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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

o 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

o 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

YYY

Forde-Feynman rules

YYY
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The more realistic version

o Hard ME

perturbative

-p.6



The more realistic version

» Hard ME

perturbative

» Parton branching

initial+final state radiation
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The more realistic version

o Hard ME

perturbative

» Parton branching

5 O d
s s 5 ° " Initial+final state radiation
° N » Hadronisation
B N 9 9~ \K{{& q, g — hadrons
< <G O O A
° '
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The more realistic version

o 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

» Hard ME
RN TE IR EREI
- L9 99999499 perturbative
- ) = .
- \ . s Parton branching
-— 5 O —> . e . ..
- N T 5 °° initial+final state radiation
- A
<_ - -
-— g » Hadronisation
e P Y — hadrons
4: 56 ° T . O N q’g

» Multiple interactions

Underlying event (UE)

» Pile-up
< 25 pp at the LHC

AR T TR

IR S
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Step by step...

We shall investigate those effects one by one:
» c¢Te” collisions for QCD final state (and hadronisation)

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

s pp collisions: put everything together
. 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:

» c¢Te” 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, ...)
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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

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

ete~ collisions
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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

1= Y¥5(0,0,1,1)

2 = ¥%5(0,0,—1,1)

1 = ¥ (sin(9), 0, cos(6), 1)

» = Y2 (—sin(6),0, - cos(9), 1)
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QCD final state: basic QCD

1= Y¥5(0,0,1,1)

9 = g(0,0, —1,1)

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

» = % (—sin(0),0, - cos(6), 1)
Toou@) = €V T2 (1 + cos?(0)]

olete” — qq) = N, (Zq eg) o

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

+ lu+
P1 e k1
NE
p2 ko
e nw
d :
dcog(H) - egNCWQO; [1 + COSQ(Q)]
olete” — qq) = N, (Zq eg) o olete™ = utu~) = o
_ Ama?

00 = 3s
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QCD final state: basic QCD

olete” — putu~)

P o(ete” — hadrons) <N, (Ze
q

Test of
s 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

® u,d,s:
® Uu,d,s,
® u,d,s,
Test of

s The3
s The n

Q: why o(ete” — uTp~)and not o(ete™ —
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QCD final state: QCD dynamics

\/g k37$3
P2
e k2ax2

[ dea -

S

3x(4—1)—4=5d.of.

» 3 Euler angles

sx; =2E;/\/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 k1, T
\/g kg,flfg
+
]‘Cg,.flfg
P2
e~ ko, o ko, T

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

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

d*c — 2 N. o asCp xi + x5
d:l?l d:l?z q 2T (1 — :131)(1 — :132)
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QCD final state: QCD dynamics

N k1, 1 k1, 71
\/g k‘g,flfg
_|_
]fg,ﬂfg
P2
e ko, o ko, o
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)®
p1 ¢’ ki, 21 20 M o s(k1.ks)(k2.k3)
Vs ks, 23 d’c 2N .o asCr zi+a3
dri drs — Cq-'c¥0 o (1—z1)(1—z2)
p2
e~ ko, x4 _ 2F; _ _ a;%—l—a;g—xg
T, = /s X1 +x2+2x3=2 Cors = — 211 T3

-p.15



QCD final state: QCD dynamics

S M2 (p1.k1)*+(p1.k2)?+(p2.k1)*+(p2.k2)®

n e klaxl S(kl.kg)(kg.kg)
Ve kot Po 27 ooauCp  @i+ed
deidee — —q ' ¢?0 2r  (A—z)(1—x2)

P2 5

2 2

[

- kanQ 2Ez _
Ti = g T1+To+x3=2 Cp, =

2xr1T3
Divergent when kq.ks — 0 Or kg.k3 — 0 .
/ 1, L1
ki.ks — 0= (k1 +k3)* = Oi.e. M ‘Q%éz
parent quark propag = : > 00 K3, 23
(lﬂ + kg)z

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

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

D1 ki, 2,

Vs ks, x3

D2
ko, 9

[

. 2 (p1-k1)°+(p1.k2)?+(p2.k1)? +(p2.ko)®
> IM|" s(k1.ks3)(ka.k3)
d’c  _ 2N asCrp 3 +5
dzi das  Cq*¥eP0 ag (1—z1)(1—z2)
2,.2 2
2F,; L _ xi{twxy—=x
Xr;, = s I1 —|—l’2—|—$3—2 C913 == 3 2

2x1x3

Divergent when z; (or z3) — 1

1 — X2 — =13 [1 — COS((913)]

/ k1, 24

@ > ) (913

1
2

k3ax3

s 013 — 0 (or A,3): collinear divergence divergence

» 3 — 0 (i.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

-p. 16



QCD final state: coll and soft divergences

Collinear and soft divergences
» fundamental/omnipresent in QCD! (also in QED)
s also present for g — gg (# QED; Cr — Cy)



QCD final state: coll and soft divergences

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

s also present for g — gg (# QED; Cr — Cy)
» cancelled by virtual corrections

ot +

D1 kl? L D1 ¢ ]{17 L1
Ve k3, x3 V'S
P2 P2
e ko, e ko, xo

Real Virtual
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QCD final state: coll and soft divergences

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

s also present for g — gg (# QED; Cr — Cy)

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

(qqg) _ 2 asCp 23 19
0 eal = GqNCO'() o T(E) _8_2 + g + 7 + 0(5)
(949) 2 asCF —2 5
O irt GqNCO'() o T(E) _5_2 — g — 8+ O(E:):|
q 3Q CF @
Oggl@% — GgNCO'Q - = GgNCO'Q —

7 70
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QCD final state: coll and soft divergences

Collinear and soft divergences
s fundamental/omnipresent in QCD! (also in QED)
s also present for g — gg (4 QED; Cr — Cy)
» 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

