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If lectures too easy, too hard, too boring,....

PLEASE REACT!

YOU ARE FREE TO ASK QUESTIONS DURING THE LECTURES.
| WILL TRY GIVE BEST ANSWERS (OR POSTPONE THEM)
YOU CAN ALWAYS ASK ME THIS WEEK OR ASK BY EMAIL

There is plenty of material in these lectures (probably too much)
It will be impossible to cover all of the topics
- Try to give a feeling of QCD you need at hadron colliders
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What these lectures won't cover:

@ Historical introduction to QCD
(quark static model, SU(3)F)

o Lattice QCD

@ Hadron spectroscopy (no
pentaquarks!)

@ Quark-Gluon plasma (QGP)

Some references to:
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@ QCD in ete™ collisions

o Deep Inelastic Scattering (DIS) From LHCb experiment
arXiv1507.03414
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Major milestones in QCD

1960

Quantum Electrodynamics (QED) is the quantum
field theory (QFD) describing electromagnetic
interactions

Explosion of baryon and mesons zoo, static model of
quarks. S-Matrix theory (No QFD for strong
interactions!)

Experimental evidence of partons

Standard Model and
Quantum Chromaodynamics (QCD):
The QFD for strong interactions (Renormalizability of

gauge theories)

Experimental evidence of gluons
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Introduction

Physics Processes at LHC (ATLAS) (Runl: 7 and 8 TeV)

Standard Model Production Cross Section Measurements  sius: viarcn 2015
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QCD is the toolbox for discoveries at the LHC
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Introduction

Searches for Physics Beyond Standard Model
Searches for dijet mass resonances

Resonance search:

Angular searches for BSM

c??, BSM v <06 Angular search
M ™ <0
) (suppress QCD) i{;’_
- my > 1.0 TeV L ESM
B ) y*[ <17
lvgl <11
— M my > 2 TeV
@ "“SM background” is mainly K=
from QCD
@ Not only Breit-Wigner but also o x = exp{2|y*|}
“dips” due to interference @ Shape and normalization from
effects fit to data

@ Shape and normalization from

fit to sidebands (etc...)
Although background contribution is data driven a precise prediction of

QCD is fundamental to assess physics BSM (cf lecture on Susy and N

Exotics).
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Theory
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Theory

Quantum Chromodynamics is:

one of the pillars of the Standard Model.

the theory of quarks, gluon and their interactions (Strong interaction):
central to modern colliders (LHC)

SM — gauge theory based on the SU¢(3) @ SU(2) @ U(1)y group
SUc(3) is the color group for QCD

SUc(3) is an exact symmetry

SU(2) ® U(1)y is the electroweak symmetry group — ( Standard Model
and Higgs lectures)
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Lagranglan and Feynman graphs
vith infinitie

Theory

attering

QCD and Hadrons

Up to few weeks ago (and still TBC !) quarks can be combined in
color-less mesons and baryons (singlets of SUc(3))

Mesons (bosons, e.g. pion ...)

E 7' P — E [U[ h“. Y = E -1;.‘;-?;.‘;‘ anti-blue

ijk k

Baryons (fermions, e.g. proton, neutrons ...)

Z Eijl L‘z ¢I'j L‘R - Z Ez_)'k["?u’L"T_)'_;"L"T};i;’?flllz-' ‘Q"‘j’ ¢I’k’ = Z Eirjrkt dCt(\U-J?r"I"

ijk i 3 kk! iR
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Theory

QED vs QCD

Gauge group

U(1)

Charge

electric charge e

Mediator

1 photon A

Lagrangian

L= —3F" Fuy + ) D(R— my)

SU(3)
color e (three colors)

8 gluons g

— 1 8 Apv £A
L= PR+

+D 0 GR— m)g;

A A A B _C
F;“/ =0ug, — ayg“ - ESCABCgng

D, =0, — iesgu
8. = Z;A TAgﬁ
€,

s = 27
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Lagranglan and Feynman graphs

Theory th infinities

QCD Lagrangian

Apee
£ = er AL

+Zr§rD m;)q
j=1

A : B_C
Fm/ = rﬂgp - alfglu 16 CAB‘CB:‘_, I
Oy — lesgu

g = ».T%}

RS
[

b a b
f = [W o+ ]
c c d
| Gep 5 PR
| I
[ + 1:' Lo
.
flavours § ng},‘u )
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Feynman Graphs (1)

Lagrangian and Feynman graphs

i
Q —— -3 _—
p-mtie
fa

fermion propagator

HAAAAAAAA 1V -+ —_,h]"f/
Ptie
g Photon propagator
oo =ik, 20) 6+ pat ps).
L Fermion-photon vertex

! I i (,'br s

i J
Quark propagator
a [ A N
AO0080000 = g (¢ + - Vg )

Gluon propagatgr

= —igy* x (i'J,” = (t),

5 Quark-gluon vertex
J

a b it
TR+
Ghost propagator (gauge fixing terms)

QCD




Lagrangian and Feynman graphs
Dealing with infinities

Putting all together

Deep Inelastic Scattering

QCD only: triple and quartic gluon vertices:
From non commutative of SU(3) matrices:

a, i
s fa.bc [guu(k, _ p)p
= +9"(p—q)*
e—
_2-93 [fubefcde (gp.pgua' . gp.a'gvp)

+ facefbde (gp.ugpa' _ g,u.crgup)
+ fadefbce (gp.vgpo' _ g,u.pgucr) ]

Cz
zJ)
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Theory

Example: quark gluon vertex

What v, (—igs t{ )1 means?

A Al“
b a b a
01 0 1 0 —i O 1
(0 0)[ 100 +( 0 0)[ i o o +
\_?Z’_/ 0 0O 0 0 0 O 0
b N———
t;b Ya t.?b

gluon emission change the color of the quark
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Theory

Some Useful Formulas

A B
Tr(t’d‘tB) = TR§AB ., Tp= i

NZ—1 4
tA A _ C 53( . C — c _ m
ZA abthe F F 2Nc 3 a €

ZC.D fFACDFBCD — CA(L;AB \

B
Ca=N-=3

b a
1. . 1 - . 1 =1 o
taAthA = Eobcbaa‘ — Wéab()cd (FIETZ) 2] [ 2N
C ————
c d

N. = number of colours = 3 for QCD

from G. Salam lectures at Maria Laach
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Lag eynman graphs
Dealing with infinities
Puttin,

Theory

Vacuum polarization

In QED electron and positron virtual clouds effectively screen the electric

charge:
@ Probe close = Large effective charge
@ Probe far = small effective charge

€
b
H
o
+ c
e*.fw-\e‘ g
etle \le’ ©
N 2 Couiomb
e e u charge
e es 11137
Distance from the IN r/;'
High-energy baree  charge Low-energy o
probe probe
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Lag eynman graphs

Dé;ling with infinities
Theory Puttin,

Vacuum polarization

In QCD Together with quark-antiquark virtual clouds there are also pure

gluon loops:
@ Probe close = small effective charge (Asymptotic Freedom)

@ Probe far = large (infinite) effective charge (Confinement)

:
H 3/
=5
o 5°
FyR 3 S
2
S
5
=}
o
/1fermi
)
INFN

Distance from the bare
. k
High-energy probe quark color charge
*'Asymptotic freedom'
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Lagrangi man graphs
Theory I?ealmg with infinities

Perturbation theory

If as < 1 expansion is as order is possible:

2
O = as+ a2 + a3
ligibl
small  smaller ~ €8lgIbIE

= LO+ NLO+ NNLO + ...

However if s is large (momentum ~ Agcp ) power series is not
convergent = cannot use perturbative approach. pQCD doesn’t hold

anymore.
= need alternative approaches (e.g. Lattice QCD, phenomenological

approaches, ...)

Antonio Sidoti QCD



Consequences

While we can observe electrons, muons in nature, quarks and gluons cannot be
observed as free charges (except top quark).

I

®
@
@@

&
®
®
1w

@ a quark-antiquark pair is created in the final state

@ color lines stretches so much that new gg pairs pop-out from vacuum
(typical energies ~ Q)

@ process is repeated until Q ~ Agcp ~ O(~ 100MeV)

@ Hadronization occurs to form physical particles (mesons, baryons) = this is

~
INFN .
a non-perturbative process
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Lagrangian and
Theory Dealing with infinities

Renormalization

UV Singularities
Let's consider gluon-quark vertex.

Tree-level (Born-level or
Leading Order (LO)

graph)

Antonio Sidoti QCD



Dealing with inﬁnit’i

Theory

Renormalization

UV Singularities
Let's consider gluon-quark vertex.

T

2
5
=
3

Tree-level (Born-level or Need to add gluon
Leading Order (LO) propagator loops....
graph)

Antonio Sidoti QCD



Lag ynman graphs
Dealing with infinities

Putting all

De:

Theory

Renormalization

UV Singularities
Let's consider gluon-quark vertex.

feseeervve

-

-]

: a h/
y

Tree-level (Born-level or Need to add gluon and vacuum polarization
Leading Order (LO) propagator loops.... graphs.
graph)

H
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Renormalization

UV Singularities
Let's consider gluon-quark vertex.

Tree-level (Born-level or Need to add gluon and vacuum polarization
Leading Order (LO) propagator loops.... graphs.
graph)

These are only second order graphs (Next to Leading Order (NLO)). Also present
third (NNLO) etc.
Each loop — [,'% d*k

Each additional vertex — (igs) (that is \/as — |M|? — as)

Antonio Sidoti QCD



Quark Energy One Loop

As an example let's calculate quark
propagator at one loop: Use Feynman &
gauge (¢ = 1): i . !

/(2 Igs)ﬂ/# k(;k’\kj Y\( (gs)’yl/le ab
g [ d w(pf\wm)w
P @R ((p— k)2 — m?)

2 _
c 1 for SU(N.) and(T°T?); = 0;Cr

2N.
i X sk
~ [ g ~ kdkk4~ dk

q
that is divergent when integration bound goes to co. = Ultraviolet (UV) i
divergence

(=g
k2 + e

where Cg =

Antonio Sidoti QCD



Regularization

[shrink=10] To handle UV divergences need a regularization procedure.
Two strategies:
o cu-off regularization. All calculations are carried out up to a finite
momentum K. Limit to +oo is performed later.
o Dimensional regularization. Note that integral is divergent in 4D but

convergent in 2D. = expand in continuous € = (4 — D)/2.
Appearance of single poles for ¢ — 0. This is the one normally used

in QCD
Generic N—loop amplitude /y:

Antonio Sidoti QCD



Theory

Renormalization

Pragmatic strategy to deal with UV divergencies:

@ Start from original Lagrangian £
@ For each order in as identify divergent diagrams.
@ Add counterterms in the original Lagrangian such to cancel divergent

diagrams.
1 2
£renorm = E + ‘CE:o)unter + ‘Cf:o)unter + et
= L+ £counter
@ Luckily Leounter can be expressed as L by replacing (rescaling, renormalizing)

m— mg=2Znm, Y — 11)02;/2, as — asollf, etc.
@ Lounter is still gauge invariant provided all this Zx factors depend on single

renormalization Z, factor such that Z; = & (Becchi-Rouet-Stora
SFER

Theorem)

We have now a divergent free Lagrangian that is now dependent on ug
(dimension of a mass). g is called Renormalization scale.

