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e Outline
— Jets and Jet Algorithms
— Jetsine™ e collisions
— Structure Functions
— Jets in Neutral Current DIS
— Jets In Photoproduction
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What is a jet?

Run:event 4093: 1000 Date 930527 Time 20716Ctrk(N= 39 Sump= 73.3) Ecal (N= 25 SumE= 32.6) Hcal (N=22 SumE= 22.6)
Ebeam 45.658 Evis 99.9 Emiss -8.6 Vtx ( -0.07 0.06, -0.80) Muon(N= 0) Sec Vtx(N= 3) Fdet(N= 0 SumE= 0.0)
Bz=4.350 Thrust=0.9873 Aplan=0.0017 Oblat=0.0248 Spher=0.0073

| 200. cm. | | 510 20 50 GeV

Centre of screen is (  0.0000, 0.0000, 0.0000) \ [ FT \

ete~ — jet + jet (eTe annihilation)
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What is a jet (1I)? I

CDF: Highest Transverse Energy Event
from the 1988-89 Collider Run

sum of Transverse Energy = 752 Gel

Calorimeter lego plot
Two Jets, 424 Gey' and 371 Gely

pseudorapidity: n = —In[tan(6/2)]
0(n): 0° (400), 5° (3.13),90° (0)
B coma Tracking 175° (-3.13),180° (—o0)

#
pp — jet + jet + Anything (pp collision)
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What is a jet (lI)? I

UCAL transverse energy

ep — e + jet + Anything (NC DIS)
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Whatis a jet (IV)? I

40
UCAL “transverse energy

ep — jet + jet + Anything (photoproduction)
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pp — jet + jet 4+ Anything

What is a jet (V)? I

A EXPERIMENT

Run Number: 167576, Event Number: 69725215

Date: 2010-10-24 15:42:22 CEST
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What is a jet (VI)? I pp — jet + jet 4+ Anything

i CMS Experiment at LHC, CERN
il Run 133450 Event 16358963 P
Lumi section: 285 /
Sat Apr 17 2010, 12:25:05 CEST _,/

ET(GeVl
80
0 Jet 1
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Some good reasons to study jef

Jet “7,9 \?*
alm 4 //r/ &
e \\\\ . "

e Studies of the strong interactions:
— measurements of the strong coupling constaniys)
— colour dynamics (e.g. the self-coupling of the gluon)

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Some good reasons to study jets (II

neutrino

Vi

— measurements of top quark production
— search for excited quarks

,/// e Study of and search for new heavy particles:
Jet

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Some good reasons to study jets (IIII

guark
antiguark ;
—
Jet P \%\
Jet
P e Search for new heavy particles:

— new particles decaying to jets
— Higgs Boson
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Jet Algorithms
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How to find jets?'

e To reconstruct the final-state quarks and gluons

A

— Something more sophisticated than a bucket is needed!

=

e Jet algorithm:

JET ALGORITHM

— MEASURABLE!
— CALCULABLE!

— ACCURATE!

— Reference frame

— Variables of the hadron

— Combining hadrons

J Terr 6n (Madrid)

G ottingen, HASCO2014

July 21st, 2014
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Variables for Jet Search inete— annihilations I

e+

?

hadrons

d

-\

L

A
X !

4

e e e~ annihilations in the centre-of-mass system
e Invariance under rotations = Energies and angles

= Input to the jet algorithmE;, 8, andg; for every hadron

= “distance” between hadrorsandy: their angular separatiof ;

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Combining the hadrons to build up jets: cluster aIgorithmsI

e Hadrons are combined iteratively 8
according to their “distance”

e Usually a binary decision

e Two-step procedure:
— decision about combining
hadrons< and 5 based ond;;
— momentum of the combined
pseudo-particle ¢7)
(recombination procedure)

Ad ¥5:9G:0T €66T-RO-T U0 3PN

e They have a long and successful history ie™e~ annihilations
e The JADE algorithm has been the standard

— distance definition: d%; = 2E; E;(1 — cos 6;;)

— recombination procedure: p(;;) = p; + pj

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Combining the hadrons to build up jets: cone algorithmﬂ

e Maximizing the total transverse
energy of the hadrons within
a cone of fixed size
e Three-step procedure:
— constructing the seeds
(starting positions for the cone)
— moving the cone around
until a stable position is found
— dealing with overlapping cones
(to merge or not to merge)

e They have been applied mainly tgpp collisions
e The iterative cone algorithm has been the standard

— distance definition: d;y = /(m: — 15)2 + (¢: — ¢ 1)2
— cone axisiny = 5= > Bri M, ¢5 = 5= > Bri- ¢,

Er = Zz Et,z’

J Terr 6n (Madrid) G ottingen, HASC02014

July 21st, 2014
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Requirements on a jet aIgorithmI T

MEASURABLE, CALCULABLE, ACCURATE

— Simple to use in experimental analyses -
and theoretical calculations

— Insensitive to the presence of soft
particles or particle (strong) decays /

Hadronisation

— Infrared and collinear safe, ‘
so that it can be calculated
order-by-order in perturbative QCD
— Close correspondence with the final S
state quarks and gluons q % ; g (soft)
— small hadronisation corrections
— Suppression of beam remnant collinear splitting soft-gluon radiation
jet contributions (divergence!) (divergence!)

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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- . soft-gluon radiation
Fulfilling the requirements I (divergence!)
collinear splitting ,

e The JADE algorithm is infrared and collinear safe (divergence!)
— First situation : two particles (partons) /o
with equal and opposite momenta q % ; g (soft)
d%z = 4E1(q)E2(q) = Scm
For d?,, < Sem = Two jets
— Second situation three particles (partons) ¢ g
the two collinear partons will be combined
dz,,, = 2E}(q)E%L(g)(1 — cos0) =0 !!
P(2/3') = P5 + p3 = p2 !! (it wouldn’t be the case if thep were added quadratically)
d? a3y = 4E1(@) E(2/3)(q9) = sem andfor d? ,, < scm = Two jets
— Third situation : the soft gluon will be combined with the closest (in angle) gark
e.g.d3,., = 2E}(q)E%(g9)(1 — cosOa:3/) < 2E1(q)E4(g)(1 — cos 013/)
P(2/3') = Py + p5 = p2 !!
d1(2,3,) = 4F1(q)E(2/3/)(q9) = Sem andfor d? , < scm = TwoO jets

e The final result is the same in each configuration!

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Fulfllllng the requirements (Il) soft-gluon radiation

(divergence!)

[lin litting
e The cone algorlthm IS infrared and collinear safe at NL " (ivergence)
— First situation : two particles (partons)
with equal and opposite momenta g(soft)

Each of them defines a cones- Two jets
— Second situation three particles (partons)
the two collinear partons will lie in the same cone
= Two jets

— Third situation : if the soft gluon is far from the other partons (,/An? + A¢? > R)
it won’t be lumped with any of them
= Two jets
The jet axes and transverse energies will differ from the thesalues found in the 1st or
2nd situation by a quantity that — 0 as E(g) — 0!

e The final result is the same in each configuration!

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Jets ineTe collision

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Observation of jetsinete™ coIIisionsI

e First evidence for jets arising from quarks in e™e~ — g events was obtained
at the SPEAR e e~ collider in 1975

e Since jets could not be discerned simply by looking at the pattern of outgoing
tracks, a method to define the jet axis was devised: the direction in which the
sum of the squares of the momenta transverse to the axis was minimal:

3. PJ_ i — jet-likeevent: S =0
2y 0’ iphetiolin isotropic event: S ~ 1
ep, ;: momentum of the :th particle perpendicular to the sphericity axis

_SPEAR dat
e QCD predicts that as the cmsenergy = [ =

— § =

fimi e e el Somte) | Gl

- -

increases, the events should become -- i # §
more jet-like so the sphericity should ~ ¥ i .
decrease - A ]
e Comparison to isotropic phase- ¥ i i
space (PS) and jet models: 5 i i
— both models are consistent with the data = | e data J
for /s = 3.0 GeV L. — I8t mogo! .