X

9

9

fundamental/omnipresent in QCD! (also in QED)
also present for ¢ — gg (# QED; Cr — Cy )
cancelled by virtual corrections
cancellation order-by-order in perturbation theory
Block-Nordsieck, Kinoshita-Lee-Nauenberg
theorems

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(ai)):
(1) real emission: n =3
(1) virtual correction: n = 2
= dP/dn = |1 — coas)d(n — 2) + coasd(n — 3)
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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@)):
(1) real emission: n =3
(1) 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:

dVv,,

A\ >4

phasespace -V observable
matrix element

— d
O:Z/d\lfn(kl,...,kn) 7 (K1, kn) On(k, ... k)
’]’L:O VO VO

» IR safety: “adding a soft particle does not change
O”
k’n+1—>0

Onst (ks knskns1) = Oplka, ... k)

s Collinear safety: “a collinear splitting does not
change O

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

foro< <1



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

pencil-like: T < 1 spherical: T > 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 =«

-p.19



QCD final state: IRC safety

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

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

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

ldo asCr [2(2— 3T+3T2)log <2T— 1) ~32-T)(3T - 2)

cdl ~  2r T(1—T) 1 - T 1 -7

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

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

I_ 05 i [ [ [ [ [ [ [ [ [ [ [ [ | [ [ [ [ ]
O i i NNLO i
o i) R
© 04 NLO ———
@) | |
s - LO —
O o3 [ N
— i ]
~ i Q=M, ]
1 2 N
o % [ a, (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)% dh?
—do =~ 5 7P
00 2r___ = )

splitting proba  coll.div

For different situations (different parton types), the
branching probability changes but the d6/6 is
generic!
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ete : QCD divergences

Typical behaviour of divergences: ~l— 2

o Collinear limit:

N2 2

id(j%ozsl—l—(l 2) d(92

o 2m 2 0

splitting proba  coll.div
s Soft limit:

OzSCF (k1k2> A 9 dEg dz
dogaq = dogg d ks o(k — X —
A T T LGyl

Antenna formula — soft-gluon emission
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ete : QCD divergences

Freguent 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 : aglog(1 —T)

At some point, aslog ~ 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  e*e~ collisions

s Fragmentation functions
“parton — hadron transition”, D,, /. (2, p¢)

o Hadronisation
e.g. Lund strings

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

collimated particles

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

-p.23



ete : Summary

» ete~ collisions: good framework to test QCD (final
state)

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

s give rise to “logarithms” in perturbative
computations

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

s collinear divergence+parton branching — jets
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Time for questions!
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<Interlude hadroniq collisions>
kinematics

jets

-p. 26



The very fundamental collision

O:fa@)fb@a-

YYY

fa )

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

for quark and gluons G 6°
» hard matrix element °,

perturbative computation S R0, .

Forde-Feynman rules o '

=
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, ks, E) = E(sin(0) cos(¢), sin(f) sin(¢), cos(f), 1)

» F and @ are not suited!

—p.29



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 Transverse plane
. azimuthal angle ¢

. transverse momentum p; = /p2 + p2

s Longitudinal variable

. Rapidity: y = § log ( 72

Boost: y — %log (%E — Ppz) + 1Pz — /3E))
(1-BE+p)\_, 1 ((1-5)
(1+5)(E—pz)>_y+21g<(1+5))

not boost-invariant itself but Ay = yo — 41 IS (A6 1S not)

-p. 29




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 = (ki 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

-p.29



Jets

» We have seen in the ete™ studies (thrust) that the
final state Is pencil-like

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

—p. 30



Jets

» We have seen in the ete™ studies (thrust) that the
final state Is pencil-like

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

“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-like

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

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

“Jets” = bunch of collimated particles = hard partons

obviously 2 jets

—-p.31



Jets

“Jets” = bunch of collimated particles = hard partons

3 jets

—-p.31



Jets

“Jets” = bunch of collimated particles = hard partons

3 jets... or 47

s “collinear” is arbitrary

—-p.31



Jets

“Jets” = bunch of collimated particles = hard partons

3 jets... or 47

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

—-p.31



Jets

(Partons/ParticIes/Canrimeter towers/Tracks)

l

( e )
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Jets

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

O g

LO partons NLO partons parton shower hadron level
Jet l Def" Jet l Def" Jet l Def " Jet l Def "
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_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.

—p.34



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.

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

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

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

s CDF MidPoint (1+2) IR unsafe (3 hard+1 soft)
s DO Run Il Cone (1+2) IR unsafe (3 hard+1 soft)
s ATLAS Cone (1) IR unsafe (2 hard+1 soft)

—p.36



IR unsafety of the Midpoint alg
200,
200!
200!

100¢

|

11 0 1 2 3 ¢

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

400 Pt

300¢

200}

100}

=T |
0 1 2 3 ¢

1st seed
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IR unsafety of the Midpoint alg

400 Pt
300¢
200¢
100¢
<> |
T 1 2 3 ¢
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IR unsafety of the Midpoint alg

400" ‘
300}

200}
100}
0o 1 2 3 ¢

stable; 2nd seed
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IR unsafety of the Midpoint alg

400"

SOO.dD
0 1

200}

100¢

0
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IR unsafety of the Midpoint alg

400" ‘
300}

200}
100} ‘
0o 1 2 3 ¢

stable:; 3rd seed
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IR unsafety of the Midpoint alg

400"
200l d:>c>

200}
100¢
0.1'0"1'2'\'3;'¢

stable; midpoint seed
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IR unsafety of the Midpoint alg

400"
200l d:>c>

200¢
100§
0-1'o|"i'2"3 :
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IR unsafety of the Midpoint alg

400"
200l d:>c>

200¢
100§
0-1'o|"i'2"3 :
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IR unsafety of the Midpoint alg

400

300}

200}

100}

0

Dt

dDCD

1T 0 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 (P 400 (P
200l dDCD 00l dDCD
200} 200 |
100} 100 |
| |
0o 1 2 3 ¢ 0o 1 - 2 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

T o0 1 2 3 ¢

new seed!

