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Sort of introduction: Jets in eTe™

Experiment: Measures hadrons
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Theory: calculates final states with
quarks and gluons

1211}

Must try to understand transition partons — hadrons

Must try to reconstruct partons from hadrons
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Experimental observation:

e Hadrons come in bundles (jets)

e Jets remember parton momentum

Signed cos @ distribution of jets in polarised ete™ scattering
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Model of fragmentation

e (Quarks and gluons radiate gluons
e Gluons split into qq pairs

e “final state” partons rearrange into hadrons

MC description of gluon emission /splitting (parton shower)

e Radiation according to QCD g, {
splitting functions

e Interference dealt with by or- Hadronization {

dering principle (e.g. angular \ :
Ofd@flﬂg) gﬁg\?vgr % : Minimum Bias
° Collisions
e Shower stops at a scale of typ-
ically 1 Gev gS{)dProcess {
e ['irst one or two radiations can N (.09 (.09
be according to exact matrix Pistributions
element
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Fragmentation models

String fragmentation (Pythia, Lund model)

e (Quarks span a string between them
e When the quarks move apart string tension increases

e When the tension reaches a critical value string breaks creating a new
qq pair at the new ends

e When the energy is small enough hadrons are formed
Cluster fragmentation (HERWIG)

e Remaining gluons split into qq pairs
e (( pairs rearrange into colour singlet clusters

e Clusters decay isotropically
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Jet algorithms

Try to “undo” fragmentation

Warning: Hadrons are colour singlets, quarks and gluons are colour
triplets/octets = quark/gluon “reconstruction” can never be exact

General jet algorithm:

e Define distance measure d;; for pair of particles

e Define combination algorithm
Jet algorithm

e Calculate d;; for all pairs and find d;; 1in
o It djj min > deyr STOP

e Combine particles corresponding to d;; min
e Restart
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Distance measure:

e Most obvious choice: invariant mass (JADE algorithm)

EE;
—4(1 — cos0)

In practice massless approximation d;; =

— was successfully used for QCD studies

—algorithm tends to cluster all low energy particles first [J not so good
for parton reconstruction

e To solve this problem replace mass by relative transverse momentum
(kp, Durham algorithm)
min(EZ.QEQ.)
dij = (1 —cos )
—equally well behaved for QCD studies

— prefers to combine low angles [ closer to physics of parton showers
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Combination procedure

e Most obvious: add 4-momenta pp, = p; + p;
e (Quarks and gluons are massless, two alternatives in use:

—add 3-momenta and calculate energy assuming m = 0

—add 4-momenta and rescale 3-momentum so that m =0
Infrared and collinear safety:

e QCD Feynman graph diverges for pg — 0
[1 algorithm must be stable when particle with p = 0 is added

e (JCD Feynman graph diverges for splitting with 8 — 0 [J algorithm
must be stable when particle is split into two with 8 ~ 0

ok for JADE and k7

Physics at the LHC Lecture 3-8 Klaus Monig



Jet rates in etTe™
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Jets in pp

Differences to eTe™

e Protons disappear as colour non-singlets in the beampipe
e Final state is boosted and algorithms not Lorenz invariant
e The underlying event adds activity in the detector

e At high luminosity there are additional minimum bias events that can-
not be separated

Must adapt k7 algorithm
New algorithms in pp (pp): cone algorithms

Physics at the LHC Lecture 3-10 Klaus Monig



Adaptation of kp algorithm

e Replace 1 — cosf;; by AR;; = \/(yZ — yj)Q + (¢ — ij)z
ARy,
D2
e Add to pairs also single particles d; = p? ;

e Distance d;; = min(p% - p% j> (D adjustable parameter)
e [f minimum is a particle: Define as jet and remove from list

e [f minimum is a pair combine and start again

e Stop if nothing left
Features of the k7 algorithm

e ['very hadron is uniquely assigned to a jet
e ['very hadron is assigned to a jet

—few hadrons that belong to a given parton are missing
— significant noise from underlying event and minimum bias

e Jets have complicated shapes
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Cone algorithms

e Naively imagine a jet as a energy flow within a cone in (y, ¢) space
e Consequently 1st pp jet algorithms add energy within a cone

e [terative procedure

— Start with a cone containing some energy and opening angle R

— Calculate the cone cen-
tre e.g. by adding 4-
momenta

y I

— Recalculate energy in
cone

TRy ROl

ah uh '\E‘h

— [terate until a stable
cone 1s reached.
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Stability problems
e Solution is not unique

e Usually seeds are used in experiment [] infrared
unsafe (partially solved by artificial seed between
two real ones (midpoint algorithm))

e Large fragmentation corrections in cases where
two jets are merged into one

e Jets may overlap and splitting procedure is

deeded
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e A new cone algorithm exists that is equivalent to a seedless one solving
the theoretical problems (SISCone)

e Anyway it turns out that the theoretical uncertainties are only on the
10% level

