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The purpose of collider physics is to test theoretical 
predictions experimentally in a controllable environment

Theory Experiment

Collider 

(Accelerator/Detector)

Interpretation

• QFT
• Lagrangian
• Models:

- SM

- SUSY

- ...

• Measurement of 
properties 
physical objects

- momentum

- energy

- angles

- ...

• Assess systematic 
uncertainties

• Signal/Background

• Statistics

• Cross Sections



Past and Present Particle Accelerators

Overview of accelerators: Major collider sites with center of mass energy > 10 GeV

lepton quantum number mass
⌫l, l Le Lµ L⌧ Q m
⌫e 1 0 0 0 < 2.2 eV
e 1 0 0 -1 0.511 MeV
⌫µ 0 1 0 0 < 170 keV
µ 0 1 0 -1 105.66 MeV
⌫⌧ 0 0 1 0 < 15.5 MeV
⌧ 0 0 1 -1 1.776 GeV

lepton quantum number mass
q I I3 S C B T Q m
u 1/2 1/2 0 0 0 0 2/3 1.5� 3.1 MeV
d 1/2 �1/2 0 0 0 0 �1/3 4.1� 5.7 MeV
c 0 0 0 +1 0 0 2/3 1.18� 1.34 GeV
s 0 0 �1 0 0 0 �1/3 80� 130 MeV
t 0 0 0 0 0 +1 2/3 171.4� 175.3 GeV
b 0 0 0 0 �1 0 �1/3 4.01� 4.25 GeV

SU(3)QCD ⇥ SU(2)L ⇥ U(1)Y (1)

SU(3)QCD ⇥ U(1)Q (2)

e+e� (3)

1
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hadron colliders:
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Name Site Energy Discovery Run Time

DORIS DESY 10 GeV B oscillation 1974-1993

PETRA DESY 40 GeV gluon 1978-1986

CESR Cornell 12 GeV
B meson 

properties 1979-2002

SLC SLAC 90 GeV
charm quark, 
tau lepton 1989-2004

LEP CERN 208 GeV
Z,W boson 
properties 1989-2000

KEKB KEK 10.6 GeV
B meson 

properties 1999-2009
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collider:

HERA DESY 318 GeV Proton 
structure

1992-2007

Name Site Energy Discovery Run Time

Super 
Proton 

Synchrotron
CERN ~ 550 GeV W, Z boson 1981-1984

Tevatron Fermilab
1.8 TeV
1.96 TeV b, t quark

1992-1995
2001-2011

LHC CERN 7/8/13 TeV Higgs boson 2008-
present
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Focus on particle colliders (no beam dumps/fixed targets)

KEK

DESY

CERN
SLAC Fermilab

Cornell
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Physics ratio for collider facilities
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production in 2-particle collisions:

fixed target: before after

root increase in M

- root    law: large energy loss in 

- dense target: large collision rate / luminosity
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collider target: before after

- linear    law: no energy loss 

- less dense bunches: small collision rates
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Collider characteristics

Energy:

Luminosity:

ranges from a few GeV to several TeV (LHC)

High Luminosity : N↑  collide many particles,    A↓  squeezed in small bunches

LHC 1.15 x 1011 protons, nb  = 2808    (  f↑ crossings at 25 ns intervals)  

Beams squeezed using strong 

large aperture quadrupoles

around the interaction points

from ~ 0.2 mm to

σx = σy = 17 µm

Rare new processes, like Higgs production can have very small cross section, 

like  1fb = 10-39cm2 .     LHC designed for very high Luminosity  L = 1034 cm-2s-1

Event rate for such rare processes :   ~ 1 new particle every 28h.

Instead pp σtot ≈ 0.1 barn  30 / crossing

< ! >
arc

= 80 m !IP = 0.5 m

20

Event rate for process with cross section σ

Luminosity from bunch 

crossings at frequency f = frev nb 

for Gaussian bunches with rms sizes  σx σy    A = 4 π σx σy 

n !

N1N2 f

A

Interaction

region

Bunch 1 Bunch 2

N1 N2Effective area A

measures the rate of particles in colliding bunches
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number of particles in bunches
transverse bunch area
bunch collision rate
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observed rate for process with cross section 

A = (193)

f = (194)

L� = (195)

� (196)

14

LHC (at moment):

LHC (targeted):
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in 3 years

X

a=q,q̄,g

Z 1

0
dx xfa/p(x,Q

2
0) = 1 (281)

pp ! H +X ! �� +X (282)

pp ! H +X ! ZZ⇤ +X ! l+l�l0+l0� +X (283)

pp ! H +X ! WW ⇤ +X ! l+⌫̄l0�⌫0 +X (284)

� ⇥BR(mH = 125 GeV) ' 0.04 pb (285)

�R < 0.4 (286)

S/
p

B � 5.0 (287)

L = 6.4 · 1033cm�2s�1 (288)
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Electric field :

Acceleration

or rather

Energy gain

of 1 eV

Electric charge e
and electric field E

Special relativity, Lorentz transformation

for precise numbers see PDG

giga G = 109      tera T = 1012      peta P = 1015      exa E = 1018      zetta Z = 1021      yotta Y = 1024

me ≈ 0.511 MeV/c2  mp ≈ 938 MeV/c2   e ≈ 1.602×10-19 C

For  E = 10 GeV : 

Electron    β = 0.999 999 9987      γ = 19569.5

Proton       β = 0.995 588 4973      γ =       10.6579  

e2

4πϵ0
= α!c = rpart mpart c2

= 1.43996 × 10−18
GeV m

!c = 197 .327 × 10−18
GeV m

(!c)2 = 3.8938 × 10−32 GeV2 m2

= 3.8938 × 10 5 GeV2 nb

Unit conversion

E = γmc2 p= β γmc β =
v

c
γ =

1√
1−β 2

e!