— for /s = 6.2 and 7.4 GeV, the data are = e P_S). m?.d_..EI_J_. "

SR Ty 20 4.0 8.0 ao

peaked toward low S and have significantly e G
lower mean S than the PS model and agree with the jet model

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Observation of jets ineTe™ coIIisionsI

e The quark spin can also be inferred from the angular distribution of the thrust

axis in hadronic Z decays — the angular distribution has the form
do

: | o — 2
d cos 6y}, e 51,5 * ALEPH data
where 7;),: polar angle of thrust axis BEO L e
1.2 LR
— spin-1/2 quarks: o« = +1 1 MQH
— spin-0 quarks: «a = —1 08 e
0.6 MC: Guork Spin O
0.4
0.2 :
e Comparison to the predictions "0 01 02 0.3 04 05 06 0.7 08 09 1

cos(Onmysr)

— the spin-0 curve is clearly incompatible the data
— the spin-1/2 curve is in excellent agreement with the measurements

= Confirmation that quarks are fermions with spin 1/2

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Observation of gluon jets ineTe™ colIisionsI

e In ete™, gluons first appear as the @ () correction
to the et e~ — gq process

e First observation of three-jet events in e e~ — qqg
at the PETRA e e collider in 1979 — direct evidence P . e .
for the existence of gluons by looking for deviations €' € — Jet T jet + jei
from the quark-parton model predictions

e The quark-parton model for the process ee~ — ¢ predicts back-to-back jets
of hadrons with typical transverse momentum of ~ 0.3 GeV

e In QCD,
— gluons will be radiated from the quarks and
so the jets will no longer be back-to-back
— the p distribution of the final-state hadrons
will broaden with increasing energy
— the ggqg state must be coplanar since the momenta
should sum 0 by momentum conservation
— the final-state hadrons will have small transverse \
momentum wrt the plane and large transverse
momentum in the plane
— if the gluon is radiated with a large transverse
momentum, the events will have a three-jet topology

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Observation of gluon jets ineTe™ colIisionsI

e Two methods were used to determine the jet axis from the final-state hadrons:
— minimising 3" p7 (sphericity axis)
— maximising }_ [p| (thrust axis)

» Normalised transverse momentum distribution o 1da/de

evaluated wrt the sphericity axis as a function of pT at
V8 =13 — 17 and 24.7 — 31.6 GeV:

— the data at both energies are in reasonable agreement
for p7. < 0.2 GeV*
— the hlgh energy data are well above the low energy data
for p > 0.2 GeV?
e The Iow-energy data have been fitted for p2T < 1.0 GeV? with
the jet model: the value of the parameter o (it determines ol
the width of the p distribution) obtained was 0.30 GeV PP (Gevsen?
e For the high-energy data, o4, = 0.45 GeV in contradiction
with the quark-parton model which assumes the quark to fragment into hadrons
with an energy-independent p distribution
e QCD predicts the p to increase with the energy due to gluon bremsstrahlung

%

o
'r-rrrrm-—rpri
=¥ 1
"l -
(1) W

L e R i N R S A e e ]

TASSO data

¢‘

‘1’ ‘f—lah.alﬁi wre )
¥ T

\\‘% “".._"‘h
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Observation of gluon jets inete™ colIisionsI

25

N
(PFYout = N > (- 7i1)” (momentum component normal to the event plane)
Jj=1
N
(p%}m =N Z (P - -Fiz)z (momentum component in the event plane perpendicular
j=1 to the jet axis) NI
where 7i;: direction of sphericity axis, 7i,: direction which ! e
maximises ) p2., 7i.: direction orthogonal to 7i; and 7i; e

» ko — Ti3: event plane

— the data show only little increase in (p3.)out
between the low-energy and the high-energy data

TASSO data |

<3y,
ITe- 6 Oy

— the distribution of (p32.);,, becomes much wider e
at high energies and a long tail is observed
e Comparison to the jet-model predictions: R e e

— hadrons resulting from pure g events will be on average —
distributed uniformly around the jet axis
— fair agreement with the gg model is found both for (p3.)i, and (p3.).. for the low-energy data
— at high energy, there is a fair agreement between (p7.),,, and the ¢g model with o, = 0.3 GeV
— the long tail in (p?.)i, is not reproduced by the model — this discrepancy cannot be removed
by increasing o,

= the data include a number of planar events not reproduced by the gg model
— evidence for qgg events

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Jetratesinete™ colIisionsI

e The topology of hadronic events in e e~ collisions is modified by the effects of
gluon radiation, giving rise to events which differ from the collimated two-jet

topology coming from the fragmentation of gg events

e Since the amount of gluon radiation is directly proportional
to a, the study of the topology of hadronic decays inete™

provides a determination of as(M )

e The strategy consists of finding variables which characterize
the “three-jetness” of the events — the variables have to be

infrared and collinear safe to be able to perform reliable
calculations: jet rates as a function of the resolution
parameter y.,t
e Comparison to Monte Carlo predictions:
— the predictions show in general a good
agreement with the data

e The three-jet rate (R3) at y.,t+ = 0.08 as a function
of /s shows the running of o directly

¥, =08 (%)
s ER ez

R
=

L Bl scheme

n-Jet Fraction
= =
= be
T

=
=

0.2

'l

OPAL data
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Theoretical Uncertainties'

e Being collinear and infrared safe
does NOT mean small theoretical uncertainties

q

e Perturbative QCD calculations are
performed to a certain order in ag

LOWEST ORDER NEXT-TO-LOWEST ORDER (HIGHER ORDERS)

— the size of higher-order contributions constrains theaccuracywith
which (e.g.) as can be experimentally determined

e The size of the higher-order contributions DEPENDS on the jealgorithm
e How can higher-order effects be estimated without computig them?
— by investigating the renormalisation-scale dependenceu(z)
A=A -as(pr) + Az - a%(pur) + ...(higher orders)
At all orders A does NOT depend onug

= The size of the “...” i1s such that it cancels thg.r variation of the first two terms

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Theoretical Uncertainties (ll) I

.3 T T

e NLO calculations for three-jet production in
eTe~: — variation with g to asses
the size of higher-order contributions

— Performance of various jet algorithms:
variation of the observable f5 over 2
the range0.1 < pr/Mz < 1.0

25

] 5 I I 1 | I T

15

f3(y.u)

e JADE algorithm: 15%

L

e Durham algorithm: 8%

e Geneva algorithm: 3%

Iflii [ T llllT—f

scale dependence, v,y = 0.1

As” = 120 MeV

] ! | |

‘i - 1
e The Durham and Geneva jet algorithms were [ ’
specifically designedor the purpose ofreducing | )
the higher-order contributions upon identifying [ |
. . - . | 1 l G I ! | ] | l__,“l Lo P
the limitations of the JADE algorithm 2 05 4 P 5 |
M/ Nz
J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Improving the jet algorithm I Phantom/fet

e The limitation of the JADE algorithm: [ sitguon soft glqu

— soft gluons are copiously radiated q
— but soft gluons far apart can be { .q}
combined into and a“phantom” jet Jet .

e This peculiar behaviour arises from the definition of “distance” in the JADE algorithm:

dfj = 2F;FE;(1 — cos 6;;) | = two soft gluons can be very closed,, < dgq”

e An improved definition of the distance

d?j =2. mzn(Ef,Egz) - (1 — cos 6;5)

which amounts to replacing the invariant mass
— by the minimum relative k1 of the pair

= Durham (or k) algorithm
— It also allows the resummation of
contributions from multiple-soft-gluon emissions i

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Hadronisation Effects.
: : : tons
e Being collinear and infrared safe

does NOT mean small hadronisation uncertainties r

|
l

\
\

\Jets o

e Parton-to-Hadron (hadronisation) effects are
non-perturbative and are estimated with )
Monte Carlo simulations that include

— ¢ and g radiation in the parton-shower approach

— fragmentation of the final-state partons into hadrons
e The size of the hadronisation effects DEPENDS on the jet algibhm

e They are estimated by comparing the results of applying thegt
algorithm to the parton and hadron levels of the Monte Carlo
simulated events

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Hadronisation Effects (ll) I

e Jet rates inet e~ annihilations
as functions of the resolution parametery ..+
e Comparison of hadron and parton level
calculations using Monte Carlo simulations

n-jet production rate | %]

100

80

e The size of the hadronisation effects depends upone

— the distance definition
— the recombination procedure

e The hadronisation effects are LARGEST for
— the JADE algorithm with the E scheme

(Pij; = pPi + Pj)

— the Geneva algorithm

e The hadronisation effects are SMALLEST for
— the JADE algorithm with the EO scheme

(Eij = FE; + Ej, ﬁij — 15 _|_p |(pz ‘|‘pg|))
— the Durham algorithm

n-jet production rate | 9o |

n-jet production rate | % |

801

60 |

a0t

o
=

[
=
T

=

E0 ('JADE")

2-jer

001

001

A1

n-jet production rate [ %)

n-jet production rate [%]

n-jet production rate [ %]

100

801

10
d.... |GeV]

101
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Importance of the details of the jet algorithmsl

e The “detalls” of a jet algorithm are RELEVANT for
— precise comparisons between DATA and THEORY to make accura& determinations
of the fundamental parameters (e.gas(Mz))
— precise identification and reconstruction of new heavy paitles

e The decision on which algorithm to choose must be based on tise&ze of the uncertainties
— higher-order contributions
— hadronisation corrections
— hadronisation uncertainties
— experimental uncertainties

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Determination of at,(Mz) in ete™ coIIisionsI

e The QCD prediction for the differential two-jet rate as a function of the two-jet
resolution parameter y3 is given by

o Qg s ; 2
1do ('U’)A(yg) s ( 2;”’)) ; IB(yg) + 27bg In (Z) -A(’ya)]

o dys 27
where A(y3) and B(y3) contain the full information of the second order matrix
elements, u: renormalisation scale Differential Two—Jet Rote
¥s .1 0.0 0,00

e Since the predictions correspond to a partonic final
state with at most four partons — need to apply
hadronisation corrections

e A value of as(Mz) of 016

£
ka
o

ALEPH

(1/a) do/dL

o
Fr

D12

as(Mz) = 0.121 £ 0.002 (stat) 4+ 0.003 (exp.) =+ 0.007 (th.)

