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Plan

You are now experts in computing Feynman diagrams

You (hopefully) want to know
how to compute things at
hadronic colliders

(the LHC in particular)
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Disclaimer

The physics of hadronic colliders is a very vast topic:
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Disclaimer

The physics of hadronic colliders is a very vast topic:

® ATLAS TDR (Detector and Physics Performance). 1852 pages

® CMS TDR (2 volumes). 1317 pages

A good coverage of “basic” topics in collider physics:

» QCD and Collider Physics, R. K. Ellis, W. J. Stirling and B.
R. Webber (447 pages)
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Disclaimer

The physics of hadronic colliders is a very vast topic:

® ATLAS TDR (Detector and Physics Performance). 1852 pages

® CMS TDR (2 volumes). 1317 pages

A good coverage of “basic” topics in collider physics:

» QCD and Collider Physics, R. K. Ellis, W. J. Stirling and B.
R. Webber (447 pages)

| won’t be able to cover all that in 6+2 hours!
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Plan #2

How to describe a collision between 2 hadrons?



The very fundamental collision

O:fa@)fb@a-

» “take a parton out of each proton”
f. = parton distribution function (PDF)
for quark and gluons
a big chapter of these lectures

» hard matrix element
perturbative computation
Forde-Feynman rules

YYY

YYY
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The more realistic version

» Hard ME

perturbative
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The more realistic version

» Hard ME

perturbative

» Parton branching

initial+final state radiation
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The more realistic version

» Hard ME

perturbative

» Parton branching

5 O d
’. s 8 8 ° ° initial+final state radiation
° e » Hadronisation
e ey B M& q, g — hadrons
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The more realistic version

» Hard ME

perturbative

» Parton branching

initial+final state radiation

» Hadronisation

q, g — hadrons

» Multiple interactions

Underlying event (UE)
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The more realistic version

Boatdpattpptt

]

IR S
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AR T TR

» Hard ME

perturbative

» Parton branching

initial+final state radiation

» Hadronisation

q, g — hadrons

» Multiple interactions

Underlying event (UE)

» Pile-up
< 25 pp at the LHC
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Step by step...

We shall investigate those effects one by one:
» eTe collisions for QCD final state (and hadronisation)

» ep collisions aka Deep Inelastic scattering (DIS)
for the Parton Distribution Functions

s pp collisions: put everything together
s Kinematics
. Monte-Carlo
. Jets + various processes (IW/Z, Higgs, top, ...)
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Step by step...

We shall investigate those effects one by one:

» eTe collisions for QCD final state (and hadronisation)

» ¢p collisions aka Deep Inelastic scattering (DIS)
for the Parton Distribution Functions

pp collisions: put everything together

kinematics
Monte-Carlo

various processes (W/Z, Higgs, top, ...)

o
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Tutorial

The plan is to play with Pythia 8 (the C++ version) and
FastJet.

You can get them (and a few sample codes) from the
link at

http://soyez.fastjet.fr
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http://soyez.fastjet.fr

ete colli
ollisions
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QCD final state

eTe~ collisions give QCD final state without
Initial-state/beam contamination

Useful for many QCD studies

Intermediate state can be v or Z, we only consider ~ for simplicity
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QCD final state: basic QCD

0,0,1,1)

0,0,—1,1)

sin(f), 0, cos(f), 1)
sin(#), 0, — cos(6), 1)
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QCD final state: basic QCD

| = %(0, 0,1,1)

0 = %(0,0, —1,1)

| = Yi(sin(6), 0, cos(6), 1)

» = % (—sin(0),0, - cos(6), 1)
Toodl] = echﬁzof [1 4 cos™(0)]

olete” — qq) = N, (Zq eg) o

_ Ara?
00 = 735
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QCD final state: basic QCD

+ lqu
P1 N k1
3
p2 ko
e nw
2
Toos@ = €alNeg[1 + cos?(0)]
olete” — qq) = N, (Zq eg) o olete™ = utu~) = o
_ Ara?

00 = 3s
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QCD final state: basic QCD

o(ete” — hadrons) 5
R = ~ N,
olete” = ptp) (Z )
q

Test of
» The 3 colours in QCD (N, = 3)
» The number of quark flavours
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QCD final state: basic QCD
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QCD final state: basic QCD
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QCD final state: QCD dynamics

\/g k37$3
D2
e k2ax2

[ dea -

S

3x (4—1)—4=5d.o.f.

» 3 Euler angles

sx; =2FE;/\/s, x1 + 1o+ 13 =2
» Or 013, 623

d°k;
H (27)32E; (27)4 5 (p1 + p2 — k1 — ko — k3)

— / dad cos B dy dry dro

32(2m)°

2 2 2
_x1+a:3—a;2

cos(f13) = ST

2 2 2
_$2—|—x3—:131

cos(fagz) = ST
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QCD final state: QCD dynamics

+
AN k1, 21 ki, T
\/g kg,flfg
_i_
]fg,.flfg
P2
e~ ko, o ko, To

Z|M|2 = 4(47)%a2a,Cr N,

(p1-k1)? + (p1.k2)? 4 (p2.k1)? + (p2.k2)
S(kl.kg)(kg.kg)

d*c — 2 N. o asCr xi + x5
dil?l d:l?z q 2T (1 —5171)(1 —ZEQ)
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QCD final state: QCD dynamics

D1 € kl,ﬂfl
\/g k‘g,flfg
_|_
P2
e k27$2
QCD coupling
ete” — qq QCD colour

QCD dynamics
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QCD final state: QCD dynamics

. 2 (p1-k1)°+(p1.k2)?+(p2.k1)? +(p2.ko)®
n €+ klaxl Z |M| X S(kl.k‘g)(kz.k‘;g)
Vs ks, 3 d’c 2N .o asCr zi+a3
dri dze  Tgqt'c¥0 7 or (1—z1)(1—z2)
P2
e~ ko, x4 _ 2F; _ _ a;%—l—a;g—xg
T, = /s X1 +x2+2x3=2 Cos = — 2x1T3
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QCD final state: QCD dynamics