400

300 ¢

200

100

0

dDCD
0 41:Q::>3

-1
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IR unsafety of the Midpoint alg

400

300}

200}

100}

Dt

0—

400

300 ¢

200

100

dDCD
1 0 @3
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IR unsafety of the Midpoint alg

400" 400 (*
300| dDCD 300 d:@

200} 200}
100} ‘ 100} ‘
T~ 0 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" ‘ 400 (* ‘

300. o 300.

200} 200 }

100} 100}

| I e I B e
1 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"
200l dDCD
200}

100}

|

11 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} ‘
T~ 0 1 2 3 ¢ 0o 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 « N? log(N)

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

Example: SISCone Seedless Infrared-Safe Cone

20071
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Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

o

o

o

start with the hardest particle as a seed
iterate to find a stable cone

stable cone — 15 jet

remove Iits constituents

continue with the next hardest particle left

—p. 39



Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

s Start with the hardest particle as a seed

. Iterate to find a stable cone

. Stable cone — 1% jet

. remove Iits 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:

s Start with the hardest particle as a seed

. Iterate to find a stable cone

. Stable cone — 1% jet

. remove Iits constituents

s continue with the next hardest particle left

s Benchmark: circular/soft-resilient hard jets

s Example: CMS Iterative Cone
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Jet definition: cone with PR

Cone algorithm: (2) cone with progressive removal

s Recipe:

s Start with the hardest particle as a seed

s Iterate to find a stable cone

. Stable cone — 1% jet

s remove Its constituents

s continue with the next hardest particle left

s Benchmark: circular/soft-resilient hard jets

s Example: CMS Iterative 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;z

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

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

s Until all particles have been clustered

- p. 40



Jet definition: successive recombinations

Typical choice of distances:

: 2 2
d?j = mm(ktfg,ktf;)(Ay?j+A¢?j)

2 . 2p p2
dip = kt,iR

s p=1: k; algorithm (1993)
s p = 0: Cambridge-Aachen algorithm (1997)

s p = —1: anti-k; algorithm (2008)

s parameter R (Jet separation)
s trivially IRC-safe

—p.41



Jet definition: successive recombinations

Typical choice of distances:

. 2 2
dzzj = min(k;}, kt,];)(Ayin T Aﬁb?j)
2
dzzB — kt,ZZRQ
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-k; algorithm (2008)
(circular/soft-resilient jets; replaces it. cone)

Variants for eTe~ 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,.1 | 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 |et 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 IRo.1 | IR/Coll3,; | 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., CIA, anti-k, or SISCone
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Jet definitions: comparison

Quick comparison of the algorithms

ky C/A anti-k, | SISCone
pPQCD VvV vV vV vV
soft (UE) [] ~ OK vV VvV
Speed vV VvV VvV v
substruct vV aa's [] []
calibr. v v vV vV




Jet clustering: usage/access

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

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

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

s Other tools (like jet areas)

s More In the tutorial part!
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Jets: experimentally

o levatron
Use of IR-unsafe JetClu or MidPoint and
sometimes k; -

— % —e— COFData L=17®"
o - Ziy{—e'e) + =1 jetinclusive (20} [] Systematic uncertainties
= 10' - —=— NLO MCFM CTEQS. 1M
— g = - +=_.= C;:!-rrec;ud t? hadron level
% 107 DQ Run “ [ J |y|<04 (X32) -‘;‘..; “]3 E_ ++=Q= in==azllﬂ=1'ii:2ﬁsen=1'a
Q 106 O 04<|y|<08 (X16) o 102 - ++ PDF uncertainties
=i = 0.8<|y|<1.2 (x8) § TF e e
= 0 1.2<|y|<1.6 (x4) S 10 -
=10 s 1.6<|y|<2.0 (x2) E N ————
g 103 A 20<|y|<24 10_13_ zr-,-'{_;a*e-hzz]mincluslw_,_
<\_|O 102 % la) )
1.8
10 E ‘!.ﬁ;— Ziy(—e'e) + =1 jetinclusive
9 q4F
15 s =1.96 Tev Fo12b i s
10E L = 0.70 b g Ot ohm e S — —
: 0.8/ T R —
10_2 Reone = 0.7 ggi: (b}
10°E — NLO pQCD s 4
10 g *+non-perturbative corrections _E 1.4 Sl mdus“F
[ o= =
5 _ _ — = ___‘___—*_ ru kA A A L
10 CTEQ65M| IJ'R - HF - p-l— g U;f— e ¥ ""\f-_"’.'..':T'..'.':~-—————Tr——-—~n-.-
-6 | | | | | | | | | | 0.53 c
1075060 100 200 300 400 600 oac . e -
p, (GeV) 0 100 200 et [Gevic]
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Jets: experimentally

o Jevatron

Use of IR-unsafe JetClu or MidPoint and

sometimes k;

s LHC: anti-k; by default

;'106||||IIII|||||||||||||||||II|IIII
L E ATLAS Preliminary
% 10°F R:0.6,ILdt=17 nb*
2 ] —e— Data \[s=7 TeV)+syst.
Q_'_]_O4 = BE= Alpgen MC+scale uncert.
ke, — —a— Pythia MCx0.62
b 3-_ Njets22
< 10 ——
i ==
10%¢
g ==
10¢
2.5
LEJ S | | | | | _
T e
T et _
DO.8III|IIII|IIII|IIII|IIII|IIII|IIII

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

d o/d p_ [pb/GeV]

Data/MC

T

e e e

o
)

o O O
N 4 o

[IRY
o
N

10

R:O.G,I L dt=17 nb™
—e— Data (Ns=7 TeV)+syst.
B Alpgen MC+scale uncert.