0.08 s Corrected

was obtained by fitting the measured differential - tncorresied

two-jet rate distribution using the second order )

QCD prediction corrected for hadronisation effects A
ALEPH data
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Determination of the spin of the gluon ineTe™ coIIisionsI

e A study of three-jet events in e Te~ collisions gives insight into the dynamics
of perturbative QCD — three-jet events arise from hard non-collinear gluon
radiation

e For massless jets, there are only four independent variables: two angular variables
and two of the energy fractions, x; = 2E;/+/s since 1 + x2 + 3 = 2 by energy
conservation (x1 > xz2 > x3)

e The LO cross section for the process e "e~ — qgg __ TASSO data
with vector gluon (spln 1) is i R
9 - 'Qn".'.-,. X,<09

1 d*c! 20y, ] + &5
= — : + permut

Cﬁ](fl;dl: 3T (]_'—Jg}(l—‘lf'-g] 1 0z
and for scalar gluon (spin 0), grg
1 d?c 20, f_'; 1 %
— 4+ permut -Ig

ogdxdx, 3w | (1 — 21)(1 — x2) 01

where a,: effective coupling in a theory with scalar gluons

e The spin of the gluon can be determined by comparing
the data and predictions for the variable 0
| cos | = Z2-=2  (Ellis-Karliner angle)
— the scalar gluon model is in clear disagreement with the data
— the vector gluon model provides a very good description of the data

0 O 02 03 04 05 06 07 08
cos 0
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Triple-gluon vertex I

e QCD is based on the SU (3) non-abelian group which induces the self-coupling
of the gauge bosons whereas QED is based on the abelian U (1) group (no

self-coupling)

— Due to the presence of the gluon self-coupling, the effects
of the triple-gluon vertex should be observed

— The events should contain at least four jets in the final state

e Events with at least four jets are needed since the
diagrams that contain the triple-gluon vertex are

also contribute to the
four-jet cross section,
but they are present in
abelian theories as well

e The diagrams

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Four-jet events ine™e™: triple-gluon vertex I

e Four-jet events have been observed at the
ete collider LEP

— QCD prediction confirmed by data!

e The four-jet cross sections for eTe~ — gggg and

eTe™ = qqqq can be expressed as

a:Cr\° 1E Ca
Ao gge (i) = Aly;: 1 — ——2) Blyi) +—C i) | d¥

1 o, O\ 2 Ty 1C 4
U—Ddﬂ'qaqq(yij) — ( - ) [NFC—FD(Z‘JU) i (1 — Ea) E(y!:_j)] dY-:j
where

— yij = (pi +p;j)"(pi + pj)u/s is the normalised two-body invariant mass and i, j run over the four partons
— C'4, Cr and Ty are the color factors

— NNy is the number of active quark flavors

— A, ..., E are group-independent kinematic functions

— oy is the Born cross section for the process ee™ — ¢g@

— dY;; is the product of the differentials of any five of the six y,; variables

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Four-jet events ine™e™: triple-gluon vertex I

e Variables have been devised to highlight the non- abelian character of QCD in
contrast to abelian theories, eg the SU (3) group of QCD could be replaced by
the abelian [U (1)]2 group

e These variables are

— Bengtsson-Zerwas angle x g 7, the angle between the planes determined by
the two lowest and the two highest energy jets:

(P1 X p2) - (P3 X P4)
P1 X P2| [P3 X P4l
— Nachtmann-Reiter angle 67, ., the angle between the momentum vector

differences of jets 1,2 and jets 3,4:

(P1 — P2) - (P3 — Py)
[P1 — p2| |P3 — P4
— «34, the angle between the two lowest energy jets:
P3 - P4
P3| | P4l

COS XBZ —

| cosOn | =

COS Q34 =

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Do the data favour an abelian or a non-abelian theory;l

e These variables have been measured in four-jet events at LEP, eg

QCD (non-abelian)
40 | S U RN I O S AR O L T BN O B R N IR A NN S O
L3 J
e
3‘) —

Event Fraction (%)
Z
\\

— The data clearly favour a theory with
non-abelian character: QCD

® DATA |
[~ i
|~ 1
10 —
i abelian 1
0 'EEE TG S TN LN S D G T [ O RN T S NN SHEVONS RN S A 1
0° 20° 40° 60° 80°

X Bz

— QCD prediction confirmed by data!
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Four-jet events ine™e™: color factors I

e A simultaneous measurement of the ratios C 4 /Cp and Ty /Cp ate™e
colliders is possible through the study of angular correlations in four-jet events:

the values are extracted from a fit of the theory to the data distributions on the
angular variables

39

— The results obtained are 3¢ abelian uay, OPAL
Ca/Cp =2.11+0.16 (stat) £ 0.28 (syst) J | 4
Trp/Cr = 0.40 £ 0.11 (stat) & 0.14 (syst) = | e i

o 2 | @ so2)
_ " |'vac | For SU(N¢g) — Cs = N¢ S S0@)
h N2 e I x‘-EC'(N} /
557 |2 Cr = 5% B SU@3)
O e b 7| (QCD)
o9nn.e” e Em o, T TF = 1/2 | H{Fzy.snu]
AN ; K i | _ ,lsuzn(u
e The U (1)3 and SO(3) theories are clearly 5 . ,‘”f“ o
excluded by the measurements ° 01 2 3
e The results are in agreement with the predictions Ca/Cs

of the SU (3) theory (QCD)
— QCD prediction confirmed by data!
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40

Measurements ofo, I 0.5 Sept. 2011
OZS(Q) v Tdecays (N'LO)
B Lattice QCD (NNLO)
Determinations of as(Mz) 04| a DIS jets (NLO) |
in e e~ using measurements of 7 Heavy Quarkonia (NLO)

_ _ o e'e jets & shapes (res. NNLO) |
event shapes and jet rates for which e e.w. precision fits (NLO)
NNLO calculations are available o5 & pp — jets (NLO)

) B Bl LI B o i
ALEPH (j&s) e (d)
OPAL (j&s) S,
JADE (j&s) +—O—
Dissertori etal. (3j)  —p—s 0.2 +
Abbate et al |:_T:l Le :
M IR PRy, Lo
011 012 013
o. (M
(M) ol
= QCD o,(M;)=0.1184 +0.0007
Determinations of a5 (Q) 1 1h lﬁﬂ
(@) Q [GeV]
— test of the running
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Structure Functionsl
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Universality (and usefulness) of Proton PDF'

1
O pp—s H(W,Z,..)+X = Z/o dz1 fo p(z1, p3) /o dzs fo/p(2, 03) GabsHW,Z,...)
a,b

LHC parton Kinematics

o g sensitive to gluon T —
distribution at 1n';— g'z:mfwm Tegsmes M=10TeV
r~ M 8.103 .

NG
and p2, ~ M7 ~

~ 13000 GeV?; R
T

AocrPY jog ~£3% &

(for Mg = 115 GeV) ~

proton

ow Sensitive to sea
~N\ U distribution at

proton

=D AoEPT [ ~ 435

proton
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Kinematics of Neutral Current Deep Inelastic Scattering'

e+ (K')

1
Oep—set+X — Z/ dx, fa/p(wla [,li—,) Oeca—rea
0
a

For a given ep centre-of-mass energyy/s,
YIZ (q:k_k) the (fully) inclusive cross section for

/;ri ep e+ X

e+ (K)

can be described bytwo independent
T kinematic variables, e.g.
uark
| — Q* = —(k — K')?

—) _———— = -eera

proton (P)
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Neutral Current Deep Inelastic Scattering'

e Neutral Current DIS event candidate e Coverage of kinematic plane Q*,z ;)
Q? ~ 24000 GeV? andxg; ~ 0.5

C\% 10°
e
N
y 4 o 7 H1
% 104 0 zeus
] Fixed Target Experiments:
10 37 CCFR, NMC, BCDMS,
SCatte I‘ed g E665, SLAC
100 positron 2
] 10°¢
10 ¢
1 =
1l
10 ¢
_ 10°  10° 10" 10° 107 10t 1
azimuth - <

_3
ETA PHI ~% UCAL transverse energy
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Neutral Current Deep Inelastic Scattering'

e Inclusive processetp — e* + X
do(e=* o2 _
d{,EZQg) — % ) ( Y—I— ’ F2(JJ, Qz) _y2 ’ FL(wa Q2) FY_ - C171;13(5177 QZ) )
Dominant High y High Q*
whereYy = 14 (1 — y)? andy = Q?/(sx) (inelasticity parameter)

e Structure functions of the proton (F%, F, F5 ) and QCD
— B~z e (qi(z, Q%) + qi(z, Q%)) for Q7 < M7
— the longitudinal structure function F;, = 0 in the quark-parton model
— parity-violating term F3 is small for Q% < M?2

. y o Clean probe of the
y/z“'; q yz T, 1 _y’z_/ « 1,”s  Parton Distribution

m— N I— Functions in the Proton
p i ; 9\0( p i ! qz(wa Q2)1 Q’L(wy QZ)
P ~ s 5
N g(m, Q )

Quark-Parton Model Boson-Gluon Fusion QCD Compton
J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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Determination of F™ (x, Q%) I .

e Measurement of the doubly-differential cross '
sectiondo (e p) /dxdQ? for the reaction 0
2

eTp — eT 4+ X over a large range

2.7 < Q% < 30000GeV?,6-107° < = < 0.65 1!