= 2 (p1.k1)2+(p1.k2)?+(p2.k1)?+(p2.k2)?
D1 < k1, xy Z |M| o 2 2?9(791-"33)(’2;2-’@3) -
Ve bt 2o .Cp @i}
dxy dzo :egNCO-O 2 (1—x1)(1—x2)
b2 ko, x- E 24222
‘ Ty = % T1+To+T3=2  Coy=——g
Divergent when kq.ks — 0 or ky.k3 — 0
/ kl,ajl
@ >
ki.k3 — 0= (]{1 -+ ]{3)2 — 0 ie. %
parent quark propag = ! > 00 K3, 23
(kl + k3)2

Physical origin of the divergence!
They are infrared divergences ((k1 + k3)? — 0, not o)

(one power cancelled by phase-space =- log divergence)
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QCD final state: QCD dynamics

. 2 (p1-k1)°+(p1.k2)?+(p2.k1)? +(p2.ko)®
n €+ klaxl Z |M| X 8(]{:1.]-63)(]62]6‘3)
Vs k3, 23 d’c  _ 2N .o 2:sCF ] +as
deidee — —q ' ¢?0 2r  (A—z)(1—x2)
D2
e~ ko, 9 2F; _x%+x§_$§

Ti = "5 r1txotr3=2 Co5= 97173

Divergent when z; (or z5) — 1

. ‘ / k1, 24

] ) 013
1

1 — Ty — 5:131:63 [1 — COS((913)]

s 613 — 0 (or Hy3): collinear divergence divergence

k37ﬂf3

» v3— 0 (ie. E; — 0): soft divergence
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QCD final state: coll and soft divergences

Collinear and soft divergences

» fundamental/omnipresent in QCD! (also in QED)
we will meet them often through these lectures
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QCD final state: coll and soft divergences

Collinear and soft divergences
» fundamental/omnipresent in QCD! (also in QED)
s also present for ¢ — gg (4 QED; Cr — C + A)



QCD final state: coll and soft divergences

Collinear and soft divergences

X

9

9

fundamental/omnipresent in QCD! (also in QED)

also present for ¢ — gg (# QED; Cr — C + A)
cancelled by virtual corrections

+ +
e | e |
p1 ki, 21 D k1, 1
NE ks, w3 V'S
P2 D2
o~ ko, w9 o ko, w9

Real Virtual
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QCD final state: coll and soft divergences

Collinear and soft divergences
» fundamental/omnipresent in QCD! (also in QED)

s also present for ¢ — gg (4 QED; Cr — C + A)

» cancelled by virtual corrections
Dimensional regularisation d = 4 — 2e¢:

(¢q9) _ 2 asCp "2 3 19
0 eal = GqNCO'() o T(E) _8_2 + g + 7 + O(E)
(¢39) _ 2 asCp —2 3
Ty, = €qNeoo——T(e) |5 — - =8+ 0(e)
7 3asC o)
Uggl@gz> — G?INCO'O A G?INCO'Q -

7 70
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QCD final state: coll and soft divergences

Collinear and soft divergences
» fundamental/omnipresent in QCD! (also in QED)
s also present for ¢ — gg (4 QED; Cr — C + A)
» cancelled by virtual corrections
» cancellation order-by-order in perturbation theory

Block-Nordsieck, Kinoshita-Lee-Nauenberg
theorems
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QCD final state: coll and soft divergences

Collinear and soft divergences
» fundamental/omnipresent in QCD! (also in QED)
s also present for ¢ — gg (4 QED; Cr — C + A)
» cancelled by virtual corrections
» cancellation order-by-order in perturbation theory
Block-Nordsieck, Kinoshita-Lee-Nauenberg
theorems

s Terminology issue: 'soft’ divergence sometimes
called ’infrared’ divergence (though both soft and
coll are infrared)
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QCD final state: IRC safety

Cancellation of divergence not true for any observable

Example: “number of partons in the final state”, dP/dn
s LO (O(a?)): dP/dn = 6(n — 2)
s NLO (O(C@))Z
(i) real emission: n =3
(if) virtual correction: n =2
= dP/dn = |1 — coas)d(n — 2) + coasd(n — 3)




QCD final state: IRC safety

Cancellation of divergence not true for any observable

Example: “number of partons in the final state”, dP/dn
s LO (O(a?)): dP/dn = 6(n — 2)
s NLO (O(Ck%)):
(i) real emission: n =3
(if) virtual correction: n =2
= dP/dn = |1 — coas)d(n — 2) + coasd(n — 3)

Observables for which cancellation happens
are called INFRARED-AND-COLLINEAR SAFE

Necessary for perturbative QCD computation
to make sense!!
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QCD final state: IRC safety

Observable O:

> d
O:Z/d@n(kl,...,kn) O (K1, k) Onlk, . k)
n=0 e o v

A\
\ -
-V observable
matrix element

phasespace

» |R safety: “adding a soft particle does not change
O”

k’n+1 —0

Onst (ks hnskns1) "= Oplka, ... k)

» Collinear safety: “a collinear splitting does not
change O’

Onst (koo Mo, (1= Nkn) = On(k1, ..., kn)

foro< <1 g



QCD final state: IRC safety

Example #1: event-shapes in eTe™

thrust, sphericity, thrust major, thrust minor, ...