T | E
ATLAS Preliminary 1

— —a— Pythia MCx0.60 )
—— Nt 4 :
L E

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

» Underlying event/Multiple interactions

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

. smearing: due to UE fluctuations
s 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 technigues
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</interlude>
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The very fundamental collision

O:fa@)fb@a-

YYY

fa )

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

for quark and gluons G 6°
» hard matrix element °,

perturbative computation S R0, .

Forde-Feynman rules o '

=
N——
YVYVY

—p. 48



Deep Inelastic Scattering
Introduce/Discuss/Study the PDFs



Process + kinematics

(k) ) =y

W2 =(q+p)’
2 9
g\ et
v =np.q=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, eXY, eY'p,
e.g. Jets, charm, vector-mesons, photons

—p. 50



Process + kinematics

k) ) o=ty

W? = (q+p)*
2_ 9
q\ W=-r>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' 0082(96/2) L= p[E E'sin ( /2)]




Process + kinematics

k) ) ety

W2 =(q+p)’
2_ 9
q\ F=-r>0
v=pq=W*+Q°
P X e
y =p.q/p-k =W +Q%)/s
ldea:

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



Process + kinematics

) ) =)

W2 =(q+p)’

2_ 9
g\ W=—r>90
v =1p.qg=W?+(Q?
r=Q%/(2v)
y=pq/pk=W?*+Q%)/s

p — X

Experiments:
most important results recently from HERA at DESY

(H1 and ZEUS experiments)

—p. 50



A crystal-clear example

Electroweak unification

HERA

:; E | T | | | | | I T T | IE
Q TS ¥ H1e'p NC (prel.) 7
8 10", Neutral cur 7 feric e -
2 o O ZEUS e'p NC 06-07 (prel) _
o B © ZEUS ep NC 05-06 —=
C = = SM e‘p NC (HERAPDF 1.0) J
% 101 ;_ === SM 'p NC (HERAPDF 1.0) _|
= ; ----- - ﬁ 3
e N -
= €D =
103 * Hi1e'pcc (prel) =
- 4 HlepcCC (prel) -
_ = ZEUSe'p CC 06-07 (prel.) —
= e ZEUSep CC 04-06 =
5[ === SMe'p CC (HERAPDF 1.0) _

10 = wew= SMep CC (HERAPDF 1.0) W:l: :
= y<o09 charged cur 13
- P.=0 ]
10'7 — 1 | | I | | | | | L1 1 11 | | | 4

10° 10t \

Q" [GeV]

e™ total x-sect
differential in Q2

Neutral currents
ep — eX
via vy, 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+ (12, Q?)
(or WH(z, Q%))
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Hadronic tensor

Most generic structure for W# (z, Q?)

WH = AgH'" + Bpt'p” + Cq"q"” + Dptq” + Eq'p”.
Constraints:

WHY = W 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?)

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

b !
n" + k' s

4
Py = veg / (Zﬂ’;w (0 (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 (0 (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

k* + k7 |
EH = Ept + o =t + K ]

4
Py = veg / (Zﬂ’;tr (0 (F + 4 1t B(k,p)) 6 ((k +9)?)

5((h+?) = 0 (¥ - Q242w —2kEg?)
 s(ve - Q) ~ s~ )
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Parton model

Putting everything together:

Fy = xe

4
2/ (;Zﬂl;tr (1 B(k,p))o(x — &)

l.e.

4
Fr=sda)  with (o) = [ G5B (a0

with a sum over flavours

Fy=)  wegla() +q(x)

q

q(x): parton distribution function (PDF)



Parton model

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

q

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

s Fy(x,Q?%) = F(2): Q*-independent. Bjorken scaling

s Fy suppressed by 1/Q? compared to Fy
Fy = 22 Fy. Calan-Gross relation: spin 1/2 for g

» charged currents: different quark combinations
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Bjorken scaling

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

1.1

1

9

F2<X>Q2)

Y
%‘

\‘\‘\‘\\\}\}\

kooxXx > O O @ *kx @& » ® X

0°[GeV?]

1.5
3.0
4.0
5.0
8.0
1.0
8.75
245
230
800
1000

-

©
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Bjorken scaling violations

HERA measurements (~ 1993 — 2007)

1.8

1.6
1.4 |
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et
i

04
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e

=

o

o glel leHabiab e 4
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fe]
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Fad e
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lof e
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r-l""' o
o ol mfe] L
o [

(ot ko i =]

ol i fol o]

i ; %
Izg%ilz

1 < Q% < 40 000 GeV?
I L a1 I L a1 I

BCDMS ———

EMC

E665
Hl ——

ZEUS ——=—H

(ot

]

N ?L

1e-05 0.0001 0.001

Scaling violations!!!

0.01

0.1

1
log scale!

—p. 60



Bjorken scaling violations

A closer look for 3 bins in =

18 ' L | ! L | ! L | ! ! i ! ot
BCDMS ———-
16 k + x=0.008 EMC 1 -
1.4 - 3 ZEUS = 7
1.2 IP -
Q_N 1 11 _
o8t - _
X
06 F .° _
04 B IIzIIIIIII fiﬁ%%%i% % % x=0.13 -
0.2 | ) _
x=0.65
O L L ' BRdsenacs - = =
1 10 100 1000 10000 100000
Q” (GeV?)

decrease at large » (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

ki — |k 2|
2§
= (0,0, P, P)

&
—I—k“ > k+q

>

kM= EpHt 4+ =L

k

p—Fk

1

WS IME = e tn(tat®) pte (h E + ik F)

Q _k5_|_ _kaﬁ
[_ga5+n(p ) (p )n

n.(p— k)

2
P§) = CF1+€

1=¢

§P(E)
2]

= 327 egozs
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One-gluon emission

il L

L
2 g

k= gpht 4 —

1 + &2
1 —¢

P§)=Cr

A B ZOéS

Iy €972 /dﬁﬁp(ﬁ)

d|k?|
2]

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

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

2§

14¢&°
1-¢

P)=CF

p

N o 2
P =y [acero [ G510 d0s (-2 8 (k40

q47r

_ o /QI/d‘kQ‘ §+d§ fP(f)
2m? B2 Jeo 7 (e —6)(€—€0)

with £ = = &+ O(|k2|/Q?)