1
 V

o
lt E

+
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Connecting Theory and experiment:

Scattering processes at hadron colliders

Master formula: 

General process at proton-proton collider

A = B = p (208)

a = b = q/g (209)

�̂ (210)

�̂(qq̄ ! l+l�) (211)

fa/A(x1, µ
2
F ) (212)

fb/B(x2, µ
2
F ) (213)

x1 = 2Ea/
p

S (214)

x2 = 2Eb/
p

S (215)

µ2
F (216)

�(pp ! X) (217)

15

where the partonic cross section is calculated by

[flux factor] x [phase space (LiPS)] [squared matrix element]x

qq̄ ! V (253)

V = {W,Z, �} (254)

|M|
2 = MM
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k2
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(dk2T /k
2
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↵s

2⇡
P̂q q(z) (256)

@fa/p
@ lnQ2

=
↵s

2⇡

X

a0=q,g

Pa a0 ⌦ fa0/p (257)

fa/p(x,Q
2
0) ! fa/p(x,Q

2) (258)

�pp!X =
X

a,b

Z
dx1dx2 fa/p(x1, µF )fb/p(x2, µF ) �̂a,b!k(µF , µR) ⇥(Cuts) D(k ! X)

�̂a,b!k =
1

2s

Z 
⇧n

i=1
d3~qi

(2⇡)32Ei

� "
(2⇡)4�4

 
X

i

qµi � (p1 + p2)
µ

!#
|Mab!X(µF , µR)|

2
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Crucial pieces for the calculation of the hadronic cross section are the parton 
distribution functions       and the squared matrix element
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Crucial pieces for the calculation of the hadronic cross section are the parton 
distribution functions       and the squared matrix element
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Master formula: 
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Pictorial description:

More detailed discussion of master formula
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More detailed discussion of master formula
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Partonic cross section    :     

Partons (e.g. quarks) of incoming hadrons (e.g. protons) interact at short 
distance (large momentum transfer). Example Drell-Yan process:
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NLO contributions are important for precision

More detailed discussion of master formula

Figure 3: The CMS rapidity distribution of an on-shell Z boson at the LHC. The LO, NLO, and
NNLO results have been included. The bands indicate the variation of the renormalization and
factorization scales in the range MZ/2 ≤ µ ≤ 2MZ.

range used in the rest of the paper, µF = µR = µ and M/2 < µ < 2M , provides a good

guide to the perturbative uncertainty remaining from the terms beyond NNLO.

In Fig. 5 we present the rapidity distribution for on-shell Z production at Run II of

the Tevatron. The scale variation is unnaturally small at LO; it is 3% at central rapidities,

and varies from 0.1% to 5% from Y = 1 to Y = 2. This occurs because the direction of

the scale variation reverses within the range of µ considered, i.e., dσLO/dµ = 0 for a value

of µ which satisifes MZ/2 ≤ µ ≤ 2MZ . This value of µ depends upon rapidity, leading to

scale dependences which vary strongly with Y . The scale variation exhibits a more proper

behavior at NLO, starting at 3% at central rapidities and increasing to 5–6% at Y = 2.5.

At NNLO the scale dependence is drastically reduced, as at the LHC, and remains below

1% for all relevant rapidity values. The magnitude of the higher-order corrections is slightly

larger at the Tevatron than at the LHC. The NLO prediction is higher than the LO result

by nearly 45% at central rapidities; this shift decreases to 30% at Y = 1.5 and to 15% at

Y = 2.5. The NNLO corrections further increase the NLO prediction by 3–5% over the

rapidity range Y ≤ 2.

This remarkable stability of the rapidity distribution with respect to scale variation

cannot be attributed to the smallness of the NNLO QCD corrections to the partonic cross

– 29 –

Figure 3: The CMS rapidity distribution of an on-shell Z boson at the LHC. The LO, NLO, and
NNLO results have been included. The bands indicate the variation of the renormalization and
factorization scales in the range MZ/2 ≤ µ ≤ 2MZ.

range used in the rest of the paper, µF = µR = µ and M/2 < µ < 2M , provides a good

guide to the perturbative uncertainty remaining from the terms beyond NNLO.

In Fig. 5 we present the rapidity distribution for on-shell Z production at Run II of

the Tevatron. The scale variation is unnaturally small at LO; it is 3% at central rapidities,

and varies from 0.1% to 5% from Y = 1 to Y = 2. This occurs because the direction of

the scale variation reverses within the range of µ considered, i.e., dσLO/dµ = 0 for a value

of µ which satisifes MZ/2 ≤ µ ≤ 2MZ . This value of µ depends upon rapidity, leading to

scale dependences which vary strongly with Y . The scale variation exhibits a more proper

behavior at NLO, starting at 3% at central rapidities and increasing to 5–6% at Y = 2.5.

