1.9) GeV)

HERWIG MPI (JIMMY model pﬁ‘i“(mpi) = 4.0(2.2) Gev) E B ey
— HERWIG tuned to a:gbs data 3
ﬁ

MC models with MPI describe data in full range

— MPI corrections improve description of data by pQCD calcula tions (LO)

— corrections increase as M) decreases
ZEUS, abstract 130, NPB 792 (2008) 1
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Probing pQCD at the highest energies...




Precision tests of QCD with jets and vector bosons at HERA and TevaTron 12
Jet cross sections at TevaTron = ]

o Inclusiv.e-g'et cross sections in  pp collisions: high precision measurements at
high EJ;’ , where new physics might show up (and sensitive to g PDF at high x)

CDF

o
2

D@ Run I ly|<0.4 (x32) CDF Run Il Preliminary (L=1.13fb")
0.4<|y|<0.8 (x16)

0_8<|y|<1_2 (X8) Data corrected to the hadron level
1'2<|y|<1-6 (X4) \: Systematic uncertainty
1.6<]y|<2.0 (x2)
2.0<|y|<2.4

T
e e e
o o o
B [6;] [e)]

—pJET -
NLOJET++ CTEQ 6.1M p=Py*"/2, R, ,=1.3

o
w

<)
>
o
O]
~
o)
o
N—
>
S
o
S
o
o
©

o

Midpoint: R=0.7, f 75

mergezo'

\s = 1.96 TeV

L=0.70 fb™

Reone = 0.7

— NLO pQCD L

+non-perturbative corrections 1.1<|Y|<1.6 (x10%)

CTEQ6.5M Mo =M =P, - 1.6<|Y|<2.1 (x10°)

100 200 300 400 500 600 700
1 2 4
00 00 300 0% T ( g(e)\(}) PET (GeVic)

—
D@, abstract 506, hep-ex/0802.2400 CDF, abstract 452, CDF/DOC/JET/PUBLIC/8928
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Jet cross sections at TevaTron

® highest reach in energy and
probe of hard interactions at shortest distances

Expectations from NLO pQCD

Excited quark

]

do / dM., [pb/(GeVic 3]
3

=
S}
S

Midpoint, R=0.7, |y**?|<1, L, = 1.13 b
—e— Data

—o&— NLO: NLOJET++, CTEQ6.1M
corrected to hadron level

= pre™(etl,2)/2, Ryg,=1.3
[ systematic uncertainties

200 400 600 800 1000 1200 ,
Mﬂ [GeVicT]

excited quarks, W', Z’/

CDF Run Il Preliminary

200 400 600 800 1000 1200 1400 a n d g rav i to n S

M, [GeV/c]

: . _ jet1,2 _ 1 L. - I -
Midpoint, R=0.7, |y™"|<1, L, = 1.13 fb CDF Run Il Preliminary, 1.13 fo* CDF Run Il Preliminary, 1.13 fb™
—e— Data/NLO (CTEQ6.1M, p=pT**"(jet1,2)/2=,, R,,,=1.3) oo - : :
I:l Systematic uncertainties

PDF uncertainty from CTEQ
(MRST2004) / 6(CTEQ6.1M) 3 £ S . : ... Technirho
- 02 xH,) /o) \ - . "
o ; _ — RS G (WM,=0.9)
- o(without Regp) / 0(Rge,=1.3) :

—a— 95% CL limits (W)
—e— 95% CL limits (Z)

——— 95% CL limits (for R-S G, Technirho) '

2I<1) (pb),

—e—— 95% CL limits (for the others)

Data / Theory

—_W
ez

ptance (ly fett

" —— Excited quark i

ptance (ly

Axigluon/CoIoroh
== E6 diquark

0 xBr x Acce

._.
5

N

0 X Br x Acce

CDF Run Il Preliminary ;
1000 1200 1400

ca IN
+6 % luminosity uncertainty not included 800 1000 1200 1400
Mass [GeV/c ] Mass [GeV/c ?]

-
e
S

200 400 600 800 1000 1200 1400

My [GeVic’] CDF, abstract 452, CDF/9246
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Jet cross sections at TevaTron
highest reach in energy and

—— Rutherford Scattering

=== QCD
New Physics

[
probe of hard interactions at shortest distances

g

S
><
°
5
©
o
~
i

Xdijets = exP(|y1 — y2|)

4 6 8 10 12 14 16
Xdijet = exp(lyl_yzl)

afign iy —
x%=124.9/120

incl. non-pert corrections
scales 0.5 < pg ¢/ p; < 2.0

and CTEQ6.6 uncertainty .

— guark compositeness

and extra dimensions models

D@ preliminary D@ preliminary
Quark Compositeness ) ADD Large Extra Dimensions ] Tev™ Extra Dimensions
(positive interference) (GRW)

1/0 jjje, AOTAX ey

T
05< ij/TeV <0.6

)(2 (120 pts.)
x? (120 pts.)
)(2 (120 pts.)