e Extraction of F5™ (z, Q) from the reduced crosss :

section (corrected for QED effects): _
G(etp) = (2ma?Y, /2Q*) 'doporn /dxdQ? & *

F2:F26m+F21nt°nfyZ+F§Uk°n,2YZ 0k
2

= F;" (14 Ap,)
wheren,z = Q*/(Q* + M3) 1
= 6(etp) = Fs™ (14 Ap, + Ap, + AF,)

e Typical precision 2-3%
—» systematic uncertainties dominateQ? < 800 GeV?'

e Striking rise of F3™ asx decreases o

- Q%=2.7GeV |

1] 1] 1
N 8.5 GeV

[ [ | 1
35 GeV

i | 1 1 L | | T |
\Ce\f B 27 GeV [
: v&% lf%
[ | 1 1 [ 1 1 | | i T 1 1 i
B Y B 60 GeV? |~ 70GeV [ 90 GeV
e e e e o e B ‘
2 B 120 GeV B 150 GeV 10 3 1 10 3 1
i i 4 ZEUS NLO QCD fit
- - —— H1 PDF 2000 fit
I I o H196/97 . BCDMS
i i m ZEUS 96/97 E665
B s e e e » NMC
-3 -3
10 1 10
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om o : HERAF,
F;™(x, Q#) provides.. I SR —
S x=0.000161 == ZEUS NLO QCD fit
D x=0.000253 _
: . . .. E—? 20,0004 —— H1 PDF 2000 fit
— direct information on quark densities 5 00005 it os00
x=0.0008 » H1 (prel.) 99/00
| 2 ~ & E 6 (q’b _I_ qu,) . x=0.0013 = ZEUS 96/97
— Indirect information on gluon density ocos * BCDMS
e Large and positive scaling violations at lowx j 00032 e
dominance of BGF © . x=0.005
4 A
2 L
8F2/81HQ ~ g * g vz “LLLL o] R : x=0.008
N ) & x=0.013
,z e ; Mx =0.021
p i L. Wr@,ﬁf" x=0.032
Boson-Gluon Fusion o :j;wg, x=0.05
e Aproximate scaling for x ~ 0.1 L o«aﬁﬁ%gf“f“‘""*‘**ﬁ 008
. . . . . . 0 omteme e ietia g 42 % x=0.13
e Mild and negative scaling violations at higha . cmayann g anag e g BE 01
e . ‘**""“‘ﬁ%%i:g =0.25
e/ i o s )
vz q f g ﬁ x=0.4
| conms m o U o x=0.65
p q 0 Ll Ll Ll Lol Lol
X a 1 10 10° 10° 10* 10°
Q*(GeV)
QCD Comntan
J Terr 6n (Madrid)

G ottingen, HASCO2014
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Determination of the Parton Distribution Functions in the Proton I

e In order to determine the proton PDFs additional experimentl information is needed on
— quark densities at highx
— flavour composition of the sea
e Additional data sets
— F5 data on up scattering from BCDMS, NMC and E665 = mid/high-a
— Deuterium-target data from NMC and E665 = @, d
— NMC data on the ratio F” /FY = high-z d/u
— xF3 data from CCFR (v-Fe interactions) =- high-x

e Global analysis using DGLAP evolution equations at next-tdeading order (NLO) in a

9q; (x,p? Qs 1 z

i) 2200) [L2(S . Py, @i (@) 2, u2) + Py g(z/ 2, 4?) )
g (x, Qs 1 z

g(lnf: — (“ : f = Pyq;-qi(x/ 2, p?) +Pyg- g(x/2, u?) )

The DGLAP equations yleld the proton PDFs at any value ofQ? provided they are input
as functions ofx at some input scaleQ?
— number sum rules and the momentum sum rule are imposed

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014
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QCD and jets: experiment 49
Determination of the Parton Distribution Functions in the Proton I
= 08 ZEUS
& | X632E5,00 000102 _ i g U
g / s _ AR QP10 GeV
PR o U= Uy F Usea 07 |
L o x=0.000632 - ZEUS NLO QCD fit XU
i x=0.0008 czeusoser  |A = dV + dsea 0.6 - a{Mz) =0.118 ’
| x=0.0013 4 BCDMS - = 1 tot. error /
: x=0.0021 o E665 ,Lf - ,L_llsea 0.5: uncorr. error /\
4 - v NMC d — d L \
* o0 T 04N xg(x0.05) \
: x=0.005 S = Sgea — Ssea xd,
0.3
N 120,003 S = total sea : /
v 0.2 xs(x 0.05
et e 0-1f // //
2':X=0-05 0: Ll Ll L
v gt ——seeea ooty vts iy x=008 10 107 10" 1
—-w-a--;é;h vy %03 Fit of ZEUS data and fixed-target data in the région
— :

———+—+—1 4025

10° 10*

2.5 < Q2% < 30000 GeV?,6.3-107°% < = < 0.65
and W2 > 20 GeV? (1263 data points)

Full account of correlated exp. uncertainties

Good description of Struct. Func. data

Qicevy = Determination of proton PDFs

J Terr 6n (Madrid)

G ottingen, HASCO2014
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ZEUS

Determination of the Sea Distribution' 2l oroev | [ 25 Gev
- 77 tot. error (agfree)

10 — — ZEUSNLOQCDM - [ tot. error (agfixed)
e The total sea distribution S (x, Q) as a function i

uncorr. error (o, fixed)
0

of x for different Q? values=-

05+

e Its uncertainty is below ~ 5% for Q% > 2.5 GeV2’s
and 10— < z < 0.1 s

20 |

XS

10

0.5 ;H I Lot L L 1 [
0.25:

025 A

20 i 2000 Ge\f

10

05 ;H — T YV A AW
0.25 -

025
_0.5 il Lol Lol Lo Lo
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Determination of the Gluon Distribution '20

e The gluon distribution zg(x, Q?) as a function
of x for different Q? values=-

e Its uncertainty is ~ 10% for Q% ~ 20 GeV?
and 1074 < = < 0.1
— the uncertainty decreases af)? increases

Determination of o, I

e Inclusion of low-ax data allows a simultaneous
(and precise) determination of PDFs andx:
as(Mz) = 0.1166 + 0.0008(uncorr)

$0.0032(corr) £ 0.0036(norm)
+0.0018(model) = 0.1166 4 0.0052

(+theor. unc. due to terms beyond NLO~ 40.004) b

0.25¢

e Consistent with world average (Bethke, 2011): o
— ags(Mz) = 0.1184 4 0.0007

ZEUS

Q*=1GeV | [

— ZEUS NLO QCBD fit

E V772) tot. error (a free)
- [ tot. error (agfixed)
uncorr. error (o, fixed)

2.5 GeV

_05 ful
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Universality (and usefulness) of Proton PDF'

1
O pp—s H(W,Z,..)+X = Z/o dz1 fo p(z1, p3) /o dzs fo/p(2, 03) GabsHW,Z,...)
a,b

LHC parton Kinematics

o g sensitive to gluon T —
distribution at 1n';— g'z:mfwm Tegsmes M=10TeV
r~ M 8.103 .

NG
and p2, ~ M7 ~

~ 13000 GeV?; R
T

AocrPY jog ~£3% &

(for Mg = 115 GeV) ~

proton

ow Sensitive to sea
~N\ U distribution at

proton

=D AoEPT [ ~ 435

proton
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Structure Functions (I1) |
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Charged Current Deep Inelastic Scattering

e Charged Current DIS event candidate
2 ~ . AU — y
Q 1200 GeV? and LB 0.06 V (k )

e* (k)

w (Q)

jet

s

proton (p)

n

UCAL transverse energy

azimuth “=

ETA PHI
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Charged Current Deep Inelastic Scattering

e Measurements of the differential cross section

HERA
do /dQ? in Charged Current DIS etp < e
ep > v+ X g 10
NO) i 1
e Cross-section formulae in LO QCD g
° 4f
10 = |

do(et G% _
dangg) — ﬁmziv (s + (1 —y)?d;)

do(e"p) _ G2 o o7y 10 ¢ -
dole D) = Fep2 oS (ui+ (1—y)%d;) |
10 ¢ |
wherenw = M2, /(Q* + M32,) -~ HLe'p CC 94-00
10 4l s HlepcC i
- = ZEUS e'p CC 99-00
= W -Propagator effects 05| ° ZEUsepcCose
= flavour selection: D e o crecem,
: — 10
d (u)-quark contributes only to etp (e~ p) oo
s
10
e Good description by Standard Model Predictions 10°

up to the highestQ? ~ 30000 GeV?

J Terr 6n (Madrid)

G ottingen, HASCO2014
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Neutral Current Deep Inelastic Scattering'

e Measurements of the differential cross section

do /dQ? in Neutral Current DIS e*p <
ep —> e+ X %& 10
e Cross-section formulae in LO QCD % 1
%Zg) — 2::542 - (Y, - Fy(z,Q?%)— N 10
—y? - Fr(x,Q?) FY_ - zF5(x, Q%)) 10
Fp = Fy™ + F* omyz + FpFoml, %
wheren,z = Q*/(Q?* + M32) 10
10

= Z-Propagator effects
= Parity-violating term ( F3) changes sign™

10 ‘
e Good description by Standard Model Predictions

up to the highestQ? ~ 40000 GeV?