At NNLO the scale dependence is drastically reduced, as at the LHC, and remains below

1% for all relevant rapidity values. The magnitude of the higher-order corrections is slightly

larger at the Tevatron than at the LHC. The NLO prediction is higher than the LO result

by nearly 45% at central rapidities; this shift decreases to 30% at Y = 1.5 and to 15% at

Y = 2.5. The NNLO corrections further increase the NLO prediction by 3–5% over the

rapidity range Y ≤ 2.

This remarkable stability of the rapidity distribution with respect to scale variation

cannot be attributed to the smallness of the NNLO QCD corrections to the partonic cross

– 29 –

• NLO-K-factor is ratio between LO and NLO

• Higher-Order corrections important for phenomenology at colliders

• Rate determined by hard process and pdfs, but kinematic distributions highly 
affected by parton shower
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The parton shower bridges the gap from the hard interaction 
scale down to the hadronization scale O(1) GeV

partons from the hard interaction 
emit other partons (gluons and 
quarks)

These emissions are enhanced if 
they are collinear and/or soft with 
respect to the emitting parton
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Probability enhanced in soft and collinear region due to ~
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↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = (211)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2

z(1� z)
(212)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2

z(1� z)
(212)

Pg!qq̄ = TRnf (z
2 + (1� z)2) (213)

15

Collinear limit:

Soft limit:

Mqq̄g = Mqq̄gst
a
ij

✓
p1

p1 · k
�

p2
p2 · k

· ✏A(k)

◆
(452)

dx1dx2 !
2

s
EgdEgd cos ✓ (453)

� = �0

Z
CF

↵s

2⇡

dEg

Eg
d cos ✓

2(1� cos ✓q̄q
(1� cos ✓qg)(1� cos ✓q̄g)

(454)

Eg ! 0 (455)

32

the matrix element for 

Mqq̄g = Mqq̄gst
a
ij

✓
p1

p1 · k
�

p2
p2 · k

· ✏A(k)

◆
(452)

dx1dx2 !
2

s
EgdEgd cos ✓ (453)

� = �0

Z
CF

↵s

2⇡

dEg

Eg
d cos ✓

2(1� cos ✓q̄q
(1� cos ✓qg)(1� cos ✓q̄g)

(454)

Eg ! 0 (455)

e+e� ! q̄qg (456)

32

factorizes (Eikonal Current)

Mqq̄g = Mqq̄gst
a
ij

✓
pµ
1

p1 · k
�

pµ
2

p2 · k

◆
· ✏µA(k) (452)

dx1dx2 !
2

s
EgdEgd cos ✓ (453)

� = �0

Z
CF

↵s

2⇡

dEg

Eg
d cos ✓

2(1� cos ✓q̄q)

(1� cos ✓qg)(1� cos ✓q̄g)
(454)

Eg ! 0 (455)

e+e� ! q̄qg (456)

�(Q2, Q2

0
) ' exp


�CF

↵s

2⇡
ln2

✓
Q2

Q2
0

◆�
(457)

kµ ⌧ pµi (458)

32

dipole

Higgs

b

b -

l (439)

Z
ddl

(2⇡)d
lµ

l2(l + p)2(l + q)2
(440)

qµ (441)

pµ (442)

Z
ddl

(2⇡)d
lµ

l2(l + p)2(l + q)2
=

�
pµ qµ

�✓C1

C2

◆
(443)

✓
R1

R2

◆
=

✓
[2l · p]
[2l · q]

◆
= G

✓
C1

C2

◆
=

✓
2p · p 2p · q
2p · q 2q · q

◆✓
C1

C2

◆
(444)

[2l · p] =

Z
ddl

(2⇡)d
2l · p

l2(l + p)2(l + q)2
(445)

2l · p (446)

Di (447)

R1 =

Z
ddl

(2⇡)d
2l · p

l2(l + p)2(l + q)2
=

Z
ddl

(2⇡)d
(l + p)2 � l2 � p2

l2(l + p)2(l + q)2
(448)

=

Z
ddl

(2⇡)d
1

l2(l + q)2
�

Z
ddl

(2⇡)d
1

(l + p)2(l + q)2
� p2

Z
ddl

(2⇡)d
1

l2(l + p)2(l + q)2

✓
C1

C2

◆
= G�1

✓
R1

R2

◆
(449)

R2 (450)

|Mqq̄g|
2 = |Mqq̄|

2g2sCF
2p1 · p2

p1 · k p2 · k
(451)

31

In the large Nc limit most radiation occurs in a 
cone between colour partners

Parton shower theory
+

zp

(1-z)p

[Marchesini, 
Webber]
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e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2

z(1� z)
(212)

Pg!qq̄ = TRnf (z
2 + (1� z)2) (213)

t ⇠ ✓2 (214)

m2
⇡ z(1� z)E2✓2 (215)

k2? ⇡ z2(1� z)2E2✓2 (216)

d✓2

✓2
⇡

dk2?
k2?

⇡
dm2

m2
(217)

Pnothing(0 < t  T ) = lim
n�>1

⇧n�1
i=0 Pnothing(Ti < t  Ti+1) (218)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2

z(1� z)
(212)

Pg!qq̄ = TRnf (z
2 + (1� z)2) (213)

t ⇠ ✓2 (214)

m2
⇡ z(1� z)E2✓2 (215)

k2? ⇡ z2(1� z)2E2✓2 (216)

d✓2

✓2
⇡

dk2?
k2?