2

95% CL limit at ) 95% CL limit at . 95% CL limit at
A=2.58 TeV M_=1.56 TeV M.=1.42 TeV

0.2 0.4 0.6

0.1 0.2
£=1UM? (U/TeV?)

0.05 0.1 0.15
E=1UM: (UTeV?)

£=1UN® (UTeV?)

— Most stringent limits from hadron colliders
D@, abstract 507

15
Xaiet = €XP(IY1-Y,l)
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Jets and pPDFs at HERA

e Very precise jet cross sections in NC DIS and PHP (  directly sensitive to gluon

content of proton ): useful to constrain gluon density, especially at mid- to hig h-x
ﬁ

ZEUS ZEUS
S — e e
ZEUSJETS
[ tot.uncert.

ZEUSdijet yp 96-97
s Jet energy scale uncert. 3

ZEUS

—
[ X%s>(Q75

ZEUS-JETS i

[ tot.uncert.

Q°=10 GeV |

e ZEUSind.jetDIS96-97
N Jet energy scale uncert. 3 ZEUS-JETS PDF .
agM,)=0.1180 xu, 1

uncorr. uncert.

do/dE? , (pb/GeV)
do/dEI#! (pb/GeV)

125 < Q° < 250 GeV?
(x10)

250 < Q° < 500 GeV?
(x10%)

500 < Q° < 1000 GeV?
(x109

1000 < Q° < 2000 GeV?
(x100)

2000< Q*<5000Gev? 3
(x10)

Q%> 5000 GeV?

(x1)
P IR B B I
380 335 4010 455

T (G0

NC DIS
Q2> 125 GeV?

p  proton

remnant  Jet remnant  Jet ZEUS, EPJ C 42 (2005) 1
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Jet cross sections at HERA

e Dijet cross sectionsin  NC DIS and as a function of & and
both estimators of the fractional momentum carried by the st ruck parton

NC DIS__ZEUS

~
0<njetl<l’2<njet2<3 O<niell<1’2<niet2<3
EF? 5 25, 15 Gev EF™? > 20, 15 Gev

dofdlog, () (pb)

N

125 < Q%< 250 GeV? 250 < Q2 < 500 GeV? L

) ) ) ) 1<n? <2 -1<n®™<0,0<n™® <1
500 < Q“ < 1000 GeV 1000 < Q“ < 2000 GeV EJTeu,Jem > 30, 15 GeV EJTeu,Je:z > 20, 15 GeV
-1.8-16-14 -1.2 -1 -0.8
log, )
NLO (CTEQ6) O C, e ZEUS 82 pb™
ZEUSprel. (209 pb?) — NLO (AFG04) O HAD
[ ] jet energy scale uncertainty ----NLO (CJK) O HAD
Jet ES uncertainty
|qc;sl((\2/)had)l<0.65 o 2=
2000 < Q? < 5000 Gev? Erra: > 12(8) Gev High-x |** 4
2<ng, <15 4
-18-16-14-12 -1 -08
log (&)
—
Measurements optimised for best sensitivity to gluon densi Y
ZEUS, abstract 143, ZEUS-prel-07-005 ZEUS, abstract 125, PRD 76 (2007) 072011
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Jet cross sections at HERA

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

T 1T I T \. \\\\\\\\\\ ‘ T 17T ‘ T 17T ‘ T 17T ‘ T 17T ‘ T 1T
514 GeV « ZEUS CC ép 180 pb*

T _
1< <25 o ZEUS CC €p 179 pb*
: ; |

Q?> 200 GeV A
inclusive jets

p protoN y<0.9 ]
remnant - 1

30 |

[ T[T T 0 o o e S o o s 0 0
JEEEEEEEEEEEEEEEmEEEE =777

[//77] €p
\\\‘\\\\\\\\\\\\\\\\\\\\\\\\
CTl‘zQs(e"p)
CTEQ6 (e'p)

o
T T T T

— NLO

o
T T

:—‘ MRST € p) PDFuncertainty

theoretical uncertainty
= =

~
i®)
o
~
x
2
)
=)

N
o
T T T T

hadronization uncertainty

inclusivejets

roton
Pem nant ] 10_1

measured cross sections can help to constrain further u and d PDFs
ZEUS, abstract 132, hep-ex/0802.3955
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@ Jet cross sections at HERA

e Double-differential inclusive-jet cross sections in NC DI S at low Q2

d?o

H1 Inclusive Jet Cross Sections d0%dEy

=
</

5<Q’<7 GeV? 7<Q’<10 GeV? 10<Q’<15 GeV?