"ok
Thrust: 17, 2i=o kiUl

— Imnax

=1 3" |k

pencil-like: T < 1 spherical: T2 1/2
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QCD final state: IRC safety

Example #1: event-shapes in eTe™

thrust, sphericity, thrust major, thrust minor, ...

n N
Thrust: T, = max ZZ;JO ‘ - ‘
d=1 ) i |kl

» the thrust is infrared safe: for k,.1 — 0

1y+1 = max

a=t SR =t STk

D< A<l =«
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QCD final state: IRC safety

Example #1: event-shapes in eTe™
thrust, sphericity, thrust major, thrust minor, ...

n N
Thrust: T, = max Zlgo ‘ - ‘
d=1 ) i |kl

Computation in perturbative QCD (from the matrix element
given earlier)

ldo asCr [2(2— 3T+3T2)10g <2T— 1) - 32-T)(3T —2)

cdl ~  2r T(1—T) 1 - T 1 -7

» Allows for test of QCD (e.g. at LEP)

» “log” is a reminiscence from the soft and collinear
divergence



Thrust

I_ 05 i [ [ [ [ [ [ [ [ [ [ [ [ | [ [ [ [ ]
O i . NNLO i
) "R _
o 04 B NLO . ]
© n i
= - LO — ]
L 03 | -
A - i
— i . Q=M, ]

- 02 . ag (M) =0.1189

01 |
o L
0 0.1 0.2 0.3 0.4

1-T

comparison with LEP data: peaked at 7' =1
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ete” : QCD divergences

Typical behaviour of divergences: ~l— 2

o Collinear limit:

1 as 1+ (1—2)% do?
—do =~ 5 7
o T z

0 A\ ~ 7\ s

splitting proba  coll.div

For different situations (different parton types), the
branching probability changes but the d6/0 is
generic!
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ete” : QCD divergences

Typical behaviour of divergences: ~l— 2

o Collinear limit:

1 . )2 2
1, @ 1+ (1—2) d(92
o 2m 2 0
splitting proba  coll.div
s Soft limit:
OzSCF (k1k2> A 9 dEg dz
doggq = dogg d* ks o(k — X —
%ad = U041 5 ) k) & F3ORT) ox Tt o

Antenna formula — soft-gluon emission
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ete” : QCD divergences

Frequent appearance in computations:

Both soft and collinear divergences are logarithmic
= the emission of a gluon comes with a factor o log

Example:
soft emissions for the thrust : aslog(1 — T

At some point, a4 log ~ 1 i.e. NLO~LO in the
perturbative series

= At order n, we will have o log" all of the same order
= ALL have to be considered: resummation
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Other interests in et e~ collisions

s Fragmentation functions
“parton — hadron transition”, D,, /. (z, p¢)

o Hadronisation
e.g. Lund strings

» Jets
Collinear divergence — a parton develops into a bunch of

collimated particles

We will postpone (part of) this to the “hadronic
collisions” chapter
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ete” : Summary

» eTe™ collisions: good framework to test QCD (final
state)

» emission of a gluon has 2 divergences:
soft and collinear
. cancel between “real” and “virtual” daigrams
. ... provided the observable is IRC safe

. give rise to “logarithms” in perturbative
computations

s ... resummed to all orders when o, log ~ 1
. ... done analytically or by parton cascade MC

» collinear divergence+parton branching — jets
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Time for questions!
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<interlude hadronic collisions>
kinematics

jets
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The very fundamental collision

O:fa®fb®a—

fa )

» “take a parton out of each proton” ¢
fo = parton distribution function (PDF)%

YYY

for quark and gluons o 667
» hard matrix element °. .

perturbative computation o e,

Forde-Feynman rules N '

=
N——
YVYVY
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Kinematics

Incoming partons:

pP1 = xlg(oaoa 171)
P2 = $2§(O,O,—1,1)

s carry a fraction of the beam’s (longitudinal)
momentum

» Energy? in the hard collision: (p; + p2)? = 1295 < s

» the partonic centre-of-mass is shifted/boosted
compared to the lab/pp centre-of-mass
= need variables (longitudinally) boost-invariant
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Kinematics

Final-state particles: commonly-used variables
k= (kg ky, kz, E) = E(sin(0) cos(¢), sin(f) sin(¢), cos(f), 1)

» F and 0 are not suited!
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Kinematics

Final-state particles: commonly-used variables

s Transverse plane
. azimuthal angle ¢

. transverse momentum p; = /p2 + p2

-p.29



Kinematics

Final-state particles: commonly-used variables

s T[ransverse plane
. azimuthal angle ¢

. transverse momentum p; = /p2 + p2

» Longitudinal variable
. Rapidity: y = 3 log (g*gz)

| 1 V(E — Bp:) +v(p. — BE)
Boost: y — 5 log (V(E Bpz) — (P2 — /3E))
B 1 ( )(E+pz) 1 1 - )
- §log< (1+B)(E - pz>) +510g<< *5))

not boost-invariant itself but Ay = 4y, — y1 IS (A6 is not)
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Kinematics

Final-state particles: commonly-used variables

s Transverse plane
. azimuthal angle ¢

. transverse momentum p; = /p2 + p2

s Longitudinal variable
. Rapidity: y = 3 log (g*gz)
k = (k¢ cos(¢), ke sin(¢), my sinh(y), my cosh(y))

Transverse mass: m? = k? + m?