⇡
dm2

m2
(217)

Pnothing(0 < t  T ) = lim
n�>1

⇧n�1
i=0 Pnothing(Ti < t  Ti+1) (218)

= exp

 
�

Z T

0

dPsomething(t)

dt
dt

!
(219)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2

z(1� z)
(212)

Pg!qq̄ = TRnf (z
2 + (1� z)2) (213)

t ⇠ ✓2 (214)

m2
⇡ z(1� z)E2✓2 (215)

k2? ⇡ z2(1� z)2E2✓2 (216)

d✓2

✓2
⇡

dk2?
k2?

⇡
dm2

m2
(217)

Pnothing(0 < t  T ) = lim
n�>1

⇧n�1
i=0 Pnothing(Ti < t  Ti+1) (218)

= exp

 
�

Z T

0

dPsomething(t)

dt
dt

!
(219)

dPfirst(T ) = dPsomething(T ) exp

 
�

Z T

0

dPsomething(t)

dt
dt

!
(220)

15

Sudakov form factor:

Mqq̄g = Mqq̄gst
a
ij

✓
pµ
1

p1 · k
�

pµ
2

p2 · k

◆
· ✏µA(k) (452)

dx1dx2 !
2

s
EgdEgd cos ✓ (453)

� = �0

Z
CF

↵s

2⇡

dEg

Eg
d cos ✓

2(1� cos ✓q̄q)

(1� cos ✓qg)(1� cos ✓q̄g)
(454)

Eg ! 0 (455)

e+e� ! q̄qg (456)

�(Q2, Q2

0
) ' exp


�CF

↵s

2⇡
ln2

✓
Q2

Q2
0

◆�
(457)

kµ ⌧ pµi (458)

s(mH) = L�SM(mH) (459)

n = µ · s(mH) + b (460)

µ =
L · �(mH)

L · �(mH)
=

�(mH)

�SM(mH)
(461)

Hµ (462)

H0 (463)

H1 (464)

ps+b (465)

ps+b < 5% (466)

= lim
n!1

⇧n�1

i=0
(1� Psomething(Ti < t  Ti+1)) (467)

32

Factorization of emissions and Sudakov factors allow semiclassical 
approximation of quantum process:

Q2
1

Q2
2

Q2
3

Q2
4 Q2

5

Sudakov form factor provides
“time” ordering of shower:
lower Q2 ⇐⇒ longer times

Q2
1 > Q2

2 > Q2
3

Q2
1 > Q2

4 > Q2
5

etc.

Sudakov regulates singularity for first emission . . .

Q

dP/dQ

ME

PS
?

. . . but in limit of repeated soft
emissions q → qg (but no g → gg)
one obtains the same inclusive
Q emission spectrum as for ME,
i.e. divergent ME spectrum
⇐⇒ infinite number of PS emissions
Proof: as for veto algorithm (what is
probability to have an emission at Q
after 0, 1, 2, 3, . . . previous ones?)

Sudakov form factor provides “time” 
ordering of shower: 

Q   > Q   > Q2 2 2
1 2 3

low Q longer time2
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Hadronization
After the shower evolved from the hard interaction scale down to the 

hadronization scale ~O(1)  GeV the coloured partons have to be 
rearranged into colour singlet bound states

This process cannot be calculated using perturbation theory but has to 
be modeled. Different models are used, e.g. Independent Fragmentation, 
Lund String Model, Cluster Model.



From interaction to detection

F
IG
. 6:

Splitting
functions

for
final state

Q
C
D
splittings

that
are

m
odeled

as
g ⌅

g
+
g

V
I.

F
IN

A
L
S
T
A
T
E
Q
C
D

S
H
O
W

E
R

S
P
L
IT

T
IN

G
S

In
this

section, w
e
define

the
m
ain

part
of the

sim
plified

show
er, Q

C
D
show

er
splittings.

A
.

S
p
littin

g
p
rob

ab
ility

for
g ⌅

g
+
g

T
he

splitting
vertex

for
a
Q
C
D
splitting

g ⌅
g
+
g
is
represented

by
a
function

H
ggg

as

illustrated
in
F
ig. 6.

W
e
call these

the
conditional splitting

probabilities.
H
ere

the
condition

is
that

the
m
other

parton
has

not
split

already
at

a
higher

virtuality.

Let
us

exam
ine

w
hat

w
e
should

choose
for

H
ggg

for
a
g
⌅

g
+
g
splitting.

W
e
take

the

m
other

parton
to

carry
the

label J
and

w
e
suppose

that
the

daughter
partons

are
labelled

A
and

B
, w

here
A
caries

the
3̄
color

of the
m
other

and
is
draw

n
on

the
left, w

hile
B
caries

the
3
color

of
the

m
other

and
is
draw

n
on

the
right.

T
he

form
of
the

splitting
probability

depends
on

w
hich

of
the

tw
o
daughter

partons
is
the

softer.
W
e
let

h
be

the
label

of
the

harder
daughter

parton
and

s
be

the
label of

the
softer

daughter
parton:

k
s <

k
h .