- 5
d?o/dE, dQ? [ph/GeV ¥

d?o/dE, dQ? [ph/GeV ¥
d?/dE, dQ? [ph/GeV ¥

i
e
™

15<Q%<20 GeV? 20<Q%<30 GeV?

=

o
N
o

[
-

s

N
e
&
=
S
T

—
>
v
o
2
3
&
o
o4
S
-
w
3
K=l
=]

d?o/dE; dQ? [ph/GeV ¥

H
o
d?o/dE, dQ? [ph/GeV ¥

50
E, [GeV]

=
o

40<Q*<100 GeV?

[

® H1 preliminary HERA-I

N
<
T

NLO*(L +3,,,)

d%o/dE, dQ? [pb/GeV ]

N
<,
%

IJ-Z = (Q2+E$)/4, Ufz = Qz

r

5 < Q?* <100 GeV?

theoretical uncertainty dominated by terms beyond NLO

—

constrain on gluon PDF atlow Q% when higher-order calculations available
H1, abstract 845, H1-prelim-08-032
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The strong coupling constant  ag

e The strong coupling constant, «g, Is one of the fundamental parameters of QCD

® not
experiment

e The success of pQCD lies on precise and consistent determinations of «ag from
diverse phenomena:
structure functions, 7 decay, Z line shape,

|att|Ce, JetS, e aa Deep Inelastic Scattering
oe ¢'¢ Annihilation

¢ Hadron Collisions

@ ® Heavy Quarkonia

e Current world average:

0.1189 £ 0.0010
S Bethke, hep-ex/0606035
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The strong coupling constant  ag

e The strong coupling constant, «g, Is one of the fundamental parameters of QCD

® not
experiment

e The success of pQCD lies on precise and consistent determinations of «ag from
diverse phenomena:

th. uncert.

. . NLO QCD fi
structure functions, 7 decay, Z line shape, exp uncert, EEL(;SQ(EL[J)rﬁFihstC42(2005)1)
lattice, jets,... ZEUS(PrySiRey D67 (2000 12007

H1 (Eur PhysJ C 21 (2001) 33)

Jet shapesin NC DIS

ZEUS (Nucl Phys B 700 (2004) 3)
Subjet multiplicity in CC DIS

ZEUS (Eur PhysJour C 31 (2003) 149)
Subjet multiplicity in NC DIS

ZEUS (Phys Lett B 558 (2003) 41)

Inclusive-jet cross sectionsin yp
ZEUS (Phys Lett B 560 (2003) 7)

Multi-jetsin NC DIS
H1 prel. (contributed paper to EPS05)

Multi-jetsin NC DIS
ZEUS (Eur PhysJ C 44 (2005) 183)

Inclusivejet cross sectionsin NC DIS
H1 (Eur PhysJ C 19 (2001) 289)

Inclusivejet crosssectionsin NC DIS
ZEUS (Phys Lett B 547 (2002) 164)

Dijet cross sectionsin NC DIS
ZEUS (Phys Lett B 507 (2001) 70)

HERA average 2004
(C. Glasman, hep-ex/0506035)

World average 2006
(S. Bethke, hep-ex/0606035)

0.14
a (M)

e Current world average:

0.1189 £ 0.0010
S Bethke, hep-ex/0606035
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Jet cross sections at HERA

e Inclusive-jet cross sections in NC DIS and photoproduction (k7 algorithm)
— good description of data by pQCD for R =0.5—1.0 with similar accuracy

e ZEUS82pb*
NLO [ hadr
—— MRST200/GRV-HO

PHP:pPDF = MRST2001
-1<n®<25
142 <W, <293 GeV

E* > 17 GeV.
R=1.0

e ZEUS82pb™
NLO O hadd Z

=
o
[\S]

do/dE}® (pb/GeV)

=
o

o

=
o

[ jet energy scale uncertainty
ETs >8GeV
|cosy,| < 0.65
-2<n¥<15
Q? > 125 GeV?

=Y
o

=Y
o

rel. diff. toNLO

[
o

as(Myz)=0.1207 & 0.0037(exp) = 0.0022(th) as(My)=0.1223 + 0.0022(exp) =+ 0.0030(th)
+3.6(3.1)% +1.9(2.5)%

ZEUS, abstract 121, PLB 649 (2007) 12 ZEUS, abstract 152, ZEUS-prel-08-008
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@ Jet cross sections at HERA

e Normalised inclusive-jet cross sections in NC DIS in differ ent regions of Q2
— cancellation of correlated uncertainties; good descripti on of data by pQCD

Normalised Inclusive Jet Cross Section

1=-H1 Preliminary b) c)
270GeV?< Q%< 400GeV?

pPDF = CTEQ6.5M
150 < Q? < 15000 GeV?