Features of cone algorithms

e Low energy hadrons are not all included in jets

—energy missing for event reconstruction

—lot of underlying event /pileup rejected

e Jet shapes are usually round [ makes underlying event, pileup, noise
corrections easler
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New idea: anti k7 algorithm

- o9 _o9 ARy
Define new distance measure: dij = min(p ; 2.2, D; ].2)_D2@J

e First cluster high energy with high energy and high energy with low
energy particles

e This keeps jets round, with well defines area

e Algorithm still infrared and collinear safe!
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Typical shapes for IR and collinear safe algorithms

Y i —

\ Cam/Aachen, R=1 |
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Experimental issues

e Some part of the jet is outside the cone [ needs corrections
e [inergy from the underlying event or pileup gets into the cone

e Treatment of noise in the calorimeter cells affects reconstructed jets

n 1.4r-
c u .
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S FE Hadronization
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Dependence of jets on calorimeter treatment

tower jets

COﬂe Rcone = 0.7

calorimeter response

showering @ electronic noise '

dead material energy losses & leakage
noise cancellation with towers

hadron jets

0
)

cluster jets

calorimeter response
showering @ electronic noise

dead material energy losses & leakage
cluster bias & noise suppression

Klaus Monig
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s for one CDF event

t algorithm

Results of different je

Raw Jet P, [GeV/c]
— JetClu R=0.7
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QCD predictions for jet-rates

Composition of jet events at the Tevatron

e Jet-events originate from
2g, 4g, qq scattering

e They can be calculated in
QCD integrating over the
PDFs

e At medium energies qg
dominates, at high energies
qq 1s dominant

Subprocess fraction

pp ——> jet +X

Vs =1800 GeV CTEQ6M u=E /2 0<|n|<5
1 T T I T I T I T I T I T I T

—— CTEQ6M
— - CTEQ5M
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50 100 150 200 250 300 350 400 450 500
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Uncertainties due to PDF's are of

Jet cross sections at the LHC the order 20-30%
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The underlying event

e At the LHC the parton-parton cross section integrated over the PDFs
exceeds the proton-proton cross section

e This is interpreted as several parton-parton scatterings during one in-

elastic pp event

e There are indications that the hard partons concentrate in the core of

the event

e For this reason the underlying event does not simply look like minimum

bias

“Hard” Scattering

outgoing parton

underlying event underlying event

initial;state
radiation
final-state

outgoing parton radiation
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Analysis of the underlying event:

e 2-jet events are back-to-back
e Select events with one hard jet

e The opposite region should contain the 2nd jet

2
e Look into the transverse regions "
TRANSmax (more energy)D‘,Iet f,l t
and TRANSmin (less energy}rec on “Transverse”
A(I) Region

“Transverse” . “Transverse”

“Toward” Region

<

“Transverse”
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e Generators without multi-
parton interactions cannot
describe the data

e However generators with
UE can be tuned to agree
with the data

e Warning: it cannot be ex-
pected that the Tevatron
tunes describe the LHC
data
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Top as example for jets at the LHC

) t

Top pair production: >wm<

e (q and gg, gg largely dominates at LHC

Top cross section ~ 800 pb g x t g ;
= 80000 000 events in 100 fbh~! K + j§3>< + 33m<

Top decays: t — bW (99.8%) with

W — qq 2/3rd
W — v, L =e,u 2/9h
W — v 1/9th

(Rest ist — s, dW)
[] Always have jets in top events

[ Always have b-quarks
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Top Pair Decay Channels

This means for tt events:

o 45% 2 b-jets + 4 light jets 8|8 2
—everything can be reconstructed é j:éj :g‘
— however large pairing ambiguities S % s
—large QQCD backgrounds e - P —
5 3 | muon+jets
© 30% 2 b-jets, 2 light jets, 14, 1v o |9 EBIEEE
— the neutrino can be reconstructed Wlewr| %

with a 2-fold ambiguity using the W-mass
— pairing ambiguities are less
— lepton strongly suppresses QCD background
e 5% 2 b-jets, 20 | 2v
— clean samples