One-gluon emission

2V 2 Q2 2
s 9 Qg dik=| 5 as |k
= ey 52 rP(x) /0 —\kQ\ = e, 52 rP(x) : —\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 = 632 5 xP(x)/O — = 5 mP(m)/O I=h

T

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

From 5((p — k)?) we get k? = (1 — &)[+?
Thus, [k2 - 0=k, — 0 k

—TTI
p— £k

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

2U 2 Q° 2
5 2 Qs k7] 5o d|k7]
F2—€q2 2ZCP(ZC)/O W—G 2ZUP(£E) ; ‘k—2|

T

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

From 5((p — k)?) we get k? = (1 — &)[+?
Thus, [k2 - 0=k, — 0 k

—TTI
p— £k

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

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

Vertex correction in QED

+ —
Qhare Qhare
qz de ,u de CI de
Ck‘|‘50@2/ ﬁ = CV‘FBOCV ﬁ—kbe CLCKQ/ ]{2
0 0 e
q de
— @(M2)+5OCY2/ 7l
112
612 de
= a(p’) + Bo o’ 2)/ yE3
112
- alq’)
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Recall: renormalisation

Vertex correction in QED

Qhare Ohare Q (q)

We have defined a scale-dependent coupling

NQ de
OC(IU,Z) — Oé"—ﬁ() .042/ ?

0
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Recall: renormalisation

Vertex correction in QED

Qhare Ohare 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

pro,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

s
§
s
§

FQ(CU, QQ)

/
/
/

_ 2
= xeq

2

+ :z:eq

§

-
5(_
(0]
g

1
“p

SR
) (e

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

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



Reabsorption of the collinear divergence

We have defined

Lae (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 rRAV: q(&, 1°)

DGLAP equation



The DGLAP equation

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

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




The DGLAP equation

Q? 002q(x, Q%) = 277/

ds
3

P (%) aee

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

» the PDFs get some dependence on (Q?

s Bjorken scaling violations
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» the PDFs get some dependence on (Q?

s Bjorken scaling violations
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The DGLAP equation

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

s 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: a4 log(Q?/u?) ~ 1 = compute at all orders)
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The DGLAP equation: resummation

Q*0g2q(z, Q%) = 27/

ds
3

P (%) aee

q(x, Q?)




The DGLAP equation: resummation

Q*0g2q(z, Q%) = 27/

ds
3

P (%) aee

Q2 i 5@2

q(x, Q*+ 0Q?)




The DGLAP equation: resummation

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

Q2 i 5@2 Q2 i 5@2 Q2 i 5@2
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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(&, Qp)
Resumming (leading) contributions o™ log™(Q?/Q?)
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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 x¢ P with emission of a gluon



The DGLAP equation: splitting function

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

P(¢) called the splitting function:

transition from a quark of longitudinal momentum =P
to a quark of momentum x¢ P with emission of a gluon

Correction due to virtual-gluon emission:

P(2) = Cp [1 +3;2]
N

1l —=x

NB: the 1/(1 — x) behaviour is the soft QCD divergence
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The DGLAP equation: splitting function

QQaQQ Q(ZC,Q2) _%/1% qu qu (f) Q(gaQQ)
g(z, Q%) 21 J, & \ Py, 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 iIs more general: it holds at any order in
perturbation theory

2 2 : dg L 2
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DGLAP and the factorisation theorem

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

2 2 : dg L 2

. &
with
_ (95 p(o) (%)2 (1) (%)3 (2)
P(z) \(%)P @)+ (52) PU@+ (52) PO@ -
LO NLO NNLO

» LO resums o”log"(Q?*/u?) (leading logarithms)
» NLO resums o”log"(Q?%/u?) and o log™(Q?/1?)

Note: order refers to P; includes diagrams at all orders
Note: known up to NNLO since 2004 (Moch, Vermaseren, Vogt)
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DGLAP and the factorisation theorem

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

2 2 : dg L 2

i

P(z) = (;‘—W) PO () + (%)2 PO () + (%)3 PO ()4 .

Fundamental result in QCD know as the
factorisation theorem

Collinear divergences can be reabsorbed in the
definition of the PDFs at all orders!
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DGLAP vs. data

Very nice description
of the Q?-dependence
observed in the data

o x Q) x2

\\\

10|
10

10|

102)

i ¢

H1 and ZEUS Combined PDF Fit
e %=DD00CAZi=H + %
o ... © = [0000S. =11 ® HERAIe p(prel) i
. x Fm‘iﬁ];?.r Fixed Tarpet <

x = 000020, i=18 HERA 1 PDF (prel.)

% =000, =17
1 = {05 =16

1 =108, =15
vﬁm n=00013,i=14
8 x=T(WI0 =13
.‘J'r.."“.":.:—ti—- = QL =12
_.....-l-r"'".* (LS ] T
- W OIS =] ]
M x =008, =10
_.—-—"'_.-""
W-—Hlﬁ %= 0013, |=9
i A i e 1=002 =R
rm.:__d-'-- L %= 0402 =7
Wtﬁ—-ﬁt‘ﬂ—-—-_ % =005, =5
EEo R —y—— sy ey e tl.13. i

M'lii-#b‘—"m-*_-_r_.‘lr
oo B e R TR &
s .
W 2= 025,03

Fa-!mmw i.l---..--.. L R - T #
L

x=[L1E, =3

HERA Stmctume Functions Winking CGroup

o= A0 1]
TR 1
Tgar 7 -
e P = =055 i=0
el
i 1l 1l ] 10
2 2
0% GeV
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DGLAP vs. data

DGLAP only gives the Q? evolution of the PDFs
One still needs an initial condition f,(z, 1?)