O HERAIPLB 653 (2007) 134
(phase space corr'd)
® HERA I+l preliminary

*E [ NLO O hadr
2.0

5< Q2 <100 GeV?2 150 < Q2 < 15000 GeV?

as(Myz)=0.1186 & 0.0014(exp) & 0.0134(th) as(My)=0.1196 + 0.0010(exp) =+ 0.0053(th)

+11.4(4.5)% +1.2(0.8)%
H1, abstract 845, H1-prelim-08-032 H1, abstract 844, H1-prelim-08-031
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HERA o s combination

S

e HERA combined 2007 «s(My) value:
— simultaneous fit to and Inclusive-jet cross sections in NC DIS

as(My) = 0.1198 £ 0.0019 (exp.) £ 0.0026 (th.)

(- uncert e+ | Nclusivejet cross sectionsin NC DIS Measurements ConSIStent
J with each other and the
ZEUS (Phys Lett B 649 (2007) 12)
exp. uncert. world average

Inclusive-jet cross sectionsin NC DIS

——t

H1 (PhysLett B 653 (2007) 134)

HERA combined 2007 inclusive-jet NC DIS —> HERA combined 2007:
(this analysis) 0.1198 + 0.0019(exp) =+ 0.0026(th) (2.7%)

HERA average 2004 _ HERA average 2004:
(C. Glasman, hep-ex/0506035)  (0.1186 4= 0.0011(exp) £ 0.0050(th) (4.3%)

World average 2006 === (.1189 &+ 0.0010 (0.8%)

(S. Bethke, hep-ex/0606035)

014 LEP: 0.1211 &£ 0.0010(exp)

H1 and ZEUS, abstract 628, H1-prelim-07-132 and ZEUS-prel-07-025
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as at NNLO in eTe™

ALEPH data - i
E,,=91.2 GeV Pl using thrust at LEP1

=
o

1/o do/dT

/—— NNLO, 0,20.1274+0.0003 (I, =0.44 , i
--- NLO, ,20.1446+0.0003 )’/ ,=1.7 - NLO+NL LA 1

NLO + NLLA
0,=0.1271+0.0002,x°/n,,=0.62

F it range ]
NLO+NLLA arl > 1
\ - I — : . r NLO

]

(data-fit)/data

atistical ‘uncertaj \ ]
AR R R ‘ ‘ Ll
06 065 07 075 08 08 09 09 - 1

as(Myz) = 0.1240 £ 0.0008(stat) + 0.0010(exp) = 0.0011(had) % 0.0029(th)

Central value 10% lower wrt NLO

Dominant theoretical uncertainty reduced by a factor of 2 wr t NLO

Scatter among ags(M z) values from different variables reduced substantially
using NNLO+NLLA

as(Mz) = 0.1172 4 0.0006(stat) & 0.0020(exp) =+ 0.0035(had) + 0.0030(th)
S Bethke et al.(JADE), abstract 353 G Dissertori et al.(ALEPH), abstract 328, JHEP 0802 (2008) 040
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Inclusive prompt photons at TevaTron

e Production of isolated photons: pp — v+ X

— probe QCD dynamics with photons coming directly
from hard interaction

— largely independent of hadronisation corrections

CDF Runll Preliminary

—s— CDF data L =451pb™
systematic uncertainties
—=— NLO pQCD (JETPHOX)
CTEQ6.1M, BFG Il
HR = He = 1 = Pr

Understanding crucial for search of Iheon ot st
new particles decaying into photons

n']<1.0, is0<2.0 GeV
Risc=0.4

Measurements as a function of

Integrated over

140 160
Photon p; [GeV/c]

CDF, abstract 411
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Prompt photons + jets at TevaTron

=/
/-

e Production of isolated photons in association with jets: pp — v + jet + X
— probe of dynamics of hard QCD interactions

constrain on PDFs
0.007 <z < 0.8,900 < Q% = (p).)? < 1.6 - 10° GeV?

< = -1 v jet
g DG, L, =1fb |yj e|t< 1, pTv> 1t5 GeV FDD  yreos vy o 5 eb™<25 45 50
= je <1
g_ |y]—et| <038, yv[y.el >0 P > 15 Gev
- ly 1<08, y3/ <0 _
s LO<lI<2, Yo 0 £ Hf i
5 Le<il<2s, yyeol g T T
3 (x0.1) A 1
> — NLO QCD
'S (x0.3) JetPhoX
Measurements as a NS CTEQ 6.5M
. © y*|<0.8, y'3’ <0
function of for
different and
rati 04 to
~~ ratio of Alekhin02 to CTEQ6.5M
- ratio of ZEUS05 to CTEQ6.5M
—

an improved theoretical description of  ~ -+ jet production is needed
D@, abstract 509, hep-ex/0804.1107
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@ Prompt photons at HERA

e Inclusive (exclusive) prompt photon photoproduction: ep — v (+jet) + X
— probe of dynamics of hard QCD interactions
— complementary information to that from jets o Ineusive prompt photons n photoproduction at 1