B
y
definition, k

s <
k
h .
W
e
first

look
at

the
splitting

in
the

lim
it
k
s ⇤

k
h .
T
he

splitting

probability
is
then

dom
inated

by
graphs

in
w
hich

parton
s
is
em

itted
from

a
dipole

consisting

of
parton

J
and

som
e
other

parton,
call

it
parton

k.
If
s
=
A
,
then

the
em

itting
dipole

is

form
ed

from
parton

h
=
B
and
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the
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s �
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s �
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s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2
]

=
k
s k
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k ⇥
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lepton quantum number mass

⌫l, l Le Lµ L⌧ Q m

⌫e 1 0 0 0 < 2.2 eV
e 1 0 0 -1 0.511 MeV

⌫µ 0 1 0 0 < 170 keV

µ 0 1 0 -1 105.66 MeV

⌫⌧ 0 0 1 0 < 15.5 MeV

⌧ 0 0 1 -1 1.776 GeV

lepton quantum number mass

q I I3 S C B T Q m
u 1/2 1/2 0 0 0 0 2/3 1.5� 3.1 MeV
d 1/2 �1/2 0 0 0 0 �1/3 4.1� 5.7 MeV
c 0 0 0 +1 0 0 2/3 1.18� 1.34 GeV
s 0 0 �1 0 0 0 �1/3 80� 130 MeV
t 0 0 0 0 0 +1 2/3 171.4� 175.3 GeV

b 0 0 0 0 �1 0 �1/3 4.01� 4.25 GeV

SU(3)C ⇥ SU(2)L ⇥ U(1)Y (1)

SU(3)C ⇥ U(1)Q (2)

e+e� (3)

pp̄ (4)

pp (5)

e�p (6)

L (7)

N1 (8)

N2 (9)

f (10)

�x�y (11)

� (12)

p2 = m2
(13)

LSM = Lkin, + LHiggs + LY ukawa (14)

Z (15)
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(16)

µ�
(17)

1

lepton quantum number mass

⌫l, l Le Lµ L⌧ Q m

⌫e 1 0 0 0 < 2.2 eV
e 1 0 0 -1 0.511 MeV

⌫µ 0 1 0 0 < 170 keV

µ 0 1 0 -1 105.66 MeV

⌫⌧ 0 0 1 0 < 15.5 MeV

⌧ 0 0 1 -1 1.776 GeV

lepton quantum number mass

q I I3 S C B T Q m
u 1/2 1/2 0 0 0 0 2/3 1.5� 3.1 MeV
d 1/2 �1/2 0 0 0 0 �1/3 4.1� 5.7 MeV
c 0 0 0 +1 0 0 2/3 1.18� 1.34 GeV
s 0 0 �1 0 0 0 �1/3 80� 130 MeV
t 0 0 0 0 0 +1 2/3 171.4� 175.3 GeV

b 0 0 0 0 �1 0 �1/3 4.01� 4.25 GeV

SU(3)C ⇥ SU(2)L ⇥ U(1)Y (1)

SU(3)C ⇥ U(1)Q (2)

e+e� (3)

pp̄ (4)

pp (5)

e�p (6)

L (7)

N1 (8)

N2 (9)

f (10)

�x�y (11)

� (12)

p2 = m2
(13)

LSM = Lkin, + LHiggs + LY ukawa (14)

Z (15)

µ+
(16)

µ�
(17)

1

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

d (23)

d̄ (24)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

d (23)

d̄ (24)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

d (23)

d̄ (24)

B0
(25)
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Proton

Proton

lepton quantum number mass

⌫l, l Le Lµ L⌧ Q m

⌫e 1 0 0 0 < 2.2 eV
e 1 0 0 -1 0.511 MeV

⌫µ 0 1 0 0 < 170 keV

µ 0 1 0 -1 105.66 MeV

⌫⌧ 0 0 1 0 < 15.5 MeV

⌧ 0 0 1 -1 1.776 GeV

lepton quantum number mass

q I I3 S C B T Q m
u 1/2 1/2 0 0 0 0 2/3 1.5� 3.1 MeV
d 1/2 �1/2 0 0 0 0 �1/3 4.1� 5.7 MeV
c 0 0 0 +1 0 0 2/3 1.18� 1.34 GeV
s 0 0 �1 0 0 0 �1/3 80� 130 MeV
t 0 0 0 0 0 +1 2/3 171.4� 175.3 GeV

b 0 0 0 0 �1 0 �1/3 4.01� 4.25 GeV

SU(3)C ⇥ SU(2)L ⇥ U(1)Y (1)

SU(3)C ⇥ U(1)Q (2)

e+e� (3)

pp̄ (4)

pp (5)

e�p (6)

L (7)

N1 (8)

N2 (9)

f (10)

�x�y (11)

� (12)

p2 = m2
(13)

LSM = Lkin, + LHiggs + LY ukawa (14)

Z (15)

µ+
(16)

1

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

b (18)

b̄ (19)

g (20)

c (21)

c̄ (22)

d (23)

d̄ (24)

B0
(25)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

⌫µ (18)

b (19)

b̄ (20)

g (21)

c (22)

c̄ (23)

d (24)

d̄ (25)

B0
(26)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

⌫µ (18)

⇡�
(19)

b (20)

b̄ (21)

g (22)

c (23)

c̄ (24)

d (25)

d̄ (26)

B0
(27)

2

Symbol Name Value

me Electron mass 0.511 MeV

mµ Muon mass 105.7 MeV

m⌧ Tau mass 1.78 GeV

mu Up quark mass 2 MeV

md Down quark mass 4.4 MeV

ms Strange quark mass 87 MeV

mc Charm quark mass 1.3 GeV

mb Bottom quark mass 4.2 GeV

mt Top quark mass 172.7 GeV

✓12 CKM 12-mixing angle 13.1�

✓23 CKM 23-mixing angle 2.4�

✓13 CKM 13-mixing angle 0.2�

� CKM CP-violating Phase 0.995

g1 U(1) gauge coupling 0.357

g2 SU(2) gauge coupling 0.652

g3 SU(3) gauge coupling 1.221

µ Higgs quadratic coupling Unknown

� Higgs self-coupling Unknown

µ�
(17)

⌫µ (18)

⌫̄µ (19)

⇡�
(20)

b (21)

b̄ (22)

g (23)

c (24)

c̄ (25)

d (26)

d̄ (27)

B0
(28)

2

...

