LHC pp: normal high multiplicities
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LHC pp: QCD 2-jet

Run Number: 160858, Event Number: 23181152
Date: 2010-08-08 13:57:31 CEST

ATLAS|
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1A EXPERIMENT

-
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LHC pp : QCD 2+-jet

AT LAS
4 EXPERIMENT

uuuuuuuuuuuuuuu , Event Number: 69725215
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LHC pp : QCD 6-jet
%ATLAS

EXPERIMENT

Run Number: 152409, Event Number: 8186656
Date: 2010-04-05 12:28:45 CEST

-
P —

6 Jet Event in 7 TeV Collisions

An event with 6 jets taken on April 4th, 2010. The jets have calibrated transverse momenta
between 30 GeV and 70 GeV and are well separated in the detector. 12
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LHC pp: QCD 2-jet with pileup

JATLAS

A EXPERIMENT

Run Number: 201006, Event Number: 55422459
Date: 2012-04-09 14:07:47 UTC
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LEP ete™: 2-jet

Run:event 4093: 1000  Ctrk
Ebeam 45.6 (-0.04, 0.08

7*/Z°

et e

fe]

SumE= 31.0)
6) Muon(N= 0)
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LEP ete™: more 2-jet

% ALEPH >
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The QED potential

In QED, field lines go all the way to infinity

B

since photons cannot interact with each other.

Potential is simply additive:

V(x) o Z|x—x\
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The QCD potential — 1

In QCD, for large charge separation, field lines are believed
to be compressed to tubelike region(s) = string(s)

=l
-

by self-interactions among soft gluons in the “vacuum”.

(Analogy: vortex lines in type Il superconductor.)
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The QCD potential — 2

Gives force/potential between a ¢ and a q:

F(r)~const =k <= V(r) = kr
ka~1GeV/fm=1.6-10"1°J-10% 10" /m = 1.6 - 10°J /m
~ potential energy gain lifting a 16 ton truck.

Cf. proton mass is &~ 1 GeV and its size &~ 1 fm.

Flux tube parametrized by center location as a function of time
= simple description as a 1+1-dimensional object — a string .

Linear confinement confirmed
e.g. by lattice QCD calculation
of gluon field between a static
colour and anticolour charge pair:
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The QCD potential — 3

V(R)

...........

At short distances also Coulomb potential:

PR B

V(r) ~

V(r)

linear part

R

Coulomb part

Coulomb correction important for internal structure of hadrons,

but not for particle production (?).
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String motion — 1

The Lund Model: core idea

Use only linear potential V/(r) ~ kr to trace string motion
and let string fragment by repeated (q breaks.

Assume negligibly small quark masses.
Then linearity between space—time and energy—momentum gives

dE| ’ dp. ' dpz

dz

(c =1) for a qq pair flying apart along the +z axis.
But signs relevant: the g moving in the +z direction
has dz/dt = +1 but dp,/dt = —

Conservation of total energy:
Ekineti(:(t) + Ep()tential(t) = Et()tal(t) = constant.
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Consider decay Z° — qq at rest:

t=0: Epotontial(o) - V(O) =0
= Exinetic(0) = Eq(0) + Eg(0) = myz.

As the q and a q fly apart,
kinetic energy turns into potential.

Max separation when Epipetic = 0, i.e.
Epotcntial =kl=mg=L= mZ/Ii.

From this point the string pulls
the q and q back together, i.e.
potential energy turns into kinetic.

—= (Continued oscillations: “yo-yo mode”.
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System with net motion
in one direction

is boosted version

of system at rest.

t* Each crossing point
is appropriately shifted
in direction of motion.

Quarks move longer times
in “right” direction
q and shorter in “wrong".

q Reminder: “simultaneous”
frame-dependent for
X spatially separated events.
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The QCD potential — 4

Full QCD = gluonic field between charges (“quenched QCD")
plus virtual fluctuations g — qq (— g)
= nonperturbative string breakings gg... — qq

V(r) simplified colour
representation:

< >

r ( I'::F >r
4

Coulomb part

quenched QCD

full QCD
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The Lund Model

Combine yo-yo-style string motion with string breakings!

Motion of quarks and antiquarks with intermediate string pieces:

z

A q from one string break combines with a ¢ from an adjacent one.

Gives simple but powerful picture of hadron production.
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Where does the string break? — 1

Fragmentation starts in the middle and spreads outwards:

Corresponds to roughly same invariant time of all breaks,

72 = t2 — 72 ~ constant.

Hadrons at outskirts are more boosted.