. Pseudo-rapidity: n = £ log (tan(6/2))
An boost-invariant if massless
. For massless particles: y = n
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Jets

» We have seen in the eTe™ studies (thrust) that the
final state is pencil

R

» Consequence of the collinear divergence
QCD branchings are most likely collinear
(dP/df x a/0)

—p. 30



Jets

» We have seen in the eTe™ studies (thrust) that the
final state is pencil

R

» Consequence of the collinear divergence
QCD branchings are most likely collinear
(dP/df x a/0)

“Jets” = bunch of collimated particles = hard partons
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Jets

» We have seen in the eTe™ studies (thrust) that the
final state is pencil

R

» Consequence of the collinear divergence
QCD branchings are most likely collinear
(dP/df x a/0)

“Jets” = bunch of collimated particles = hard partons
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Jets

“Jdets” = bunch of collimated particles = hard partons

obviously 2 jets
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Jets

“Jdets” = bunch of collimated particles = hard partons

3 jets

—p. 31



Jets

“Jdets” = bunch of collimated particles = hard partons

3 jets... or 47

» “collinear” is arbitrary
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Jets

“Jdets” = bunch of collimated particles = hard partons

3 jets... or 47

» “collinear” is arbitrary
» “parton” concept strictly valid only at LO
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Jets

(Partons/ParticIes/Canrimeter towers/T racks)

l

( Jets )
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Jets

A jet definiton is supposed to be (as) consistent (as
possible) across different view of an event

NN g

LO partons NLO partons parton shower hadron level
Jet l Defn Jet l Defn Jet l Defn Jet l Defn
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VO N
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Jet definitions: constraints

SNOWMASS accords (FermiLab, 1990)

Several important prup-erti_ﬂ- that should be met by a jet definition are

[3]:
1. Simple to implement in an experimental analysis;
2. Simple to implement in the theoretical calculation;
3. Defined at any order of perturbation theory;
4. Yields finite cross section at any order of perturbation theory;

5. Yields a cross section that is relatively insensitive to hadronization.
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Jet definitions: constraints

SNOWMASS accords (FermiLab, 1990)

Several important prup_erti_u_ that should be met by a jet definition are
[3]:
1. Simple to implement in an experimental analysis;
2. Simple to implement in the theoretical calculation;
3. Defined at any order of perturbation theory;
4. Yields finite cross section at any order of perturbation theory;

5. Yields a cross section that is relatively insensitive to hadronization.

30 years later, these are only recently satisfied!!!
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Jet definitions: cone

Cone algorithm

» Concept of stable cone as a direction of energy flow

s “cone”. circle of fixed radius R in the (y, ¢) plane

s “stable” sum of the particles (4-mom.) inside the
cone points in the direction of its centre

—-p. 35



Jet definitions: cone

Cone algorithm

» Concept of stable cone as a direction of energy flow

= “cone”. circle of fixed radius R in the (y, ¢) plane
s “stable” sum of the particles (4-mom.) inside the
cone points in the direction of its centre
» lterative stable-cone search (aka seeded cone):

. start from an initial direction (seed) for the cone
centre

. the sum of particles in the cone gives a new
direction

. Iterate until stable

—-p. 35



Jet definitions: cone

Cone algorithm

» Concept of stable cone as a direction of energy flow

= “cone”. circle of fixed radius R in the (y, ¢) plane
s “stable” sum of the particles (4-mom.) inside the
cone points in the direction of its centre
» lterative stable-cone search (aka seeded cone):

. start from an initial direction (seed) for the cone
centre

. the sum of particles in the cone gives a new
direction

. Iterate until stable
» Stable cones = jets ... up to overlaps!
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Jet definitions: cone with SM

Cone algorithm: (1) cone with split-merge

s Step 1: find the stable cones with the seeds

1. input particles (over a seed threshold)
2. midpoints of the stable cones found above

s Step 2: split—-merge (with threshold f)

Pt,common -~ fpt,hard

Pt,common < fpt,hard

—p. 36



Jet definitions: cone with SM

Cone algorithm: (1) cone with split-merge

s Step 1: find the stable cones with the seeds

1. input particles (over a seed threshold)
2. midpoints of the stable cones found above

s Step 2: split—-merge (with threshold f)

Examples: main algorithm at the Tevatron

» CDF JetClu (1)

s CDF MidPoint (1+2)
s DO Run Il Cone (1+2)
s ATLAS Cone (1)
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Jet definitions: cone with SM

Cone algorithm: (1) cone with split-merge

s Step 1: find the stable cones with the seeds

1. input particles (over a seed threshold)
2. midpoints of the stable cones found above

s Step 2: split—-merge (with threshold f)

Examples: main algorithm at the Tevatron

s CDF JetClu (1) IR unsafe (2 hard+1 soft)

» CDF MidPoint (1+2) IR unsafe (3 hard+1 soft)
» DO Run Il Cone (1+2) IR unsafe (3 hard+1 soft)
» ATLAS Cone (1) IR unsafe (2 hard+1 soft)
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IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

1 2 3 9
3-particle event — MidPoint clustering
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IR unsafety of the Midpoint alg

400 (P

300}

200}

100}
—— |
0 i 2 & ¢

1st seed



IR unsafety of the Midpoint alg

400 (P
300}
200}
100}
<> |
0 i 2 & ¢

iterate



IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

stable; 2nd seed
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IR unsafety of the Midpoint alg
400 (P
300! d:>
200f

0 1

100}

0

iterate



IR unsafety of the Midpoint alg

400

300}

200}

100}

0—

Dt

—

stable; 3rd seed
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IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

dDCD
S oﬁ;?" 3 ¢

stable; midpoint seed
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IR unsafety of the Midpoint alg
400 (P
200l dZDCD

200}

100}
V0 1 3 3 ¢

iterate




IR unsafety of the Midpoint alg

400"
300| d:>c>

200}
100}
V0 1 3 3 ¢

iterate



IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

dDCD

10 1 2

3

Kz

add an infinitely soft particle

400

300 ¢

200 |

100 |

0

Dt

1
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IR unsafety of the Midpoint alg

400"* 400 (*
300| dDCD 300] dDCD

200} 200 |
100} ‘ 100 | ‘
O Tz 5 ¢ Yo i 3 3

3 hard seeds + midpoint seed — 2 stable cones
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IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

1 o0 1 2 3 ¢

new seed!

400

300 ¢

200 |

100 |

0

Dt

1
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IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

1 o0 1 2 3 ¢

iterate

400

300 ¢

200 |

100 |

0

Dt

1
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IR unsafety of the Midpoint alg

400 (P 400 (P
200} 200 |
100} 100}
| | ]
0o 1 2 3 ¢ 0o 1 _&2__3_

Stable cones:
Midpoint: {1,2} & {3} {1,2} & {3} & {2,3}
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IR unsafety of the Midpoint alg

400 (P* ‘ 400 (Pt ‘

300. o 300.