Q H1 preliminary

with smaller hadronisation corrections
— sensitive to PDFs of both proton and photon

[pb/GeV]

Y
T

—

do / dE

NLO calculations below data, especially
atlow EJ, and low n? G rormorsrn ey

ZL (k_fact.) O hadr.
- T - ZL (k fact) O hadr.

electron y photon remnant

10 -1
Y
E! [GeV]

Exclusive (photon + jet) prompt photons in photoproduction at H1

H1 preliminary

proton proton H1 preliminary

proton remnant

—e— H1 HERA2 (prel.)
electron

7
% FGH (NLO) [ hadr.
- ZL (k_ fact) O hadr.

do / dn’ [pb]

proton

& —o— H1HERA2 (prel.) —e— HLHERA2 (prel) eiikes 4
1 %4 FeH (NLO) O ha. C %4 FGH (NLO) O hadr,
7 —l_ Jet - ZL (k_fact) O hadr. - ZL (k_ fact) O hadr.
better description of

data, except at high z°Ps _
Y H1, abstract 846, H1-prelim-08-033
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@ Prompt photons at HERA

e Inclusive (exclusive) prompt photon in NC DIS: ep — evy (+jet) + X
g — probe of dynamics of hard QCD interactions
— photons from hard interactions largely insensitive to

effects of hadronisation
inclusive

¢ HlData $ HlData
— LO(@®) LL+QQ+LQ — LO(03) LL+QQ+LQ
— LO(@) LL —— LO(08) LL
-—-LO(® QQ -—- LO(@® QQ
= = NLO (0%a,)

e and ~ well separarated:

can be attributed to underestimation of QQ contribution

H1, abstract 797, EPJ C54 (2008) 371
C Glasman (Universidad Aut 6noma de Madrid) ICHEPOS8 (Philadelphia): August 3, 2008




Precision tests of QCD with jets and vector bosons at HERA and TevaTron 28
W/Z + jets at TevaTron ]

e Production of W/Z in association with jets
— key signal channel for top production in SM
— search for Higgs and new physics
— production via QCD: stringent test of theory

Z + jets (DQ)

D@ Run II, L=1.0 fb* —4— Data
—— NLO pQCD + corr.
- - V4
Mg =H = M, O [
CTEQ6.6M PDF
==+ ALPGEN
- - V4
He =H= M, O p;
CTEQ6.1M PDF

A CDF Il / MCFM Scale uncertainty --- PDF uncertainty

5

)
1% AFEFET
5

P (pb / GeV)

T

. X e CDF Il / MLM
Scale uncertainty

do/d

e
H

= CDFII/SMPR
Scale uncertainty
0

need precise understanding

A CDF Il / MCFM Scale uncertainty --- PDF uncertainty Z/y*(-» UU) + jet + X

[N

65 < My,< 115 GeV, |y|<1.7
Rcone=0-5: pft > 20 GeV, |))Et| <28

OData/ 0-Theory

[N

2
5
1tz
05
2 8-
5
1
5

-% 2.6F - Data / ALPGEN — = SHERPA / ALPGEN
PYTHIA / ALPGEN

=]

2 = CDF II/ SMPR  Scale uncertainty

A S S
N R e

e CDF Il / MLM Scale uncertainty|

good description of the

W /Z + jets total and

differential cross sections |
D@, abstract 604 CDF, abstract 416, PRD 77 (2008) 011108 and PRL 100 (2008) 102001
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W + ¢ — jets at TevaTron ]

=/
/-

e W + c—jet production: dominated by s — g fusion — sensitive to Vg
— sensitiveto g and s
pPDFs at up = My : ' D@
— measurements at | L=1f"
TevaTron test A r i S
universality of sPDFE
and its evolution
— background to top, R
Higgs, stop production |
and to new physics in hadron colliders

W + ¢ — jet : :
D@: F ( ] ) = 0.074 £ 0.019(stat) T 017 (syst) |Sudf] o 0oeCie" o Deaiam
W + jets 100 B WALF mm W+LF

[ Other

CDF: ow X Br(W — lv) = 9.8 £+ 3.2(exp) pb

overflow bin

—>
—>
10 15 20 25 30 35
sg — Wec SLT muon p, [GeV/c]
— We
D@, abstract 605, hep-ex/0803.2259 CDF, abstract 967, PRL 100 (2008) 091803
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W /Z + b — jets at TevaTron = ]

e Production of W/Z in association with  b-jets
— test of pQCD; important background to eg Higgs
— sensitive to b parton density in proton: needed
to predict the production of particles which
couple to b (Higgs, SUSY, top, new physics)

o(Z+bjet) = 0.86 £ 0.14 & 0.12 pb (NLO: 0.53 pb)

o (W +bjet) x BR(W — lv) = 2.74 + 0.27 + 0.42 pb
(ALPGEN: 0.78 pb)

Z+ b jet. CDF RUN II Preliminary <10 Z+ b jet. CDF RUN II Preliminary

\s=1.96 TeV ¢ CDFData g \s=1.96 TeV o CDFData
L~20®7  __ pyTHIA NG, L~20fb
EF'>20 GeV ALPGEN EF'>20 GeV
I |<1.5 IN®|<1.5

—— PYTHIA incl.
—— ALPGEN

(do(Z+bje) MEM) 10(2) [Gev?