Adjacent breaks have to be separated such that hadron formed

: . 2 _ 2 2
with correct mass: area occ m{ = m* + p7 .

Breakup vertices causally disconnected!
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Where does the string break? — 2

Breakups causally disconnected f(z),a=0.5,b=0.7

= can proceed in arbitrary order o[ T e =£.).25 T ]
= split off hadrons myp=1 -
from both ends inwards. 25 e
Described by probability f(z), 2

e.g. Lund shape 15
f(z) < (1 —z)?exp(—bm? /2)/z
where z is fraction of
remaining energy and momentum p )
that hadron takes, %0 o2 o2 o6 o8 1

with 1 — z left over.
Applied iteratively from both ends, matched in the middle.

0.5
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Where does the string break? — 3

Example: all z =1/2 for jet with energy Eje.
Then hadrons obtain energies Ejet/2, Ejct/4, Ejet/8, Ejet/16, ...,
i.e. evenly spaced in In E.

Proper treatment: evenly spaced in rapidity y:

7}| E+p:
B E—p;

Varying z values = varying spacing, but still on the average
flat rapidity plateau + some endpoint corrections:

dn/dy

/TN,

and total multiplicity grows proportional to In(Ejet).

slide 19/28




How does the string break?

q q’<—+—>a/ q [} q’<—c E .—»q/ q
A a
d=m,q/k
m_]_q/=0 mJ_q/>O

String breaking modelled by tunneling:

2 2 2
m e m
P o exp <— Lq) = exp (— Lq) exp <—q>
K K K

e Common Gaussian p; spectrum, (p;) ~ 0.4 GeV.

@ Suppression of heavy quarks,
ut:dd:sS:cc~1:1:03:10"1L

o Diquark ~ antiquark = simple model for baryon production.
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Flavour composition

Combination of q and @ (qq) from two adjacent breaks
gives meson (baryon).
Many uncertainties in selection of hadron species, e.g.:

@ Spin counting suggests vector:pseudoscalar = 3:1,
but m, > my, so empirically ~1:1.

@ Also for same spin m,y > my, > m, o gives mass suppression.

@ There is one V and one PS for each qq flavour set,
but baryons are more complicated,
e.g. uuu = ATT whereas uds = A%, ¥0 or ¥*0.

@ Simple diquark model too simpleminded; produces
baryon—antibaryon pairs too nearby in rapidity space.

String model unpredictive in understanding of hadron mass effects
= many parameters, 10-20 depending on how you count.

slide 21/28



LEP eTe™: 3-jet

Sump= 40.2) Ecal(N= 43 Suni=
al (N = 12.7) Muon(




LEP eTe™: 3-jet matrix elements

ete™ — 7% — (qg receives contributions from
two Feynman diagrams:

2(a) 2(a)

0 0 - 3(9)
‘ 3(9)

1(q) 1(a)

Emission of gluon is a bremsstrahlung process:

Eg qu qu

i.e. gluon perfers to have low energy and be close to q or q,

but with smooth tail to large energies and separations.
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The Lund gluon picture — 1

g (rb)

\

The most characteristic feature of the Lund model

snapshots of string position

q(r)

strings stretched

“

a ()

7

from g (or qq) endpoint
via a number of gluons
to g (or qqg) endpoint

Gluon = kink on string

Force ratio gluon/ quark = 2,
cf. QCD Nc/CF = 9/4, — 2 for NC — o0
No new parameters introduced for gluon jets!
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The Lund gluon picture — 2
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The Lund gluon picture — 3

Particle flow in the qqg event plane depleted in q—q region
owing to boost of string pieces in g—g and g—q regions:

DELPHI

iite s e Corr. Data
— PShower
veo ME + SF
—-ME+IF

99 regiza’

Dy, = 5 GeV

P PR PRI FUTTE FUUET FPTIE FEWus SRRSY Javs
0 40 80 120 160 200 240 280 320 360
Energy flow in the event plane 3




Building on towards LHC events

Repeated gluon emissions lead to 'g\ :
more complicated topologies, but ‘
string configurations generalize:

In pp collisions colour flow
connects hard scattering with
beam remnants:

‘\Q\

N

As for eTe™ events there can be further gluon emissions.

Therefore > 2 jets at “large” p,, plus one along each beam.



The Lund Monte Carlo PYTHIA

Many further physics components for full LHC story:

PDF
ME
MPI
ISR
FSR
BR

Decays

Unknown?

PYTHIA generates complete “virtual-reality” LHC events.
Quantum mechanics = random choices (Monte Carlo methods).
Program ~ 100000 lines of C++ code.

Frequently used by LHC experimentalists.

slide 28/28