Symbol Name Value

me Electron mass 0.511 MeV
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...

• Higgs boson generated in proton-proton collision with subsequent decay into Z bosons

e� (30)
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B0
(32)

B�
c

(33)

3

e
�

(30)

d̄ (31)

B
0

(32)

B
�
c

(33)

H (34)

3

• Z bosons decay into quarks (e.g. bottom quarks) or leptons (e.g. long-lived muons)

• After bottom quarks radiate gluons a process called hadronization starts. During hadronization 
the coloured partons are regrouped in colour-singlet mesons (2 quarks) or baryons (3 quarks) 

• Most mesons/baryons are not stable and decay into long-lived hadrons or leptons before reaching 
the detector 17



http://www.atlas.ch/multimedia/html-nc/feature-episode2.htmlWatch also:

• Tracker: Immediately around the interaction point the inner tracker serves to identify the 
tracks of individual particles and match them to the vertices from which they originated. 
The curvature of charged particle tracks in the magnetic field allows their charge and 
momentum to be measured.

• Electromagnetic Calorimeter: The Electromagnetic Calorimeter (ECAL) is designed to 
measure with high accuracy the energies of photons, charged leptons and hadrons.

• Hadron Calorimeter:  The purpose of the Hadronic Calorimeter (HCAL) is both to measure 
the energy of individual hadrons produced in each event, and to be as near to hermetic 
around the interaction region as possible to allow events with missing energy to be identified.

• Return yoke with muon chambers: Its purpose is to identify muons and measure 
their momenta.

http://www.atlas.ch/multimedia/html-nc/feature-episode2.html
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Jet Physics
Jets are objects consisting of a collimated spray of particles (i.e. photons, long-
lived mesons/baryons, leptons,...)

IR safe definition of jets:

Observables must be insensitive to modification of final state with respect 
to soft and/or collinear splitting 

Seeded cone algorithms are infrared unsafe! 

Example: Take the hardest constituent of event as seed for jet cone
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inclusive kT algorithm:   
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1. Find smallest of 
2. if     recombine them
3. if      call i a jet and remove from list of particles
4. repeat from 1. until no particles left

Minimum distance between 
jets is R

Only number of jets above pt 
cut is IR safe

Distance 
measure
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2. if     recombine them
3. if      call i a jet and remove from list of particles
4. repeat from 1. until no particles left
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3. if      call i a jet and remove from list of particles
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Fig. 7 A sample parton-level event (generated with Herwig [112,
113]), together with many random soft “ghosts”, clustered with four
different jet algorithms, illustrating the “active” catchment areas of the

resulting hard jets (cf. Sect. 4.4). For kt and Cam/Aachen the detailed
shapes are in part determined by the specific set of ghosts used, and
change when the ghosts are modified

Figure 7 illustrates the jets that are produced with the four
“choice” IRC-safe algorithms in a simple, parton-level event
(generated with Herwig), showing among other things, the
degree of regularity (or not) of the boundaries of the result-
ing jets and their extents in the rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to
identify the main regions of energy flow in a calorimetric
event such as Fig. 7. A good few seconds might be needed
to quantify that energy flow, and to come to a conclusion
as to how many jets it contains. Those are timescales that
usefully serve as a reference when considering the speed of
jet finders—if a jet finder takes a few seconds to classify an
event it will seem somewhat tedious, whereas a few millisec-
onds will seem fast. One can reach similar conclusions by

comparing to the time for a Monte Carlo event generator to
produce an event (from tens of milliseconds to a fraction of a
second), or for a fast detector simulation to process it. Or by
considering the number of CPU hours needed to process a
typical event sample, which might consist of O(107) events.

The time taken for jet finding by computer codes de-
pends strongly on the number of input particles (or tow-
ers, etc.), N . We do not yet know the exact average mul-
tiplicities of LHC events, but rough estimates are given in
Table 3. With the kt algorithm’s “standard” N3 timing, as-
suming about 109 computer operations per second, one ex-
pects a time for clustering a low-luminosity LHC event of
1 s (this is also what one finds in practice). So this is close to
being “tedious,” and becomes dissuasive for high-luminosity
LHC and heavy-ion collisions, or if one wishes to try out
many distinct jet definitions (e.g. several different R values
to see which is best). A more extreme example is the exact
seedless cone algorithm following the method in [21], which
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onds will seem fast. One can reach similar conclusions by

comparing to the time for a Monte Carlo event generator to
produce an event (from tens of milliseconds to a fraction of a
second), or for a fast detector simulation to process it. Or by
considering the number of CPU hours needed to process a
typical event sample, which might consist of O(107) events.