200} 200 }

100} 100 }

| I e I O e
& 0 1 2 3 ¢ -1 0 1 2 3
Stable cones:

Midpoint: (1,2} & {3} (1,2} & {3} & {2,3}

Jets: (f = 0.5)
Midpoint: {1,2} & {3} {1,2,3}
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IR unsafety of the Midpoint alg

400"
300| dDCD
200}

100}

I

1 0 1 2 3 ¢

Stable cones:

Midpoint: {1,2} & {3}

Seedless: {1,2} & {3} & {2,3}
Jets: (f = 0.5)

Midpoint: {1,2} & {3}

Seedless: {1,2,3}

400

300 ¢

200 |

100 |

Dt

{1,2} & {3} & {2,3}
{1,2} & {3} & {2,3}

{1,2,3}
{1,2,3}
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IR unsafety of the Midpoint alg
400" 400 "
300! dDCD 300| d:@
200| 200|

100} 100 |

| I I R I I )

1 0 1 2 3 ¢ 1 0 1 2 3

Stable cones:

Midpoint: {1,2} & {3} {1,2} & {3} & {2,3}

Seedless: {1,2} & {3} & {2,3} {1,2} & {3} & {2,3}
Jets: (f = 0.5)

Midpoint: {1,2} & {3} {1,2,3}

Seedless: {1,2,3} {1,2,3}

Stable cone missed — MidPoint is IR unsafe
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Jet definitions

Cone algorithm: (1) cone with split—-merge

s Step 1: find ALL stable cones in a reasonable time

. MidPoint: time « N3
. All-Naive: time x 2%
. SISCone: time «x N? log(N)

s Step 2: split-merge (with threshold f)

Example: SISCone Seedless Infrared-Safe Cone

200711
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Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

» start with the hardest particle as a seed

. iterate to find a stable cone

. stable cone — 1%t jet

. remove its constituents

s continue with the next hardest particle left

-p. 39



Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

» start with the hardest particle as a seed
. iterate to find a stable cone
. stable cone — 1%t jet

. remove its constituents
s continue with the next hardest particle left

s Benchmark: circular/soft-resilient hard jets
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Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

» start with the hardest particle as a seed
. iterate to find a stable cone
. stable cone — 1%t jet

. remove its constituents

s continue with the next hardest particle left
s Benchmark: circular/soft-resilient hard jets
s Example: CMS lterative Cone
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Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

» start with the hardest particle as a seed
. iterate to find a stable cone
. stable cone — 1%t jet

. remove its constituents
s continue with the next hardest particle left

s Benchmark: circular/soft-resilient hard jets

s Example: CMS lterative Cone
BUT Collinear unsafe (3 hard+1 coll.splitting) !!
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Jet definition: successive recombinations

ldea: Undo the QCD cascade

» Define an inter-particle distance d;;
and a beam distance d; 5

» Successively
. Find the minimum of all d;;, d;p

. If d;;, recombine i + j — k (remove ¢, 7; add k)
. If d;p, call i a jet (remove 7)

s Until all particles have been clustered
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Jet definition: successive recombinations

Typical choice of distances:
. 2 2
dZZJ' — mm(ktf, kt,};)(Ay,?j T A¢z2j)

dig = k'R’
s p=1: k algorithm (1993)

s p = 0: Cambridge-Aachen algorithm (1997)

s p = —1: anti-%; algorithm (2008)

s parameter R (jet separation)
s trivially IRC-safe
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Jet definition: successive recombinations

Typical choice of distances:

. 2 2
di; = min(k?, k") Ay + Adi;)

t,i
dzzB — ktz,zZRz
s p=1: k algorithm (1993)
(as close as possible to pQCD)

s p = 0: Cambridge-Aachen algorithm (1997)
(close to pQCD:; useful for substructure)

s p = —1: anti-%; algorithm (2008)
(circular/soft-resilient jets; replaces it. cone)

Variants for et e~ collisions (+JADE)
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Jet definitions: IRC safety matters

As said in ete™: IRC safety matters if you want to

compare to QCD computations

Last OK order today’s
Process IR,.; | IR/Colls,; | safe | pQCD
Incl. jet x-sect LO NLO any | NLO
W/Z/H+1 jet LO NLO any | NLO
3-jet x-sect none LO any | NLO
W/Z/H+2 jet none LO any | NLO
jet mass in 3-jet | none none any LO




Jet definitions: IRC safety matters

As said in ete™: IRC safety matters if you want to

compare to QCD computations

Last OK order today’s
Process IR,.; | IR/Colls,; | safe | pQCD
Incl. jet x-sect LO NLO any | NLO
W/Z/H+1 jet LO NLO any | NLO
3-jet x-sect none LO any | NLO
W/Z/H+2 jet none LO any | NLO
jet mass in 3-jet | none none any LO

= Use an IRC-safe algorithm like
k., C/A, anti-k, or SISCone
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Jet definitions: comparison

Quick comparison of the algorithms

ky C/A anti-k; | SISCone
pQCD VvV VY vV vV
soft (UE) X ~ OK vV Vaa's
speed vV vV VvV v
substruct vV VY X X
calibr. v v VvV vV




Jet clustering: usage/access

FastJet
[M.Cacciari, G.Salam, GS]

» Fast implementation of recomb. algs (V log(NV))

» Plugins for all common algs
(SISCone; CDF, DO, ATLAS, CMS algs; ete™ algs)