Antonio Sidoti QCD



Lagrangian eynman graphs

Theory

Different criteria to cancel out divergent diagrams: renormalization schemes.
Most common are MS, MS, on mass-shell scheme, etc.

Two arbitrary choices:

@ choice of g renormalization scheme
@ choice of renormalization scheme

Note that physical observables are independent on choice of g and scheme
But truncated expansion are NOT!

A generic observable R (Q?/4?, &) cannot depend on pig.
Any change in ug is compensated by a change in as

/tdilﬂR(Oz/u{a) = (882+/2§;%>R=0
Witht=|0g<%2) and  f(a) = “255
(2 ml)r = o

Y _b) o @)

0Q? )

These are called Renormalization Group Equation (RGE).
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Running Coupling Constant

& Beta function of RGE specifies running of o .(()<) with: Y 5/

ol
= pert expansion of beta function:  3(c1,) ba? (1+ b a, + a4 ..)
» 1-loop beta-function sums up leading log ’”_
- 33— 2n;
nnx;f/w}rrrrr + rnn{u}rm h— = 7 d
2 Joops

as : AT L

/ : ‘ + -rrn-r@n“-‘- + "‘ITI’I'Q‘U’@'TWTT I{j , ] e ] t'].”_.'"

F-loops \ J
I TT13¢ RO005 - - 29572

S W m{%ﬁm b g TTIB9— 150990, +325n]
g (} 28R 2 | 33 M [ ‘

scheme dependence enters at b"

frewh

H. Jung lectures: (QCD and collider physics) Desy Lectures

Antonio Sidoti QCD



Theory

a running in QCD

Limiting to 1-loop:

s = ; as(1?)
1+ 289)(33 - 2n) log &
5 Defining
B —127
Moo = e <<33 - 2np>as(/ﬂ>>
~ (O(200)MeV
e GV Running coupling
127
as =

(33 —2n¢) log /\Zi
aco
2004 Nobel prize: Gross, Politzer and Wilczek

Antonio Sidoti QCD



Theory

a running in QCD

S
o, vt decays (VLO
Q) . @ Lattice QCD (NNLO)
> DIS jets (NLO)
o Heavy Quarkonia (NL
o s, NNLO)

= QCD 04(M,) = 0.1185 + 0.0006

0 QI[GeV] 100

1000
from

from Particle Data Group

Note that also in QED «p, is running
but with different sign of S=function
(Remember aem(0) = 1/137):

Antonio Sidoti

2
N Ofem(//' )
aem(Q7) 1 N In(02/ 2
+ Bocr(p?) In(Q?/p?)
. 1
with Bo=——
37
e'e o e'e” L3
"la=constant=137.04 ’
135
- 130
O @ 210GeV’<-Q’<6.25GeV’
125 | O W 12.25GeV’ <-Q’ < 3434GeV”
] 1800GeV’ < -Q” < 21600GeV’
— Qep
1 10 10° 10 10*
-Q? (GeV?)
1
from L3 hep-ex/0507078

QCD



http://pdg.lbl.gov/2014/reviews/rpp2014-rev-qcd.pdf

nman graphs

Theory

cattering

dependency

T T \
10 | | pp B MRSR2
5 - E MRSR2 Wb | V5=39.2 GeV, m,=4.75 GeV E
s VS=1.8 TeV, my, =175 GeV ;
— e Lo
61— \ R — — NLO —
g © Y NLO+NLL
4
20 —
2/ NLO+NLL (A=2) 1\‘-.,1_
! - = -NLO+NLL (4=0) -
/ 0 1
oLt L o 1 2 3 4 -
01 05 1 5 10 u/my, bb
/My B

B PP = hadroproduction cross section at /s = 39.2
tt cross section at /s = 1.8 TeV

GeV 0,5 0 € [~ 8,~ 24] for
o0 € [6.5,2.8] for m/2 < pur < 2mt my/2 < pgr < 2mp
o no € [4.8,5.1] for m¢/2 < pur < 2mt Thpnio € [~ 16,~ 28] for

mp/2 < pr < 2mp
from Bonciani et al. hep-ph/9801375

Physics observables are not dependent on 1ig but truncated calculations do!
Improves going from LO to NLO (an NNLO!)
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Theory

Infrared (IR) Divergencies

Consider process e e~ — qqgg through photon annihilation:
Kinematics in the center-of-mass

frame:
n b g = ptp
= kl + k2 + k3
! s 2 _ Py —
qa = qgq=s
E = K
P2 ka, 22 X; = Ei energy fraction
N TP
2q - ki

s
Note that x; + x» + x3 = 2 — only two x; are independent. After some
calculation the cross section can be expressed as:
d?c 205 X2 + x5
= 0 - - <
dado 31 (1—x)(1—x)

_ + 40— __ 3w 2
where g = o(ete™ — hadrons) = o > er.

Antonio Sidoti QCD



Theory

Infrared (IR) Divergences

12 &3 collinear ngl" R Divergences on the boundaries of
Sgﬂ - kinetically allowed region. Origin is
Y w in the quark propagator
Q -
1 &2 g
Collinear % - 1 = 1
N 5 (kl + k2)2 2E1E3(1 — COS(931)

! X,

@
Q
=4

———
v

@ colinear divergence 613 — 0
o soft divergence E3 — 0

The eTe™ — qqgg cross section becomes logarithmic divergent:

do 20s  f(Ez,031)

dE3d COos 031 o 3 E3(1 — COs 031)

Now remember Heisemberg uncertainty principle AEAt ~ 1 IR divergences are R

connected to long time scales compared to qg production:

Antonio Sidoti QCD



) safe

How to deal with IR divergences?:

@ Resummation to all order (similar to UV) (In some case even
regularization is not needed). e.g. gluon multiplicity

e Calculation (and measurement) of IRC safe observables.

Important

For an observable’s distribution to be calculable in ( fixed order )
perturbation theory, the observable should be infrared-safe, i.e.
insensitive to the emission of soft or collinear gluons. In particular if g; is
any momentum occurring in its definition, it must be invariant under the
branching:

Pi — Bj + Pk
whenever p; and py are parallel (collinear) or one of them is small
(infrared) (from QCD and Collider Physics (Ellis, Stirling Webber))

Antonio Sidoti QCD



Example of Observables

@ Gluon multiplicity is NOT IRC safe (but can be resummed to all

orders)
1 Ca, Q\"
< Ng > o~ ; (n!)2 (7‘[‘[) In /\)
4
~  exp % In %With Ca = 3and A = 220MeV

@ Energy of hardest particle is not IRC safe
o Energy flow into a cone is IRC safe (Sterman-Weinberg jets)

|I || T — - " ] II
- — 15 |
~-g — =
| o T -
Iu |I " - Il 'I N
| - — ) INFN .
\— ~—\/ [
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Theory Putting all together
teri

Deep Inel

on collision

/| Hard scattering: 5

QCD




man graphs
Theory together
c Scattering

n-proton collision

Hard scatterin

Parton Distribution Functions

Antonio Sidoti QCl



Theory

n-proton collision

Parton showering

Parton Distribution Functions

Antonio Sidoti QCl



man graphs

Theory Putting all together

Deep Inelastic Scattering

A proton-proton collision

Parton Distribution Functions

Antonio Sidoti QCl



man graphs

Theory Putting all together

Deep Inelastic Scattering

A proton-proton collision

N Parton Distribution Functions

- > . | o

Multiple Parton Interactions l IR o .
v .
JAL A

Antonio Sidoti QCl



Theory

A proton-proton collision

In addition:
2 e ®:2 " | Underlying Event
© % 220 “o « Initial State Radiation

Antonio Sidoti QCl



Theory

MonteCarlo Simulations

It is difficult to underestimate the importance of MonteCarlo (MC) simulations in

High Energy Physics!
MC simulations are the bridge between theorist/phenomenologist and

experimentalists.

Experimentalists shouldn't use MC as black boxes!

There was a tremendous evolution in MC in the last ~10 years

Antonio Sidoti QCD



th infinities
Putting all together
Deep Inela: Scattering

Some Montecarlo programs

Hard scattering (also called ME) processes simulations available at different
orders:

Leading Order (LO):

ALPGEN, COMIX/SHERPA, COMPHEP, HELAC/PHEGAS, MADGRAPH,
Sherpa, Wizard

A large variety of physics processes (also BSM) 2 - n final states (n up to 8 for
some processes)

nfin. state 2 3 4 5 6 7 8
#diagrams 4 25 220 2485 34300 ~500k 10M
Number of diagrams for gg — n gluon scatterin
Next to Leading Order (NLO): g 99 g 9

NLOJET++, MCFM, VBFNLO, PHOX, POWHEG, MC@NLO
Next to Next to Leading Order (NNLO):

Not general purpose MC, but limited to specific processes pp - tijj, pp — ttbb,
pp —~ WI/Z+3j, pp - H (FEWZ, FeHiP, HNNLO) “

Good description of “hard” processes (large angle emission)

Antonio Sidoti QCD



{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

X X X X X X X 0 loops (tree-level)
o o o 1 loop
o 2 loops

0 1 2 3 4 5 6

ij — Z+npartons

Antonio Sidoti QCD



{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

(xl X x x x x x 0 loops (tree-level)
o o .o TN\ 1 loop
2
2] g z 2 loops
3
i i

ij — Z+ npartons

Antonio Sidoti QCD



ynman graphs
e

Theory

D 4
Putting all together
S

Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

X X X X X X X 0 loops (tree-level)

o o o 1 loop
7N <
) 22 Sz 2 loops
\'/\ g X S P

< <
i [ T e A |
€y o)

ij — Z+ n partons

Antonio Sidoti QCD



ynman graphs

D ; ties

Putting all together
S

Scattering

Theory

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =10,1,2.

X X X X X X X 0 loops (tree-level)
o o o 1 loop
7N <
(o) 29 Sz 2 loops
X 3 X S P
{ g
e g1 1% J
s SO

ij —» Z+ npartons

Antonio Sidoti QCD



{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

X X (x)\ X X X X 0 loops (tree-level)
oo o \ 1 loop
2
o . gz 2 loops
€2
e e
i i

0 1 2 3 4 5 6

ij — Z+n partons

Antonio Sidoti QCD



ynman graphs
D 3 ties
Putting all together

ic Scattering

Theory

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

X X X X X X X 0 loops (tree-level)
7
o (0) 0 1 loop
N

<
2 22 Sz 2 loops

S X kS P

>4 £

i [ i
g p ¥

ij » Z+ npartons

Antonio Sidoti QCD



{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.
Z@Lo

® X X X X X X 0 loops (tree=level)

(o} o o 1 loop
P § z 2 loops
<

ij — Z+ n partons
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{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

Z@NLO
@ X X X X X 0 loops (tree-level)
o] 1 loop
o g z 2 loops
%

ij —» Z+npartons
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{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z + N jets with N =0,1,2.