Global PDF fit:

» Parametrise ¢ and g at an initial scale 12
e.g. q(z,p*) = 2*(1 — )P (A + B/ + Cx)

» Obtain the PDFs f,(z, Q%) at all Q* using DGLAP
s Compute a series of observables (e.g. I'b)

» Fit the experimental measurements (>
minimisation)
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DGLAP vs. data

» Many teams: MSTW/MRST, CTEQ, NNPDF,
HERA, H1, ZEUS, Alekhin, GRV

» Each with many updates
e.g. CTEQ4I, CTEQ4m, CTEQ5I, CTEQ5m, CTEQ6, CTEQSI,
CTEQ6m, CTEQ61, CTEQ65, CTEQ66
MRST98, MRST2001, MRST2002, MRST2003, MRST2004,
MRST2006, MRST2007, MSTW2008
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DGLAP vs. data

» Many teams: MSTW/MRST, CTEQ, NNPDF,
HERA, H1, ZEUS, Alekhin, GRV
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s Points of difference (7):
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s Points of difference (7):
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DGLAP vs. data

» Many teams: MSTW/MRST, CTEQ, NNPDF,
HERA, H1, ZEUS, Alekhin, GRV

» Each with many updates

s Points of difference (7):
. Choice of initial scale
. Choice of initial parametrisation
. Order of the fit (LO, NLO, NNLO)
. Data selection (e.g. cuts, old vs. new data)
. Heavy-flavour treatment
. Computation of PDFs uncertainties

. List of observables (9)
Y, F¢, Fr, FY, FY, F§, F2, Drell-Yan, Tev. jets
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Global fits

Global fits are

Important for LHC physics
as they affect every
perturbative computation

10" prrrrm

10 3

lﬂg

10’ E

" x,, = (M/14 TeV) exp(=y)

| T |r|r|l'l'| T ||l||I'I'I'F LLILBRLLL | LELIL R LLLL | LI ERRLL | UL

1,2

Q=M M= 10TeV

.................................




Global fits

0.1
i - " NNPDF2.0
I N |t|a| B CTEQ6.6
. . . 0.08/— MSTW 2008
distributions '
0.06(—
%004 7 —
g [ T u)
x
0.02}
_002IIII|IIII|IIII|II IIII|IIII|IIII|IIII|IIII|IIII
' 01 02 03 04 05 06 07 08 09 1
Lol BONN X
T [”] CTEQ6.6
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&-\008:_ \\
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; 0.6_— \\ _
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Global fits

Initial “flavour-singlet’ e
distributions ; [ msTw 2008

>
7

/S g2

S //////A/////A

S
/ /

Q? = pu? =2 GeV ?

c\’nc;o
k3
o
x
sea quarks
1 IIIIIII| 1 IIIIIII| 1 | I
6 10° 10* 10° 10° 10* 1
NN X
[”] CTEQ6.6
5 ) MSTW 2008
4
& gluons
x 3
N
x xg
2
1=
O: 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 L 111
10° 10 10° . 107 10* 1
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Global fits

Impact of HERA measurements

With HERA

Q' = 10 GeV?

—— HERA included

e
h. P ]

Q° =100 GeV?

Q" = 1000 GeV* | |

s uncorr, uncert.
tod. uncert.

Q" = 10000 GeV>

20

Without HERA

30}

zu:

Q' = 10 GeV?

—— HERA excluded

Q° = 100 GeV? |

Q' =1000GeV: | [}

{5 uncorr. uncert.
tot. uncert.




o(Z%B, [nb)

o(W)Byy [nb]

Global fits
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FDF4LHC benchmarks - LHC 14 TeV
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DIS: summary

DIS: ~*p scattering with highly virtual v (@Q* >> Adqp)

s Parton model
. directly probes partons inside the proton
. Bjorken scaling
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DIS: summary

DIS: ~*p scattering with highly virtual v (@Q* >> Adqp)

o Parton model

s directly probes partons inside the proton
s Bjorken scaling

s QCD collinear divergences
s Violations of Bjorken scaling

s Factorisation theorem/DGLAP equation
(fundamental result/prediction of QCD)

s Parton Distribution Functions (PDF)

» Global fits for the PDF determination of the
PDFs: mandatory for precision at the LHC

—p.83



Time for questions!

—-p. 84



pp collisions
(at last!)



The very fundamental collision

O:fa@)fb@a-

YYY

» “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
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The more realistic version

» Hard ME
RN TE IR EREI
- L9 99999499 perturbative
- ) = .
- \ . » Parton branching
-— 5 O —> . el . ..
- N T 5 °° initial+final state radiation
- A
<_ - -
-— g » Hadronisation
e o — hadrons
4: 56 ° T . O N q’g

» Multiple interactions

Underlying event (UE)

» Pile-up
< 25 pp at the LHC

AR T TR

IR S
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Plan

» A few generic considerations
s Kinematics (done)
s Monte-Carlo

» Processes one-by-one
s Drell-Yan
s Jets (done)
« W/Z (+]ets)
s top
s H
s SUSY (?)
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Plan

« W/Z (+]ets)

10°
» A few generic consid g — :
. kinematics (done) Tevawon  LHC 1"
. Monte-Carlo o [ ' '
1{::3; ;{ﬁ Nf;
» Processes one-by-or E o (B> s20) E
. Drell-Yan 2 o ow X I
. Jets (done) N S LRI I SO
107 ¢ | 5 EE11:10* ?
. top 0t | ; / e

I L 0B >s4) § ]
e - : :
1075 E—GHiggs(MH =150 GeV) a4 10"
?) ; ?
° S U SY ( ] ﬁH@gs{MH =500 GeV) \ E
ID'? | | Lol : 1 L i ]D 6

Dl | 1 II 10
\s (TeV) -p.88



Parton luminosities

Vary /s = same ME, only

o = Z/dim dx2 fq il?l)fb(fz)

— Z/ddeUAA

NB: Tevatron: pp ?
LHC: pp 2

PDF vary

R L B R T
CTEQ6.l @ LHC

101

1072 L

10—3 I L1 | 11 |||
0.01 0.05 0.10 0.50 1.00 8. UO 10 00

Sqrt(s) [TeV] —p. 89




Drell-Yan

Production of a lepton pair
(of mass M)

Hard matrix element:

do B ech Ao
dM? N2 3M?2

§(z1a95 — M?)