MCFM and ALPGEN

describe the Z + b data at and
ALPGEN prediction is ~ 3.5 times lower thanthe W -+ b data
ﬁ

CDF, abstract 415
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~ + b/c — jets at TevaTron

e Production of ~ in association with b/c-jets
— tests of pQCD
— sensitive to b/c pPDFs
— background to Higgs and new physics

S — :
& 1oL D@ Runll Preliminary ~ ° yy'>0

E -1 :
F Lin=10fb myPyY <o

F D@ Run Il Preliminary
[ Lyy=210fb"

y +bjet 00
lybjell <08
y'| <10

pP > 15 Gev
T

(x3.0) -e-

dy'dy ™) (pb/GeV)

- e

Y
o

o
e

~
N
el
©

E ) E v
- CTEQ6.6M, “R,F,fzp"? ‘ I EII(E)Q G?II\DA HRH i
3| NLOpQCD g CE P

D@ Run Il Preliminary
Liy=10fb"

y +bjet

e e ey e
- = Ratioof datato theory |yV|_ <1.0
5F CTEQ6.6M PDF uncertainty v <os8
[ ---- ICBHPSMode ratio to 6.6M Yy >0

1C Searlike Model ratio to 6.6M
Foommn Scale dependence

good agreement for ~ + b(c) in [ SIS TP e nsmony

= D@ Run Il Preliminary
¥ T o : F Liy=10fb"
a” p% i S Vet

[ —=— Ratio of datato theory

difference for grows with 06f  CTEQG6M PDF uncertainty
[ ---- ICBHPSModd ratio to 6.6M
1C Sea-like Modél ratio to 6.6M

increasing pJ, — ol Ik

C (u,=h =0, =0.5p) and 2p))
I IR R RRR

Y
(b4

Data / Theo
Data / Theo

0.2 T I B T B B
0 20 40 60 80 100 120 140 100 120 140
p! (GeVv) p! (GeV)

D@, abstract 526
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Parton dynamics at low

e One of the main channels of Higgs production at LHC is
expectedtobe gg — H

At high scales ( ), calculations using the DGLAP
evolution equations give a good description of the data at NL O

e DGLAP evolution equivalent to exchange of a parton cascade
with exchanged partons strongly ordered in virtuality kT

e But, DGLAP approximation expected to break down at low
— only leading logs in Q2 are resummed

— contributions from log 1/« neglected (important for
log Q? < log 1/x)

whr — -
et @ Other approaches to low a parton dynamics:
iproton

remnan — BFKL: resummation of log1/x to all orders ( low x)
— CCFM: angular-ordered parton emission ( low and larger )
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TevaTron 33

Parton dynamics at low

e ZEUS 82 pb!

w

S =

o o
N

~
o
o
~
&
X
2
=)
©

N
o
o
o

data/NLO

Comparison to predictions:

e Inclusive-jet cross section at low  a: forward jets

O(a3)

— new channel:
effective LO

higher orders very important

ZEUS, abstract 126, EPJ C52 (2007) 515

C Glasman (Universidad Aut 6noma de Madrid)
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@ Parton dynamics at low

L : ﬂ.ﬂﬂﬂ1?¢xﬂjcﬂ.ﬂm3 0.0003 < x; <0.0003 T oo < x5 < 0.001
iIdeal environment for studying
parton dynamics at low x directly
beyond NLO

» FEUS 8z pb™
dijets

--- HLOpt: Ofos)e C _,

— HLOJst; Do yer €,

et v --.-.-h
7 -

05 115 2 25 3 05 115 2 25 3

11,2
EX S

angular correlations sensitive to

1 forward jet + 2 central jets

effects beyond DGLAP dynamics 5
— R PO E o N
s O>ad) predictions describe the S TS
importance of
higher orders at low =z (in particular |1 2 o1 -
H1, abstract 798, EPJ C54 (2008) 389 ZEUS, abstract 122, NPB 786 (2007) 152
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Summary

e \Wealth of new measurements from HERA and TevaTron which test QCD with

high precision

— well in the way towards new level of
understanding underlying hard

processes needed for LHC physics th. uncert.
expm‘cert.
—
—
—
—

— NNLO corrections needed for further
progress

Thanks to: C Diaconu, G Dissertori, K Hatakeyama, G Hesketh,

Inclusive-jet cross section in NC DIS at low Q2
H1-prelim-08-032

Norm. incl. jet cross section in NC DIS
H1-prelim-08-031

Norm. incl. jet cross section in NC DIS

H1 (PhysLett B 653 (2007) 134)