Z @ NNLO
@ X X X X 0 loops (tree-level)
/ 0 1 loop
g z 2 loops
SR S

0 1 2 3 4 5 6

ij —» Z+ n partons
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{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.
Z+jet @ LO

X @ X X X X X 0 loops (tree—level)

o] o o 1 loop
2 . gz 2 loops
[

0 1 2 3 4 5 6

ij - Z+n partons
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{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.

Z+jet @ NLO
X @ X X X X 0 loops (tree-level)
o] 1 loop
2 ) gz 2 loops
€2
i i

0 1 2 3 4 5 6

ij > Z+n partons
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{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.
Z+jet @ NNLO

0 loops (tree-level)

Z\C{)

1 loop
2 . §Z 2 loops
€2

0 1 2 3 4 5 6

ij > Z+n partons

Antonio Sidoti QCD



{ Feynman graphs
nfinities

Puttmg Elll together

Deep Inelas Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =0,1,2.
Z+2jets @ LO

X X @ X X X X 0 loops (tree-level)
o o o 1 loop

2 oSz 2 loops

0 1 2 3 4 5 6

ij - Z+npartons

Antonio Sidoti QCD



ynman graphs

D 4
Putting all together
S

Theory

Scattering

Practical simulation of LO, NLO and NNLO processes

Clearly an interplay between multiplicity of final states and order.
As an example, consider pp — Z 4+ N jets with N =10,1,2.
Z+2jets @ NLO

X X @ X X X 0 loops (tree-level)
o o 1 loop

2] gz 2 loops

ij — Z+n partons

Cartoon from G. Salam lectures at Maria Laach

Antonio Sidoti QCD
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Putting all together

Deep Inelastic Scattering

Parton Shower and Hadronization

Also parton shower is simulated with MonteCarlo. Two main programs:
PYTHIA - Momentum ordering

HERWIG - Angular ordering

(also SHERPA and ARIADNE)

can be used also as hard scattering event generators.

Good description of “soft” processes

Hadronization. Clearly in the NP realm of QCD (happens at scale Q ~ cho )

String (Lund) model (PYTHIA): Cluster model (HERWIG and SHERPA):
Color string across quarks and gluons Each gluon breaks in qq pair. Grouping

quarks and antiquark in colourless
clusters "

Antonio Sidoti QCD
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D ; ties
Putting all together
elasti

Theory

elastic Scattering

Factorization (Theorem)

Cross section for a(pp — ZH)

Naive version:

U:/Xmfq/p(Xl)/ngfa/E(XQ)a'(lel,szz)

Factorization:
@ hard part 6(x1p1, x2p2)
@ non perturbative part from parton distribution functions (PDF)

At present we can't calculate PDF from first principles = input from

experimental fit (mainly Deep Inelastic Scattering experiments and

neutrino scattering) o)
DN

Antonio Sidoti QCD



Theory

Puttin|
De

Deep Inelastic Scattering

Struck quark > Hadrons

v q
LS o ) , . o
Frecten "z a A Since Rutherford's experiment, scattering is
pihalel K 4 one of the most important tool to
R~ < understand matter constituents.
.
Proton remnant SA
Scattered Electron
DIS kinematics: ¥
s = (e+p)? tepton
g = e—¢
Q2 — 7q2
. q-p
y =
e-p
2 2
W= = (a+p)
2
— Qi INF:]
C =




Lagrangian and Feynman graphs
Dealin h infinities
Putting all together

Deep Inelastic Scattering

Theory

HERAF,
. . . . 2; SHES e .
Measuring differential cross section: & il = oo
5_:' y ﬁ — —— H1FDF 1000 &

o d < oepnerd 4 smen
(70-) — (i) AN .;*h!; s -tl-:m\.m-_-_
dE'dQ )~ \ dQ S « ZETS 9697

Mott b \';.ﬂ:v V4 - BCDMS
et 02
2 2 2 (0 ":f;‘.“-l"' wt ,
Wa(Q%, x) + 2W4(Q%, x) tan” | = e
2 + :.i" -‘-‘,." o =
R L
A gt
that can be rewritten as: al st " Wit
I e L
T et
.);.. e .’.._.t.;iwié'ﬁ:nm
do — L L """,':.--'z""’"'"‘!i =032
dxdy < Fy-E- i m-""‘"-’""i =005
47a’s 5 by meper bty B g 2008
= o [xy F+((1- y)FZ] 1
with F; = MW;and F, = vM,
L T LIS S JP)
cemp s m o B, TUET
['] 1 1l Il il 1l ~
1 0 0’ 10’ 10 10
@GV
At large x F, is almost independent from g = Bjorken scaling. 5

Can also use W as probe in vp DIS

Antonio Sidoti QCD



Parton Distribution Functions

quarks: xq(x) Check momentum sum-rule at
I (HERA collider ep):
Q? =10 GeV?
CTEQSD fit Z/xq,-(x)dx _q
v 7 uy, 0.267
] d, 0.111
AN Us 0.066
o1} \% N ] d, | 0.053
. c;s‘\i\,_:_{-_lg_i\}_ N Ss 0.033
0 02 04 06 08 1 c. | 0.016
X Total | 0.546
What is missing?
INI:]

Antonio Sidoti QCD



Parton Distribution Functions

quarks: xq(x) Check momentum sum-rule at
0.6 I (HERA collider ep):
| Q? =10 GeV?
03 l[ CTEQBD fit |
I Z/xq,-(x)dx =1
04 | 1 i
|
W 7 u, | 0.267
] d, 0.111
/AN Us 0.066
RSN 1 d, | 0.053
Jlessnus s. | 0033
0 02 04 06 08 1 Cc 0.016
X Total | 0.546
What is missing?
THE GLUON i

Antonio Sidoti QCD



Theory

Initial State Splitting

asCr dz dkf

1—2z k?

og+h(P) = on(p)

where E = (1 —z)p

(1-z)p and k; = Esinf ~ Ef

We have to consider also virtual graphs:
! -
\ 7

P P )
" ovanlp) = —op(p) 2T I
w - R AP

Total contribution is:

asC dk2 dz
Ug+h(P) + O’\/Jrh ~ F / / [Uh Zp) - Jh(p)]

dl\/ergent finite n

BUT we can't go down to k; = 0!
Antonio Sidoti Qcb



Theory

Collinear cut off

Limiting integral to ;% factorization scale (reminiscent to UV divergences
treatment):

oo = /dxoh(xp)q(x,;f)

asCr (@ dk2 [ dxdz
o o= B TG [ oen) - onlpllate o)
[L%- t 0 —Z

™

finite! finite

Antonio Sidoti QCD



DGLAP Evolution equations

DGLAP stands for: Dokshitzer, Gribov, Lipatov, Altarelli, Parisi

@ G. Altarelli and G. Parisi. Nucl.Phys. B126:298 (1977)
@ Y.L. Dokshitzer. Sov.Phys. JETP 46:641 (1977)
@ V.N. Gribov, L.N. Lipatov. Sov.J.Nucl.Phys. 15:438 (1972)

Fix the outgoing quark momentum xp and take derivative wrt log z:%.
After some algebra:

(1+3)u?
.

dq(x, p°) 1
dlnpu? )

1 2 1
Qs a(x/z, pg) o / 5
= = dzP,, 2t = dzP,

271'/X “Faa z 27 Jo 2Paq(2)a(x: 11F)

where Pgq(z) is the quark splitting to a quark and a gluon. At first order:

1+ 22 INFN
P - C O e
4q(2) L

Antonio Sidoti QCD




{ Feynman graphs
D g nfinities

Putting all together

Deep Inelastic Scattering

Theory

Full DGLAP

Full DGLAP evolution equation are obtained taking into account also gluon pdf.

d as(pg)

_ Pgq Pqig o 9
dln;ﬂ 27 Pg<—q Pgeg r:4

The splitting functions are (only at LO order!):

1+Z2 %—{Z
Pag(z) = CFl—z 1—z
1+ (1-2z)? *
Pgg(z) = Cr {%} 9—{{
1-z

Pag(z) = Trlz+(1-2) w<
z 1-z
— _ 1-z
Pule) = 26 [+ 1R 21— )] :
4 1 wi:
CF = §7CA:35TR:§ 1-z
Coefficients are now known up to NNLO (crucial to have NNLO pdfs) =)

Antonio Sidoti QCD



Lagrangian eynman graphs

Deep Inelastic Scattering

Splitting function at NLO

Splitting functions have been calculated at NLO:

YWy = 4(,4}(:51,5‘;7%7:3' 37%5‘#(1\' +N_)[%SI+ZSL 17%5‘:])
+4(,.lr,(l—12+t—:.S17(N +NA)[1—91,5‘,7%33})“(,.3(4.5' ;,+:,s,+:5:7§
+N [s;+:s;,] ~(N +N.)[51+4S1_ ;+2.5'1_;+:s:_1+.s'5]). (35)

(V) = v T+ 16 (Cp (—“)((\I —NJ[S;—S;]—Z(N N, 7:).51).
- (3.6)

Antonio Sidoti QCD



Putting all together
Deep Inelasti teri

Splitting function at NNLO

and at NNLO too!

(and you have pages and pages of thatl)
EREL PP _1%-{-}'&

W25 = 16C !(}a'( :,;—1—9 - S+s
23
J—(\I —ljll—S;—S; —(N_+N :\[m

’w ) 2 2
‘31 - —5 51— N,y {32_1 ——35!1 - ?54

125—’ . 1 317 16 2 1 1 1
F e Sq 4 T msiz{ ?81 -2 _‘S|,~1 5.517- 3513 5821 FS:, F518s
1 21657 15, 31 67
+ =5 o — 2 p— 45 —5 425 .
Sl ) 1664, (o LI mSy 4 oS85
ISSjS

“S }55‘ 65 2028 38 45 F8S 2

3" 3.1 77 263 — £33 3T 2,-2 2,21 2 5441

5 1 176 13

21+4515—48;, 3—53,+—s; 3 S+ 55

16
—108), 53— 51, 241251,

19
S (N_H+NL—2) 38,05+ 118511 — 45 _a| +(N_+N.) 4%‘ 45,,\4-—51,}
91 29 I9
+851 - —8] 265 5 12— =58> 885113168512 45113 —513
1 51|9 1,-2 L2277 1,-2,1 H831 1 3 11.-21 LL3 ™ L3
1 1967

) o o . 11 )
+A81 31+ 35144852 01 +285 53 a4 ﬁ-iu Sup 4834 oS T

QCD




xq(x,Q%), xa(xQ%)

Theory

xq{x,Oz) xg(x, OZJ

C
Putting all together
Deep Inelastic Scattering

increase

02

xq(x,Q7), xa(x,Q)

X007, xg(x, @)

3 3
xa(xQ%) - -~ xg0e, Q%) - - A xg(x,G%) - - b XgQP) - - - -
25 xq + xqbar 25 xq + xgbar 10 xq+xgbar —— 1 510 g+ xgbar ——
Q'=1206ev’ | I o =1s006ev?| @=rocee | * Q7 = 150.0 GeV2
~ 13 3
15 ~ 15 } g
1 AN 15, N l {2 : 2 .
05 \ 0s T . 11 N 1k .
\ - N -
1] - 0 0
0.01 01 0.01 01 1001 0.1 0.01
x X

Antonio Sidoti

QCD




NNPDF2.3 (NNLO)
xf(x2=10 GeV?) ]
f

1]

xf(x12=10° GeV?)]