» Other tools (like jet areas)

s More in the tutorial part!
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Jets: experimentally

o Jevatron
Use of IR-unsafe JetClu or MidPoint and
sometimes /; -

— % - CDF Data L=17f"
o - Ziy{—e'e) + =1 jetinclusive (20} [] Systematic uncertainties
% 104 = ++ —=— NLO MCFM CTEQE. 1M
— (O] = - -Q-:_.: Cc!-rremudt? hadron lewel
% 10°E DO Run |I e |yl<0.4 (x32) E 10° = e, ﬁgfafﬁﬂf““ﬂ'a
Q) 106 ©) O4<|Y|<08 (X1 6) £, 102 - ® ----- PDF uncertainties
= = ——
g e m 0.8<lyl<1.2 (x8) g R
> o 1.2<lyl<1.6 (x4) 10¢ i
—10 s 1.6<lyl<2.0 (x2) E L, ———
1 02 10_1 %_ i Ly (—e'e) + =22 jets w:luslve_g_
‘I.B;-
10 E 1.6 Ziy(—~e'e) + =1 jetinclusive
= 14—
TE s =1.96 TeV Fo12E
10'E L 2 0.70 fo § P e = e v S s
. 0.85- A R
10 Reone = 0.7 gi;: !
10°s — NLO pQCD 5 e i
) ) . . 3 *ME Ziy—e'e) + =2 jets inclusive
10 4 — +non-perturbative corrections & 1.4 +¥
= 1.2 ... =
5 o E o
10 CTEQ65M MR = MF = pT 'E i ;_ . o LETs o r—
10-6 ! Lo | ! L L ' L = 0:5 ic) |
50 60 100 200 300 400 600 0.45 _ A i
P, (GeV) 0 100 200 et [Gevic]
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Jets: experimentally

9

s LHC: anti-£; by default

d o/d p_ [pb/GeV]
2 g 9

—h
o
w

Tevatron

Use of IR-unsafe JetClu or MidPoint and

sometimes /;

T TT | T T 17T
E ATLAS Preliminary
= R=0.6, f L dt=17 nb’
.
= == Alpgen MC+scale uncert.
: == —a— Pythia MCx0.62

—e— Data \s=7 TeV)+syst.

= =t Njets2 2
B —_——
g ===

II|IIII|IIII|IIII|IIII|IIII|IIII
100 150 200 250 300 350 400
P, (leading jet) [GeV]

Data/MC

d o/d p_[pb/GeV]

1 06 T T T T T | T T T T | %
5 ATLAS Preliminary 1
10 R=0.6, f L dt=17 nb” 3
1 04 —e— Data \s=7 TeV)+syst.
B Alpgen MC+scale uncert.
10° — —~— Pythia MCx0.60 .
102 —— Nets= 4 ;
—ft=
1 O b3 E
—_—
1 E
| | l l l l |
3
2
1
0

1 1 1 1 1 | 1 1 |
50 100 150
P, (4™ leading jet) [GeV]
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Jets: hadronic colliders

At hadronic colliders, many “contaminations” to a jet:
s radiation from partons in the initial state

s Underlying event/Multiple interactions

. shift: UE ~ uniform soft background i.e.
contamination « jet area « R?

. smearing: due to UE fluctuations
. typical scale: a few GeV

s Pile-up: many pp interactions in 1 bunch-crossing:
n =~ L Atpunch 0pp ~ 10°425.1077 100.10727 ~ 25

Again: shift + smearing
Typical scale: 20-30 GeV
Need for subtraction techniques
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</Iinterlude>



The very fundamental collision

O:fa®fb®a—

fa )

» “take a parton out of each proton” ¢
fo = parton distribution function (PDF)%

YYY

for quark and gluons o 667
» hard matrix element °. .

perturbative computation o e,

Forde-Feynman rules N '

=
N——
YVYVY
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Deep Inelastic Scattering
Introduce/Discuss/Study the PDFs



Process + kinematics

(k) ) (e

W2 =(q+p)’

2 9
a\ et
v=pq=W?+@Q’
r=Q%/(2v)

p - X

y=p.q/pk=W?*+Q?%)/s

ep — eX with v exchange

s 7 and W also possible as well as v instead of ¢

» also more exclusive meas.: ep — ep, e XY, eYp,
e.g. Jets, charm, vector-mesons, photons
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Process + kinematics

k) ) o=ty

W? = (q+p)*

2_ 9
g\ = >0
v =np.q=W?+ Q?
r=Q?%/(2v)
y=p.q/pk=(W?*+Q?%)/s

Experimentally: only the outgoing e is needed to
reconstruct the kinematics

p - X

"cos?(6,/2)

Q° = AEF' 6082(96/2) L= p[E E'sin ( /2)]




Process + kinematics

k) ) =ty

W2 = (q+p)?
2_ 9
q\ W= >0
v=pq=W"+Q°
p— X gy
y=p.q/pk=(W?*+Q?%)/s
|dea:

use the photon to probe the proton structure
()° large = small distance ~ 1/Q



Process + kinematics

eth) o ¢F) s=(e+p)°

W? = (g +p)°

2 2
q\ Q" =—¢">0
V:p.q:W2+Q2
x:Qz/(QV)
y=p.q/pk=W?+Q%)/s

p - 9.

Experiments:
most important results recently from HERA at DESY
(H1 and ZEUS experiments)
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A crystal-clear example

Electroweak unification

i
=

do/dQ? [pb/GeV?]
=

1073

10

107

HERA

| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T

neutral cur e e

& H1 &'p NC (prel)

O ZEUS e‘p NC 08-07 (prel.)
o ZEUS ep NC 05-06

= SM e'p NC (HERAPDF 1.0)
s SM &p NC (HERAFPDF 1.0)

* H1e'pcCcC (prel)
4 HlepcCcC(prel)

" ZEUS e'p CC 06-07 (prel.)
e ZEUSep CC 04-06

s G\ 'p CC (HERAPDF 1.0)

|_|_
II| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| L1

== §M &'p CC (HERAPDF 1.0) W:l: _
y<09 charged cur 1=
P.=0 S
| | | L1 111 | | | | | I | | | | -
10° 10*
Q% [GeV]]

e™ total x-sect
differential in Q?