6

HERA

i y<0.9
T7F

& — SMep NC (CTEQS6D)

T
* H1e'p NC 94-00 ]
A HlepNC ;
o ZEUS e*p NC 99-00 ]
o ZEUS e’p NC 98-99

-- SMe’p NC (CTEQ6D)

10

Q* (GeV?)
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Neutral vs Charged Current Deep Inelastic Scattering

e Measurements of the differential cross section

do /dQ? in Neutral Current DIS e*p

o(e*t o
dotesh) = 22 (Y, - Fa(w, Q%) —

—y? - Fr(z, Q%) FY_ - xF3(z, Q7))

F = F3™ + Fy™ - nyz + Fy'F -y

do/dQ? (pb/GeV?)

=
o

=

HERA

* H1e'p NC 94-00 ]
A HlepNC ;
o ZEUS e*p NC 99-00 s
o ZEUS ep NC 98-99

- SMe’p NC (CTEQS6D)
&, — SMep NC (CTEQ6D)

wheren,z = Q*/(Q* + M32)
and Charged Current DIS e p

do(etp) __
dxdQ?
do(e” p) __
dedQ?

wherenw = M2, /(Q* + M2,)

G2 _
ey (B + (L —y)di) 5]

GF 7 of
ETI‘%V ’ Zz(u’b + (1 T y)zdz) 10 >

-7

“=, Neutral Current |

10

3
e NC and CC DIS cross sections have comparable magnitucjioes
at Q? ~ M2, ~ M2 ~ 10* GeV? = Direct observation of electroweak unification

* H1e'p CC 94-00 Ng
s HlepcCC ek i
= ZEUS e*p CC 99-00 Charaed AN ]
o ZEUS e’p CC 98-99 c 9 R

g - SMe’p CC (CTEQ6D) urrent \

6l — SMep CC (CTEQ6D)
; y<0.9 ;
L L i
104

Q’ (GeV?)
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Charged Current Deep Inelastice™p Scattering'

e Measurement of the reduced cross section

HERA e*p Charged Current

in CC DIS:
5(etp) = (G2n2, /27x) 1doBorn/dTdQ? G reiseyonco o)
. L X (0+T)
— Sensitivity to flavour composition S 2 T
~ _ _ 15 % Q*=280GeV: | Q*=530GeV’ | Q°=950GeV’ |
&(etp) = z(a +c+(1 — y)2(d + s)) : s |

oy 17
— Sensitivity to valence quarks 3

05 |
o(etp) — x(1 — y)3dy (high-x) 3

0.8 -
e Good description by SM predictions based 06 -
on CTEQ6 parametrizations of PDFs _8‘2‘> \
— valence quarks and flavour composition '
determined from fixed-target data o1e

0.1
0.05
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Charged Current Deep Inelastice™p Scattering'

e Measurement of the reduced cross section
in CC DIS:

(e p) = (Gind, /27x) 'doporn/dxdQ?

— Sensitivity to flavour composition

oo

Ge~p) =z(u+c+(1—y)2(d+35) 2
— Sensitivity to valence quarks 1.

o(e”p) — xzuy (high-x)

e Good description by SM predictions based 1

HERA e p Charged Current

O Hlep
O ZEUS ep 98-99

SM ep (CTEQ6D)

-- X (u+c)

(1y)’x (d+s) @

Q? =280 GeV?

‘ T
Q? =530 GeV?

H[J\H‘ T \\\HH‘ T T TTTIT
Q? =950 GeV?

on CTEQG6 parametrizations of PDFs 0
— valence quarks and flavour composition | b
determined from fixed-target data 075 [
05
0.25
10" 10

J Terr 6n (Madrid)
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Determination of the Proton PDFs with ZEUS data alonﬂ

ZEUSNC DIS low Q2 ZEUSNC DIS highQ? CC Dzlgugigh Q3

15F Q*=27GeV [ Q*=35GeV Q=45GeV [ Q*=6.5GeV U 151 Q=200GeV? Q°=250GeV? | Q" =350GeV? [ Q° = 450 GeV?

i \\

: : - = z 3 z .
: 1f - 5 - S °r Q?=280GeV | Q’=530GeV [ Q= 950 GeV?
b r r r r (') r r r
F [ [ [ [ 15F - -
E 0.5 C C r L n L
o t r b r r r r
15F Q’=856GeV [ Q*=10GeV Q*=12Ge¥ | ? =15 GeV r r r r 10 r L
L [0} T T T N C L
E [ Q°=650GeV? | Q°=800GeV® | Q°=1200GeV? [ Q° = 1500 GeV? [ F [
E § ir C r C 05F - o
g 5 i g i i of ‘ : ‘ : ‘
180 G-1moed [ Q*=22GeV s1ced | Q=35 6e¥ 0S¢ r \g‘iﬁp\ \ %\\ .F Q*=1700GeV | Q%=3000 GeV [ Q% =5300 GeV
i : \\\ \ ol i ' i 0.8f g g

/
/

/

o
o o =
/
B

2 L 2 L 2 £ 2
L £ L E Q" =2000GeV* [ Q" =3000GeV* [ Q" =5000GeV* | Q" =8000 GeV E F
o5k \ j \ 0s8f F - F 06 - E %
of g g 06l B g 5 04 ¢ - -
15F Q*=45GeV [ Q=60 GeV Q=70GeV | Q=90 GeV L r [ [ r r r %
3 £ 3 04r r r r 0.2 - [
1E 3 , 2 0zl ] a ] of ‘ g R \W: ‘
oskE a i a : E : : 0k Q%=9500 GeV [ Q%= 17000 GeV [ Q”= 30000 GeV/
St g E : 0 8 - -
r £ r r r Q” = 12000 GeV?[ Q” = 20000 GeV?[f Q" = 30000 GeV? [ % [ [— (ZEUS TS (p el.) 94-00
oF £ ) r 0.6 r - y X L L
15F Q’=120Ge¥ [ Q= 150 Ge¥/ r r r (Zjuasnfgﬁu(pm") 9400 0.6 r [ e 820GeV e+p ZEUS CC 94-97
r F [ ZEUS-JETS (prel.) 94-00 E L E r r r 2 g%gg ¥ pZZEE%SS%%%Bg%%
E E (e+ and e-fi) 0.4 B - o 820 GeV e+p ZEUS NC 96- 0.4 r L° &P
ir F [ L [ o 920 GeV e-p ZEUS NC 98- s - n
r r ® 820 GeV e+p ZEUS NC 96- L L L © 920 GeV e+p ZEUS NC 99- C L L
o5 F 0.2p r r 0.2 = F
0 (ST RN W AR R W 0 Lo v S i vl N i il N 0 F . F . F .
-3 -2 -1 -3 -2 -1 E - - - - B E - -
10° 10° 100 1 10° 10° 100 1 10° 107 100 10° 10° 107 10° 10% 100 1 107 10" 107 10" 1072 10" 1

X X

e Fit of ZEUS-only data: NC DIS e*p and CC DIS e*p in the region
2.5 < Q% < 30000 GeV?,6.3-107° < = < 0.65 and W2 > 20 GeV?
using DGLAP evolution equations at NLO: — xuy, xdv, S, xg
(no HERA information on flavour composition of the sea:flavour-averaged sea)
— Good description of Structure Function data (577 data points)
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Determination of the Proton PDFs with ZEUS data alonﬂ

P24 : Q*=20GeV - | Q?=200 GeV | X L Q°=2GeV? I
- 4 b - 20 4k .
1 | — ZEUS-JETS (prel.) 94-00 1 L B uncorrelated error - T ZEUS-JETS (prel.) 94-00 r

| [] correlated error ] L ¥ uncorrelated error
[] correlated error

10 |- i

Q%=2000 GeV? |

‘ ;g;, L
0.6 0.8 1

0.8‘”\‘”\“‘2\“‘\“‘ [ B R NI 20?
I Q" =2000GeV | | Q" = 20000 GeV/ f

10 -

Q% = 200000 GeV?

30 -

20

X

xS

e ruy , xdy . precision competitive with global fits 0 L

111 Il L1
10" 10° 10° 107 110" 10° 107 107 1

— free from uncert. due to nuclear corrections and higher-twst effects X
e xS, xg: as precise as in global fits (HERA data are crucial)
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Jets in NC DIS
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Jet Production in Neutral Current Deep Inelastic Scattering'

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

e Perturbative QCD calculations of jet cross sections:

Ojet — Z /dm fa(wa /JJ%‘) &a(ma as(/JJR)a /1329 /JJ%‘)

a=q,q,g
— fa: parton a density in the proton, determined from experiment;long-distance
structure of the target
— &4 Subprocess cross section, calculable in pQChort-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
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High- E+ Jet Production in the Breit Frame I

virtual

virtual virtual

photon . photon photon
REMNANT UUUU\'<-‘
proton proton proton
e+
ag 9
q
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~vy*q — qg
= directly sensitive to hard QCD processesd;)

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014



QCD and jets: experiment 66

Variables for Jet Search inete— annihilations I

e+

?

hadrons

d

-\

L

A
X !