10° 10 10" 1
X

Remarks:

Many PDF sets
available today (updates
frequently):

MRST, CTEQ, NNPDF,
HERAPDEF,. ..

Available for LO, NLO
and NNLO

@ Valence quark distribution peak at larger x = Heavy states preferentially
produced by qq scattering rather than gg
@ gluon distribution dominates at small-x PDF for valence quarks (harder) and

sea quarks (softer).

A

o gluon (and sea quark) contribution increases at large @* (DGLAP evolution) e

Antonio Sidoti

QCD



Hera to LHC

At HERA:

) LHC parton kinematics @ ep collisions with /5., >~ 300GeV
ST ' (E(e) = 27.5 GeV E(p) = 920 GeV
ok e e M_0Tev @ Q2 and x from kinematics (several

methods)
oY At LHC:

o pp collider with /s = 13 TeV.
@ Q2 is the mass of the produced

B particle (e.g. for tt it is 350 GeV)
2 ol Momeey 4L o Colliding x; and x, can be extracted
© in a pp — = process with:

10° £

N X = %eyz

0 Ev oGy 1 \/g

0k mra ] =

/ target Xo = TEE—E
10;‘97 10“ 00 100 w100 0w 1 | E +pz ( ind )
= = —lIn reminder
Y 2"E-P,
DGLAP crucial to get the PDFs for LHC collider. )

Small-x important at LHC for production of states with < 100 GeV
x =~ 1 crucial for TeV state production (PBSM)

Antonio Sidoti QCD



{ Feynman graphs
D g nfinities

Putting all together

Deep Inelastic Scattering

Theory

Factorization Theorem - Improved Version

Taking into account scaling violations:

Cross section for o(pp — ZH)

Improved version:

. Q?
O':/Xmfq/p(Xl,/j,z)/dXzfg,/[—,(Xz,/1,2)0'(le1,sz2,F)

Antonio Sidoti QCD
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ties
Puttmg aII together
elastic Scattering

Theory

Parton showers

We need to calculate/model the
momentum spectrum of gluons radiated

ez from quarks. This is quite similar to

e 3 3 DGLAP evolution equations since it
involved the probability for a quark to
radiate.

In the soft and collinear limit one can show that:

2 sc QdE [™/? d
P(no emission above k;) =~ ds=F / / —@ E6 — k1)
which gives at all order:
205C (QdE ["/?db
P(no emission above k;) = A(kT, Q) ~ exp { ds=F / / —@ EO — k1)

A(kr, Q) is called Sudakov factor and it is used to calculate the distribution in
Kt of gluons radiating off.

Antonio Sidoti QCD



th infinities
Puttlng Elll together
Deep Inelastic Scattering

Interfacing LO (NLO) and Parton Shower

TOOLS FOR THEORETICAL PREDICTIONS

ME
Fixed order calculation
Limited number of final PS
par_tlcles No limit on final state multiplicity
Valid when partons are Valid in soft or collinear regions
well __separat_ed_and for Needed for hadronization
multijet predictions

- J/
h'd

Combine them!

Antonio Sidoti QCD
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Theory Putting all together

Deep Inelz Scattering

Double Counting

Z+parton

Antonio Sidoti




C
Theory Putting all together

Deep Inelastic Scattering

Double Counting

shower Z+parton

Antonio Sidoti QCl



C
Theory Putting all together

Deep Inelastic Scattering

Double Counting

shower Z+parton Z+2partons
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C
Theory Putting all together

Deep Inelastic Scattering

Double Counting

shower Z+parton shower Z+2partons
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C
Theory Putting all together

Deep Inelastic Scattering

Double Counting

shower Z+parton shower Z+2partons shower of Z+parton
generates hard gluon

Antonio Sidoti QCl



Theory Putting all together

Deep Inelastic Scattering

Double Counting

shower Z+parton shower Z+2partons shower of Z+parton
generates hard gluon

Clearly double counting in Z+ qq10 and Z + qqps hard-

Antonio Sidoti QCD



Double Counting

Two recipes available to avoid double counting: MLM
(M.Mangano)[hep-ph/0602031] and CKKW (Catani, Krauss, Kuhn,
Webber) [hep-ph/0109231] and [hep-ph/0205283]

Main idea of MLM: hard jet (Pt > P71 min) originates from hard
scattering.

ACCEPT ACCEPT REJECT

shower Z+parton shower Z+2partons shower of Z+parton
generates hard gluon

Antonio Sidoti QCD
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u all together
Deep Inelastic Scattering

Rutherford Experiment

Scattering is one of the most powerful tools of investigations of

matter:

Probe: electron (point like)

Atom, nucleus, nucleon, quark & gluons is the object to be probed
o A, = |

10

dN

dcos @
Rutherford Nobel Prize (chemistry)
107
Rutherford scattering: electrons
on Au atoms.
Electron scattered by point like
o T [ 0 05 o positive particles with potential
cos ¢ V(r) = -1/r
the nucleus
1 2 C 2
d_d = (zzﬂ)' [ﬁ_(] ; mr‘r‘{j‘
Q2 4By, ) sin* (8/2) This is just classical mechanics

Antonio Sidoti QCD



Theory

Scattering

Mott Cross section

If electron mass can be neglected — relativistic formula — Mott formula

2
— (d(’;) :#cogz
dQ /v 4E?sin"0/2
— A

Rutherford formula Overlap between initial/final
with £y = E (E > m,) state electron wave-functions.
- Just QM of spin %

bt | @

What happens if instead to point like charges we have a continous
distribution of charges?

Potential is:
V(F)= 4%”() ‘aﬁ-’ with [ p(F)d*F =1 ~
- =M, x F(@?)
My = (yV{Elw / B@SEE with q

7= [pea |

Antonio Sidoti QCD



Theory

Form Factors

For elastic scattering from a distributed charge the Mott cross section is
multiplied by a form factor

do sz 5 2} a2
- T ot —|F(G?
(dQ)Mon ‘LEESJ"#HszO5 2| @)

pointlike|  exponential Gaussian Uniform Fermi
p (F) sphere function
F( (—i-l) unity “dipole” Gaussian sinc-like
Dirac Particle  Proton SLi “Ca

Antonio Sidoti QCD



CROSS SECTION IN ARBITRARY UNITS

Theory

1000 \ T |
500 ELECTRON SCATTERING _|

FROM HYDROGEN
100 MEV (LAB}

]
Q
=]

g
[

o
o

all
Deep Inelastic Scatterlng

Hofstadter elastic scattering on
Hydrogen Nuclei (E=100 MeV)

by

Mott and “anomalous™ magnetic
moment (1+k) with k=1.79

MOTT CURVE
| |

~

B

\‘\/

ANOMALOUS MOMENT

‘\
CURVE =,

RN
T i L

| L}
\

o 50 70 O

; \
[+ I ‘5\

LABORATORY ANGLE N DEGHEEE

Antonio Sidoti

' Mott: point like charge, no 1 "
; magnetic moment 1

QCD



Theory all together

Deep Inelastic Scattering

Hofstadter elastic scattering on
Hydrogen Nuclei (E=188 MeV)

— do @’ E3s(Gi+tGh 50 Y
\ ELECTRON SCATTERING a0 - 4Efsin49/2f|( (1+7) 512G sinT
10” FROM HYDROGEN —|
\ (188 MEV LAB) o
ith the L Invari ty: |7—=_ 9
\ vith the Lorentz Invariant quantity: | 7 — P =0
\ —— Gelq) ~ G (@) = [ T Tp(PdF
\ FOIN'ISc():HARGE Elg)R O] = [ e plndy
30 ! s T
3° N ANOUALDCS) Gul?) = Gu(F) = [ e17u(as
a A v .
g ) 'Q\i I Modification for extended charge
: Q j
z mTTaql:umg \l\x\‘:{ Mott: point like charge, magnetic moment =1.79
§ o l - &\ Mott: point like charge, magnetic moment =1
i EXPERIMENTAL CLRVE "™\, Ing ﬁ 5 £ ﬂ
” \ g o 3 2 g )
2 { = i | cosT8/2 sin” 8/2
2 RN dQ "~ 4E7sin 0,2 Ey ( 2 0
CURV N
107 ‘

3050 0 90 N0 1% '50\ Mott: point like charge, no magnetic moment
LABORATORY ANGLE OF SCATTERING(IN DEGREES)

Antonio Sidoti QCD



Theory

Anomalous Magnetic moment

Hofstadter elastic scattering on H
- nuclei (E=550 MeV)
Nobel prize 1961

W N L
« (i
N\

é
E o \ Measures proton size
p N, / Nobel Prize 1961
8 -
2 —
E 2 Expémmmlb
& ::,:’: 550 MEViJ LN
| \\a

3

|
G 80 [ R0 10 -
# LAB (DEGREES)

g
o
Q
N
(=]
al

Antonio Sidoti QCD
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Deep Inelastic Scattering

Higher probe energies

Now increase the energy of electron beam
5 GeV< Ebeam< 20 GeV (SLAC)

Antonio Sidoti QCD



Theory

ttin
Deep Inelastic Scattering

Deep Inelastic Scattering

DIS kinematics:

s = (e +p)?
q = e—¢€
Q? = —q? = 4EE'sin?(0/2)
v =E—-F
B qg-p v X
y = ﬁ = Pa
w2 = (g+p) Use proton rest frame:
= M? — @+ 2Mv B g
i} _ @ _ @ p=M.0v="0 —E—F
2p-q 2Mv

Antonio Sidoti QCD



th infiniti

u Elll
Deep Inelastic Scattering

1 T T E
| C— WeZ GeV
:_\ == We3 GeV
| '{.. s ==Ws35 GeV
w0 E
= ~Almost flat in Q! — Scattering of
g Point like objects in the proton
B ot \ E
~ '\ 1 OBSERVED
L
AN
AN
3 Y 1
107 %f:g.lﬁTEHING OHOBSERVED'
N
™
-
-4 \
It I
vl vl
(0 / GeV-
INFN
Antonio Sidoti QCD



Theory

Scaling

Generalized Rosenbluth formula for elastic scattering can be rewritten in
terms of reativistically invariant is:

do  4na’ [G2 4163 M*? I 5
S () b

T ) /) r
which can be written as:

do  4ne? s MY 1 2

i~ 5 [p@) (19 )+ e

In Deep inelastic scattering we hve two independent variables x and Q%

d’c  4no? MA BXQY) ) 2
W_F[(lf}* 02 )T‘F} rl(wa)]

F2(x,Q% and F1(x,Q? are not anymore form factors but are momentum

distributions of constituents of the proton.