—®)
Lowest order (PDF,@PDF,@ME)

do do
— = M) g(xe, M?) + (1 & 2)]—
s = [ dordny Yo, Matan, 007 + (10 2)]

q
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Drell-Yan

Production of a lepton pair
(of mass M)

More differential cross-sections:

Ex. 1: lepton-pair rapidity (v)

= §(x1725 — M?)
3(y — 5 log(a1/x2)) -

d?c Amred o M M
o = 3 g (1 M e A 4y 0 )
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Drell-Yan

Production of a lepton pair
(of mass M)

More differential cross-sections:

Ex. 1: lepton-pair rapidity (v)

= §(x1725 — M?)
3(y — 5 log(a1/x2)) -

Ex. 2: Feynman z (zr)

LO :
= 11— x9. also 2 §’s

or = Z(pare —poi)
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Drell-Yan

Y
-
—1
YYY

» Next order: emission of one gluon
. real and virtual
. depends on g(z, M?)

* Pt~/Z 7& 0

[+

SIS
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Drell-Yan

» Next order: emission of one gluon
» factorisation proven at ANY order

do

Ve = /d:z:l dxo dz1 dzo

Z fa(z1, M?) fp(w2, M) Dap(21/21, 22/ 22)

da
dM?

(21, 20; M?)
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Drell-Yan

s Next order: emission of one gluon
» factorisation proven at ANY order

do

2 — /d:z:l dxo dz1 dzo

Z fa(z1, M?) fp(w2, M) Dap(21/21, 22/ 22)

da

dMQ(ZLZQ;MZ)

» ONLY case where the factorisation
PDF,@PDF,®ME Is proven,

otherwise It’s just a “reasonable assumption”
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Monte-Carlo generators

Parton cascades, hadronisation, Underlying Event,
pileup: a realistic event is complicated!

= Use of (Monte-Carlo) event generators to simulate
full events
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Monte-Carlo generators: fixed order

Perturbative computations are the base of everything
But are often hard/impossible to compute analytically
(especially for exclusive measurements)

= use a fixed-order Monte-Carlo genrator
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Monte-Carlo generators: fixed order

Perturbative computations are the base of everything
But are often hard/impossible to compute analytically
(especially for exclusive measurements)

= use a fixed-order Monte-Carlo genrator

s Aim: provide signals and backgrounds for LHC
studies (usually needed at NLO)
See the LesHouche list of completed/wanted
processes, e,g,

. many jets

s WH+jets

. Htjets

. top (¢t and single top)
s SUSY
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Monte-Carlo generators: fixed order

Perturbative computations are the base of everything
But are often hard/impossible to compute analytically
(especially for exclusive measurements)

= use a fixed-order Monte-Carlo genrator

s Aim: provide signals and backgrounds for LHC
studies (usually needed at NLO)

» Generate matrix elements + phase-space

s 2 big categories:
LO (many legs) or NLO (includes virtual
corrections)

s Tendency to automate!

s Plenty of them: Alpgen, MadGraph, NLOJet,
MCFM, BlackHat, Golem,...

—p.93



Monte-Carlo generators: full event

For full-event simulation, Monte-Carlo generators are
a cornerstone

s parton cascade: collinear splittings (DGLAP-like)
As seen in eTe~, they have the form

d’P 1
— o, P(2)=
0ds ~ @ P2)

v
Leading terms (a” log™(1/0)) have angular ordering
(91>92>"°>(9n

Watch out: LO collinear branchings!!!
e.g. Multi-jet processes hardly reliable

(alternatives like virtuality ordered but always LO
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Monte-Carlo generators: full event

For full-event simulation, Monte-Carlo generators are
a cornerstone

s parton cascade: collinear splittings (DGLAP-like)

» hadronisation: non-perturbative per se!
e.g. Lund string fragmentations (form strings based
on colour connections and fragment them)
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Monte-Carlo generators: full event

For full-event simulation, Monte-Carlo generators are
a cornerstone

s parton cascade: collinear splittings (DGLAP-like)
» hadronisation: non-perturbative per se!

s Multiple interactions/Underlying Event: hadronic
beams carry colour i.e. interact strongly

» Modelling
» Then tuning to Tevatron (and LHC) data
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Monte-Carlo generators: full event

For full-event simulation, Monte-Carlo generators are
a cornerstone

s parton cascade: collinear splittings (DGLAP-like)
» hadronisation: non-perturbative per se!

s Multiple interactions/Underlying Event: hadronic
beams carry colour i.e. interact strongly

s Matching to fixed-order LO generator: better
description of multi-jet final-states
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Monte-Carlo generators: full event

For full-event simulation, Monte-Carlo generators are
a cornerstone

s parton cascade: collinear splittings (DGLAP-like)
» hadronisation: non-perturbative per se!

s Multiple interactions/Underlying Event: hadronic
beams carry colour i.e. interact strongly

s Matching to fixed-order LO generator: better
description of multi-jet final-states

s Progress towards NLO generator
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Monte-Carlo generators: full event

For full-event simulation, Monte-Carlo generators are
a cornerstone

s parton cascade: collinear splittings (DGLAP-like)
» hadronisation: non-perturbative per se!

s Multiple interactions/Underlying Event: hadronic
beams carry colour i.e. interact strongly

s Matching to fixed-order LO generator: better
description of multi-jet final-states

s Progress towards NLO generator

s Most commonly used: Pythia, Herwig, Sherpa...
but others available

» Mmore In the tutorials
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W /Z production

o Production:
s qq/ — W:l:

e qq — A
. 14 TeV oy ~ 20 nbi.e. 200 W/s (£ = 103* cm?/s)