4

e e e~ annihilations in the centre-of-mass system
e Invariance under rotations = Energies and angles

= Input to the jet algorithmE;, 8, andg; for every hadron

= “distance” between hadrorsandy: their angular separatiof ;

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014



QCD and jets: experiment 67

Variables for Jet Search inpp coIIisionsI /

7

T \

e pp collisions in thecentre-of-mass system

e However the initial-state parton-parton system is NOT at rest!

depending upon the momentum fractionsg,, and 3, wrt the parent hadrons
= the final-state partonic systemis BOOSTED along the beam axis

hadrons

p == > = o

/
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Variables for Jet Search inpp collisions (lI) I

e Angular separations are NOT invariant under boosts!
= a given set of hadrons will be appear more collimated dependg upon the boost
e To treat on equal footing all possible final-state hadronic gstems
invariance under longitudinal boosts transverse energy, pseudorapidignd azimuthal angle

Pseud idit Pseudorapidit
seudorapidity 60 Py 30 Under a boost:

°® °® n' =mn-+ f(wpa 3315)

ce - = the difference im
between hadronsandy

180A7;, IS INVARIANT!

180

Azimuthal Angle
Azimuthal Angle

° LK) The “distance” defined a

0 0 = \/An?j+A¢fj
i 0 3 -3 0 +3 .
3 * is INVARIANT!

— BO0ST =—
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Variables for Jet Search inpp collisions (l1) I

‘ E=61.7 GeV
e Advantage of using transverse energies: | Sy =615 GeV
Large energy # small distance (hard scattering!) \ /
The beam remnant jets have huge energies, 45 GeV
but they HAVE NOT undergone p =8 =] == 900 GeV/
a hard scattering! 900 GeV S0 GeV \
\

NS

e Large momentum transfer = small distance (hard scattering!) \ E=73.3 GeV
= large transverse energies signal a hard interaction hadrons E1=61.5 GeV

e The use of transverse energies helps to disentangle betwed®e products of the hard
interaction and the beam remnant jets(absent ine™ e~ annihilations)

=> Input to the jet algorithmEr ;, n; andg; for every hadronr

= “distance” between hadronsandj: \/ An?j + Aﬁb?j
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Variables for Jet Search inep collisions at highQ? (DIS) I

=
0 \%\ ///
e+
hadrons
e The kinematics ofep collisions at highQ? poses several challenges:
— Presence of beam remnant jet
— the initial-state v*-parton system isboosted(the parton carries a fraction of the

proton’s momentum) androtated (the v* carries Pr)
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Variables for Jet Search inep collisions at highQ? (II) I
| hadrons \ /

e The effect of the Pr carried by the v* is removed
— by selecting a frame in which e+
the ~* collides head-onwith the proton

(the Breit frame is one example)

e The ~v*-parton system can still have a longitudinal boost:
iInvariance under longitudinal boosts demands
— the use of transverse energies, pseudorapiditi&

e+ \
and azimuthal angles

e The use of transverse energies helge suppress the effects of the beam remnant jet

= Input to the jet algorithm:  EZ ., n” and ¢ in the Breit frame for every hadron i

= “distance” between hadrons: and j: \/(An5)2 + (A¢;7)? in the Breit frame
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The best choice for jet algorithm inep coIIisionsI

e There is no best choice since, at the end, it is a question of¥iag the smallest uncertainty
for the given observable:
— the smallest theoretical uncertainties (higher-order cotributions)
— the smallest hadronisation effects
— the smallest experimental uncertainties

e At present, | the longitudinally invariant k4 algorithm |is a good choice foraccurate

comparisons between data and perturbative QCD at HERA
— jet cross sectionsn neutral current DIS
— Jet cross sectionsn photoproduction

e Performance of the longitudinally invariant k4 algorithm in ZEUS:
— small higher-order contributions (5%, 10 — 20%; varying ug by factors 0.5 and 2)
— small hadronisation corrections (< 10%, < 10%; comparing hadron/parton levels)
— small hadronisation uncertainties (1%, 2 — 3%; comparing two MC models)
— small experimental uncertainties 8%, 4%; comparing two MC models)
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The longitudinally invariant k4 algorithm for ep coIIisionsI

e The clustering procedure is as follows:
— List of particles (or calorimeter cells, .. .)
— For every object k and for every pair of objects, 3 the “distances” are evaluated
di = E7 , (distance to the beam)
d?j — min(E’%,i? E’%,j) ((ms — 1) + (i — ¢5)?)
— If, of all the values {d}, dZ,}, d7, , is the smallest, then objectsn and n are
combined into a single new object according to
Eri; = Eri+ Erj, Nij = ET’i'?g;EjT’j.m, GPij = ET’i.(béiiT’j.%
— If, however, d3 is the smallest, then objeck is considered a “protojet” and is
removed from the list
— The procedure is iterated until the list of objects is empty
e From the list of “protojets” the are selected by imposing certain criteria:
— Jet pseudorapidity in the range Cr, < Mjet < Cu
— Jet transverse energy In the rangeEr ;e > ET,0
= the lower the Er ¢ is the larger the theoretical and experimental uncertaintes are!
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The longitudinally invariant k4 algorithm for NC DIS I
BREIT FRAME : 360
Jet
o .
L .
+ - —
) :\ P I 180
E ——— °
Y °
e+
// Jet
JETS IN NC DIS
hadrons 0
3  Pseudorapidfy -3

e Infrared and collinear safe to all orders in perturbative QCD

e Invariant under longitudinal boosts (along the v*-proton axis)

e Suppression of beam remnant jet contributions through the ge of transverse energies anc
by not forcing all the particles to be assigned to jets (nor rguiring a certain jet shape)

e Small experimental and theoretical uncertainties
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Dijet Cross Sections in NC DIS 6 < Q2 < 15000 GeVZ)I

e Measurement of differential dijet cross sections
over a wide range inQ? — 5 < Q% < 15000 GeV?
and 0.2 < y < 0.6 for dijet production with

- hadronization corrections (HERWIG)

0

02 e

6hadr. = (Ohadron - Gparton) / Oparton

EZ*5H ) (Breit) > 5 GeV e e

E3°5 (Breit) + E3°5% (Breit) > 17 GeV B exclusive k,

—1< njEtal(z)(Lab)< 2.5 04 Bl i —— o C:mb”dge !
e Detailed investigation of the jet algorithms: w0 (1; / Gevio o
— Smallest parton-to-hadron effects: inclusivek g P T——
e Comparison with NLO QCD calculations: S A et gertim
— pr = Er, pr = /200 GeV 3 | H1
— CTEQ5M1 parametrisations of proton PDFs i 10 F gy r

— parton-to-hadron corrections applied ,
e NLO QCD givesa good description of the dataover LEo (s +E1) > 40 Gov

a wide range inQ? and Er; the Q? dependence is N0 W)
observed to be reduced at highEr and described by NLO " Y I E——
Q% / GeV?
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Dijet Cross Sections in NC DI

e Measurement of double
differential cross sections

e H1 data

NLO CTEQ5M1
- NLO O (1+3,,4,)

do/dM;;dQ?, da'/dETsz o 10°) e Q?/GeV?
overs < Q2 < 5000 GeV? =

e It is observed that the spectra ;; N ] L oo
get harder asQ? increases RETE] gy N | es
e NLO QCD describes well the o L -
dataover1ls < Mj; < 95 GeV Blas | g |20
and 8.5 < Er < 60 GeV except at® fymee ]

low Q?, where the shape is ok 10" - g 50
but not the normalisation g L
o Overview: at high Q2 (> 70 GEV?) o] _ Ly .2
NLO describes the data well; 0" e
asQ? decreases the theoretical <+ ==
uncertainties become large et K stonml__ e
and NLO fails for Q% < 10 GeV? C T e

M;

76
~ 10'E
"’> —e e H1 data
& . NLO CTEQSM1
g 10 L ---- NLO O (1+3,,4,)
N E:.: 2 2
/ GeV
8 w0 L = ©
g - o [5 ... 10]
o wtf ] 10
© E___ —_——
B B
._g‘
o2 g [10 ... 20]
© - === (x 80000)
, L =S,
10°F - |
i [20 ... 35]
10 | (x 3000)
:_ ) ﬂfﬁﬂ
| ] Il
1 “—i [35 ... 70]
[ o (x 200)
10 '1 B %
- ——%— [150... 200]
i (x 100)
2 E=
- ——&—— [200...300]
i (x 10)
_3 B
10 f"L._I——¢— [300 ... 600]
ar ——
10 E incl. k- algo
F palg | ‘ [e‘soo..‘.50c‘)0]
8.510 20 30 40 70
ET,Breit I GeV
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Dijet Cross Sections atQ? > 470 GeV? and extraction of o, I

ZEUS
- 1.3 -

e Dijet cross sectiondoa 1 /dQ? for ¢ | — Q0% [ ZEUSSear Y
470 < Q2 < 20000 GeV? R S 022 [ T @ o118
EZ°%1(Breit) > 8 GeV PN NS "¢/ el s

T Q | N\ DISENT o1s |- RTE
E%et’z(Brelt) > 5 GeV N‘é ) ll\fRBzil;]gA 0.16 7
_ jet,1(2) g F |
1<n (Lab)< 2 s o
. — d0'2_+_1/dQ2 10-2; 0.12 |-
— | Ratio R2_|_1 = doto:/d0? Ll
e Small experimental uncertainties. g "
: : . - 0.06
e Comparison with NLO QCD calculations |
10 0.04 -
e Small theoretical uncertainties: g P
o TO005 4§ 4o | = 0.05 |- $
— uncertainties on the proton PDFs o " < O |
. . . i T i T e N N
— hadronisation corrections 005 | ; ' oy, 10° 10*
: 01— Q” (GeV?)
— higher-order terms (> NLO) 005 [ T —
10° 10"