In the high energy limit Q2>>M?Iectromagnetic Pure magnetic
-

2
o=t [0 B (2] o

Antonio Sidoti QCD




Lagrangian and Feynman graphs
Dealin h infinities

Putting all together

Deep Inelastic Scattering

Theory

Experimentally:

; |60° : Izae' 2
05 T . T v + Independent from Q
04
ep o3 | + S ot * +1'
B L | # same for F1
ol x=0.25
o 1 1 ' 1 1 1 i
o 2 a 6 —
0°/GeV?

If spin %2 F (x) = 2x F, (X)

Callan-Gross relation

Antonio Sidoti QCD



Lagrangian and Feynman graphs
Dealin h infinities

Putting all together

Deep Inelastic Scattering

Theory

HERAF,
. . . . 2; SHES e .
Measuring differential cross section: & il = oo
5_:' y ﬁ — —— H1FDF 1000 &

o d < oepnerd 4 smen
(70-) — (i) AN .;*h!; s -tl-:m\.m-_-_
dE'dQ )~ \ dQ S « ZETS 9697

Mott b \';.ﬂ:v V4 - BCDMS
et 02
2 2 2 (0 ":f;‘.“-l"' wt ,
Wa(Q%, x) + 2W4(Q%, x) tan” | = e
2 + :.i" -‘-‘,." o =
R L
A gt
that can be rewritten as: al st " Wit
I e L
T et
.);.. e .’.._.t.;iwié'ﬁ:nm
do — L L """,':.--'z""’"'"‘!i =032
dxdy < Fy-E- i m-""‘"-’""i =005
47a’s 5 by meper bty B g 2008
= o [xy F+((1- y)FZ] 1
with F; = MW;and F, = vM,
L T LIS S JP)
cemp s m o B, TUET
['] 1 1l Il il 1l ~
1 0 0’ 10’ 10 10
@GV
At large x F, is almost independent from g = Bjorken scaling. 5

Can also use W as probe in vp DIS

Antonio Sidoti QCD



Theory

Hera to LHC

At HERA:

) LHC parton kinematics @ ep collisions with /5., >~ 300GeV
ST ' (E(e) = 27.5 GeV E(p) = 920 GeV
ok e e M_0Tev @ Q2 and x from kinematics (several

methods)
oY At LHC:

o pp collider with /s = 13 TeV.
@ Q2 is the mass of the produced

B particle (e.g. for tt it is 350 GeV)
2 ol Momeey 4L o Colliding x; and x, can be extracted
© in a pp — = process with:

10° £

N X = %eyz

0 Ev oGy 1 \/g

0k mra ] =

/ target Xo = TEE—E
10;‘97 10“ 00 100 w100 0w 1 | E +pz ( ind )
= = —lIn reminder
Y 2"E-P,
DGLAP crucial to get the PDFs for LHC collider. )

Small-x important at LHC for production of states with < 100 GeV
x =~ 1 crucial for TeV state production (PBSM)

Antonio Sidoti QCD



QCD at Work

Table of Contents

© QCD at Work
@ Jet Reconstruction
@ Hadronic Jets in LHC
@ Non Perturbative QCD
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QCD at Work

In a detector

econstruction
onic Jets in LHC
QC

on Perturbati QCD

Antonio Sidoti

QCD

Hard scattering

Parton showering

Hadronization
WE ARE HERE

Detector level: Tracks and Jet:



Jet Reconstruction
Hadronic Jets in L
QCD at Work Non Perturbati

Hadronic Jets

Jet algorithm reconstruction — Clustering of:
Physics objects from detector:

calorimeter deposits, tracks or combination
MC Truth:

After parton showering (parton level)

After hadronization (particle level)

JLEXPERIMENT Sy

4,5 or 6 jet event?

Clear 2-jet event n)

Antonio Sidoti QCD



Jet Reconstruction
Hadronic Jets in c

QCD at Work Non Perturbat

Clustering Algorithms

Jet clustering algorithms need to define:
Which particles/objects do we cluster together and which we don't
How we combine the momentum ? (4-momentum sum is most obvious)

Byproduct (necessary): Amethod to condense information (several
thousands of particles — less than 10 jets)

anti-
jet1 jet2 quark quark

jet finding interpretation

Jet reconstruction algorithms need to be:

« Reminiscent of the partons that produced them

« Well defined from a theoretical point of view (insensitive to soft and collinear
radiation)

« Computationally no too CPU heavy

Antonio Sidoti QCD



Jet Reconstruction

Hadronic Jets in LH

QCD at Work Non Pertur

IRC Safety

cone iteration ~ -~ cone axis

500 <> cone

[—

py (GeV/c)
g

200
100
0 ‘
S —— | _—
jet1 rapidity jet1 rapidity
—
jet 2

Simple iterative one jet is NOT infrared safe

Because “hardest” particle is not a IR safe quantity (in particular unsafe for
colinear splitting)

Seedless cone (SiS) are IRC safe but let's focus on KT algorithms N

Antonio Sidoti QCD



Jet Reconstruction
Hadronic Jets in L
QCD at Work Non Perturba

Kt Jet Algorithms

Sequential algorithms are iterative procedures that try to reverse the pattern of QCD gluon
radiation = IRC safer.
Metrics definition for all i, j physics objects define distance dj; and a magnitude dig: and a :

R
R2 "’

dj = min(p,p3) ARZ = (yi — y)* + (61 — 9))?

dis

2p
PTi

@ Choose parameter R (0.4 < R < 1.2)
@ Evaluate djj and djg Y(i,;) pairs and i particles
@ Find the minimum between dj; and dig

o If it is dj = combine together i and j and go back to 1
o Ifitis dig = i is a jet and remove from list

@ Stop when no particles remain
Depending on p exponent:

o p=1= Classical kr. Favors clustering of soft particles
@ p =0 = Cambridge/Aachen (CA). Clustering energy independent.
o p=—1= anti-Kt. Favors clustering of hard particles ek

Antonio Sidoti QCD
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QCD at Work Non

Different Jet Clustering at Work

0
0 BEEETT

; 3 IR

- . -
more circular” jets easier

to handle experimentally

v

from G,P Salam arXiv.0906.1833
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QCD at Work Non Perturbat CD

Optimization

Optimization: . Anaytical optimization
How to choose jet algorithm? from G,P Salam arXiv:0906.1833
How to choose parameters (e.g. R)? T

©

Tevatron
quark jets

r ) Py = 50 GeV
©pph t

@ o~ @

It depends from:

1) Detector (granularity, energy
resolutions)

2) Experimental conditions (pileup,
background) Py
3) Is it a precision measurement or E 2 o

a search? How much background ; wp")pm L (WUE ‘
do you expect 04 05 06 07 08 09 1 14
4) Kinematics of the event (is ita R

high mass state ~1TeV or ~100
GeVv?)

5) Is it a gluon, a light quark or a
heavy quark jet?

SpBen + (9pLF + Py [GeV]
o

Larger R — means more acceptance,
smaller corrections, better energy
resolutions — Larger statistics

In presence of pileup or noise, large R

— increased probability to collect A
energy flow NOT from interesting INFN.
events

Antonio Sidoti QCD
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QCD at Work Non Perturbative QCD

- . r - : - r
005 1 k. r=10 1 [ kR=05 1 [ sisCone, R=05, =075 |
w w w
004 | Ofor2=130Gev ] Qfgq1,=83GeV 1 [ afgp=74Gev g
£ .
B 003 R=1.0 —H 14 o
Z o
Z o002 1 10
¢
001 4 <
o " i 1 L 1 h L ! n
80 100 120 80 100 120 80 100 120
dijet mass [GeV] dijet mass [GeV] dijet mass [GeV]
: T ! T T : : T :
0.04 - i, R=05 [ Kk, R=10 1 [ siscone, R=10,1=075 |
" n "
Qu=1259m =159 Qu=125m =95 Qu=125m =79
. L ] 1 a
5 «Q
: ] IS
2 >
- 1 1<
L

L . .
1900 2000 2100 1900 2000 2100 1900 2000 2100
dijet mass [GeV] dijet mass [GeV] dijet mass [GeV]

from Cacciari, Rojo and Salam arXiv:0810.1304

Different trend for gluon jets than quark jets

Antonio Sidoti Q
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Jet Measurements at LHC

Jet Reconstructil
Hadronic Jet
Non Perturba

o 10‘01 T T T —T 5
GJ E antik jets, A=04 ATLAS 3
5 107E | Laasmt isTTev * pl<osdd -
E il O 08 <ly<10(x10% F
& 104:_ . B 10| <150:10%
- E oo O 15<ye20(x10% =
E . -
< 10F 'a..... 4 20y <25(<10") ]
Q’_ E oo 0y, 4 285l <30(10™) T
20 Cap, 1
o 10°E Ocag .'.'"'0.. 5
L e
R o, = 3
E Eg Ty © -
oL Oe o i
10°E Bagy '.."ul 3
= by e - -
101 ko T
[ &, Ay o ]
LB TRy, .y 4
10 s “ .
=5 Systematic By A & @ o —
= unceraintes & -
1077 N -
= HLOJET+ (6T10) < A 3
oF Nonpert. car. x EW cor -
1075 | L 3

102 3
p_[GeV]

T

from JHEP02(2015)153

Antonio Sidoti

Inclusive jet production cross
section

Measured by ATLAS at Vs=7
TeV (Runl) (also at 8 TeV and
2.76 TeV)

Double differential cross section
(in P andy)

Quite accurate test of;
¢ pQCD (NLO) up to ~1TeV
(different PDF sets were
checked)
« Understanding of experimental
problematics
* Additional measurements:
dijets, tri-jets etc... with or w/o
Heavy Flavours — additional
constraints on PDF N

QCD



QCD at Work

Boosted jets

Some kinematics mq, my ~ 0:

= (B1,p1)
P =(E.p) .
V; = (Fa,p2)
m2 = 2E1E2(1 — C05912)
E? . E
m2 = 7(1 — 605612) if E1 = EQ = 5
2
4% = 62, forsmall 6y,
m 2
9%2 = E = ;

Jet Reconstruction
Hadronic Jets in c
Non Perturbat

= jet from a N—body decay
need to be large and has some
substructure that can be used to
reduce contribution from normal
jets.