Inclusive-jet cross section in NC DIS
ZEUS (Phys Lett B 649 (2007) 12)
Inclusive-jet cross section in yp
(ZEUS-prel-08-008)

HERA combined 2007
(H21-prelim-07-132/ZEUS-pr el-07-025)
HERA average 2004

(C. Glasman, hep-ex/0506035)

Event shapesin e'e at NNLO
(S. Bethkeet al., JADE physics note 149)

Event shapesin e'e at NNLO
(G. Dissertori et al., JHEP 0802 (2008) 040)

L EP average 2007
(S. Kluth, hep-ex/0708.1311)

World average 2006
(S. Bethke, hep-ex/0606035)

0.14

(]S(M Z)

A Juste, S Kluth,

C Pahl, S Soldner-Rembold, A Specka, J Terr 06n, M Wobisch
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Theoretical calculations

e Very well tested programs of process- and observable-indep endent algorithms
that allow complete analytical cancellation of soft and col linear singularities
encountered in calculations of cross sections at NLO ( ep and pp)

— NNLO calculations for next generation of experiments?

e Programs for computing infrared- and collinear-safe obser vables at NLO:

photoproduction DIS
— S Frixione & G Ridolfi — DISENT (S Catani & MH Seymour)
— M Klasen, T Kleinwort & G Kramer — MEPJET (E Mirkes & D Zeppenfeld)
— BW Harris & JF Owens — DISASTER++ (D Graudenz)
— P Aurenche, M Fontannaz & JP Guillet — NLOJET++ (Z Nagy & Z Trocsanyi)
Pp W, Z and ~v
— SD Ellis, Z Kunszt and DE Soper — MCFM (J Campbell et al.)

— W Giele, EWN Glover and DA Kosower — JETPHOX (P Aurenche et al.)
— F Aversa, M Greco, P Chiappetta and JP Guillet

— NLOJET++ (Z Nagy & Z Trocsanyi) Recent developmentin ete™

— NINLO calculations (Glover et al.)
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Uncertainty of NLO calculations due to the PDFs

[
For the pPDFs, several groups ( ) have developed
methods to account properly for the statistical and correla ted systematic
uncertainties of each data used in the fits and the theoretica | uncertainties
affecting the extraction of the PDFs
é

€J Tjets

= QCD fit Q®> =10 GeV?
CTEQ4M

M Botje, Eur Phys J C14 (2000) 285
ICHEPOS8 (Philadelphia): August 3, 2008
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A method to determine «as from jets in hadron colliders

e Cross sections in pQCD are a convolution of the PDFs and the matrix elements

® Qg
o g dependence pPPDFs
oLla(elfl NLO calculations IS [gleRelii{I(=IaI RIS parametrisation

of pPDFs
use as input in each calculation the value of measured NLO QCD

as(M z) assumed in each PDF set
parametrise «g dependence of prediction:

do /dA(a,(Mz)) = Cy os(Mz) + Cs a2(Myz)

determine from the
VElaloRig[sH NLO parametrisation SOF POF2 PO= lPDF4PDF5 (M z)

extracted ags(Mz)
value

ZEUS, PLB 507 (2001) 70
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Theoretical uncertainties on ags(Mz)

o
=

— Uncertainty of inclusive-jet cross section from
terms beyond NLO as a function of Q2 estimated
by varying upg by factors 2 and 0.5

Hg un&ertalnty
o
o1

y
o
H

CTEQ6
N ZEUS2002
M RST 2001

10° 10"

Q* (Gev?)
e PDF uncertainty of inclusive-jet cross section
as a function of Q? for various PDF sets —

=
©
$0.05
c
-
(7))
LL
(@)
(al

o

e PDF uncertainty on ag(Mzy):

ZEUS2002-RT — 4+0.7%
MRST-2001 — 4+0.7%
CTEQ6 — +1.6%
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as(Mz) from jet cross sections

o ovs(Mz) from the measured  dojeqs/dEY. 1 dQ? for

150 < Q2 < 15000 GeV?2:
as(Mz) = 0.1179 £ 0.0024 (exp.) 00052 (th.) £ 0.0028 (pdf)