Q° (GeV?)
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Uncertainties of the Proton PDFs: effects on jet cross secﬂhs'

e Comparison of jet cross-section calculations using_ 1 ‘ 2EUS S
X 3 2 _
different parametrisations of the proton PDFs ( Ql)' 10 GeV
—— ZEUS-JETS (prel.) 94-00
(e.g. MRST vs CTEQ)DOES NOT give a reliable

78

I tot. error (o, free)
[ ] tot. error (0, fixed)
B2 uncorrelated error

0.8
Q
LR

estimation of the uncertainties due to the proton PDFs| \}

ZEUS-S
MRST 2001

e Several groups have developed methods to quantify P ::::\
these uncertainties by accounting (properly) for |
— the statistical and correlated systematic uncertainties |
of each data set used in the determination of the PDFg,|
— the theoretical uncertaintiesaffecting the extraction
of the PDFs in the DGLAP fits e E— |
e CTEQ'’s analysis provides2N,, 4+- 1 PDF sets (V,, :nunlwclaer ofl%sree pg;ametlec}s) ;
consisting of the best fitSy and eigenvector basis sets in the plus and minus directions
along each eigenvector, such that the best estimate and itacertainty can be calculated
=> for any function of the proton PDFs (€.9.0jet)

A0 jer = %(Zizl,Np [O'jet(Sj) — o-jet(si—)]z)l/z

G ottingen, HASCO2014
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Dijet Cross Sections atQ? > 470 GeV? and extraction of a, (M) I

\ B2+1

e NLO QCD calculations of do2 1 /dQ?
depend onas (M z) through
— Matrix Elements: 6 ~ A - o, + B - a?
— proton PDFs: a; assumed in evolution
e 10 take Into account thecorrelation
the NLO QCD calculations are performed
using various sets of proton PDFs

(in a given Q2 range)

measured value

which assumedifferent values of o
e The resulting NLO QCD calculations

NLO QCD

e

are parametrised as a function ofa, (M2
in each region ofQ? of the measurements
e From the measured value ofR>; in each
region of Q2 the value of oz, (Mz)
and its uncertainty are extracted

T

Ozs(Mz)

g

0.110... 0.116 ... 0.122

CTEQ4AL ...CTEQ4M... CTEQ4A5
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Dijet Cross Sections atQ? > 470 GeV? and extraction of o, I

ZEUS
e Study of the scale dependence ak;(Q):
from the measured R2 1 (Q?) in each@? region °,,, | o fomR,,
— as(< Q >) is extracted 7 e ZEUS 96-97

The measurements are consistent with 016 I~ —— afPse
the running of o, predicted by perturbative QCD I
e A combined value ofas(Mz) has been extracted:

0.14 —

ay(Mz) = 0.1166 &+ 0.0019 (stat.) 2

10.0024 10.0057
—0.0033 eXP-)_O.()044 (th.)

e The theoretical uncertainty dominates: N B

0.01

@m [ b)
— terms beyond NLO Aag(Mz) = 100055 gy o e————
_001 | | | | | | | | | | | | | |
— uncertainties proton PDFsAc, (Mz) = T00017 2,°" 0
O
. . . L //—f—/—k
— hadronisation corrections Aai; (Mz) = £0.0005 ¥ oo Lo Lo Lo Lo v b0 1
Q (GeV)

Improvements depend upon further Theoretical Work

J Terr 6n (Madrid) G ottingen, HASC02014 July 21st, 2014



QCD and jets: experiment 81

Inclusive Jet Cross Sections in NC DIS afQ? > 125 GeV? I

ep — e + jet + X: inclusive jets at high Q% PP
e Jets searched using the kr cluster algorithm in Breit frame - P
e Kinematic region: Q2> 125 GeV? and | cos v, | < 0.65 ZEUS

e At least one jet with E{i‘n >8 GeV and —2 <n§3"" < 1.5 .
i « ZEUS (prelL) 300 pb

— NLO ®hadr ® Z"

e Small experimental uncertainties |
— uncorrelated: ~ £3 (7)% at low (high) QE;E.SII[-'}B
— correlated: ~ x5 (2)% at low (high) szEi’f"u

» Small theoretical uncertainties

do/dQ? (pb/GeV?)

— higher orders (below +£5% for Q% > 250 GeV?) 10} gl S8Gev
— proton PDFs (below +3%) _ 2<nic15
— o (M) (below 1 (2)% at low (high) Q*/ E7,) 107 eosyi<0:65
— parton-to-hadron corrections (below +2%) |
e R
— Good description of data by NLO prediction Z .
—s validity of the description of the dynamics 2
of jet production at O(ag) % 02 [ theoretical uncertainty
L ; S T 04 -
— Measurements provide direct sensitivity to = o P -
as( M z) with small experimental and theoretical uncertainties Q* (GeV?)
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Inclusive Jet Cross Sections and extraction ofy, I

e The energy-scale dependence of the couplmg was determined by extracting «
from the measured do /dE) T.p at different B . values:

. ZEUS 5 e _ZEUS
E ! * ZEUS (prel.) 300 pb’ 0.22 1 \ . ZEFIS (Earsheps”
E_ . T S e 5 _ corr. uncert.
2 10 0.20 - \ I :;E:'II;]“E“'
< 318 -
2 << 1S 0.16 -
w0125 GeV
leos | < 0.65 0.14 -
S04 -
Z 02 - j“_“_"_“__'f “f_fz“_"j‘"“i"" == 5 10 15 20 25 30 35 40 45 50 55
sl — iet
E-‘IJ [ theoretical uncertainty J (GEV}
T 04 - 3
B Bkt i bl — Results in good agreement with the predlcted

Elf's (GeV)

as(Mz) = 0.12081 55057 (ex

running of a; over a large range in E’E
e A value of as(My) was determined from Q2 > 500 GeV?:

10.0022
P-) _0.0022

(th.)

experimental uncertainty: + %
theoretical uncertainty: +1. 9%
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Three-jet cross sections in NC Dlﬂ ZEUS ._ .

. . %') 10 o Vv ZEUS 98-00 Trijet 7
e Three-jet cross sections test QCD beyond Lé Energy Scale Uncertainty 1
. (\Iv 1 = =
directly — o3jet x a? o
jet . [ E
o . E " (Breit)> 5 GeV & ) = 5000
—1 < et (Lab) < 2.5, Mgjers > 25 GeV & Ngiogsoc™ F
3f 1/16 < p2/ (Q*+E?) <1
et et 10 = L E
15 ¢ B
et ot 125 © '
o ‘¥
virtual virtual = 075
photon C photon C S 16 s é)
T 14 — Vv Trijet 3
© a2 ¢
0:6E e e S
10 10 10 Q2 (GeVz)
— NLO calculations (O(a?)): good description of
the data over the whole rangelo < Q? < 5000 GeV?
proton proton +0.0028 +0.0064
LO (’)(ag) NLO O(O{Z) — as(Mz) = 0.1179 £ 0.0013 (stat.) " 5046 (€XD-) Zglgoae (the)
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Jets In photoproduction|
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Photoproduction of Jets' e eﬁ’ P e S o
a

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

e At lowest order QCD, two hard scattering p 0 i
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
Ojet — Z/O dy fﬂy/e(y) /0 dx., fa/'y(m'yv l‘%‘—y) L dx, fb/p(wpa l‘%‘p) G ab—sjj
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 (W W approximation)

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

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

Photoproduction of Jets' A R B e Shiat:
i% 27 ® JADE (0.1<x<1.0) ¥ L3prl. (0.3<x<0.8)
e Measurements of jet photoproduction provide sl teo oscx<0n | Tasso20r<09
— Test of NLO QCD predictions based on current B TSR
parametrisations of the proton and photon PDFs B e }
— Dynamics of resolved and direct processes s
— 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 iees e
to both the quark and gluon densities in the photon ~ § | P57 0ReCT +REsoNeD
at larger scalesu., ~ EZ ., (200 — 10* GeV?) " a0 [ eRwi 5.9 omecr + resovued
— Proton structure: well constrained by DIS except 200 [lnerwesgomeer

for the gluon density at highx. 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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Variables for Jet Search inep collisions at low Q? (Photoproduction)'

hadrons

e The kinematics ofep collisions at lowQ? is similar to that of pp collisions

= Input to the jet algorithm: E~r;, n; and ¢; for every hadron 2

= “distance” between hadronsz and j: \/Anizj T Aqﬁ?j
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The longitudinally invariant kt algorithm for photoproduction I

| 360
Jet
° .
° * .
< ' .
3 [ ] [}
. -~ = ' ' 180
€ - - = .
=
/// Jet
' PHOTOPRODUCTION
hadrons OF JETS 0
3 Pseudorapidity O -3

e Infrared and collinear safe to all orders in perturbative QCD

e Invariant under longitudinal boosts (along the beam axis)

e Suppression of beam remnant jet contributions through the ge of transverse energies anc
by not forcing all the particles to be assigned to jets (nor rguiring a certain jet shape)

e Small experimental and theoretical uncertainties
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Dijet Photoproduction: the dynamics of resolved and direcuorocessej

e The dynamics of dijet production has been investigated
RESOLVED 1y studying the variable:
PROCESSES y ying o ,
gluon exchange cos 0* = tanh(3(nieht — nieh?2))

— for two-to-two parton scattering 8* coincides with

the scattering angle in the dijet CMS
/ % e QCD predicts different dijet angular distributions
for resolved and direct:
Ellq%EcCETSSEs — Resolved (gluon-exchange dominated)

. 1
quark exchange dO’/d| cos 0 | ™~ (@A—=]cos6*)2

35)53"\ /Leeee\ — Direct (quark-exchange only)
do /d| cos 0*| ~ .