After Decay

Antonio Sidoti

QCD



Boosted taggers

QCD at Work

Jet R
Hadrc

econstruction
onic Jets i c

Non Perturba

Very active research area at the moment - Impact on top, exotic and
Higgs physics

Example: Trimming (ATLAS: R, = 0.3, foe = 0.05)

Initial jet

4

4

Motivations for the
plethora of sub-
jetness algorithms are
based on QCD.
Strategy is to remove
soft QCD components
and keep the hard
ones

IHEPO9 (2013) 076

Trimmed

Antonio Sidoti

rar
e
"
@®
T

QCD

F' ATLAS Preliminary - Simulation
i 0.2F anti-k LOW jets with R=1.0, 600 =g’ < 800 GeV

T T T T T T T

- Nojet grooming applied 2— e
- Nojit grooming applied Dijets (POWHEG.+Pythia)
Trmmed (f_=0.05,R _,=0.3) 2~ qf

Trimmed (=005, R,=0.3) Dieis (POWHEG+ thia)

Trimming

P FETE IS FETE I PETE ST SRR T N e |

50 300 850 400
Jet mass [GeV]

R
50 100 150
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Hadronic Jets in LHC
QCD at Work Non Perturb: D

Boosted taggers

Specific taggers designed

to:

* Remove QCD

« Keep and tag hadronic
decays of W, boosted top
quark and even Higgs

QCD jet Boosted Wijet  Boosted top quark jet
CMS Preliminary. /s = 8 TeV. 19.6 fb" 1200 EMS Preliminary, {5 = 8 TeV, 196 fiy"
o T T T T 3 «~1200 T T T T
4] k! 1<) L
%18.007 mOATA = 84.3 .+ 0.3 GeV/c? ER E
G 1600} - 4 &' ]
w1400f- mic = 837-02GeVc’ 1 o
= q = 800 =
©0 1200 3 =z 5
€ q @ [
€ 1000 « Dsta 4 € e * Dot E
] E C -
& soof [ Welets E @ [ [l ]
600F [INon-W MJ E 400 Ewedets .
g;_‘k‘: T E [ [CINon-w My
400 —Deat 3 2001 [ z+jets B
200 == MC fit E r [ single Top
0 < o~

20 40 60 80 100 120 140 160 180
Hadronic W Jet Mass (GeV/c?)

from CMS PAS JME-13-007

N,

100 200 300 400 500 6
Reconstructed Top Quark Mass (GeV/cd)
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ATLAS Calorimetry

ATLAS Calorimeters

A complex system with fine
granularity segmented in 3D
Electromagnetic calorimeter

« Barrel (LAr-Pb) |n|<1.4

« EndCap (LAr-Pb) 1.375<|n|<3.2
Hadronic calorimeter

* Barrel (Tile) In|<1.7

* EndCap (LAr-Cu) 1.5<|n|<3.2
Forward: (LAr) 3.2<|n|<4.9

() a b
E \/E ® E i) a: Sampling fluctuations, leakage fluctuations

b: inhomogeneities, shower leakage

c: electronic noise , sampling fraction variations
Typical values:

a:05~1.0
b: 0.03~0.05 more on Detector lectures INFR
c: few % -

Antonio Sidoti QCD
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Hadronic Jets in LHC
QCD at Work Non Perturb

Jet Calibration

Jet reconstruction

Jet constituents

jots
Simulated Jet finding
| Dﬁ : >
Jet finding| Calorimeter jets
(EM scale)
Calorimeter
clusters
(EM scale)
T Calorimeter jets
clusters LCW scale)
(LCW scale) (

Calibrates clusters based on
Calorimater jats
(EM or LCW scale)

cluster properties related to
shower development

from: arXiv:1406.0076v3

Calorimeter jats
G2 T (EMAJES or
ration’ cj.li:a LCW +JES scale)

Calbrates the jet energy

B

Corrects for the energy Changes the jet diraction to
by pile-up.  point vertex.

Depends on u and Nev. Does not affect the energy.
Derived from MC.

Residual calibration derived

using in sity measurements
Derived in data and MC.

Rpied anly to data

Portile et scae
Derivad from MC.

To be repeated for all supported jet algorithms and radius R !

Complex procedure that uses both MC simulations and in-situ data N

Antonio Sidoti QCD
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QCD at Work Non

TopoClusters: clusters of calorimeter towers 3D (1,9,R)

Seed: |E_ |4 0 LY ojofo
i hb cel . noise 0 o 2 o o
Nelg ours: |EEE||I>2 o-nnise ojzfz2f2]ofo
Perimeter cells: |E_ >0 o2 2]2]o
Noise: Electronic @ PileUp il I I I
o o o ojo
n
2009 SPLASH EVENT N EM BA—RREL LAYER 2
g 2000‘ ! ATLAS F“rellmmary
8 Negative . .
g 1500  Data component P|I(=T Up N0|se_. ) .
1000 to ADC counts InTime: extra interactions within the
— Prediction N
. sublr_e;ct\n same bunch crossing
9 _~ energy € Out of Time: additional energy
Opeens . A deposits from previous bunch
500 crossing
0100 200" 300 400 500" 800 700 800
Tima [ns]

QCD




QCD at Work

PileUp Corrections

Jet R struction
Hadronic Jets in LHC
Non Perturbative (

1

Total Noise [MeV]

1

9 1N, [GeV]

04' ATLAS Pr;\imir;ary ]
E Simulafion E
F 50 ns bunch spacing } " e
el fs=8TeVu=30 e o

2 A =PS Fcalt
o mw% FEM1  Fcaz
g gt ews Crew ]
- S wect |
10 S S Tile2 “HEC2 _|
E T *Tila3 HEC3 "3
[ ] i i Gap HECS |

i

0 05 1 15 2 25 3 35 4 45 5
Noise per cell: p=30 Il

1 RRRRBEAR RS R s La e ta s Ry
ATLAS Simulation Preliminary
0.8} Pythia Dijets 2012
antik, LCW R=0.4
0.6F ot -

.
0.4 j
0.2 2 4

i
o/r

“ >

R . any correction
—a— Aftor pxA subiraction

-0.4]-—=— Atter residual correction

L L 1 1 1 L 1 L
005 115 2 25 3 35 4

ull
from ATLAS-CONF-2014-018 and

Antonio Sidoti

A AR A AR R RaAn) maa s
E 30C ATLAS Simulation Preliminary
= FoooWwel pmi<49.R=04

= 251 Pythia Dijet 2012, 15 = 8 TeV—|

C LCW Topo-clusters

20F E

151 4

10[- E

2 3 4 5

4 32 -4 0 1

n
Energy is subtracted using jet area

[ Pr
p = median i

PTT =pr —px A

Jet Area subtraction:
« Circular area jets (anti-kT) are

better
« Energy correction cannot get rid of 1
whole jets M

paper in preparation (EPJC)
QCD



QCD at Work

ATLAS Jet Vertex Tagger

Pile up events can also add whole jets.

VF[jet2, PV1] =0 N
SYELCE ) Cannot subtract them with area

JVF[jet2,PV2]=1

jet2 )

Use tracking information to reject

/ jets produced by pile up event
TVF[jett, PV1] =1~ f s
JVFljetl, Pv2] = f corrJVE — Sorbr “(PVy)
T R no1 TiPE L (PVa)
z S (V) 4 Zezi i ()

A = 3 P (PVo)
pr = =k 0

Ir}(l
T
. 1 L 2 1
(4 ATLAS Simulation Preliminary o ATLAS Simulation Preliminary
Pytiat o 107 Pyoiad s 100
Aniik, LCIW+JES R=0.4 Antik, LOW+JES Re.4
[<sa0<p <s0Gev Fii<sa.20 <, <0 e
15 = 102 15 S 102
10° 10°
e
10 104
5 5
0.5 10 05 10
10° 10°
7 7
0.5 10 % 0.5 I

from ATLREMBNF-2014-018 and paper in preparationTEBYE)
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ATLAS Jet Vertex Tagger

> T - — © —T —T — —— 1
2 +ATLAS Simulation Preliminary T | ATLAS Simulation Preliminary |
% 1.2/Pinia 8 Diets e JVRA05 B @ Pythias diets —e WVT(@)

f 7(!"“—‘(_ LCWR=04 - JVF>086 2 Anti-k, LCW+JES R=0.4 —&= JVT(Q) ; ’

] <24 - JVT>06 [ 1l <24 JVT(b) -
- Target signal efficiency = 0.9 -8- JVT>085 w 10 F20<p_<50Gev ]
| solid markers: 20 < p_ < 30 GeV L ]

open markers: 30 < p,, < 40 GeV. [ ]

e P B
10%F o E
L g P ]
I ’ AR :
oeb— L+ 0 L) IR R B B
10 20 30 08 085 09 095 1
Noy Efficiency

from ATLAS-CONF-2014-018 and paper in preparation (EPJC)
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QCD at Work

In-situ calibrations

In Situ calibration:

Correction factor <PTJE‘IPT“E'

> <P P Fel>
Data T T MC

Different methods to cover different kinematic regions

Dijet n-calibration: Equalize PT’“ in central and forward regions

Y/Z + jet dibalance calibration: Yy measured with better accuracy, Z boson

PT“E‘ measured from tracking

Multijet Balance: P_ jet system recoils against a high P_ jet used to

calibrate jets in the TeV regime

1.1 T T

| o
|y s VP T ATLAS
P v g E ;ﬂl‘l-k‘z(:—10,4. EM+JES E=7TeV, Ii<1.2
" /t 2 10sf P*@ [Ldt=a7f
o \ 2 E 1
A c
=
R t
@
@ £
=4
3 g
§ 095 | | a Z+jel
x L = y+jet e
L ~ Multijet i \
0.9}v . 0
— Total uncertainty pe \
t .Slatistica\ component i L
0.85 " " : '
20 30 40 10 2x10 A

jet
Stolen from last year's C. Doglioni lectures (I-%BJL‘%EX!?M)
from: arXiv:1406.0076v3

QCD
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Jet R struction
Hadronic Jets in LHC
Non Perturbative (

Jet Energy Scale (JES) Uncertainties

CDF

+++ Absolute jet energy scale
- Out-of-Cone + Splash-out

Relative - 0.2<}1j<0.6

Underlying Event

Quadratic sum of all contributions.

Fractional JES uncertainty

ATLAS

0.1 T T
anti-k, A =0.4, LOW:JES + in situ comection ~ ATLAS Preliminary 3
0.09 Data 2012, fs=8TeV E
0.08F-n=00 [] Total uneertainty E
= = Absolute in situ JES =
0‘07; =+ Relative in situ JES E
0.06F +uasFlav. composition, inclusive jets 3
F . Flav. response, inclusive jets
0.05F Pileup, average 2012 conditions

-+ Close-by jes, inclusive Jets

L
50: 100 150 200 250 300 350 4

00 450 500
pr" (GeV)

Antonio Sidoti

20 30 40 107 2xd0 10°

2x10°

#E [GeV)

from: arXiv:1406.0076v3
IN ATLAS Total uncertainties never

larger than 5%
In most energy range ~ 2%

QCD
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turbative vs Non Perturbative QCD

Sta del Production Cross Section Measurements  swius viach 2015

ATLAS  Preliminary
Run1 +s5=7,8TeV

Te

100 sl LHC pp 5 =7 TeV LHCpp Vs=8Tev
[ - Theory Theory
10° & |5 orders of magnitud ]
E o Observed 15-19m* | & Observed 203m !
E B5pb T
10% E 4
s amu_|
e ~ olal i
o y3. 42 -
I Realtn o i e o
100 & F aqF
E 201 B o
E 14y
I O
r 'l
1 F = - o
E B
i PR
107 F o
3 =
i F (e
10 2¢
| E HZZ
F i
| o - =
| PP Jets Dijets W z tE hchan WW 7Y Wt H WZ ZZ Wy WZ’ Zy ttwW €2 thy  Z]j Wy wiwitecuan INFN
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QCD at Work

NP-QCD Measurements

Experimental QCD doesn't end with Perturbative QCD
(and jets)!
There is much more than that!