The time taken for jet finding by computer codes de-
pends strongly on the number of input particles (or tow-
ers, etc.), N . We do not yet know the exact average mul-
tiplicities of LHC events, but rough estimates are given in
Table 3. With the kt algorithm’s “standard” N3 timing, as-
suming about 109 computer operations per second, one ex-
pects a time for clustering a low-luminosity LHC event of
1 s (this is also what one finds in practice). So this is close to
being “tedious,” and becomes dissuasive for high-luminosity
LHC and heavy-ion collisions, or if one wishes to try out
many distinct jet definitions (e.g. several different R values
to see which is best). A more extreme example is the exact
seedless cone algorithm following the method in [21], which

soft jet 
more 

circular

hard jet 
more 

circular

shape independent 
of jet pT

[G. Salam, Towards Jetography]
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Finally! 

We now how to reconstruct objects in a 

detector and we know how to calculate theory 
predictions

Next step: Interpretation

Jets
Le

pt
on

s M
ET

Photons

Higgs 

boson

Example: Higgs boson as 
window to new physics
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Higgs mechanism a brief review

Electroweak symmetry breaking (EWSB)

Why? explain existence of massive particles consistently with the underlying

symmetries of the SM

How? Higgs mechanism [SM, SUSY, ...]

strong EW symmetry breaking [LH, “Higgsless”, extra dims., ...]

Higgs mechanism

Symmetry of the Lagrangian

SU(2)L × U(1)Y

Higgs doublet

Φ =

⎛

⎝
H+

H0

⎞

⎠

Symmetry of the vacuum

U(1)em

vacuum expectation value

< Φ >=

⎛

⎝
0
v√
2

⎞

⎠

v = 246 GeV

V (φ)

φ0

φ+

V (Φ) = λ[Φ†Φ− v2

2 ]2

M.Mühlleitner, 9.-12. September 2009, Herbstschule

Purpose: explain existence of massive particles consistence with gauge invariance
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Der SM Higgs-Sektor

Higgs boson mass MH =
√

2λv

Gauge couplings gV V H = 2M2
V

v

Yukawa couplings gffH = mf

v

T rilinear coupling λHHH = 3M2
H

M2
Z

[units λ0 = 33.8 GeV]

Quartic coupling λHHHH = 3M2
H

M4
Z

[units λ2
0 ]

Only unknown

parameter in the SM

is the Higgs boson

mass!
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Higgs selfcouplingscouplings to

gauge 
bosons

fermions

Higgs mass:
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Need to test SM predictions for deviations!
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Discovery of a shiny resonance

• Channel with largest significance for 
Higgs boson discovery

• QFT at work: Counter-intuitive 
coupling to massless gluons and 
photons

• Data-driven background subtraction 
and signal bump-hunt

pi + pj (177)

ZZ�/WW� (178)

S =

Z
d4xL(�, @µ�) (179)

@µjAµ = 0 (180)

jAµ (181)

TA (182)

QA =

Z
d3xjAµ=0(x) (183)

QA
|0 >= 0, 8A (184)

QA
|0 > 6= 0, (185)

für mindestens ein A

@µjµ = 0 (186)

Q =

Z
d3xjµ=0(x) (187)

jµ (188)

J = dim G� dimH (189)

SU(2)L ⇥ U(1)Y ! U(1)em (190)

m�� = 750 GeV (191)

H ! ZZ⇤ (192)

H ! WW ⇤ (193)

5.6 � (194)

13

with full run-1 CMS data-set
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Observation in many other channels

• Early confirmation that new resonance 
couples to gauge bosons in
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and

• Important channels to confirm Higgs 
can unitarize longitudinal gauge-boson 
scattering

• Many other channels observed too:

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q
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q
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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Production Decay
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Higgs couplings after run 2

Higgs properties in good agreement with Standard Model predictions

Within current precision,



EFT

‣ interpretation of any 
measurement model dependent

‣ interpretation requires communication 
between different scales 
as well as theorists and experimentalists

 Improved/Unified way of interpretation of measurements

Deformation of the Standard Model within different frameworks
Kappa


Framework
Simplified 

Models

Full (UV) 

Model

Complexity/Flexibility

‣ NP models simple 
rescaling of couplings

‣ No new Lorentz 
-structures or 
kinematics

‣ SM degrees of 
freedom and 
symmetries

‣ New kinematics/
Lorentz structures

‣ EFT but new low-
energy degrees of 
freedom 

‣ Subset of states of 
full models, 
reflective at scale 
of measurement

‣ Very complex and 
often high-dimensional 
parameter space

‣ Allows to correlate 
high-scale and low-
scale physics

38

Standard Model
BSM 



Kappa framework used in most coupling measurements to date

Higgs coupling fits based on total rates… no dynamics

No new Lorentz structures, limited applicability for new physics 

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

i =
gi

gi,SM
(196)

14

kappa is ratio of couplings:

physics
so-called

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]
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gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

i =
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(196)

�(gp)⇥ BR(gd) (197)
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• try to over-constrain couplings basis 

• Higgs width of particular importance
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 II. measure 
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in off-shell region
using angular correlations of 4l decay products

CMS search region

[Kauer, Passarino 2011]

I. Count events in on-shell region 
fix signal strength

⇢X,Y =
E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

bb̄bb̄ (195)

i =
gi

gi,SM
(196)

�(gp)⇥ BR(gd) (197)

µi,j = �H,i ⇥BRj ⇠
gggHgHZZ

�H
(198)

14

 III. insert off-shell coupling measurement in
on-shell signal strength to bound width

2
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

CMS have presented first results [18] using this strat-
egy, claiming �h < 4.2 ⇥ �SM

h at 95% confidence level
by injecting a global Higgs signal strength µ ' 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !

ZZ
⇤
! 4` in the the Higgs on-shell region scales as3

�h,g ⇥ BR(H ! ZZ ! 4`) ⇠
g
2
ggh g

2
hZZ

�h
, (2)

where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg ! ZZ

⇤ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �h/mh ⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg ! ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e�µ+µ� in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

d�h ⇠
g
2
ggh(

p
s) g2hZZ(

p
s)

s
dLIPS⇥pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

p
s), measuring the signal strength µ in the o↵-

shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson �h. More explicitly,
for �h > �SM

h , we need to have g2gghg
2
hZZ > (g2gghg

2
hZZ)

SM

to keep µ = µ
SM fixed, which in turn implies �h > �

SM
h .

Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put di↵erently,
how solid is a limit on �h obtained this way once we in-
clude unknown new physics e↵ects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V

⇤ to both Higgs and continuum ZZ,WW

production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µ

SM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher

+

[Caola, Melnikov 2013]

Interesting property: measurement of Higgs-width

[Campbell, Ellis, Williams 2013]
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EFTKappa

Framework

Simplified 

Models

Full (UV) 

Model

Example ‘width-measurement’
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Measure coupling off-shell -> limit denominator on-shell
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• Assuming global 
coupling rescaling

• Assuming valid 
and no flat 
directions

• Eg. Higgs portal, 
NP can contribute 
on-shell but not 
off-shell

• Eg. Higgs triplet, 
new scalar below 
measurement 
range cancels on-
shell enhancement

[Englert, MS ’14]

[Logan ’15]

• Uninteresting

Coupling assumptions strong

LEP limits stronger than LHC

[Englert, McCullough, MS ’15]

width not a free 
parameter of the 
theory

width derived and 
fully determined

F = V = cos�

�1

�2

tan�  4

G/H = SU(3)L/SU(2)L

(2, 2)⌦ (2, 2) ' 3� 3� 1� 1

(3, 3)⌦ (2, 2) ' 5� 3� 3� 1� 187

V � ⌘�|�s|
2
|�h|

2

0.73 �SM . �h . 1.87 �SM

�H  4.2 �H,SM
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-charged particles in circular motion: permanently accelerated towards center -> 
emitting photons as synchrotron light

42

What will the future hold?

Assumed scenario: Higgs boson is only window to New Physics

Discussed future collider concepts:

• HL-LHC, HE-LHC, FCC(hh)

• ILC250, ILC500, FCC-ee-240, FCC-ee-350, CLIC1400, CEPC

• LHCeC • Muon-Collider (125 GeV)

circular vs linear collider

- large loss of energy [hypothetical TeV collider at LEP:            per turn]

- no-more sharp initial state energy

- larger luminosity for continuously accelerated particle bunches

A = (193)

f = (194)

L� = (195)

� (196)

L = 1034 cm�2s�1 (197)

300 fb�1 (198)

�E = c�E
4/⇢ (199)

�E ' E (200)

14

proton vs electron/positron vs muon

General considerations:

- only protons and electrons/positrons stable

- bremsstrahlung energy loss pronounced for light particles

- cleaner final states for electrons/muons
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Parameter HL-LHC FCC-ee FCC-ee ILC CLIC CEPC µ-Coll
p
s[TeV] 14 350 240 250 1400 240 125

Lum/IP[E34] 5 1.9 8.5 1.35 1.5 2 0.01?

total[ab
�1

] 3+(3) 1.3+1.3 5+5 2 1.5 2+2 0.002?

years[Sn’m’ss] 6 6.8 5.9 15 10 10 2?

�mh[MeV] ⇠ 100 14 47 5.9 0.06

�h[%] - 1.2 2.4 3.9 3.7 2.7 3.6

�ghZZ [%] 4 0.15 0.16 0.38 0.8 0.26

�ghWW [%] 4.5 0.19 0.85 1.8 0.9 1.2 2.2

�ghbb[%] 11 0.42 0.88 1.8 1.0 1.3 2.3

�gh⌧⌧ [%] 9 0.54 0.94 1.9 1.7 1.4 2.3

�gh�� [%] 4.1 1.5 1.7 1.1 5.7 4.7 5

�ghcc[%] - 0.71 0.71 2.4 2.3 1.7 10

�ghgg[%] 6.5 0.8 0.80 2.2 1.8 1.5 -

�ghtt[%] 8.5 - - - 4.2 - -

�ghµµ[%] 7.2 6.2 6.4 5.6 14.1 8.6 2.1

��invis[%] ⇠10 0.32

�ghhh[%] -400,1200 - - - 40 -

References ATL-PHYS-PUB 1308.6176 1308.6176 1710.07621 1608.07538 IHEP-CEPC-DR 1304.5270

-2014-016 1711.00568 -2015-01 1308.2143

1

[Thanks to Keith Ellis for slides]Comparison precision for Higgs couplings

(take numbers with grain of salt)
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Summary

Literature for further reading:

• Collider physics only way to study high-energy interactions in 
controlled environment

• Strong interplay between theory and experiment necessary

“The Black Book of Quantum 
Chromodynamics”

Campbell, Huston, Krauss

“QCD and Collider Physics”

Ellis, Stirling, Webber

• Higgs boson window to new physics - even more so at future 
colliders