(1—| cos 6*|)1

e The dijet angular distribution do /d| cos 6*| for 275 < 0.75 (“resolved”)
should be steepethan that of 9% > 0.75 (“direct”) as | cos 6*| — 1
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Dijet Photoproduction: the dynamics of resolved and directprocessej

e Measurement of the dijet differential cross

sectiondo /d| cos 0*| for dijet events with
E > 14 GeV, EX*Y? > 11 GeV
—1 < net < 2.4 (both jets)
In the kinematic region

Q? < 1GeVZand134 < W, < 277 GeV

e Phase-space region:
|cos0*| < 0.8 , Mjy; > 42 GeV
0.1 < %(’I’]‘jet’l _l_,r’jet,2) < 1.3

e Comparison with NLO QCD calculations:

— High-z25% (“direct”): NLO describes
the shape and normalisation of the data

— Low-27P5 (“resolved”): NLO describes
the shape and (reasonably) the normalisation of the data

L x9P$<0.75

D
o
o

W
o
o
LI T T 7T

N
o
o

do/d|cosO*| (pb)

do/d|cosO*| (arb. units)

o

ZEUS

800

"1 600}
400 |

200 |

e ZEUS 96-97
===J NLO (GRV) O HAD
NLO (AFG) O HAD
Jet energy scale uncertainty

e The dijet angular distribution of the “resolved” sample is steepethan that of “direct”

- Xx%Ps>0.75
Y %
¥
R
07\ | | ‘ | | | | | ‘ | | |
0.2 06 0.8
|coso*|
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High- M ;; Dijet Photoproduction I

>
O
e Measurement of the dijet differential cross section % ?
do /dMy;intherange47 < My; < 160 GeV for =; .
dijet events with E3<* > 14 GeV, -1 < et < 2.5 3
and | cos 0*| < 0.8 = :
e Small experimental uncertainties: 102
— jet energy scale known tol% = 5% ondo /dM 5 ; .
e Small theoretical uncertainties: Olol
— higher-order terms (varying pug) below 15% > 05
s ~ PDFs (GRV-HO,AFG-HO) below 10% o °
— resolved processes suppressed at hig\ 5 5 CZGO:
— small hadronisation corrections, belows% g 05
e NLO QCD calculations describe the shape and 0
-0.5 -

normalisation of the measurements well
— Validity of the pQCD description of the dynamics of

parton-parton and ~y-parton interactions in photoproduction

ZEUS

—_ NLOQCD
— LOQCD

o ZEUS 95-97 (42.7 pb)

Q% < 1GeVf

134< W < 277 GeV
Bt > 14 GeV
-1<n®< 25
|cose*| <0.8

jet energy scale uncertainty

NLO uncertainty

_1 :\ |

XyObs >0.75

120 14‘0‘ | 160
MY (Gev)
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New jet aIgorithmsI

e Tests of pQCD with jets require infrared- and collinear-safe jet algorithms:
— performance of k1 cluster algorithm in longitudinally invariant inclusive mode
(S Catani, S Ellis & D Soper) tested extensively at HERA:
— stringent tests of pQCD: good description of data for different jet radii
— good performance of algorithm: small theoretical uncertainties / hadronisation corrections
— new measurements in photoproduction presented here

e New infrared- and collinear-safe jet algorithms:
— anti-k7 (M Cacciari, G Salam & G Soyez) provides =~ circular jets
* experimentally desirable
— SlScone (G Salam & G Soyez) seedless cone algorithm provides infrared- and
collinear-safe calculations
* theoretically necessary

e New studies at HERA:
— test performance of anti-k7 and SIScone in well-understood hadron-induced
reaction:
* comparison to measurements based on kp
* comparison of measurements and NLO QCD calculations
* study of theoretical uncertainties and hadronisation corrections
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New jet aIgorithmsI
kp

e New infrared- and collinear-safe jet
algorithms:
— anti-k7 (M Cacciari, G Salam & G Soyez)
and SIScone (G Salam & G Soyez)

e Cluster algorithms: | o e antiky
— d;;=min((E}, 5)*?, (BT )°P]-ARYR? . passive area
with p=1 (—1) for kr (anti-k7)
— anti-kp keeps infrared and collinear
safety and provides =~ circular jets
(experimentally desirable)

e Cone algorithms: SiScone
— seedless cone algorithm produces . PO R
also jets with well-defined area and
is infrared and collinear safe
(theoretically necessary)

passive area

pmn e ——— e
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Benefits of the new jet algorithma

e Anti- k; and SISCONE jet algorithms
provide jets with better control on the shape
(= circular) and area (dictated by the

jet radius R) than with the k, jet algorithm

e Essential to control and suppress the
energy contributions from particles that fall
Into the jet but originate from

— the “underlying event” (hadrons from the
same proton-proton collision but
unrelated to the hard interaction
(a proton is an extended object)

Z — pTp~ event candidate
—» additional soft proton-proton interactions with 25 (!!) reconstructed vertices
overlaid with the interesting one (pile-up) High pile-up environment in 2012
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Inclusive Jet Photoproduction'

ep — e + jet 4+ X: inclusive-jet cross sections

e Kinematic region: Q%<1 GeV?and 0.2 <y < 0.85
e Jet search: k., anti-kT_ and SIScone in laboratory frame
o At least one jet with EJ* >17 GeV and —1<ni*t < 2.5

e Experimental uncertainties:
— systematic: typically below +5%

— energy scale ==1% (1): ~ £5 (10)% at low (high) E}i"’
e Comparison to NLO predictions (Klasen et al):
— good description of data by NLO prediction
— validity of the description of the dynamics
of jet photoproduction at O (a?)

e Theoretical uncertainties: |
— higher orders: 210 (4) % at low (high) Eéf'" (kr/anti-k7)
+14 (7)% at low (high) E)* (SIScone)

— proton PDFs: 41 (5)% at low (high) EJ'
— hadronisation: < +3%; a,(Mz): < £2%
— photon PDFs: +9 — 10 (1 — 3)% at low (high) E)**
— Measurements provide direct sensitivity to s and gluon density with small
experimental and theoretical uncertainties

do/dE" (pb/GeV)

hadronisation correction

. =083Mm1

den®<c2s
- Qi< 1GeV?
142< W, <293 GeV

[ jetl energy-scale uncertainty

* ZEUS 300 pb™

—— NLO (ZEUS-S/GRV-HO)

o kg (x 100)

anti-ky; (x 10)

S1Scone

- s K (+005)

1 hadronisation uncertainty

___—— anti-ky

| §IScone

20

3 40 50 60

70

80 %0

Ey (GeV)

ZEUS Collab, DESY-12-045
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Inclusive Jet Photoproduction and Determination ofo, I

e The energy-scale dependence of the coupling was determined from the data
— results in good agreement with predicted running of a5 over a wide range in E%.?

e Values of as(Mz) were extracted from 7ZEUS
the measured cross sections for 5“0'171'\' T
21 < EJTEt <71 GeV: 0.16 _ 0 corr. exp.
- \\ [ corr. exp. @ th.

— QCD

anti-k:T:
—H] 0023 +U 0041 5
uncert: "1 g% (exp), £1. 0% (pPDFs), 0. 4% (hadr), 0.14
“ 2:3% (HO), *2-29% (yPDFs), T3-9% (total)

0.13 |

SIScone. |
0.0022 0.0046 f ywwayp nesen spaun h
as(Mzg) :0-1196i 0.0021 (exp )+(} 00453 (th) i 30 40 50 60 70
uncert: +1.8% (exp), +1.0% (pPDFs), 4-0.2% (hadr), E, (GeV)
13294 (HO), T1-9% (yPDFs), T4:3% (total) — as(M z) from inclusive-jet
kr: cross sections in PHP with

as(Myz)=0.1206170-0023 (oxp)+0-0042 41y different jet algorithms are

—0.0022 0.0035 istent with h oth
uncert: T 2% (exp), +1.0% (pPDFs), +-0.4% (hadr), COTIRISIONIS WIth BakEn Dinel
and have similar precision

+2 4 +3 3 +4 0
% (HO), " '5% (vPDFs), 5", % (total) ZEUS Collab, DESY-12-045
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Not yet the en

e The “jet” saga continues tomorrow morning
— Jets in hadron-hadron colliders — by Caterina Doglioni

;| CMS Experiment at LHC, CERN Jet 1
| Run 133450 Event 16358963 ==
Lumi section: 285

Sat Apr 17 2010, 12:25:05 CEST | /
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