— experimental, theoretical and PDFs uncertainties go up

M 7) from the normalised 1/oNC d2‘7jets/dEgﬁ,B

for 150 < Q% < 15000 GeV?:
as(Mz) = 0.1193 & 0.0014 (exp.) 700037 (th.) & 0.0016 (pdf)

e a5(My) from the measured normalised  1/oNC dzajets/dEJﬁ%sz for

700 < Q2 < 5000 GeV?2:
as(Mz) = 0.1171 % 0.0023 (exp.) T0 0036 (th.) & 0.0010 (pdf)

— experimental uncertainty goes up, theoretical and PDFs unc ertainties go
down
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@ HERA a5 combination £
e as(M z) combination from inclusive-jet cross sections in NC DIS
— simultaneous fit to and data sets which yield the most precise

as(M z) values

Inclusive Jet Cross Section

=

150 < Q%< 200 GeV?
§ H1Data

NLO O hadr 0 Z°
MRSTO1

e ZEUS82pb™

— NLO
pPDFs=MRST 2001

'_\
o
KN

MRST2001

do/dQ? (pb/GeV?)

=
o
N

El#>8GeV
|cosy,| <0.65
2<n&<15

[ jet energy scale uncertainty

(data-NLO)/NLO

H1 and ZEUS, abstract 628, H1-prelim-07-132 and ZEUS-prel-07-025
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New HERA «as(Mz) combination

e Fit to 30 measurements of inclusive-jet cross sections in NC DIS:
— 24 H1 data points from double-differential cross section (150 < Q% < 15000 GeV?
— 6 ZEUS data points from single-differential Q2 cross section (125 < Q?<10° Ge

e NLO QCD calculations:
—s differential cross sections were calculated at NLO ( O(a?)) with:
— pPDFs: MRST2001 sets .
. . ] Jet .
— renormalisation scale: pp = E7 g of each jet
— factorisation scale: up = Q

e Experimental uncertainties on combined  ag(Mz):
— 0.0019 (obtained using Hessian method; fit sources of systematic uncertainties,
eg energy scale, luminosity, model dependence )

e Theoretical uncertainties on combined ags(Mz):
— terms beyond NLO: 0.0021 (using Jones et al method, JHEP 122003007)
— factorisation scale: 0.0010 (obtained by varying g by factors 2 and 0.5 in
the calculations)
— pPDFs: 0.0010 (obtained by using 30 sets of MRST2001)
— hadronisation: 0.0004 (obtained from different parton-shower models)
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@ Underlying event using minijets in NC DIS

o If (E%?t)2 > Q?, virtual photon behaves like hadronic object
— study UE/MPI using low- p7 jets (minijets) in addition to the leading jet

Mini Jet Production. Inclusive Sample. 0.5 < r]:f‘b <279 Mini Jet Production. Inclusive Sample. 0.5 < n:jab <2.79

5<Q? <10 GeV? 10<Q*<25GeV®  25<Q?<100 GeV? 5<Q?<10GeV? 10<Q*<25GeV?  25<Q?<100 GeV?
' ' (c)

The Leading Jet [ [ ---Herwig 10%SUE

L AQCE 60
N \
Toward | Region Q
’ S ,” \\ \
Transverse, N L0700 N N\ Transverse
Region SN L7 \ 1 Region

' High active Low active! |

P > ;

Region S Region !

‘\‘ et \\\‘\\ L
i U L,

N PagnE 120

' 4
" AolF 140

20

P u* (GeV)

In “high activity” (highest- E7 density) region no model describes data

— In “low activity” (lowest- E4 density) region HERWIG+10% SUE describes data
H1, abstract 808, H1-prelim-07-032
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Jet substructure in NC DIS

e Jet substructure:
— stringent tests of pQCD
— differences between quark and gluon jets : f
— gluon jets expected to be broader than quark jets i: , “two je  let Spjg\gvsesgtpff

e Integrated jet shape: average fraction of E%f’t within o ' " onejet
W(r) O F = twojet (lowest EIY

r = VAn? + A¢? of jet axis | . — NLO (onejet
e t = NLO (twojet)

-1<n®<25

Ei#>14 GeV

roton proton
P e mnant Proont  Jet P femnant

W W . ; , itWO é S lowest ie
. ) T , US (prel.) 368 pb

one-jet events two-jet events - ]
enriched in higher content sl - twojet (lowest EJ
quark jets of gluon jets 4t — NLO (onejet)
NLO (two jet)
broader 2} L<n®<25

14 <Ef<17 GeV

consistent with a higher 1 TR T
gluon content in dijet events, as predicted by pQCD 010203040506070809 1

e onejet

ZEUS, abstract 145, ZEUS-prel-07-013
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Precision tests of QCD with jets and vector bosons at HERA and TevaTron

Multijet events in  ep collisions

o (’)(aag) calculations of three-jet cross sections for direct-photo n and NC DIS
processes in terms of the colour factors Ch, Cgand Tp:

— angular correlations in three-jet events sensitive to
underlying gauge group symmetry
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