— however few constraints for reconstruction

e Rest contains 7s [ difficult
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Intermezzo: b-tagging at colliders

e b-quarks decay semileptonically with BR(b — ¢X) =2 x 10%
—can be used for b-tagging

— however low efficiency from the beginning

— leptons inside jets where fake rate is high
e b-quarks have significant lifetime (c7 ~ 0.5mm)

—e.g. flight distance of 50 GeV B-meson: ~ bmm
—1mpact parameter w.r.t. primary vertex: ~ 500um
—resolution of modern vertex detectors: ~ 10um

[1 can use vertexing for b-tagging
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Impact parameter methods

e Signed track impact parameter gives already
cood sensitivity for b-tagging

e Calculate probability for optimal use
0
/

e Tracks in a jet/event can be combined

Pi
i/0d.

N N—1 :

— InPy)’

Po=[]P: P:Ej( j,O)
) 0 '

e In principle this method gives an optimal separa-
tion of b- and light jets

e However very sensitive understanding of tracking

Arbitrary units
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Enhancement /alternative: secondary vertices

e Secondary vertices are not faked so
easily by reconstruction problems

e The vertex mass gives a good sep-
aration especially to c-quarks

e The energy of the fitted particles
normalised to the jet energy makes
use of the hard b-fragmentation
(average B energy is ~ 80% of jet

energy)
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With the available methods e.g. a light quark rejection of 10° and a c-
quark rejection of 10 can be achieved for 50% b-efficiency (tt events)

Light jet rejection
s 3

—_
o
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b-jet efficiency
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Selection of tt events

Concentrate on mixed decays:

® BT miss > 20 GeV (neutrino!)
e 1 isolated lepton with Pp > 20 GeV
e 2 b-jets with pp > 40 GeV and > 2 light jets with pp > 40 GeV

(At the beginning of data taking b-tagging can be dropped at the price
of a larger background)

Hadronic W reconstruction

e Accept light jet pair if consistent with myy at 3o
e Rescale jets to myy using a v2 technique

e Cut again on jet-jet mass around myy
W-b association

e Take the combination with minimal AR
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Top mass distribution for the top-mass

analysis
|||||||||||||||||||||||||||||||||||||—|
450 ATLAS preliminary
400; T 1 £p
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Measurements of the top-quark mass

Why is the top mass interesting?
SM:

e Flectroweak precision data are affected by loop corrections

e* i et f
B H

P >
t — - Z -
Vv f e f

2 1.9 . dra 1
€6 My = 27 (1 uRYE \/QGFm%lAT>

e Can be used e.g. to constrain mpy

e Top-quarks corrections are quadratic [ need to be known to get useful
results
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For this need m¢ measurement of O(1 GeV)

200 July 2008

— High Q? except m, 3 7 — T
68% CL i _: -

= ) 5

[B) Y =

O, 180+ - E
S N e Y R —i 20

Theory uncertainty _;

— Fitincluding theory errors 3

Fit excluding theory errors 4
Excluded T T 15

160 —_— - | | | E

2 3
10 10 10 150 200 250
M, [G
m,, [GeV] . [GeV]
Beyond SM

e Some models like SUSY predict the Higgs mass from the model param-
eters

e Here the my corrections can be of order Amy/Amy ~ 1

[1 In principle a much better top mass is needed
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Current uncertainty from the Tevatron: Amys = 1.2 GeV
This does not yet include

e crrors from colour reconnection effects

e uncertainties from the mass definition

which might add up again to 1 GeV
Expectation at the LHC: Amy < 1GeV

e totally dominated by systematics
e largest experimental uncertainty: energy scale of b-jets

e crrors from (QCD might be of similar size
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Search for rare top decays

The SM predicts FCNC top decays Even the LHQ ce:n only scratch the
(t — Zq, vq, gq) on the 10— 14 _ interesting region!

10712 Jevel T
In some new physics scenarios 104 %’10
can be reached
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Measurement of single top production

Feynman graphs

t-channel s-channel

o = 260 pb o = 60pb

All channels are sensitive to V},
t-channel analysis

Leading b-jet

e Special cuts for event topology

e Main background is tt and some’ ST

. ° Soft b-jet
W+jets | z)

Forward light jet

e Sample analysis gave ¢ = 1.4%
and S/B:OS Neutrino *

e Statistical error no problem, however systematics can be in 20% region
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Conclusions of 3rd lecture

e (Quarks and gluons always end up in jets

e Most interesting physics at the LHC involves final state quarks (and
gluons) O jets

e There is always an arbitrariness in the definition of jets

e Top quark production is an example of jet production at the LHC
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