» Non Perturbative QCD is:

* Proton-proton cross section measurement
* Minimum bias event characterization

« Underlying event characterization

» Diffractive physics

- This covers more than 99.9999etc...% of the LHC
production cross section!

Antonio Sidoti QCD



QCD at Work

proton-proton cross section

Inelastic o(pp) cross section measruement. Two methods:
* Measure cross section in fiducial region
N - BKkg
c=
€ XAcc X [£ dt

selection very loose:
just to select events from collisions
Small background (beam-halo etc....)

- Extrapolate to full acceptance - Large uncertainties

* Use optical theorem /
6
ot = 4w - Im {'fe[(())) /

s 167?(710)2 doo Need to go to small t to extrapolate to t=0

Ttot = 14+ p2 dt

t=0 P = Re[fel(0)]/Im[fel(0)] A
- from theory

Antonio Sidoti QCD
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Diffraction at hadron colliders

Theory:

Interactions where the beam patrticles (one or both) ~ - A

emerge intact or dissociated into low mass states. P ~P o
OR P

Interactions mediated by t-channel exchange of

object (ladder of gluons) with the quantum numbers O

of the vacuum, i.e. color singlet exchange called —Cff \“\,O_p

“Pomeron” PP

Experimentally:

“No energy/momentum flow in “forward regions” — Rapidity gaps
»Tag one or both protons in the final state (“very very close” to
beam axis) — ALFA, AFP (ATLAS), TOTEM (CMS)

Antonio Sidoti QCD



Hadroni in LHC

adronic Jets in
QCD at Work Non Perturbative QCD

Kinematics is determined by:
ot - 4-momentum exchanged by protons
oMass of diffractive system (M, )

= +
Total o-Elastic Gln el

= +0_+ + +
GEIastic 0ND GSD 0DD GCD

£=My/s

P P
5 bxmg }x o
}x
P 2 P P o }Y(M')
(t) () P P
Single Diffractive (SD) Double Diffractive (DD) Central Diffractive (CD)
~14mb ~9mb ~ 10% of SD

Antonio Sidoti QCD



QCD at Work

Diffraction Cartoon

I e ]

sogeaiacion g 00 1= 010

S N 01

00 =k 07

d(‘uMe:hHmrhr:H: ‘:,—? ﬂ ﬂ %=I‘ [] ﬂ
pble D 010 M 00,

e 1L e SR

Mulii e . = U U % U U

e L‘ 00 |
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QCD at Work Non Perturbative QCD

For Non Diffractive events dN/dn~6 and <nj-nk>~0.15

- Large m gaps are exponentially suppressed except for Diffractive
events

Measuring An is a measurement of MX( )

An=Ins/M% = —In¢
Difficult measurement of Mxm - Produced particles escape
undetected in the heam pipe

7 acceptance is defined in the largest n range -4.9<n<4.9

— However max n gap determined by MBTS position (- trigger) (Max An~8)

Using ID+EM+HEC+FCAL
0<An’<8 - ~10° <§ <~10% ~ ~7 GeV <M _<~700 GeV

Experimentally (detector) n rings (variable width 0.2, 0.4 according to n

region):

Active ring if:

»At least one track with PT>200 MeV (also checked PT threshold=400,600,800

MeV/c)

UAt least one calorimeter cell above noise threshold (n-dependent threshold,

no noise in Tile calorimeter) and E_ cut (same as track) "

Antonio Sidoti QCD



QCD at Work

Asymmetric events:
- Measure R_ ratio of single sided MBTS events wrt total
inelastic events

~
N

= —
N incl

RSS

From R .~ Measure ratio

¥ opp +osp +ocp
D=

T Inel

Pick single sided events to be
e to diffraction

QCD
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Hadronic
Non Perturbative QCD

QCD at Work

f, is one of the key components of the total inelastic cross section measurement

N — Ny,
€ X Aq’nel X J Ldt

Tinel —

J£ dt=20 ub™*

(syst) %

+0.1
04

| Measured R_=10.02+0.03 (stat)

Several models o 018

Rss -~ Constraint fD for each 016

T
Data 2010
- - Schuler-Sjostrand PYTHIA 6

=—— Schuler-Sjostrand PYTHIA 8
===}~ Bruni and Ingelman
—@— DLc =00850 =025 GV’

ATLAS

= +25 0.14¢ DL =006, '~ 025.Gev*
fD_26'9 10 % [ = %= DlLe=010,c’=025GeV? ]
0.12f ="M PHOJET -
0.1 =

for Pythia 8 +DL with &

dependence 008 1
parametrized with 0.08 _ E
pomeron intercept: 0.04 ‘ . Ns=7TeV F
o(t)=o(0)+o't 01 015 02 0 03 035 04
With a'=0.25GeV? do fo
sp . 1
e=a(0)-1=0.085 @& e (1+5)
~

Antonio Sidoti
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QCD at Work

Measured cross section is for £>5x10

M2 L
TX 5 5% 107Mx > 15.7 GeV
S

&=
Uinel(& >5x 10 6) = Oinel X (l - f£<5><10*“)
¢>mifs

Use DL MC to extrapolate to full range

0(€>5x10)=60.33+2.10 mb (M_>15.7 GeV)

T T
r . Data 2010V5 =7 TeV: 55 X 10°°,
190 — Sehuler and Sjbstrand: ¢ >5x 107 =
[ emeees Phoel (Engel aral): > 5 % 10°°
2 — F Data 2010V -7 ToV: extrap.to 5 ).
o(&>m? /s)=69.4+2.4+6.9(extr) mb o S Uty o sxvasonaeny
P r — — — Schuler and Sjostrand
Block and Halzen 2011
<) 7 Achilli efal (arXiv:1102.194)
E oo o poom
g — ©  pBDala
e - -
o oo - ATLAS
E w’aﬁ&t'
Nature Comm. 2 (2011) 463 20 b
& . " L
1 10 102 10° 10*

Vs (GeV)
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Jet Reconstruction
Hadronic Jets in LHC
Non Perturbative QCD

F |y | ot 059, e (ele) and o grcen) ]
B I e % ALKE

- pp(PDG) « TOTEM ]

« Auger + Glauber 4

< ATLas —— best COMPETE oot fits ]

p M5 S o114 152Ins+ 0130075 ]

=
=
rTTrTTrrTT

60 _ 4'( -
0 oo §
- : R
_3--" N
0 L L L
10! 107 10° 10* 10°
V5 (GeV)
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QCD at Work Non Perturbative QCD

Measuring o(pp) with ALFA

To be able to go to small t » small angles:

* Go far (in z) (more than 200m from IP)

« Go close to the beam (~ need special beam conditions — high p*)
« and NO PILE UP!

¢ (ALFA is hosted in Roman Pot)

A-side C-side
ALFA Q5 D2 Q3 Q1 Ql Q3 D2 Q5 ALFA

Beam 1 : Beam 2
Q7 | Q6 Q4 D1 Q2 ATLAS Q2 D1 Q4 Q6 | Q7

B7L1 A7L1 A7R1 B7R1
Al A3 AS A7
|- - - - - \im 1 Armg2ig - - -~ 4
I - lP - > . .
A2 A4 A6 A8
2ALm 237 m ; 237m 241 m
CMS has similar detector: TOTEM mr/r}

Antonio Sidoti QCD
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Hadronic Jets in LHC
QCD at Work Non Perturbative QCD

Measuring o(pp) with ALFA

To be able to go to small t » small angles: N

* Go far (in z) (more than 200m from IP) n -

* Go close to the beam (- need special b~ 0\_6 *.as - high B*)
« and NO PILE UP!

¢ (ALFA is hosted in Roman Po? (\

A-side @0
ALFA Q5 P°

SR\
o B o

Antonio Sidoti QCD



QCD at Work

Experimental Issues

ATLAS: 2bjets

ATLAS: 2D jets
Higes decaying imto b bar Higes decaving into b bar
. PinRP220or
FP420
= ' H-bb =
PmRP220or I\l i:ji‘l,A or

FP420

Diffractive H — bb

SPileUp
uSpecific LHC fills with specific optics (large p*) — Low luminosity

“Move the devices close to beam (few mm) - Beams ABSOLUTELY stable
“When running with the whole detector — time latency issues:

Protons have to travel 240m + signals have to travel 240m back to ATLAS for
TDAQ

— Event fragments collected by the ATLAS subdetectors might be close to the
L1 latency (2.5us) — Need to run ATLAS TDAQ with extended latency
(+20BC=+250ns) All but muon detectors can accommodate that

Antonio Sidoti QCD



QCD at Work Non Perturbative QCD

ALFA detector

Schematic of ALFA detector
Tracking device made with
cintillating fibers

Movable devices go close to the
beam ! (10 6 of beam width —
few mm)

Tracking in ALFA

kil

2957—

0 2

u-coordinate [mm]
8

I8

8 10

6 2 4 6
Layer number Overlapping fibres
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Coulomb scattering
Coulomb-Nuclear Inierference Region

Agtastic

de

1dnm in this region

Strong Interaction

/ Nuclear Scattering

Perrurbative QCD

ITel= | iy | -
1t]=[6x 107 Gev?
@=3.5 urad

I | | | |
100 102 10" 1 10 ] Gev?
Extrapolation for t=0 - Min Reachable t:

~0.3~1 GeV? B*=0.5m,3m (Standard pp runs)

~10* GeV?  B*=2900m (later) N

details in accelerator lectures
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dt | £]
oG, | —B|t|
- Tt T [sin(ag(0) + pcos (ap(n)] - exp 5
[oe | » 1+p’ p 0.14
T Oy cexp(=B|1]) .
Y 6x(he)? A 0.71 GeV
dc 0.577
~ u‘\ -
G = (— . Proton dipole form factor
A+
o) = — lnﬂ — ¢c , Coulomb phase
5
INI'P‘V:”"
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o o(pp) measurement

107 T T T

- 3 A ATLAS Preliminary |

., arLasAfter corrections, accep%ﬂge, 5=T Tev. 80 ub 1
, ¢ 3 S

v, bkg subtraction, @nfolding ete.,. E

(5=7 TeV, 80ub E| = E ey 3

.,
.,

4 Dataarm 1 I e, |
s,

[eackerouns £ & 2011 data e, 3

— Elastic fit hed ]

* ]

—— *.