» Decay:
s W — qq — 2 Jets (BR~ 2/3)
W — lvy (BR~ 1/3)
s 7 — q7 — 2 jets (BR~ 70%)
7 — 00 (BR~ 10%)
7 — v (BR~ 20%)

» leptonic channel most convenient
hadronic important for statistics!
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W /Z physics

» not really a discovery channel...

s ... but important in many respects
. often W/Z+jets
. Standard model tests/MC calibration

s background to many searches
e.g. top (— Wb) or SUSY (%)

o W cross-section as a standard candle for
luminosity measurements

—p. 96



a(W*IBy, [Ab]

W for lumi measurement

W cross-section as a standard candle for luminosity
measurements

13.5

13 |

125 ¢

12

1.5 |

PDF4LHC benchmarks - LHC 14 TeV

CTEQ66  NNPDF2.0/21 MSTWO8
a=0.118 a=0.119 a=0119 a=0118 a=0.120

a(W)Byy, [nb]

10

0.8

06
94 r
92 r

gl
B8
BE6 [

B4 r

8.2

POF4LHC benchmarks - LHC 14 TeV

CTEQ66  NNPDF2.0/2.1 MSTWO8
a=0.118 a,=0.119 a,=0118 a=0119 a,=0.120

PDF main source of uncertainty
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top physics

s Production:
s Mostly gg — tt
. Tevatron: o; ~ 4 pb: discovery!
s LHC: 0 = 1 nb: = 10/s LHC= top factory

» Decay:

» Mostly t — Wb
t — qgb (= 66%) or t — lvb (=~ 33%)
. for tt: 3 options
. leptonic: not-so-easy because 2 neutrinos
. semi-leptonic: ¢, 4 jets (2b) and Z;
(the most convenient)
. hadronic: 6 jets i.e. technical to reconstruct
but ~ 45% of the stat!
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top physics

top very important at the LHC

s precision mass measurement

s Mmany new physics scenario involve the top (mostly
because of its large mass)

= need to reconstruct as many tops as possible

—p. 99



top physics

top very important at the LHC

s precision mass measurement

s Mmany new physics scenario involve the top (mostly
because of Iits large mass)

= need to reconstruct as many tops as possible

ISsues:

» W+jets background

s b mis-tagging

s combinatorial background (especially for full hadr.)
» efforts e.g. In boosted-top reconstruction
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Higgs: production

Productlon at the LHC mostly gg fu3|on (through top loop)

10° £

10 F

G(IOIO~ H+X) [IOb]
Vs= 14 TeV
M, = 174 GeV

CTEQ6M

1 oE o T
1 : | \\ 0 ~HW  gg-Hgq
10 §_ - \:\\ =
10 -2 : \\\‘:: .................................
T 09,00 - HI
N :.: NTTU
0oL el TS~ TSel 3
; 09,q0~ Hbb .. "~
10 4 [ | | . | L 99- H z
0] 200 400 600 800 1000
M,, [GeV]

mpy = 120 GeV = agfm ~ 21 pb (vs 0.3 at the Tevatron)
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Higgs: decay

10

10

Heavy higgs 10

(m 2 2my):

bb

WW
BR(H)
v
u .
T T
cC .
-9
Y—y"f:Z—Y\‘ I‘l‘
50 100 200 500 1000
M, [GeV]

mostly H - WW® or H — ZZ
the easiest situation (see e.g. Tevatron)
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Higgs: decay

1 —— I
bb
WWwW
BR(H)
ZZ
-1
10
cC .
56
-2
10 =
vy A\
Light higgs e A |
(m < 2myy): 50 100 200 500
more complicated M., [GeV]

» bb —Jets dominant but buried in the QCD bkgd
» ~~ clean but only 0.1-0.3% of the events

1000
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Higgs: discovery

Significance
|
|
)

=
o

~ 30 fb—1
needed for
5o discovery

—e— H-yy cuts

—=— H-yy opt

—— H-ZZ -4l B
—=— H_-WW - 2|2v

—— qqgH, H-WW - Ivjj
—e— qgH, H-11 - [+jet
—— qgH, H-vyy

IEEEEEE RN
Y00 200 300 400 500600
M, GeV/c
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Higgs: additional comments

s H — bb may be visible/helpful for boosted H + W/Z
2180t (q) Mo T
B160F SNB = 5.9 — V+jets
>140:_|n112—12BGeV " #VV |
8 : = V+Higgs
o120
@100
5 C
£ 80F

60
40F
20|

\ 7
00 20 40 60 80 100120140160 180 20
Mass (GeV)



Higgs: additional comments

s H — bb may be visible/helpful for boosted H + W/Z

o Some additional ideas like
s H— 717
. Higgs in SUSY events
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Higgs: additional comments

s H — bb may be visible/helpful for boosted # + W /Z

o some additional ideas like
s H— 717
. Higgs in SUSY events

s Not the end of the story:
also need to verify Higgs properties/couplings.

. e.g. ttH may help
. nheed for luminosity!



SUSY

Typical SUSY process:
s production of a pair of supersymmetric particles
» decay:. SM particles + lightest SUSY particle (LSP)
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SUSY

Typical SUSY process:
s production of a pair of supersymmetric particles
s decay: SM particles + lightest SUSY particle (LSP)

Typical SUSY signal:
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SUSY

Typical SUSY process:
s production of a pair of supersymmetric particles
s decay: SM particles + lightest SUSY particle (LSP)

Typical SUSY signal:
s Mmissing Er (from the LSP + neutrinos)
s leptons
s Jets (from QCD partons) — excess at large p;

Typical issues
» Need good determination of 7Z;
s Control the multi-jet background at large p;



Time for questions!
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