Neutral currents
ep — eX
via v, Z

Charged currents

ep — vX
via W+
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Process + kinematics

Factorisation in a leptonic and hadronic part:
M| =1, WH I = 4 (kMK + kYK — g" kK

— study the hadronic tensor W (W2, Q%)
(or W (z,Q?))
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Hadronic tensor

Most generic structure for W (z, Q%)

WH = Aght” + Bptp* + Cq"q” + Dp*'q” + Eq"'p".
Constraints:

WH = WrH and ¢,W* =0 (gauge inv.)

Implying

q“q 2 q" q”
pr o 13
|44 (9 QQ)F1+Q2< +— )(p +2$> 9

Fy, Fy(x, Q%): proton structure functions
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Structure functions

(inclusive) proton interaction fully parametrised by the
2 structure functions F; and Fy(z, Q?)

» dimensionless
s Fp = Fy — 2zF (longitudinally-polarized ~*)
» For charged currents: additional £3(z, Q?)

-p. 54



Parton model

Useful to consider a frame where the proton is highly
boosted (P > 1, p looks like a pancake)

p,u E (07 O? P? P)
—1 1
g = qﬁb_ + vnt (n.q =0, qf — Qz)
We obtain
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Parton model

Bag model

The photon resolves
a quark inside the proton

—p. 56



Parton model

Bag model

The photon resolves
a quark inside the proton

k* + k2

LH — el
EpP + 26

T !
nt 4k

4
Py = veg / (Zﬂ’;w O (F + 4 1t B(k,p) 6 ((k +9)?)
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Parton model

Bag model

The photon resolves
a quark inside the proton

4
Py = veg / (Zﬂ’;tr O (F + 4 1t B(k,p) 6 ((k +9)?)

tr (i (K + 4 )1t Bk, p)) = 2§ tr(s B(k, p))



Parton model

Bag model

The photon resolves
a quark inside the proton

4
Fa= v [t ik + 0 B p) 5 (1 + o))

(2m)*
0((k+9)°) = 6 (k2 —Q° +2tv — QEf.cjf)
W save — Q) ~ o s(2vE -~ Q)



Parton model

Putting everything together:

4
Fr=ct [ st 06 Bk p) 3o~

l.e.
1
Fy = zejq(x) with  ¢(x) = / Tk

(2m)*

tr (1 B(k, p)) 6(z—¢)

with a sum over flavours

Fy=)  wegla(x) +q(x)

q

q(x): parton distribution function (PDF)



Parton model

Fy =" zellq(z) +q(x)]|  q(z)= PDF

q

» Interpreted as the probability density to find a
quark carrying a fraction z of the proton’s
momentum (universall!!)

s Iy(z,Q%) = Fy(z): Q*-independent. Bjorken scaling

s Fy suppressed by 1/Q? compared to Fy
Fy, = 2z Fy. Calan-Gross relation: spin 1/2 for g

» charged currents: different quark combinations
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Bjorken scaling

F, from BCDMS, SLAC, NMC, H1 and ZEUS (~ 1990)

1.1
1 2 2 |
a Q7| GeV™] .
2t x 1.5 -
g L = 3.0 |
N s 40 7
X :ﬁik e H 0 i
N@; 6 :* i K 8@ i
N e 110 ]
- - o 8.75 .
4 @ —
— o Jf 0 g b, o 245 )
3 * v "('D . ~ 230 _
L %@'o y & 800 :
L o % # 1000 ~
A
0 I IR IR IR B @' R
0 1 2 3 4 D 6 I e 9
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Bjorken scaling violations

HERA measurements (~ 1993 — 2007)

1.8 ————1—————
16

1
1.4 F %%ii e ]
1.2 | : % %% I
| h 5= Eﬁ i
a 1T i é I} % B
- 0.8 E Ef; -ﬁ Ig i -
| Eﬁ %E%i s Th
0.6 - ) %II;I = n
0.4 % -
2t srimont T

1e-05 0.0001 0.001

_ . _ X log scale!
Scaling violations!!!
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Bjorken scaling violations

A closer look for 3 bins in =

1.8
1.6 -
1.4
1.2
o 1
0.8 L2
0.6

0.2
0

t

P

) BCDMS
x=0.008 EMC
H1

ZEUS

0.4 . ﬁﬁgﬁ%i% % % X013 -
t

N DA *

1

decrease at large «

10

x=0.65

100 1000 10000 100000

Q° (GeVz)

(strong) rise at small «
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Bjorken scaling violations

Can we describe the scaling
violations in QCD?



Bjorken scaling violations

Can we describe the scaling
violations in QCD?

ldea: quarks can ™,
radiate gluons +

p



One-gluon emission

4 graphs to compute

Work in an axial gauge n.A = 0 (recall n? =0, n.p =1,
n.q = 0):
gluon of mom £# has propagator

ey AN
(k) = ( —g™ —
(£) ( T Tk )k2
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One-gluon emission

&
—I—k“ > k+q

>

il L

TREONT
k Ept 4+ T

k
= (0,0, P, P)
p—Fk

1

w3 IME = e en(tat®) pte (h E + ik F)

Qo _k5_|_ _kaﬁ
[_ga5+n(p ) (p )n

n.(p— k)

2
P§) = CF1+€

1=¢

§rP(E)
K2

— 3271¢? (s
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One-gluon emission

il L

L
2 g

k= gpht 4 —

1 + £2
1 —¢

P§)=Cr

A B 2&8

Iy €972 /dﬁﬁp(ﬁ)

d|k?|
2]

di d96 ((p—k)?) 6 ((k+q)°)
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One-gluon emission

q
TN _|2| 1 11127
kP = Epl + —I—k > k+aq

2§

14¢&°
1-¢

P)=CF

p

o 2
B =y [acero [ G5l 0 d0s (-2 8 (k40

q47r

_ a. /QI/d‘kQ‘ §+d§ fP(f)
2 B2 Jeo (e =) (€ —€0)

with &4 =z + O(|k?]/Q?)