2 o SE
0 005 0'1 015 02 025 0‘3 0‘35 g =t Srreeseiles eeet s NN
1 u:: 0.05 01 015 02 025 03 0.35
+\2 - 4 [GeV]
From the fit: I= _(p'g )
) ATLAS Preliminary Vs=7TeV
6, =95.4+1.3mb
—— Elastic only
B =19.73 +0.24 GeV? TOTEM N Lumbndsponcent
a_f)[ 1+ pZ — prindapandant
Oy =
B lﬁ-i!(.hc‘)l ALICE
G :24.0 10.6 mb —_—l MinBias
el ATLAS —-— Elastic )
By subtraction — o, =71.3£0.90 mb g5 s

CinstasiclPp = X )[Mb]
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Further development (AFP)

Silicon Tracking Detectors:

JMeasure position and angle

“Radiation hardness (~30 kGy/year @ 10* cm?s™
9 - Silicon 3D detectors

Timing detectors:

OMHz rate capability

JTrigger capability

“Quartz based Cherenkov detector + Microchannel
plate PMT

JTiming resolution: o(t)~10~20ps - o(z) few mm
- factor 40 of background from pileup rejection (u=5(

Antonio Sidoti QCD
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Rapidity Gaps

An_is defined as “largest n gap in

the event” - ‘ . ‘ h
Large A'nF Sample 1s composed by SlngIeDlﬁractlveTopology
SD + DD Events

- A
-J "2 -1 40 +1 +I 43 +d +5

—

An F=4

5 -4 -3 -2 1 40 +1 +2 +7 4 +5

?ﬁ An_=0 since Forward Rapidity gaps start at n edge

Measure differential cross section

a
varying P_ thresholds and comparing A
different MC (PHOJET, Pythia 6 and =711
Pythia 8)

Antonio Sidoti QCD
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T T T T T T

o
E10? joow ATLAS @0 Datal=7.1ub" =
e E \s=7TeV PYTHIA 6 ATLAS AMBT2B7
4 F=  p>200MeV ... PYTHIA 8 4G §
8 e PHOJET

10 ===

10°®

URRRRLL

MC/Data
s

ol linilin

1 2 3 4 5 6 7

AnF
Both PHOJET and Pythia 8 (no CD component in Pythia) reproduce trend
but agreement not perfect:
oPHOJET better at large An,_ — SD and DD diffraction xsection

oPythia better for smaller An_- Sensitivity to hadronization fluctuations
and MPI

Antonio Sidoti QCD
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EEE;; ATLAS —— DalaL=7.1pb" El E :; 'ATIJS ‘ —— Daa L;Mpn‘ E
u — =7TeV B e 2.5 =
H /)SJODE MV g Non-Difractive El g B3 S = ::?Jnﬂacnve
I} Single Diffractive 3 § 2 Single Diffractive -
Double Diffractive E Double Diffractive
_d 15 Central Diffractive 3
o-v‘-W":; 3 Attt
H 1 Lo ] ‘ : !
3 ’LA"'“‘_‘—‘—L“_“ A5k E
3 1 } } + I } 3]
A . et
3 4 5 3 7
At 3 ] 5 3 7
anf
Ezi ATLAS —+— DataL=7.1pb"
e —— PYTHIAB 4C
H p “Jas Ve [ NonDiffraciive
% 2 25 Single Diffractive L
o +~ﬁ Double Diffractive For |arge rap|d|[y gaps
AR Plateau reproduced by both models
s Raise at An_>~5 not predicted by
. { / / . L models (Triple Pomeron exchange)
515 El
E et
3 4 5 6 7
o
A
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7 nnmoa : !

Ei0 ".‘T'-‘Tﬁrv @ DataL=7.1ub" —

e E Vs=TTe — PYTHIA8 DLFIT 3

;] C p, >200 MeV 9

g [ PYTHIA 8 MC Tune ]

0k Fitinregion 6 <an” <8 |

g 1,(0) = 1.058-0.003(stat | * sy :

1= et

E c 3

E N R o a

714 o -

Q128 e 4

S 1B = E

EOE?riﬂ—LL‘_,PH*FH*— =S

065 E
0o T 2§ 4 5 & 1

0) = 1.058 & 0.003(stat)

Antonio Sidoti
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struction

Default Pythia and Phojet e(t=0) = 1
Increase at large An_ is expected

from the IPIPIP term in triple Regge
models

with a Pomeron intercept a. (t=0)>1
- Supercriticality of the Pomeron
Regge intercept

Intercept determined by
¥ fit for 6<Am,

Low dependence on
slope

+0.034

0,039 (5Y5t)

QCD
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ATLAS

VE=7 Tev |_— Inelastic xsection

with asymmetry

’_)\ More low
/ mass SD in

r

data than in
] ATLAS L=7.1ub" theory
F ATLAS L= 205" N
a5 B TOTEM L=1.74t" e Current
[ == PYTHIA 6 ATLAS AMBT2B === PYTHIAG4C
o PHOJET C- RMK Measurement
P e e il il 5

10% 107 10® 10° 10

-
=]
g &

Vertical bars — all uncertainty except luminosity

Single cross section measurements performed with
detectors at differentn
Eur. .Phys. J. C72 (2012) 1926, arXiv1201:2808

QCD
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Per aspera ad astra |

Handbook of Perturbative QCD (from CTEQ Collaboration)

Quantum Chromodynamics (G. Dissertori, .G. Knowles and M. Schmelling) Oxford
University Press

@ Introduction to QCD (P. Skands)

Elements of QCD for hadron colliders (G. P. Salam)

QCD and Collider Physics (R.K. Ellis, W.J. Stirling and B.R. Webber) Cambridge University
Press

A QCD Primer (G. Altarelli)
Particle Data Group 2014 (from PDF Collaboration)

Towards Jetography (G. P. Salam)
Quantifying the performance of jet definitions for kinematic reconstruction at the LHC (G.
P. Salam et al.)

Predictive Monte Carlo tools for LHC physics (F. Maltoni)

LHC detector papers

CMS Jet Energy Scale paper

ATLAS JES paper arn

Antonio Sidoti QCD


http://users.phys.psu.edu/~cteq/
http://arxiv.org/abs/arXiv:1207.2389
http://arxiv.org/abs/arXiv:1011.5131
http://arxiv.org/abs/hep-ph/0204179
http://pdg.lbl.gov/2014/reviews/rpp2014-rev-qcd.pdf
http://arxiv.org/abs/0906.1833
http://arxiv.org/abs/0810.1304
https://indico.cern.ch/event/216333/
http://jinst.sissa.it/LHC/
http://jinst.sissa.it/LHC/
http://iopscience.iop.org/1748-0221/6/11/P11002/
http://arxiv.org/abs/1406.0076
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0 —i 0 1 0 0 00 1
M=l1o0o0].2=[i 0 o0, ¥%=[0 -10].x=]|000
000 00 0 0 0 0 100
{00 = 000y (00 0 %? 0
¥=(00 0. X={001]).AN=[00 -] MW=[0F0
; ; -2
i 0 0 010 0 i 0 002
One convention is: T4 == 1\4
Structure constant:
[Ta’ Tb] — I-Cgbc TC
C123 _ 1
458 (678 _ \[/2
C147 — C165 C246 C345 C376 C257 1/2
all others are null
b 1 ""/';' .
TH(TT?) = 0 -
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MCG@NLO

PO . 10! T
H u H 100
: wt o
: B
H d E *i\ 10!
: w- &
H U i =]
' 18 1w
H [
H ' B
: + : .
: parton shower 10
- | L L
HERWIG 10 10! 10° 103
pr™ (GeV) 1

Herwig too soft in
the high-p: region
169 2
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MCG@NLO

a/bin (pb/GeV)

103

HERWIG

10-4 L | I

10! 10%
1 pr™ (GeV)

NLO divergent
in the soft region

NLO
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MCG@NLO

- -~ T T
u
W 100 MC@NLC |
3
g d 2 o
e
w- B
E 102
u S
+ . Gh L
parton shower 1 HERW! i
\ A
: 5 !
MC@NLO 10 t 1o

pr™ (GeV)

MC@NLO correctly interpolates
between the two regimes
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Jet Algorihms in past and present experiments

Algorithm Type IRC safe? | Ref. Notes

melusive k SR,y OK :'2?. 28] !El] also has exclusive vari-
ant

Cambridge/Aachen SR,—0 0K [30; 21

ant1-k, SR,— 4 OK 33

SISCone SC-SM OK a0 multipass, with op-
tional cut on stable
cone py

CDF JetClu 1C.-SM IRo44 [36]

CDF MidPoint cone 1C,,,,-SM IRy A1)

CDF MidPomnt searchcone 1C,, mp-5M IRy 4 k1

D@ Run II cone 1C,,,,-SM IRy, [ no seed threshold, but
cut on cone py

ATLAS Cone ICSM IRos1 | [I6]

PxCone 1C,,,-SD R3¢ L] 1o seed threshold, but
cut on cone p;,

CMS Iterative Cone IC-PR Colly, | [17]

PyCell/CellJet (from Pythia) | FC-PR Colla;: | [100)

GetJet (from [SAJET) FC-PR Colla, )

Antonio Sidoti QCD
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Jet Clustering Algorithm Optimization

140 T r T T P T
190 ot :
120 anti-ky
SiSCone - - -
110 |
3 CiAfilt
O 100 | .
gg 90 |- s
d 80 g . .
ol . i Use larger R (1.0) for jets from
80 | SR el i
» gg 2 Tev T heavy resonances and jets from
04 06 08 1 12 14 gluons rather than quark
R . . .
Different R for different jet
55 opt
O camira reconstruction algoritms but
45 anti-k, . .
S 40| SisCone - - - , common trend is evident.
& CiAilt
= 35 i
5
o 30
25
20 e e T Y 8 .
15
INFN
01 6z 03 04 0 5R 06 07 08 0fomlcaccian, Rojo and Salam arXiv.0810.1304
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Noise in ATLAS Calorimeters

o s A A P =

) i *PS FCalt r - " B

L [ ATLAs CEMpcan 2 | AILAS Prelimitary ool

) E Simulation . TEM2 pcas 2 by F Simulation 7

8 el b EMS et 2 F sons b . f

Z N o i ":b; HECZ | 2 ns bunch spaging 1. !

s 1 bt 8 Tile3 © HEC3 T 100t =8TeV.u=3 = ; |

=) Gap } HE.M El ° £ El
2 ] [ = es | oro

i ‘ = 10 e

Ty P b A it YEMZ L rcus ]

i i AL N CEM3heer

[o3 e : i Calll:h Tile1 B

e o = e

b de e d b de 3 Eo [Gap  -HECs

0 05 1 15 2 25 3 35 4 45 5 005 1 15 2 25 3 35 4 45 5

Noise per cell: p=0 ul Noise per cell: p=30 Il

from ATLAS-CONF-2014-018 and paper in preparation (EPJC)
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Muan Datectors

MBTS scintillators
2.1<|n|<3.8

Toroid Maognels  Solenocid Magnet
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IP:
Interaction Point

| Pseudorapidity;
n=-In (tan(6/2))
=
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From G. Wolshin EPL 95 61001 (2011)

“lALFA

dN/dn (au)

BCM [nl=4.2

ID (TRT) Inl<2.0
ZDC [I>8.3

Calo; EMEC 25<n|<3.2
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