One-gluon emission

2V 2 Q2 2
o O d|k|_2a5 d|k~|
F2_6q27T2 SCP(:C)/O ‘kQ‘ _GQQW2 :CP(x) 0 ‘k2|

» other diagrams suppressed by powers of ()
» only kept the leading terms in @
» |k?| integration DIVERGENT!!
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One-gluon emission

2U 2 Q° 2
A Qg d‘k ‘ s d‘k ‘
Fy = eg 52 xP(x)/O — = 5 vP () /o =0

» other diagrams suppressed by powers of ()
» |k?| integration DIVERGENT!!

From 6((p — k)?) we get k2 = (1 - &)|k?|
Thus, [k2| - 0=k, — 0 k

T
p— £k

This is thus a collinear divergence! The same as we
already encountered in ee™ collisions.
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One-gluon emission

2U 2 Q° 2
A Qg d‘k ‘ s d‘k ‘
Fy = eg 52 xP(:L’)/O — = xP(m)/O =0

» other diagrams suppressed by powers of ()

» |k?| integration DIVERGENT!

From 6((p — k)?) we get k2 = (1 - &)|k?|
Thus, [k2| - 0=k, — 0 k

T
p— £k

This is thus a collinear divergence! The same as we
already encountered in ee™ collisions.

Not cancelled by virtual corrections
Here: technique similar to renormalisation
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Recall: renormalisation

Vertex correction in QED

lbare

q2
Oé+50042/
0

(hare
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Recall: renormalisation

Vertex correction in QED

Qhare Qhare Q (q)

We have defined a scale-dependent coupling

s dk2
a(p?) = a+ By .042/ 5}

0
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Recall: renormalisation

Vertex correction in QED

Qhare Qhare Q (q)

We have defined a scale-dependent coupling

HQ de
OC(ILI,Q) — Oé"—ﬁ() .Oéz/ ?

0

12 is arbitrary i.e. physics should not depend on it

po,2a(u®) = Boa® (1)

renormalisation group equation
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Reabsorption of the collinear divergence
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Reabsorption of the collinear divergence
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Reabsorption of the collinear divergence
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Reabsorption of the collinear divergence
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Reabsorption of the collinear divergence

2
£E€q

Hde
§
s
§

FQ(CC, QZ)

/
/
/

_ 2
= xeq

2

+ :Ceq

§

-
5(_
(0]
g

1
“p

SR
SRUE

Q2 d\kQ\

SR

X

X

X

)]
)/

‘k2| Qbare

Q* d‘kQ‘

2]

“2d\k2\_
| k2]

(£)

QQd‘kQ‘_

2

]

(bare (5 )

(bare (f)

q(&, 1%)



Reabsorption of the collinear divergence

We have defined

Ve (2\ " dk?)
2\ _ —
Q(ZC,/L ) T Qbare($> +/x 5 P (g) /() |]€2| Qbare(g)



Reabsorption of the collinear divergence

We have defined

Ve (2\ " dk?)
2\ _ —
Q(‘/’E7ILL ) T Qbare($> +/x f P (g) /() |k2| Qbare(g)

Physics independent of the choice for 12

25 2y s 1d€P L 2
T M(x,u)—%/x YRV q(&, 1°)

DGLAP equation
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The DGLAP equation

Qogea(r, Q) = 2W/ Er(7)aee

» DGLAP: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi




The DGLAP equation

Qogea(r, Q) = 2W/ Er(7)aee

» DGLAP: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
» the PDFs get some dependence on Q?

s Bjorken scaling violations



The DGLAP equation

Qogea(r, Q) = 2W/ Er(7)aee

» DGLAP: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
» the PDFs get some dependence on Q?

s Bjorken scaling violations
» 1 called the factorisation scale
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The DGLAP equation

Qogea(r, Q) = 2W/ Er(7)aee

» DGLAP: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
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The DGLAP equation

Qogea(r, Q) = 2W/ Er(7)aee

» DGLAP: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
» the PDFs get some dependence on Q?

s Bjorken scaling violations
» 1 called the factorisation scale
» Leading order computation in o, log(Q?/u?)

» Actually resums all terms o log" (Q?/1?)
(recall: o, log(Q?/u?) ~ 1 = compute at all orders)
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The DGLAP equation: resummation

Qogea(r, Q) = 277/ Er(7)aee

Q2 i 5@2

Q2 i 5@2

q(x, Q*+ 0Q?)

q(&, Q)
Resumming (leading) contributions o log™(Q?/Q3)
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The DGLAP equation: splitting function

Qogea(r, Q) = 2W/ Er(7)aee

P(¢) called the splitting function:

transition from a quark of longitudinal momentum P
to a quark of momentum z¢£P with emission of a gluon



The DGLAP equation: splitting function

Qogea(r, Q) = 2W/ Er(7)aee

P(¢) called the splitting function:

transition from a quark of longitudinal momentum P
to a quark of momentum z¢£P with emission of a gluon

Correction due to virtual-gluon emission:

P(2) = Cp [1 +x2]
N

1l —=x

NB: the 1/(1 — z) behaviour is the soft QCD divergence



The DGLAP equation: splitting function

QQaQQ Q(ZC,QQ) _%/1% qu qu (f) Q(gaQQ)
g(z, Q%) 21 J, & \ P,y Py J\&/ \ g(¢,Q%

P, (&) called the splitting function:

A A
Va Y-
PQQ PQCJ PQQ PQQ

P, (x) IS the probability to obtain a parton of type «
carrying a fraction z= of the longitudinal momentum of a
parent parton of type b



DGLAP and the factorisation theorem

The result is more general: it holds at any order in
perturbation theory
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